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Solar cells, or photovoltaics (PV), which converts light into electricity using semiconductor
materials, are proving to be essential and indispensable for a sustainable society. Numerous
kinds of solar cells have been the focus of research interest of late, and thin solid films of metal
oxide (MO) semiconductors, such as copper oxide based photovoltaics (PV) has always been
considered a material suitable for the realization of low-cost solar cells. Cuprous Oxide (Cu20)
and Cupric Oxide (CuO) are stable forms of copper oxides, at the same time being intrinsically
p-type semiconductors with 2.1 eV and 1.4 eV respectively. Attractive points of these oxides
originate from their non-toxicity, abundance, and low cost. Also, one main aspect of interest
to be noted is the preparation process, which can be achieved by electrochemical preparation.
Electrochemically-prepared ZnO/Cu20O PV had been reported to achieve 1.28%, however, the
theoretical limit is approximately 20% according to the Shockley-Queisser Efficiency Limit,
based on the bandgap energy. The main objective of this research is to further investigate the
limiting factors of copper oxide based electrochemically-prepared photovoltaics and methods
to further increase the PCE, based on close studies on the properties of its solid state physics.

In this thesis, in Chapter 1, the introduction, background, review, and purpose of this study
are discussed. Latest climate researches are briefly concluded and the urgency of addressing
global warming by switching to renewable energy, and the importance of solar energy is
discussed. Metal Oxide (MO) PVs has the criteria of a high-potential candidate as cheap, and
widespread. Among these MOs, Copper Oxides possess unique preferable properties such as
ideal bandgap energies, at the same time being able to be fabricated by simple methods like
the electrochemical preparation. It is then necessary to investigate the electrochemically-
prepared copper oxides from its solid state physics. The definition of power conversion
efficiency (PCE) is proportional to the short-circuit current density (Jsc) and open-circuit
voltage (Voc) of a PV. However, the independent variables of preparations are wide and
complex, and insufficient information calls for the detailed study of determining the affecting
factor during preparations. Also, a strategy using multiple bandgaps (using both copper oxide)
as the light-absorbing layer is discussed.

In Chapter 2, we report the fabrication of basic Cu20-only (GZ0O/ZnO/Cu20) PV, and the
successful increase in Jsc along with external quantum efficiency (EQE) and carrier mobility
(1), by annealing in vacuum using a rapid thermal annealer (RTA). The optimum annealing
temperature was found to be 423 K. The effect of annealing during preparation is further




studied in detail, which includes its microstructural, optical and electrical properties. The
mechanism is discussed, and the elucidation of the mechanism concludes a contributing factor
of increased carrier mobility due to decreased scattering defects. Also, the relationship between
the interface structure and Voc is discussed.

In Chapter 3, we report the photovoltaic properties of CuO-only (CuO/Polysiloxane/GZO)
successfully fabricated by electrodeposition from a basic aqueous solution containing copper
acetate hydrate and ammonia with highly resistive polysiloxane layer insertion as the buffer
layer. This study indicates the ability of CuO to function as a PV, which validates the strategy
of using both Cuz0 and CuO as the light absorbing layer to increase the light-absorption width.

In Chapter 4, we report the fabrication of directly stacked (GZO/Cu20/CuO) photoactive
layer prepared by electrodeposition and annealing. A decrease in EQE due to the formation of
nanopores and voids was observed. However, the EQE was studied in detail and showed an
expansion of absorption width which originates from the charge collection of both the Cu20O
and CuO layer, with a two-way carrier transport. When a low reverse biased voltage was
applied, the charge collection corresponding to the absorption edge originating from the CuO
layer could be clearly observed due to improved carrier control. However, there is a necessity
for an in-depth investigation into the energy states and the band alignment of the Cu-oxide PV.

Chapter 5 reports on the study of chemical and energy states, along with the band alignment
study of the copper oxides. X-ray photoelectron spectroscopy (XPS) evaluation was carried
out in detail. Methods to accurately ascertain the type of oxides were explored which includes
the Auger Parameter and the Wagner Plot. The band alignments were calculated based on the
XPS results, and correspond to the results of the study in the previous chapter, explaining the
two-way flow of carrier transport. An improved band alignment is proposed to further increase
the PCE of the Cu-oxide PV.

In Chapter 6, the results obtained in this study are summarized. Limiting factors, such as
scattering defects like grain boundaries and nanopores, the condition of heterointerfaces,
crystal qualities, and semiconductor qualities were identified. However, the viability of multi-
bandgap Copper-based PV is proved based on these results as a sound strategy to further
increase the PCE. A proposal to realize further improvement is discussed. The experimental
results obtained here will support further improvements in the electrochemically-prepared
copper oxide based photoactive layers.
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CHAPTER 1

Introduction

1.1 Introduction and Study Background

1.1.1 The Urgency of Global Warming and Solar Energy

The Intergovernmental Panel on Climate Change (IPCC), established by the United

Nations Environment Program (UNEP) and the World Meteorological Organization (WMO)
1



reported that since the industrial revolution, the ocean has soaked up almost half of all man-
made carbon dioxide (CO2) emissions.[1] Shockingly, Galen McKinley et al. also suggested
that the ocean’s ability to absorb atmospheric CO2 might be declining.[2] This first evidence of
climate damping the ocean’s ability to take up carbon from the atmosphere demonstrates the
urgent need to cut down on the main man-made greenhouse gases.

The Paris Climate Agreement in 2015 by 175 Parties set a target of no more than 2 °C
global warming above pre-industrial temperatures, and also an aspirational target of no more
than 1.5 °C.[3] The threats and risks of global warming above 2 °C, like crop losses, water
shortages, dangerous heatwaves[4], plants and animal extinctions[5], and flooding of many

vulnerable near-to-sea-level cities[6], were highlighted with a note of urgency. This is further

emphasized in a study reporting the unlikeliness of global warming lesser than 2 °C by the

year 2100.[7]

The above reasons propel the need for us to more rapidly switch to renewable energies
such as geothermal, bioenergy, hydropower, wind power, and solar energy. Most renewable
energies have deployment limitations due to their nature of being location-dependent. Solar
energy, on the other hand, is significantly less location-dependent, which is further evidenced
by the emergence of floating solar farms such as the largest floating solar farm on a mine lake
in Anhui province in China. Also, aside from geothermal energy, most renewable energy
technically originates from the energy of the sun. For example, the crops used for bioenergy
absorb energy from the sun, the rain that brings water to higher grounds used for hydropower
comes from evaporation due to the sun, and the wind is produced by uneven heating of the
Earth’s surface by the sun. On top of that, these renewable energies consist of turbines to
convert energies, which may lead to noise pollution and high maintenance costs. As such, it is

arguably more efficient to directly harvest solar energy to cater to the need of civilization.



Many advances in recent years have shown progress towards harvesting more solar
energy. In fact, it is plentiful and widely distributed. The average density of solar radiation is
100-300 W/m?, and the solar energy potential is thought to be more than sufficient to meet
current and projected energy uses well beyond 2100.[8] Photovoltaics (PV) or solar cells are
semiconductor devices that contain light-absorbing layers, which converts photon directly into
electron-hall pairs by excitation of electrons or other charge carriers to a higher-energy state.
First applications of photovoltaics were to power satellites orbiting Earth and other spacecraft.

Huge advances can be seen in the efficiency and growth of solar energy especially in the
last two decades, mainly through the development of photovoltaic devices (PV). The
International Energy Agency (IEA) highlights the long-term global benefits of the development
of affordable, inexhaustible and clean solar energy technologies. It will increase countries’
energy security, enhance sustainability, reduce pollution, lower the costs of mitigating global
warming, and keep fossil fuel prices lower than otherwise.[9]

There has been a very dramatic increase in the use of photovoltaic modules for grid-
connected power generation. In 2016, China became the world’s largest producer of
photovoltaic power, overtaking Germany. The latest cumulative installed solar PV generation

capacity in Gigawatts is shown in Figure 1.1.1. [10]
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Figure 1.1.1 Top countries with cumulative installed capacity of PVs by Year.[10]

However, the potential of solar energy is still far from being optimized although it is

proven to be the essential key to a sustainable society.

1.1.2 Metal Oxide Photovoltaics

Photovoltaic power generation uses solar panels, consisting a number of solar cells
containing a photovoltaic material. The most common presently used photovoltaic materials
include monocrystalline silicon, polycrystalline silicon, amorphous silicon, cadmium telluride
(CdTe), and copper indium gallium selenide/sulfide (CIGS). In addition, there are many
emerging PVs in recent years. PV performances of various kinds have been explored, and the
improvements of best research-cells and the aggressive competition in recent years can be seen
in Figure 1.1.2.[11]

However, it is known that even though the PV industry is booming, PV-generated
electricity is still inferior to conventionally generated electricity in terms of cost and its

dependence on subsidies, depending on the country.[12]
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Figure 1.1.2 Best research-cell efficiencies for the past 40 years, reported by National
Renewable Energy Laboratory (NREL).[11]

In Japan, the New Energy and Industrial Technology Development Organization (NEDO)
presented a roadmap for technological development of PV power generation toward a PV
system target of supplying 10% of the annual total electricity consumed in the country by 2030.
The cumulative installed capacity was targeted at 54 GW by the year 2030 (PV2030).[13] A
modified roadmap called PV2030" with a goal to cover 5 to 10% of domestic primary energy
demand with PV power generation by 2050 was also set by NEDO (NEDO website).[14]

One ultimate goal of designing an ideal PV is to reduce the costs of energy generation
comparable to conventionally generated electricity, or called grid parity. Grid parity and further
popularization in developing countries are achievable only if two key aspects of the PV systems
are prioritized, which are the investigations on novel, cheaper (abundant) PV materials
(material-wise) and a low-cost fabrication method (production-wise). The cost is usually

accompanied by the strict requirement for fabricating high purity materials such as silicon and



GaAs, or the use of rare-earth elements, such as in the fabrication of CIGS. The presence of
Indium is rare and expensive and can be easily depleted, which might affect the future of such
PVs.

Recently, cadmium telluride (CdTe) thin-film photovoltaics has gained momentum in the
PV market such as in South-Eastern countries. However, the high toxicity of the heavy metal
cadmium is a serious environmental concern.[15,16] Chronic cadmium exposure produces a
wide variety of acute and chronic effects in humans.[17,18] On top of that, cadmium is a rare-
earth element, which means the supply is limited, consequently causing a higher price with
higher demand in the future.

Organic-materials-based PV with high-efficiency solar cells with lower costs have also
shown potentials, such as the halide perovskite solar cells[19] and dye-sensitized solar cells
(DSSC) [20,21]. However, Organic-materials-based PVs have short life-spans as the nature of
the materials, such as thermal instability[22] or issues of electrolyte-based instability[23].

As such, a particularly appealing new field of PV devices utilizing metal oxide (MO)
semiconductors has emerged.[24] Thin film MO are generally chemically stable and can be
manufactured in low-cost, ambient conditions. Being abundant, many metal oxides are also
nontoxic, and a variety of them could be deposited electrochemically.

Furthermore, MO is already widely used today as components in PV cells and modules,
for example, transparent conducting oxides (TCO). In fact, MO plays an important role in the
TCO of most common PV devices aforementioned, like indium tin oxide (ITO), aluminum-
doped zinc oxide (AZO), and fluorine-doped tin oxide (FTO). On top of that, promising next-
generation PV cells such as extreme thin absorber cells (ETA)[25], quantum dot solar cells
(QDSC)[26,27], and dye-sensitized solar cells (DSSC)[20,21] are based on MO electrodes.[24]
In short, MO semiconductors are promising candidates for being environmentally friendly,

stable and ultra-low-cost PV materials.



1.2 p-n Thin Film Copper Oxides PV

MO PV cells using Cu,0, Co304, Fe2O3, and BiFeOs light-absorbing layers have been
realized.[24,28,29] Among them, Copper Oxide based PV fabricated has achieved the most
promising PV performance and was most researched.

There are two principal and stable forms of Copper Oxides. One is Copper (I) Oxide or
Cuprous Oxide (Cu20) and another is Copper (II) Oxide or Cupric Oxide (CuO).

Cuz0 is described as brownish-red, or yellow when the film is thin. It is also an
intrinsically p-type semiconductor, due to the possession of Cu vacancies and O
interstitials.[30,31] Other than the general properties of being terrestrial abundant and low-toxic,
it has a bandgap energy of 2.1 eV, with the approximate corresponding light-absorption edge
at 650 nm. CuO is described as blackish in color. It is also a p-type semiconductor with several
reported bandgap energies from 1.32 to 1.56 eV [32-34], with a corresponding light-absorption
edge above 800 nm. By combining with suitable n-type semiconductors such as n-ZnO, these
materials can form photovoltaics.

Copper Oxide photovoltaics has a long history. In fact, one of the first copper oxide solar
cell was described in 1917, when Kennard ef al. reported the change of the surface potential of
a plate of Cuprous Oxide by about 25 mV under illumination.[35] However, focus on silicon
and germanium PVs since their discoveries in the 1950s caused a decline in attention for the
Copper Oxide PVs. However, only recently Copper Oxide PVs have gained increasing attention
and breakthroughs. The Cu,0 layer can be fabricated by various physical and chemical methods
such as thermal oxidation[36-38], Atomic Layer Deposition (ALD) [39,40], Pulsed Laser
Deposition (PLD)[41,42], electron beam evaporation[43], metal organic chemical vapor

deposition (MOCVD)[44,45], sputtering[46—49], successive ionic layer adsorption and reaction



(SILAR)[50,51], and activated reactive evaporation[52]. Figure 1.2.1 shows the classification

of these methods.
|
| | |
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Figure 1.2.1 Classification of fabrication method categorized into thermal, physical and

chemical methods.

For all of the fabrication methods shown here, except for the liquid phase chemical
methods, sophisticated and special equipment are used, which often leads to difficulty in
scalability of fabrication, and a higher cost. Also, the majority of these methods uses high
vacuum or gas chambers, besides requiring specific precursors and expensive targets to
fabricate the Cu20. Additionally, complications arise when techniques such as RF sputtering
lead to the inclusion of CuO and Cu;0 simultaneously[53].

Regarding the Cu2O PVs, many have taken the approach of constructing a p-n
heterojunction structure with other n-type transparent conducting oxide (TCO) such as ZnO.
One reason is that other types of PV such as metal-Cu,O Schottky solar cells[54] cannot be
much improved. Again, various methods such as PLD[36], ALD[38,55] and sputtering were
being deployed to fabricate the heteroepitaxial n-semiconductor (window layer) of the PV.

Similar to the fabrication of the light-absorbing p-Cu2O mentioned earlier, energy-intensive



methods of fabrication should be minimized or avoided for realizing an ultra-low-cost PV.
Comparatively, all-liquid-phase-chemical methods only require simple and low-cost
experiment setups, at the same time easy to scale-up. While SILAR is an emerging technique
used for fabrication of CuxO, electrodeposition is already quite established as a method to
fabricate thin film metal oxides.

As discussed in the previous section, the two important aspects of the condition of an
ultra-low-cost copper oxide PV are the material and fabrication method. levskaya et al.
discussed the advantage of n-ZnO/p-CuxO PV fabrication in atmospheric conditions using
ALD.[38] But in comparison, fabrication of PVs in atmospheric conditions electrochemically
requires lesser energy in terms of machinery and equipment, and thus cheaper. Thus, we
maintained the favorable fabrication method of electrochemical deposition and low-
temperature annealing in our research, which is overwhelmingly cost-effective compared to
other methods which either involve very-high-temperatures during oxidation of copper sheets
(usually more than 1273 K) or high-vacuum condition during deposition or when forming the
p-n heterojunction. We do however propose facile, low-temperature treatment/fabrication

techniques as an attempt to improve the overall performance, as will be discussed later on.

1.2.1 Solid-state Physics for Improvements in Copper Oxide PV

To build a strategy to further increase the performance of the copper oxide based PV,
fundamental review from the solid-state physics of this kind of photovoltaic mechanism is
necessary.

The energy alignment of a p-n junction is as follows in Figure 1.2.1.1. E. and E, are
conduction and valence band levels respectively, E, the bandgap energy and Erthe Fermi level.
P-type semiconductors are characterized by having deficiencies of valence electrons, or holes,
and is the light-absorbing layer in a PV. The Fermi level is closer to E, in such semiconductors.

9



N-type semiconductors have an excess of negative electron charge carriers. At thermal
equilibrium, a space charge region forms when electrons and holes in the vicinity of the junction
diffuse and recombine with each other. This leads to the formation of a space-charge region
without any mobile charge carriers, shown in the diagram, which is also called the depletion

region. At thermal equilibrium, the Fermi levels align, and there is no net current flowing.

Space charge region
iy {donor)

C

: Ev(donor) E

 |E, || p-type

(acceptor) :
Ly A

Electrode! n-type | IElectrode

Figure 1.2.1.1 Energy band diagram for a p-n junction PV
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When light as photons reach the light-absorbing layer (p-type semiconductor), part of the
light is absorbed. Sunlight that reaches Earth consists of a wide span of wavelengths, including
infrared (700 nm and above), visible light (400 to 700 nm) and ultraviolet (10 to 400 nm). The
spectral irradiance similar to the standard AM 1.5G (sun at 45° above the horizon) is shown in
Figure 1.2.1.2[56], with high irradiance especially from around 300 to 1000 nm. The portion

of absorption at each wavelength corresponds to the properties of the material inclusive of its

bandgap energy.
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Figure 1.2.1.2 The ASTM G173-03 standard spectral irradiance, close to AM 1.5G

irradiance of sunlight used for PV evaluation.

When the wavelength of the photon that was absorbed has energy higher than the bandgap
of the light-absorbing layer, electrons from the valence band will be excited to the conduction
band, leaving a hole at the valence band. This process of separation of electron-hole pairs and
causing charge carriers to be free is known as the photovoltaic effect. Electrons move towards
cathode and holes move towards anode in opposite directions, generating electricity, which can

be evaluated by the I-V measurement. The charge carriers are transported by drift and diffusion

11



and are collected at metallic contact electrodes at either side of the p-n junction. Usually, anodic
contact electrodes with high work function and close to the valence band of the p-
semiconductor are used, while cathodic contact with a work function close to the conduction
band of the n-semiconductor is preferable.

However, there are several complications. Recombination may occur when free electrons
and holes recombine with each other as not all photoexcited carriers can be collected. Also,
charge transport via diffusion can be affected by defects like impurities and scattering defects
in the light-absorbing material. These are important aspects that should be considered in order

to design an ideal PV.

N
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Figure 1.2.1.3. A typical I-V curve of a photovoltaic device.

Power conversion efficiency (PCE) of the p-n PV is evaluated and calculated by the I-V
measurement. A typical [-V curve of a PV is shown in Figure 1.2.1.3. Here, the I-V curve
intersects at 0 V and 0 A at the x- and y-axes, denoted as the short-circuit current (Jsc) and the
open-circuit voltage (Voc). PCE (7) is well known and generally defined as the following

equation,

12



_ Pmax _ JmpVmp _ JscVocFF 1.2.1
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mn mn m

where J,,, and V,,, are values which when multiplied obtains the maximum power, Puqx. FF 1s

fill factor and P, is the input power. Also, FF' can be expressed in terms of Voc as follows[57],

FF = Voc—In(Voc+0.72) (1.2.2)
Voct+1

As such, we know that the Jsc and Voc are important factors in improving the PCE of a

photovoltaic since they are proportional in relationships.
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Figure 1.2.1.4. A typical EQE curve of a photovoltaic device.

Another important evaluation for photovoltaics is the external quantum efficiency (EQE).
Quantum efficiency is the ratio of the number of carriers generated by the PV to the number of
photons of a given energy incident on the PV. A typical EQE measurement is shown in Figure
1.2.1.4. An ideal curve would have 100% EQE starting from the absorption edge corresponding
to the bandgap energy of the material. However, this is not possible due to several practical
reasons such as charge recombination, scattered carriers, reduced absorption at long

wavelengths due to low penetration depth, and low diffusion length. Since the number of

13



carriers collected is related to the current density of a PV, the relationship between EQE and

short-circuit current can be express as[58],

1240

EQE ==

x 22 % 100 1.2.3)
E;

where E,(W c¢cm?) is the intensity of the monochromatic light and Jj is short-circuit current
density at a given monochromated light irradiation with a wavelength of 1. In other words, since
EQE refers to the number of electron-hole pairs successfully collected per incident photon, it
evaluates the combined efficiency of light absorption, charge transport, and charge collection.
A closer measured EQE curve to the ideal EQE is preferable, which would mean a high ratio

of charge collection per incident photon.
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Figure 1.2.1.5 Theoretical Shockley-Queisser limit of single heterojunction PV according to
bandgap energy.

In 1960, Shockley et al. described the detailed balance limit of efficiency of p-n junction

solar cells.[59] The upper theoretical limit was then known to highly dependable on the light
14



absorbing layer’s bandgap energy.[60] The relationship between the bandgap energy and
maximum theoretical power conversion efficiency (PCE) of PVs with a single heterojunction
is shown Figure 1.2.1.5. From this figure, both copper oxides are at favorable positions near
the peak of the curve, with maximum theoretical PCE of 30% and 20% for CuO and Cu.O
respectively. This indicates the promising potential these copper oxides possess.

The current records for Cu,O PVs are PCE of 8.1% by thermal preparation[61], and
1.28% by electrodeposition reported by Izaki et al.[62]. Little research regarding CuO
photovoltaics has been published, with very poor PCE values[63,64]. The reasons for the low
PCE are not known presently. One may argue that CuO has a preferable bandgap energy
compared to Cu20 since a low bandgap is desirable and that a single-bandgap CuO PV is
sufficient. While this might be true theoretically, this is not the case practically. One single
bandgap solar cell cannot properly match the broad solar spectrum. Photons with energy lesser
than the bandgap are not absorbed, and photons with energy larger than the bandgap generate
electron-hole pairs which immediately lose almost all energy in excess of the bandgap
energy[65], leading to a high thermal energy loss consequently. Additionally, the relationship
between bandgap energy E, and open-circuit voltage Voc, as shown in the following

equation[66],

qVoc = Egn, + KT,In {(%) (?) (22} (1.3)

Oc1

where k is Boltzmann’s constant, q is the electronic charge, 7s and 7. are the sun (6000 K) and
the cell (300 K) temperatures, respectively. 7. is the Carnot efficiency and ag,, oy are
correction terms.[67—-69] And since the E; and Voc are directly related, E, can be considered
as the upper limit to the extractable voltage from the cell.[70,71] As such, a single, low bandgap
light-absorbing layer would have a lower maximum achievable Voc.

Thus, some solar cells utilize a strategy to harvest multiple portions of the solar spectrum

which can overcome the solar cell limits by having different bandgap energies as the light-

15



absorbing layers. The multi-junction solar cell,[56,72,73] which contains two or more p-n
junctions made of different semiconductor materials produce electric current in response to
different wavelengths of light due to different bandgap energies. Another example is the
quantum dot solar cell,[27] which possesses tunable bandgap energies by varying particle size
and shape, and can even make infrared energy accessible[74]. Such a strategy of multiple
bandgaps incorporation might be applicable for the copper oxide photovoltaic as well, which

will be further discussed.
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1.3 Strategy to Improve the Copper Oxide Based PV from EQE
From the fundamental understanding of the solid-state physics thus far, the respective

factors can be improved by optimizing the fabrication process of the copper oxide based PV, in
order to achieve the ultimate improvement in PCE. From the EQE, an overall improvement of
the PV can be attempted in two ways:

1. Increase the overall values of the EQE curve.

2. Increase the absorption wavelength span, which means extending the absorption edge
towards longer wavelength.

The first way can be achieved by attempting to improve the light-absorbing layer by
lessening the defects and improve the electrical properties, which may lead to an improvement
in charge collection. As such, morphology and microstructural characterization is important
which might give insights to the quality of the light-absorbing layer, along with characterization
of the electrical properties. In short, exploring ways to lessen defects and improve the
semiconductor quality is the strategy to increase the overall values of the EQE. For Cu,O,
annealing is a common way to improve the layer quality for the CuxO. However, the extent of
improvements and mechanism should be elucidated. For CuO, a large surface irregularity can
occur corresponding to the increase in the heterointerface due to its morphology, and lessening
the surface irregularity can improve the layer quality.

The second way can be attempted by utilizing both copper oxides, Cu2O and CuO, with
different bandgap energies. The corresponding absorption edge for Cu>O with a 2.1 eV bandgap
energy is approximately 650 nm, while a CuO layer with 1.45 eV is approximately 850 nm. As
discussed earlier, combining both copper oxides with different bandgap energies is a good
strategy to harvest a different portion of the sunlight spectrum. This may extend the absorption
edge and subsequently increase the EQE. In fact, the strategy of having different bandgaps has
been deployed in PVs to overcome the theoretical PCE such as CIGS[75,76] and quantum dots

PV[27,58]. Since Cu,0 and CuO have a eutectic system, it has been demonstrated by Izaki et
17



al. that by oxidizing the topmost Cuz0 layer by annealing in air in low temperature, a directly
stacked Cu;O/CuO layer can be fabricated with a clear boundary, while retaining lattice
relationship.[77] This method will allow a combination of both copper oxides as the light-
absorbing layer. At the same time, when combining different light-absorbing materials, a proper
investigation is needed with respect to the band alignment. Band alignment can give insight to
the band offsets and charge transport mechanism[78—81], and an optimum band alignment can
be proposed based on its study. This calls for an investigation for the band alignment of the

combined copper oxides PV.
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1.4 Research Objective
External quantum efficiency (EQE) is of high importance since it reflects on the overall

photovoltaic performance in terms of absorption span of the solar spectrum and charge
collection. To improve the EQE performance of the copper oxide based photovoltaics, this
thesis explored methods to increase the EQE of the copper oxide PVs, in order contribute to
improving the performance of copper oxide PVs as an excellent ultra-low cost Metal Oxide PV
as the next-generation photovoltaics. Single CuxO-only PV was investigated, followed by CuO-
only PV, and then directly stacked Cu,O/CuO. The energy state of the PV was also investigated
to facilitate the understanding of the copper oxide based PV. As such, the research objectives

of this thesis are as follows,

e To investigate the fabrication of the CuxO-only PV (GZO/ZnO/Cux0O) by
electrodeposition and elucidate the effects of annealing on the microstructural,

electrical and EQE properties.

e To investigate the fabrication of the CuO-only PV (CuO/Polysiloxane/GZO) by
electrodeposition and IV evaluation to determine the possibility of CuO as a light

absorbing layer.

e To investigate the fabrication of directly stacked copper oxides (GZO/Cu,0/CuO)
photoactive layer prepared by electrodeposition and annealing, and their EQE

properties as the absorbing layer.
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e To investigate the band alignment of the directly stacked copper oxide photoactive

layer by XPS characterization to propose an improved band alignment

The overall objective of this thesis is to investigate methods of improving the EQE and
subsequently give insights and proposals to further improve the overall performance of the

copper oxide based photovoltaics and photoactive layer.
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1.5 Outline of This Study
In this thesis, we study the fabrication of copper oxides (Cu2O, CuO, and Cu,O/CuO)

photovoltaics and photoactive layer and investigate methods to increase the metal oxide PV
performances, implied from its solid-state physics. The study from the fabrication of simple
Cu0 PVs by electrodeposition, then CuO PVs by electrodeposition and finally Cu,O/CuO
photoactive layer by annealing electrodeposited Cu2O layer in air. At the same time of
exploring the methods to increase the copper oxide based PV performances, this thesis studies
and identifies the limiting factors and problems, which will prove useful in future advances for
such ultra-low cost metal oxide thin film PVs.

Chapter 2 covers fabrication of ZnO/CuxO PV on transparent soda lime glass/Ga:ZnO
substrate by electrodeposition. The electrodeposited devices were then annealed in RTA in
different temperatures ranging from 423 K to 573 K in vacuum. The morphology and structure
of the as-deposited and annealed ZnO/Cu,0 PV were characterized by field emission scanning
electron microscope observation (FE-SEM) and X-ray Diffraction Pattern (XRD). The optical
properties were investigated by ultraviolet-visible spectroscopy (Uv-vis), and the electrical
properties were evaluated by Hall measurement, current-voltage measurement (I-V) and the
external quantum efficiency (EQE). Cu2O functions as the light-absorbing layer as expected,
and an optimum increase of the maximum value of EQE to nearly 100% was achieved around
410 nm after annealing at 423 K, and the mechanism is discussed. The increase in EQE was
also related to a successful improvement in PEC in terms of Jsc.

Chapter 3 discusses the fabrication of CuO/Polysiloxane/GZO PV on Au coated Si wafer
substrate. Electrodeposition was used to fabricate the CuO and the polysiloxane layer was
prepared by spin coating. Infrared spectra were recorded along with the observation of FE-SEM
and I-V evaluation. PV characteristics such as Voc Jsc, and FF were obtained at 0.24 V, 0.067

pA cm2 and 0.29 respectively and this demonstrated that CuO successfully acted as the light-
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absorbing layer, although showing room for improvements. The particularly high Voc was
attributed the Polysiloxane buffer layer.

Chapter 4 describes the study of directly stacked copper oxides (GZO/Cu2O/CuO)
photoactive layer prepared by electrodeposition, followed by annealing in air. Similar
characterization was carried out such as the investigation of the morphology and structure of
the as-deposited GZO/Cu,0 and annealed GZO/Cu,0/CuO by field emission scanning electron
microscope observation (FE-SEM) and X-ray Diffraction Pattern (XRD). The optical properties
were investigated by ultraviolet-visible spectroscopy (Uv-vis), followed by the external
quantum efficiency (EQE). EQE of samples prepared at 523 K was further investigated under
different low reversed biased voltages were also investigated to explain the directly stacked
Cu20/CuO behavior. An extended absorption edge was achieved from 650 nm that of a Cu>O
layer to 850 nm of a CuO layer with both layers acting as the light absorbing layers under bias
voltage at 523 K.

Chapter 5 describes the detailed X-ray photoelectron spectroscopy (XPS) examination
of the Cu20-only and the directly stacked CuxO/CuO layer prepared under different conditions
(temperatures). Characterization techniques including Auger Parameter and the Wagner Plot
were deployed and the comparison to reported values of CuO and Cu,O were made. A band
diagram is drawn according to the XPS measurement and the optical bandgap calculated, and
the behavior of the EQE shown in the previous chapter is explained. An improved bandgap is
proposed based on the results.

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

Fabrication of basic Cu:0-only (GZ0O/ZnO/Cu;0) PV and the Effects of

Annealing on the EQE and PV Performances

2.1 Introduction

2.1.1 Electrodeposition of Cuz20 and ZnO

Electrodeposition is a major synthetic tool for the production of a large variety of
inorganic materials, such as oxides, hydroxides, phosphates, chalcogenides, as well as metals
and metal alloys.[1,2] Not only does it offer ease of thickness and morphology control, but it is
also feasible of large-scale, low-cost production.[3]

33



Early electrodeposition of CuxO from an alkaline bath was first developed by Stareck et
al. in 1943[4], and the photovoltaic properties further studied in 1986 by Rakhshani et al.[5]
Cu20 can be electrodeposited from alkaline electrolyte which contains cupric ions.[6,7] Lactate
is one of stabilizing agent to form soluble copper lactate complex in the electrolyte, and the
predominant complex is Cu(Il)Lacy[8], and the formation of Cu,O takes place in a two-step
process given by the following reactions, [9]

Cu(Il)Lac; + e < Cu(I)Lac + Lac™

2Cu(I)Lac +20H" < Cu20 + H,O + 2Lac™

And electrodeposition of Cu20 can also be carried out in weak acid without reduction to
copper metal if OH™ ion from dissolved oxygen is present.[10]

In 1995, the first preparation of transparent ZnO films with characteristic optical band
gap energy of 3.3 eV by electrodeposition from aqueous electrolyte was reported by Izaki et
al.[11] And a subsequent successful heteroepitaxial electrodeposition of ZnO/Cu,0 forming a
photovoltaic device by the same group has achieved 1.28% in PCE.[7] Not only did this
strongly demonstrate the room for improvement for the electrodeposited Cu,O-based PV, but
it also prompted the need for a clear understanding of the factors limiting the cell performance

fabricated by electrodeposition.

2.1.2 Annealing

The effects on annealing have been known to improve the qualities of a layer, and
annealing in air/vacuum on the CuxO layers with varying results have been reported.
Mahalingam et al. reported that the best result was obtained when sample prepared by
electrodeposition at pH 9 solution was annealed in air at 623 K with the highest increase in
peak height of (200) cubic phase and increase in grain size to 100 nm. [12] Liang et al. reported
that the best photoelectrochemical current obtained was from Cu,O film electrodeposited at pH
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9 with 60 minutes of annealing at 623 K in Ar atmosphere.[13] Dimopoulos ef al. reported that
the best result was obtained when the sample prepared by electrodeposition at pH 12.5 was
annealed in vacuum at 573 K, with highest open-circuit voltage (Voc= 0.51 V), short-circuit
current (Jsc = 4.67 mA cm 2), and conversion efficiency (7 =1.12%) respectively, but with
linear I-V characteristics appearing when annealed at 623 K.[14] Hsieh ef al. reported that the
best result was obtained when the sample was prepared by DC-reactive magnetron sputtering
at 473 K were annealed at 823 K with 1.2% oxygen added in the protective annealing
atmosphere, possessing the lowest resistivity, but the rectifying effect of P-N junction
disappeared.[15] Despite the similarity in positive results achievable after annealing, there is a
discrepancy regarding the optimum temperature. Also, discussions about the disappearance of
the rectifying effect after optimum annealing conditions were lacking. So the mechanisms and
origin of the effects and improvements by annealing on photovoltaic devices were still obscure
and the explanation insufficient. Little effort has been done to investigate the importance in
microstructural change which offers insight and direct evidence to the changes of the light-
absorbing CuxO-layer and the phase transitions when annealed.

In a previous study by Shinagawa et al., significant improvements in the photoelectric
performances were achieved in Cu2O-only layer after annealing.[16] This chapter applies the
similar concept in the constructed ZnO/Cu,0O device, and focus on the most important aspects
of improvements while paying attention to the microstructural changes when annealed in
vacuum, which offer further explanations to the discrepancy between mentioned reports, and

further insight into the mechanism of annealing.
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2.2 Experimental Procedures

2.2.1 Preparation of ZnO/Cu20 PVs

Zn0O was electrodeposited on conductive gallium-doped zinc oxide (GZO)-coated glass
substrate. Prior to the electrodeposition, the GZO substrate was rinsed with acetone, degreased
in 0.1 mol L' NaOH and rinsed with deionized water. ZnO was then deposited
potentiostatically at —0.8 V referenced to an Ag/AgCl electrode in saturated KCI, [11] at an
electric charge of 0.02 C cm with a potentiostat (Hokuto Denko, HAL-3001), connected to a
Coulomb meter (Hokuto Denko, HF-301) in an aqueous solution of 8 mmol L! zinc nitrate
hexahydrate (Zn(NOz3)2*6H20, Nacalai Tesque, Inc.) at 336 K. A Pt plate was used as the
counter electrode. CuxO was then electrodeposited on the ZnO layer from an alkaline aqueous

solution (pH = 12.5) containing 0.4 mol L' copper (II) acetate monohydrate (Cu(CH3COO),

H20, Nacalai Tesque, Inc.) and 3 mol L ! lactic acid (Kanto Chemical, Co., Inc.). The pH was
adjusted with NaOH. This electrodeposition was carried out at —0.4 V and at an electric charge
of 1.7 C cm™ at 313 K without stirring. All aqueous solutions used here were prepared with
deionized water purified by an Elix-UV system (Millipore). The schematics of the structure of

PV is shown in Figure 2.2.1.
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Figure 2.2.1. Schematics of the electrodeposited GZO/ZnO/Cu,0 PV.

2.2.2 Annealing of ZnO/Cu20 PVs

Annealing of the obtained GZO/ZnO/Cu,0 samples was carried at varying temperatures
of 423, 473, 523, and 573 K for 60 minutes using a Rapid Thermal Anneal (RTA) furnace
(MILA 5000) at a rate of temperature increase of 10 K s under vacuum (~107> Pa). After

annealing, the samples were left to cool down to room temperature before being exposed to air.
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2.2.3 Characterization of ZnO/Cu20 PVs

The external quantum efficiency measurement was performed on the ZnO/CuxO PVs
using a monochromator (Bunko Keiki, SM-250KB, with approximate monochromatic light
intensity above 5 mW cm?). Active areas of the PV devices were defined by the area of 9 mm?
Au electrodes deposited by thermal vapor deposition on the CuO layers. The current density-
voltage curves under AM1.5 illumination with 100 mW cm 2 power were recorded using a solar
simulator (Bunko Keiki, OTENTOSUN-III) with a Keithley 2400 source meter. Structural
characterizations were carried out by X-ray Diffractometer (XRD, Rigaku RINT 2500)
operated at 20 kV and 10 mA using Cu Ka radiation. Observation of surface and cross-sectional
morphology was carried out with a field emission scanning electron microscope (FE-SEM,
Hitachi High Technology SU8000). Optical absorption spectra were recorded using a UV-Vis-
NIR spectrophotometer (Hitachi High-Technology UV-4100) with an integrating sphere. The
absorption coefficient was derived from an assumed constant film thickness at 2.5 um observed
via FE-SEM and transmittance spectra measured with an integrating sphere setup, with the
horizontal axis as photon energy to estimate band gap energy of the Cu,0O. Electrical properties
including resistivity, carrier density, and carrier mobility were evaluated by using a Hall Effect
measurement system (Toyo Technica ResiTest 8310) using the van der Pauw method, [17] at
room temperature under an applied magnetic field of 0.3 T in alternating current mode. For the
Hall Effect measurements, Cu2O was electrodeposited on a GZO substrate and annealed at the
same condition as mentioned above. Then, the Cu2O was transferred to an insulation resin using

a mechanical splitting method. [18]
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2.4 Results and Discussion

Thin-film ZnO/CuxO PVs were constructed electrochemically on GZO substrates and
RTA annealed at 423, 473, 523, and 573 K under vacuum (~10~* Pa) for 1 h. To define the
active cell area, Au electrode (9 mm?) was then thermally evaporated on the Cu,O surface, and
the photovoltaic performance was evaluated in terms of external quantum efficiency (EQE) and

current-voltage curves.
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Figure 2.1. External quantum efficiency spectra of ZnO/Cu,O PVs as-deposited and

annealed at 423, 473, 523, and 573 K.

Figure 2.1 shows the EQE spectra of the obtained ZnO/Cu,0O PVs. The spectra generally
display gradual inclines at around 650 nm and a steep incline at approximately 500 nm, unique
to the absorption edge of CuxO, evidencing that the Cu2O layers indeed act as the light-

absorbing layer, and charge was collected. The maximum EQE values for the samples as-
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deposited and annealed at 423, 473, and 523 K are 79.9%, 99.9%, 89.2%, and 42.5%, at

wavelengths of 390 nm, 415 nm, 430 nm, and 440 nm respectively. The broadening of the EQE
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Figure 2.2. J-V curves under irradiation (AM 1.5G, 100W cm2) of ZnO/Cu,0O PVs as-

o
o

deposited and annealed at 423, 473, 523, and 573 K.

spectrum at wavelengths above 380 nm was observed and that the maximum EQE increases for
nearly 20% after annealing at 423 K. The maximum EQE is still 10% higher for the sample
annealed at 473 K as compared to the as-deposited sample although the EQE at wavelengths
below 390 nm decreases. The EQE spectrum deteriorate when annealed at 523 K and above;
the measurement could not be made at 573 K. Assuming that the optical depth for wavelengths
below 465 nm in the CuxO is less than few hundred nanometers,[19] the dramatic increase in
EQE after annealing at 423 K to nearly 100% at the wavelength of 415 nm indicates that the
charge collection was improved significantly in the Cu,O layer near the heterointerface. On the

other hand, the lowered EQE spectra at 523 K shows poor charge collection, which is speculated

to be caused by charge recombination.
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Figure 2.2 shows the J-J measurement for the same samples measured for EQE in Figure
2.1, and the results are summarized in Table 2.1. Compared to the as-deposited sample, RTA
annealing at 423 K increases short-circuit current density, J,. by approximately 1.6 times.
Samples RTA annealed at temperatures more than 523 K shows deteriorated J,, which display
a corresponding trend as the EQE evaluation in Figure 1. This is natural, given that the
relationship between EQE and short-circuit density, J) at a given monochromated light
irradiation with a wavelength of 4, can be expressed as [20]

EQE(%)=1240/4 < J, /E) x100 (2.1)
where E,(W cm2) is the intensity of the monochromatic light. On the other hand, the ¥, value
generally decreases with the increase of annealing temperature.

Table 2.1 refers to the summary of the J-7 measurement in Figure 2.2 which shows the
clear correspondence between maximum EQE and J,, of the PVs. To elucidate effects of RTA
annealing on the ZnO/Cu;O PVs, the structural and morphological properties were
characterized by X-ray diffraction (XRD) and field-effect scanning electron microscopy

(FESEM).

Table 2.1. Summary of J-J measurement of ZnO/Cu,0 PVs as-deposited and annealed at 423,
473,523, and 573 K.

Annealing | Maximum Jsc Voc FF n

Temperature | EQE (%) (mA (V) (%0)

cm ?)

As-deposited 79.9 34 0.36 | 0.56 ] 0.72
423 K 99,9 5.4 0.32 {051 0.89
473 K 89.2 4.6 0.27 10.32 | 0.40
523K 455 0.6 0.15 10.26 | 0.02
ST3IK - 0.6 0.03 |]0.23 0
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Figure 2.3. X-ray Diffraction of the as-deposited and annealed ZnO/CuzO PVs.

Figure 2.3 shows 6-20 XRD patterns for the ZnO/CuO PVs as-deposited and RTA
annealed at 423, 473, 523, and 573 K. under vacuum. All peaks observed were assigned to
hexagonal wurtzite ZnO and cubic cuprite Cuz0, and no significant differences in peak intensity
and position were recognized through the samples. The highest peak at 34.3° corresponds to
the (0001) plane of the electrodeposited ZnO layer and GZO substrate. The conductive <0001>-
oriented GZO substrates were employed to grow ZnO epitaxially and reduce the lattice defects.
[21] The electrodeposited CuxO layer showed a <111> preferred growth orientation. Because
there is a heteroepitaxial relationship between (1x1)ZnO(0001)[11-20] and (1 x1)CuxO(111)[1

—10] with a low lattice mismatch of approximately 7.0 to 7.8%, the (0001) ZnO layer is suitable
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to form a lattice matched p-n junction. Furthermore, since the (111) Cuz0 plane also has a low
lattice mismatch of ~4.7% with the (111) Au plane, [22] the GZO/ZnO/Cu20O/Au PVs fabricated
in this study are expected to yield optimal interfaces offering a superior carrier transport

property.
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Figure 2.4. FE-SEM surface images of the GZO/ZnO/CuxO PVs: (a) as-deposited, annealed

at (b) 423, (c) 473, (d) 523, and (e) 573 K. Insets are magnified images.
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Figure 2.5. Cross-sectional FE-SEM surface images of the GZO/ZnO/Cu,0 PVs: (a) as-

deposited, annealed at (b) 423, (c) 473, (d) 523, and (e) 573 K. Insets are magnified images.

Figure 2.4 shows the surface FE-SEM images of the obtained ZnO/Cu20 PVs. The CuxO
surface of the as-deposited ZnO/Cu2O sample is composed of continuous well-faced grains
(~477 nm in diameter). The observed three-sided pyramidal grains correspond to the corner of

a cubic, indicating that the CuO layer has a <111> preferred orientation, and this is in
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agreement with the XRD results. Although the sample annealed at 423 K showed no significant
differences in the surface morphology, it can be seen that small particles (30 to 50 nm in
diameter) generate mainly on the Cu2O grain boundaries at 473 K (Fig. 2.4¢). The size and
number of the generated small particles increased with annealing temperature, and larger
particles (~130 nm in diameter) were observed over the CuxO surface at 573 K (Fig. 2.4e).
The cross-sectional FESEM images (Figure 2.5) reveals different changes depending on
the annealing temperature; nanopores were observed in the cross-section CuzO surface along
with the generation of the small particles at 473 K. Similar to the small particles, the size and
number of the nanopores increased with annealing temperature. These results suggest that the
generation of nanopores is related to the formation of small particles. These small particles
appearing after annealing at 473 to 573 K are speculated to be grains of copper (Cu) reduced
from Cu20O. Reduction of Cu2O to Cu, when annealed in vacuum, has been reported by S.
Poulston et al. using the XPS and XAES method. [23] XPS measurement has been carried out
but Cu could not be detected in our case. Further low-incidence angle XRD measurement was
carried out at 6=0.5° for samples annealed at 423, 473, 523, and 573 K to investigate the surface
of the Cuz0 films but the XRD spectra showed only peaks belonging to Cu2O. It is concluded
that the small particles could not be detected at these annealing temperatures due to inadequate
size and distribution. However, analyses at 6=0.5° of the PV samples at higher annealing
temperatures of 673, 773 and 873 K, where the said particles grew into layer-like structures
showed peaks belonging to metallic copper. Figure 2.5(f) shows the heterointerfaces of the
PVs of as-deposited and annealed at 473 and 573 K. The heterointerface of the PV annealed at
573 K contains large voids while the heterointerface of the PV annealed at 473 K remains
comparatively undamaged. These voids are thought to be coalescences of nanopores,
originating from the outward formation of the small particles through the grain boundaries, and

are responsible for the disappearance of the p-n rectifying effect of a device. The formation of
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voids near the heterointerface is especially significant in reflecting the decrease in V. due to
the deteriorated heterointerface and exposed Cu>O which severely disrupts the crystal lattice,
which also acts as recombination sites. [24] Considering that reduction and oxidation processes
being dependent on the transportation or diffusion of ions, [25] this demonstrates the pivotal
role of grain boundaries acting as a medium for such movements in low temperature annealing,
which affects the formation of nanopores and reduction in oxygen-lean conditions, and possibly
explains its dominance in oxidation of Cu20O in oxygen-rich environment at low temperature as

already been reported. [26]
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Figure 2.6. Approximated grain size from FE-SEM, microstrain, and crystallite size for as-
deposited and annealed samples at 423, 473, 523, and 573 K.

Figure 2.6 shows the average grain size estimated with the conventional intercept method,
along with the calculated microstrain (€) and crystallite size (D) of the samples. The intercept
method involved averaging the values of total length of test line drawn on the surface FE-SEM
divided by the number of intercepts between the test line and the grain boundaries, while € and
D were calculated from the Size-Strain plot (SSP), described as follows. Since the measured X-

ray diffraction peak broadening (£_) of full width at half maximum (FWHM) of a given
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orientation (hkl) includes instrumental broadening (5,), it can be expressed as the following

equation: [27]

B Braa B, 2.2)
The SSP equation is described as,

(dnayy €08 0 =k/D (d” iy, c0s 0)+(e/2)? (2.3)

where 3, , and dhi are the FWHM and interplanar spacing of the Cu0 at (hkl) orientation, D

(nm) is the crystallite size, and k is the Scherrer constant (0.9). [28] D and € then can be
extracted from the y-axis intercept and slope of the graph respectively. The average grain size
approximated from the surface FE-SEM images shows a higher value generally as compared
to the crystallite size calculated from SSP. It is assumed that these Cu2O grains consist of
several crystallites.[29] Grain boundary migration occurred most dominantly above annealing
temperature 523 K, resulting in an approximately 1.6 times larger average grain size at 573 K
compared to the as-deposited sample. To further understand the implications of the result, one
must first consider the source of strain causing strain broadening. The primary defect type that
causes lattice parameter changes or shifts in Bragg reflection is the dislocation-type defect,
which among several, includes grain boundaries, lattice dislocations and stacking faults. [30]
Since it is generally known that annealing promotes recovery of the crystal structure by removal
or rearrangement of dislocations, [31] it is only logical that the strain reduces with the increase
of annealing temperature in such small temperature range. However, this does not seem to be
the case. Compared to the as-deposited sample, strain decreases after annealing at 423 K, but
increases after annealing at temperature 473 K and above. While this indicates the lessening of
dislocation defects due to the occurrence of energy release in the Cu,O layer caused by
relaxation after annealing at 423 K, explanation regarding the strain increase aforementioned
at higher annealing temperatures is difficult without referring to the microstructural changes

observed from the FE-SEM images. It is speculated that at annealing temperature above 473 K,
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although the crystallite size increases, the formation of pores in the crystal lattice led to the

introduction of new dislocation defects near the boundaries.
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Figure 2.7. UV-vis measurement of the absorbance of GZO/ZnO/Cuz0O layers for as-
deposited, 423, 473, 523, and 573 K. Figure 7 (a) as shown inset is the bandgap estimation

of the as-deposited films.

Figure 2.7 shows the absorption spectra of as-deposited and annealed samples. All
spectrum display the absorption edge of CuxO at around 650 nm. Figure 7(a) indicates the
corresponding estimated direct bandgap at approximately 2.1 eV. All the samples have a similar
absorption edge, which is in good agreement with the constant direct bandgap obtained
regardless of annealing as reported by Shinagawa et al. [16] and Mahalingam et al.[12] While
the absorbance intensity varies among the samples for the as-deposited and annealed samples
in the wavelength region of the 380 to 650 nm, there is no observable trend dependence on the
annealing temperature. The variation in absorbance intensity can be attributed to the slight

difference in actual thickness due to the electrodeposition technique. For 523 and 573 K, the
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reflection by small particles (Cu) at the surface of the samples not subtracted from the
transmittance mode due to technical difficulties might contribute to the increase of absorbance

spectra above 650 nm.
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Figure 2.8. Hall measurement regarding the carrier mobility, resistivity, and carrier
concentration of as-deposited Cu,O and annealed in vacuum for 1 hour at 423, 473, and 523 K.
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Figure 2.8 is the results of Hall measurement of the free-standing Cu2O layers removed
from GZO substrate by a mechanical splitting method for as-deposited samples and samples
annealed at 423, 473, and 523 K. Samples for 573 K could not be measured due to the difficulty
in removing the layer due to an increase of adhesion. The resistivity of the samples is within
one order of magnitude from 10*to 10° Q cm with a slight decrease with the increase of
annealing temperature. The lowest resistivity obtained is at 523 K at 3.1x10* Q cm, in
agreement with the value previously reported. [16] The carrier concentrations were in the range
of 102 to 10, with the lowest at 423 K at 6.9x10'2 m™3, more than one order of magnitude
decrease from the as-deposited CuxO. As it is generally known that the carrier concentration in
a p-type Cu20O originates largely from the Cu vacancies[32], which also are intrinsic point
defects. The decrease of carrier concentration would mean a decrease in point defects when
annealed at 423 K. Carrier mobility demonstrates 7 times increase from 0.5 cm? V''s™! as-
deposited film to 3.5 cm? V! s when annealed at 423 K, 3.6 times increase at 473 K to 1.8
cm? V'!s7! and 2 times increase at 523 K to 1.0 cm? V57!, It is generally known that the
lessening of scattering defects like grain boundaries and impurities facilitates movements of
carriers, leading to the increase of carrier mobility. From the microstructure point of view as
discussed earlier, we know that along with the increase of annealing temperature, the number
of grain boundaries decreases while the number and size of pores increase. The overall mobility
increase can be attributed to the overall decrease in grain boundaries, while the drop after
annealing at temperatures higher than 473 K can be attributed to the pores which might act as
scattering defects.

D=(kT/q)u 2.4

L= (Dr) * 2.5)
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As denoted in equation (2.4), also known as the Einstein relation, carrier mobility, u is
directly proportional to diffusion coefficient, expressed as D here.[33] k£ is the Boltzmann
constant, T is the temperature, and g represents the magnitude of electric charge of electron.
Diffusion coefficient D affects diffusion length L as shown in equation (2.5),[34] where T is
carrier lifetime, and the relation between L and short-circuit current J,, can be expressed as
Jo=qG(L,*+Ly) (2.6)
where G is generation rate, L, is hole diffusion length and L,, is electron diffusion length.[35]

From these equations, an increase in carrier mobility x leads to the increase of diffusion
coefficient, which in turn improves charge collection and consequently the J,., which is

concordant with our results of heightened J. values relating to the increase of carrier mobility.
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2.4. Conclusions

We have demonstrated that annealing is a valid method to improve the performance of
an electrochemically prepared Cu,O-based photovoltaic device, especially in terms of EQE and
Jy.- An increase is observed in EQE to nearly 100% for the sample annealed at 423 K at the
wavelength of 410 nm, showing improved charge collection. This corresponds to the increase
of J,. from 3.4 mA cm 2 to 5.4 mA cm 2 when annealed at 423 K. Both optical evaluation and
XRD analysis indicates proper formations of the Cu,O layers of bandgap energy of 2.0 eV and
preferred (111) orientation. FE-SEM observations revealed the appearance of small particles at
the surface along the grain boundaries starting at 473 K (speculated to be metallic copper), with
the subsequent formation of pores in the bulk. Two main carrier scattering defects, grain
boundaries, and pores affecting the PV performances are being discussed. The number of grain
boundaries decreases while the number and size of pores increase with the increase of annealing
temperature. It is speculated that the coalescences of pores into voids at the heterointerface
acted as carrier recombination sites and consequently lowered the V.. Relaxation occurred
when the Cuz0 layer was annealed at 423 K, with no observable pores. The optimal results
observed an increase in EQE and J,, at 423 and 473 K, supported by the evidence of increased
carrier mobility from Hall effect measurement which showed a lessening of scattering defects
at these annealing temperatures. Factors such as annealing atmosphere (oxygen partial pressure),
initial grain size, and substrate that affects the resulting microstructural changes proved to be
very important in determining the optimum annealing temperature, explaining the discrepancy
of past reported results. Nonetheless, annealing proves to be a facile, effective method to

increase the PV performance of the electrochemically prepared Cu,O based PV.

53



REFERENCES

[1]

[4]

D. Kang, T.W. Kim, S.R. Kubota, A.C. Cardiel, H.G. Cha, K.S. Choi, Electrochemical
Synthesis of Photoelectrodes and Catalysts for Use in Solar Water Splitting, Chem. Rev.
115 (2015) 12839-12887. doi:10.1021/acs.chemrev.5b00498.

G. V. Govindaraju, G.P. Wheeler, D. Lee, K.S. Choi, Methods for electrochemical
synthesis and photoelectrochemical characterization for photoelectrodes, Chem. Mater.
29 (2017) 355-370. doi:10.1021/acs.chemmater.6b03469.

G.H.A. Therese, P.V. Kamath, Electrochemical Synthesis of Metal Oxides and
Hydroxides, Chem. Mater. 12 (2000) 1195-1204. do0i:10.1021/cm990447a.

R. Palitha, Electrodeposited Cu;O Thin Films for Fabrication of CuO/Cu.O
Heterojunction, in: Sol. Cells - Thin-Film Technol., InTech, 2011. doi:10.5772/19789.
A.E. Rakhshani, Preparation, characteristics and photovoltaic properties of cuprous
oxide-a review, Solid State Electron. (1986). doi:10.1016/0038-1101(86)90191-7.

J. Katayama, K. Ito, M. Matsuoka, J. Tamaki, Performance of Cu>O/ZnO solar cell
prepared by two-step electrodeposition, J. Appl. Electrochem. 34 (2004) 687—692.
doi:10.1023/B:JACH.0000031166.73660.c1.

M. Izaki, T. Shinagawa, K.-T. Mizuno, Y. Ida, M. Inaba, A. Tasaka, Electrochemically
constructed p-Cu 2 O/n-ZnO heterojunction diode for photovoltaic device, J. Phys. D.
Appl. Phys. 40 (2007) 3326-3329. doi:10.1088/0022-3727/40/11/010.

S. Bijani, R. Schrebler, E.A. Dalchiele, M. Gabas, L. Martinez, J.R. Ramos-Barrado,
Study of the nucleation and growth mechanisms in the electrodeposition of micro- and
nanostructured CuxO thin films, J. Phys. Chem. C. 115 (2011) 21373-21382.
doi:10.1021/jp208535e.

S. Leopold, M. Herranen, J.-O. Carlsson, Spontaneous Potential Oscillations in the
Cu(Il)/Tartrate and Lactate Systems, Aspects of Mechanisms and Film Deposition, J.

Electrochem. Soc. 148 (2001) C513. doi:10.1149/1.1379949.
54



[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

J. Lee, Y. Tak, Epitaxial Growth of CuxO (111) by Electrodeposition, Electrochem.
Solid-State Lett. 2 (1999) 559-560. doi:10.1149/1.1390903.

M. Izaki, T. Omi, Transparent zinc oxide films prepared by electrochemical reaction,
Appl. Phys. Lett. (1995) 2439. doi:10.1063/1.116160.

T. Mahalingam, J.S.P. Chitra, J.P. Chu, S. Velumani, P.J. Sebastian, Structural and
annealing studies of potentiostatically deposited Cu2O thin films, Sol. Energy Mater. Sol.
Cells. 88 (2005) 209-216. doi:10.1016/j.s0lmat.2004.05.026.

R.-M. Liang, Y.-M. Chang, P.-W. Wu, P. Lin, Effect of annealing on the
electrodeposited Cu20 films for photoelectrochemical hydrogen generation, Thin Solid
Films. 518 (2010) 7191-7195. doi:10.1016/j.ts£.2010.04.073.

T. Dimopoulos, A. Pei¢, S. Abermann, M. Postl, E.J.W. List-Kratochvil, R. Resel, Effect
of thermal annealing in vacuum on the photovoltaic properties of electrodeposited Cu,O-
absorber solar cell, EPJ Photovoltaics. 5 (2014) 50301. doi:10.1051/epjpv/2014005.
J.H. Hsieh, P.W. Kuo, K.C. Peng, S.J. Liu, J.D. Hsueh, S.C. Chang, Opto-electronic
properties of sputter-deposited Cu,O films treated with rapid thermal annealing, Thin
Solid Films. (2008). doi:10.1016/.ts£.2007.07.097.

T. Shinagawa, M. Onoda, B.M. Fariza, J. Sasano, M. Izaki, Annealing effects and
photoelectric  properties of single-oriented Cu2O films electrodeposited on
Au(111)/Si(100) substrates, J. Mater. Chem. A. 1 (2013) 9182. doi:10.1039/c3tal1116d.
L.J. van der Pauw, A METHOD OF MEASURING SPECIFIC RESISTIVITY AND
HALL EFFECT OF DISCS OF ARBITRARY SHAPE, in: Semicond. Devices Pioneer.
Pap., WORLD SCIENTIFIC, 1991: pp. 174—182. doi:10.1142/9789814503464 0017.
M. Miyake, K. Murase, T. Hirato, Y. Awakura, Hall effect measurements on CdTe layers
electrodeposited from acidic aqueous electrolyte, J. Electroanal. Chem. 562 (2004) 247—

253. doi:10.1016/j.jelechem.2003.09.008.

55



[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

K.P. Musselman, A. Wisnet, D.C. Iza, H.C. Hesse, C. Scheu, J.L. MacManus-Driscoll,
L. Schmidt-Mende, Strong Efficiency Improvements in Ultra-low-Cost Inorganic
Nanowire Solar Cells, Adv. Mater. 22 (2010) E254—E258. d0i:10.1002/adma.201001455.
I. Robel, V. Subramanian, M. Kuno, P. V. Kamat, Quantum Dot Solar Cells. Harvesting
Light Energy with CdSe Nanocrystals Molecularly Linked to Mesoscopic TiO; Films, J.
Am. Chem. Soc. 128 (2006) 2385-2393. doi:10.1021/ja056494n.

M. Izaki, J. Komori, K. Shimizu, T. Koyama, T. Shinagawa, Room temperature
ultraviolet light-emitting ZnO vertical nanowires prepared by electrochemical growth,
Phys. Status Solidi Appl. Mater. Sci. 214 (2017) 1600473. doi:10.1002/pssa.201600473.
B.M. Fariza, J. Sasano, T. Shinagawa, S. Watase, M. Izaki, Light-assisted
electrochemical construction of (111)Cu20/(0001)ZnO heterojunction, Thin Solid Films.
520 (2012) 2261-2264. doi:10.1016/j.ts£.2011.09.022.

S. Poulston, P.M. Parlett, P. Stone, M. Bowker, Surface Oxidation and Reduction of CuO
and Cu0 Studied Using XPS and XAES, Surf. Interface Anal. 24 (1996) 811-820.
do0i:10.1002/(SIC1)1096-9918(199611)24:12<811::AID-SIA191>3.0.CO;2-Z.

L.E. Black, Surface Recombination Theory, in: 2016: pp. 15-28. doi:10.1007/978-3-
319-32521-7 2.

G. Liu, Y. Zhu, K. Mimura, M. Isshiki, Effect of Alloying Element of S, Se or te on
Oxidation Resistance of Cu at 573-873 K, Open Corros. J. 3 (2010) 92-98.
http://www.benthamscience.com/open/tocorrj/articles/V003/92TOCORRIJ.pdf.

K. Mimura, J.-W. Lim, M. Isshiki, Y. Zhu, Q. Jiang, Brief review of oxidation kinetics
of copper at 350 °C to 1050 °C, Metall. Mater. Trans. A. 37 (2006) 1231-1237.

doi:10.1007/s11661-006-1074-y.

56



[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

A. Khorsand Zak, W.H. Abd. Majid, M.E. Abrishami, R. Yousefi, X-ray analysis of ZnO
nanoparticles by Williamson—Hall and size—strain plot methods, Solid State Sci. 13
(2011) 251-256. doi:10.1016/j.solidstatesciences.2010.11.024.

R. Jenkins, R.L. Snyder, Introduction to X-ray Powder Diffractometry, John Wiley &
Sons, Inc., Hoboken, NJ, USA, 1996. doi:10.1002/9781118520994.

J.R. Ares, A. Pascual, L.J. Ferrer, C. Sdnchez, Grain and crystallite size in polycrystalline
pyrite  thin  films, Thin Solid Films. 480481 (2005) 477-48]l.
doi:10.1016/j.ts£.2004.11.064.

T. Ungar, Dislocation model of strain anisotropy, Powder Diffr. 23 (2008) 125-132.
doi:10.1154/1.2918549.

R.D. Doherty, D.A. Hughes, F.J. Humphreys, J.J. Jonas, D. Juul Jensen, M.E. Kassner,
W.E. King, T.R. McNelley, H.J. McQueen, A.D. Rollett, Current issues in
recrystallization: A review, Mater. Today. 1 (1998) 14-15. doi:10.1016/S1369-
7021(98)80046-1.

H. Raebiger, S. Lany, A. Zunger, Origins of the p-type nature and cation deficiency in
Cu2 O and related materials, Phys. Rev. B - Condens. Matter Mater. Phys. 76 (2007).
doi:10.1103/PhysRevB.76.045209.

A.H. Marshak, D. Assaf, A generalized Einstein relation for semiconductors, Solid. State.
Electron. 16 (1973) 675-679. d0i:10.1016/0038-1101(73)90110-X.

S.M. Sze, K.K. Ng, p - n Junctions, in: Phys. Semicond. Devices, Third Edit, John Wiley
& Sons, Inc., Hoboken, NJ, USA, 2006: pp. 77-133. doi:10.1002/9780470068328.ch2.

H.-P. Wang, T.-Y. Lin, M.-L. Tsai, W.-C. Tu, M.-Y. Huang, C.-W. Liu, Y.-L. Chueh,
J.-H. He, Toward Efficient and Omnidirectional n-Type Si Solar Cells: Concurrent
Improvement in Optical and Electrical Characteristics by Employing Microscale

Hierarchical Structures, ACS Nano. 8 (2014) 2959-2969. do1:10.1021/nn500257g.

57



CHAPTER 3

Fabrication of Basic CuO PV with Polysiloxane as a Buffer Layer

3.1 Introduction

3.1.1 CuO as a light-absorbing layer in PV

Copper (II) oxide, CuO, the second stable form of copper oxides, is a p-type
semiconductor[1] and can act as a light-absorbing layer. It has attracted increasing attention as
a photovoltaic layer in solar cells due to its 1.4 eV bandgap energy and high optical absorption

coefficient, but the performance was limited at a low level irrespective of the CuO preparation
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method.[2-5] Kidowaki et al.investigated the CuO PV with different structures, such as
ITO(indium tin oxide)/CuO/Zn0O, ITO/ZnO/CuO, and CuO/Cso. Especially, the Voc obtained
are 2.7x10™, 8.2x10™, and 4.5x107 V respectively, which were poor compared to the Cu,O
based photovoltaics. There are several obstacles in the fabrication of the CuO PV, such as poor
condition of the heterojunction, crystal distortion and poor CuO crystal quality.

The CuO layers can be prepared by thermal processes including thermal oxidation[2,6]
and chemical solution process such as electrodeposition.[7] The electrodeposition process has
been used for the electroplating of metals in the surface finishing industry, and oxide and
compound films for electronic and optical applications can be prepared by electroplating in
addition to metallic layers. A previous report of a 1.4-eV-bandgap CuO layer by Izaki et al.
with an improved photoactivity has been prepared by electrodeposition in a basic aqueous
solution containing copper acetate hydrate and ammonia.[8] Here we investigate the fabrication

of CuO PV based on the method used as reported.

3.1.2 Buffer layer to improve CuO PV

A buffer layer is usually a highly-resistive / large-bandgap layer that is inserted between
the light-absorbing layer and the charge collecting layer (window layer) that aims to improve
the heterointerface of the PV by suppressing recombination of charge carriers. A buffer layer
should form a junction with the light-absorbing layer while allowing light to penetrate the
junction region and the absorber layer.[9] It minimizes the interface recombination losses and
helps attain a large band-bending. The role of the buffer layer has been reported to benefit the
PV performances, especially in improving the Voc, and has been commonly used in the
optimization of thin-film PVs.[10] The role of buffer layers has also been reported in silicon
PVs[11], polymer PVs[12], CZTS [13]and CIGS[14].

It was also reported by Izaki et al.in electrodeposited ZnO(nanowire)/Cu2O when a highly

resistive ZnO intermediate layer was used as the buffer layer, a PCE of 1.26% was obtained.[15]
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Zamzuri et al. also demonstrated the possibility of increasing the Voc by inserting an
intermediate titanium dioxide (TiO7) as a buffer layer.[16] A huge improvement of Voc was
also achieved in the CuxO-based PV with a record of 1.2 V when gallium oxide (Ga>O3) was
used as the buffer layer.[17]

Here, we explore the effects of a well-studied silicon-containing polymer, polysiloxane
[18,19], prepared by spin coating as a buffer layer in the CuO PV[20], and investigate the CuO
as a light-absorbing layer in PV. Polysiloxane has excellent chemical and physical properties
such as thermal stability and high resistivity.[19,21] Polysiloxane is indeed a good insulator
film with a reported conductivity of 1.8x107 14 Q! em![22], suitable as a buffer layer. Also, it
is a unique heat resistant and flexible inorganic polymer, on top of being able to be fabricated

by a simple sol-gel method as will be described in the following section.
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3.2 Experimental Procedures
An aqueous solution containing 0.05 mol L~! copper (II) nitrate hydrate and 0.05 mol L™

ammonium nitrate was used for the electrodeposition of the 1.3-um-thick-CuO film. The
solution pH was adjusted to pH 9 by adding ammonia water. The solution was prepared with
reagent grade chemicals and 15-MQ cm-resistivity distilled water purified by a Millipore Ellix-
UV. A (111)-oriented Au coated Si wafer (KOBELCO Research Institute, Inc.) was used as the
substrate. The electrodeposition was potentiostatically carried out without stirring at 297 K by
anodic polarization at an electric charge of 1 C cm™ and at a potential of 900 mV versus an
Ag/AgCl reference electrode. A Pt sheet was used as the counter electrode. Prior to
electrodeposition, the Au/Si substrate was rinsed in acetone and then cathodically polarized in
an aqueous solution containing pyrophosphate acid and potassium hydroxide for 30 sec. The
polysiloxane layers were prepared on the CuO layer by following processes. (i) Spin-coating
the tetrahydrofuran (THF) solution with dissolved 0.5-1.5 mass% polymethylphenylsilane
(PMPS) (OGSOL, Osaka Gas Chemical, Co., Ltd.), (i1) ultraviolet light irradiation for 30 sec.
using a high-pressure mercury lamp (USHIO, OPTICA MODULEX, 500W), and (ii1) baking
at 523 K for 15 min.[20] The Al electrode was prepared by vacuum evaporation.

The Fourier-transformed infrared spectra were recorded by an attenuated total reflection
(ATR) technique using a Thermo Electron Nicolet 4700 FT-IR Spectrometer and a diamond
ATR unit (Smiths, Durasampl/R-II"™). The surface and cross-sectional structures were
observed using a field emission scanning electron microscope (Hitachi, SU-8000). The surface
roughness was measured using laser spectroscopy (Keyence VK-8510). The current density-
voltage curves were measured using a Keithley 2400 source meter in dark and under AM1.5

illumination.
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3.3 Results and Discussion

e L
. . - <

Figure 3.3. The scanning electron microscopy images of surface morphologies and cross-

sectional structures for CuO layer (a, ¢) and polysiloxane/CuO diode (b, d).

Figure 3.1 shows the surface and cross-sectional images of the CuO layers with and
without the polysiloxane layer prepared with 1.0% PMPS solutions. The CuO layer possessed
the (002)-out-of-plane orientation with random in-plane orientation[8] and was composed of
aggregates of fan-shaped grains with the size of approximately 100-150 nm and a thickness of
approximately 15 nm. Fan-shaped CuO grains with sharp edges could also be observed near
the surface in the cross-sectional image. The surface morphology of the CuO grains rounded
slightly after the polysiloxane layer coating, and some pores between the CuO grains were filled
with the polysiloxane layer. The polysiloxane layer covered the entire of the CuO surface

including the area above the grain boundaries, but the estimation of the thickness of the
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polysiloxane layer was difficult due to the large surface roughness as observed from the cross-

sectional image.

(b)

As-deposited CuO i = 035

03 }
o 025

CuO Cu,0

Figure 3.2. The surface roughness (Ra) measurement from laser microscopy of the CuO
and Cux0 layers (a) and the average surface roughness calculated (b).

Figure 3.2 shows the laser microscopy measurement of the surface roughness (Ra) of
CuO with Cuz0 as a comparison. The Ra calculated averaged at 0.28 and 0.06 pm respectively.
Figure 3.2 (b) shows an approximately 5 times larger Ra value of the CuO layer compared to

that of the CuO layer. This indicates a very high irregularity of the CuO surface with large

surface roughness.
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Figure 3.3. The Fourier-transformed infra-red (FT-IR) spectrum for polysiloxane/CuO layers.

Figure 3.3 shows the FT-IR spectra for the polysiloxane layer-stacked CuO layer prepared
from 1.0% PMPS solutions. It was confirmed that the CuO layer did not possess an absorption

band at the wave number ranging from 800 to 1400 cm~'. The strong absorption band at

wavenumber around 1070 cm™

was identified as the stretching vibration of Si-O and Si-O-Si
bonding.[20,23] The weak absorption band at around 1260 cm™' was identified as the stretching
vibration of Si-C bonding. Polysiloxane is represented by the chemical formula of [(CH3)>-Si-
O]s, formed by ultraviolet-light induced decomposition of the polymethylphenylsilane (PMPS),
and involved both Si-O and Si-C bonding.[24,25] The detection of both Si-C and Si-O-Si

bonding by FT-IR measurements indicated the formation of the polysiloxane layer on the CuO

layer.
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Figure 3.4. The current density-voltage curves recorded for Al/CuO/Au heterostructure in

(a) dark and under (b) AM1.5G illumination.

Figure 3.4 shows the current density-voltage curves recorded for Al/CuO/Au
heterostructures without the polysiloxane layer in the (a) dark and (b) under AM1.5G
illumination. An almost linear proportionality was observed for the polysiloxane-free-
Al/CuO/Au heterostructure. Since it was predicted that the ohmic and Schottky contacts were
formed between the Au/CuO and CuO/Al heterointerfaces from the energy states as already
reported,[26] the ohmic behavior could be due to the electrical contact between the Au and Al
metal layers through the pores of the CuO layer. The polysiloxane-free-Al/CuO/Au
heterostructure showed an ohmic behavior even under AMI.5 illumination, and no

photocurrent density was observed.
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Figure 3.5. The current density-voltage curves recorded for Al/polysiloxane/CuO/Au

diodes in (a) dark and (b) under AM1.5G illumination.

Figure 3.5 shows the current density-voltage curves recorded for
Al/polysiloxane/CuO/Au diodes in (a) dark and (b) under AMI1.5G illumination. The
rectification feature in dark was improved by the insertion of the polysiloxane layer, and the
rectification ratio of the current densities at +1V and —1V was estimated to be 1.7, although a
large leakage current density remained. The polysiloxane layer prepared on a quartz glass
substrate, in the same manner, showed bandgap energy of 3.7 eV from the optical absorption
spectrum.

Figure 3.6 shows the schematic diagram of the device before (a) and after (b) the insertion
of the polysiloxane buffer layer. Although the exact location of the Fermi level is not clear at
present, the polysiloxane/Al interface could be an ohmic contact because polysiloxane is not a
p-type semiconductor. The polysiloxane layer could partly make contact under the Au layer
through the pores in the CuO layer like the Au/CuO/Al heterostructure, and the carrier could
be transported through the polysiloxane layer by tunneling effect. The electrical characteristics
observed for the Al/polysiloxane/CuO/Au diode originated from the polysiloxane/CuO and
polysiloxane/Au interfaces.
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Figure 3.6. The schematic diagram of before and after the polysiloxane buffer layer

insertion, (a) Al/CuO/Au and (b) Al/Polysiloxane/CuO/Au.

The Al/Polysiloxane/CuO/Au diode showed photovoltaic performance under AMI.5
irradiation as shown in Figure 3.5 (b). The open-circuit voltage (Voc), short-circuit current
density (Jsc), and Fill factor (FF) were estimated to be 0.24 V, 0.067 pA cm™, and 0.29,
respectively. The conversion efficiency was calculated to be 4.6x107’%. The Voc value was
much larger than 0.28 mV reported for the electrodeposited CuO-PV-device[3] and slightly
lower than 0.37 V for the thermally-prepared CuO/ZnO-PV-device.[2] The conversion
efficiency was much lower than 0.05 % for the thermally prepared CuO/ZnO-PV-device.[2]
Since the CuO layer was reduced to metallic Cu during the preparation of Ga: ZnO window by
sputtering, the Al/polysiloxane/CuO/Au diode did not possess a transparent conductive window
and this hindered the collection of carriers generated by photons. The CuO and polysiloxane
layers showed very high resistivities of 2.2x10° Q cm [27] and over 10® Q cm, respectively.

Since the carriers collected by the Al electrode originated from the part in the vicinity of the Al
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electrode, the practical Jsc value would be higher than that measured in this study in the case
of possessing a transparent conductive window. Thus, the insertion of the transparent
conductive window, optimization of the device structure, and improvements of the qualities of

the CuO and polysiloxane layers are necessary to improve the overall photovoltaic performance.
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3.4 Conclusions

The polysiloxane/CuO diodes were constructed by electrodeposition of the (002)-
oriented CuO layer followed by the preparation of polysiloxane layer using
polymethylphenylsilane (PMPS) which showed a rectification feature in dark, along with the
photovoltaic performance of 0.24 V in Voc under AM1.5 illumination. This demonstrates the
viability of CuO as the light-absorbing layer in a PV, but a continuous and smooth CuO layer

is needed in order to utilize its photovoltaic ability.
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CHAPTER 4

Characterization of Directly Stacked (GZO/Cu20/CuQO) Prepared by

Electrodeposition and Low-Temperature Annealing in Air

4.1 Introduction

In the previous Chapter 2 and Chapter 3, Cu2O PV and CuO PV have been discussed.
Here, integrating both copper oxide layers simultaneously as the light-absorbing layer as a
strategy to realize high-performance PV is investigated and characterized. The Cu0 and CuO
are p-type-semiconductors with the bandgap energies of 2.0 eV and 1.4 eV, and they both have
been employed as photoactive layer of the photovoltaic layers with n-ZnO in oxide solar cells
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and photocathodes in photo-electrochemical water splitting system[1], due to the large light-
absorption coefficient, high abundance, low cost, and low toxicity.

Nonetheless, to realize a high-power-conversion-efficiency photoactive layer, a light-
absorbing layer consisting of only Cuy0O is inadequate, since its bandgap energy indicates its
inability to absorb the infrared range of the light spectrum, as discussed in Chapter One. The
relatively simplistic and energy-saving fabrication of this internally-stacked structure can be
achieved by electrodeposition followed by partial surface oxidation by low-temperature
annealing in air as patented by Izaki et al.[2], and such structure of Cu2O/CuO has been reported
to be superior in hydrogen evolution reaction compared to single Cu>O or CuO layer.[3]

We have reported the importance of microstructural changes in relation to defects when
heated in vacuum which affects phase transition and the photovoltaic performance, especially
the external quantum efficiency (EQE) and short-circuit current density (Jsc) in Chapter One.
General improvements in both EQE and Js. were observed in Cu2O photovoltaic devices under
optimum annealing temperature of around 423 K while annealing at higher temperatures in
vacuum resulted in the reduction of CuzO to metallic Cu at the surface near the grain boundaries
accompanied by the formation of defects (nanopores) in the bulk. We also reported the ability
to CuO layer to function as the light-absorbing layer in Chapter 3. On the other hand, when
heated in air, the formation of internally-stacked Cu,O/CuO with retaining lattice relationship
naturally prompts a different occurrence in the EQE spectrum. Here, we prepare the internally-
stacked CuO/Cu,0 photoactive layers by the electrodeposition of Cu2O layer followed by
heating in air and characterize the structure, optical property, and electrical properties including
the external quantum efficiency with a change in biased voltages for the internally-stacked

CuO/Cu,0 photoactive layers.
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4.2 Experimental Procedures

4.2.1 Electrodeposition of GZO/Cu20

Conductive gallium-doped zinc oxide (GZO)-coated glass (Geomatech) were used as the
substrates due to its capability to demonstrate the EQE behavior of the Cu,O without any
intermediary layer. Electrodeposition of CuyO layers from an alkaline aqueous solution (pH =

12.5) containing 0.4 mol L™! copper (II) acetate monohydrate (Cu(CH3COO),*H,0, Nacalai

Tesque, Inc.) 3 mol L™! lactic acid (Kanto Chemical, Co., Inc.). A standard 3-electrode-cell was
used similarly to the ZnO electrodeposition method discussed in Chapter 2, with a Pt plate as a
counter electrode and Ag/AgCl in saturated KCl as a reference electrode.[4] The
electrodeposition potential was set at —0.4 V and at an electric charge of 1.5 C cm ™2 in a water

bath temperature of 336 K.

4.2.2 Fabrication of GZO/Cu20/CuO

Soda-lime
Glass
Irradiation Ga:ZnO

A A

Cu,O
CuO

Electrodes

Figure 4.2.1. Schematics of the electrodeposited and annealed GZO/Cu,0/CuO photoactive
diode.

A representative schematics of the GZO/CuxO/CuO layer is shown in Fig 4.2.1.
Electrodeposited Cu,O layers were placed on an alumina plate in a quartz holder, then annealed

to temperatures of 473, 523, 573, and 673 K in a rapid thermal annealing furnace (MILA
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5000).[2] Annealing rate was set at 10 K s™!, and the heating time was set at 60 min when target
temperature had been reached. The devices were then let to cool to room temperature before

further evaluation.

4.2.2 Characterization of Cu20/CuO directly-stacked photoactive layer
An x-ray Diffractometer (XRD, Rigaku RINT 2500) was used to measure the XRD

spectra and was operated at 20 kV and 10 mA using Cu Ka radiation. A field emission scanning
electron microscope (FE-SEM, Hitachi High Technology SU8000) was used for observation of
surface and cross-sectional morphology. UV-Vis measurement was carried out by a UV-Vis-
NIR spectrophotometer (Hitachi High-Technology UV-4100) with an integrating sphere.
Calibration was carried out on standard test cells before the measurements. The external
quantum efficiencies were evaluated using a monochromator (Bunko Keiki, SM-250KB). The
electrodes used by the photovoltaic devices used for the EQE measurements were fabricated by
thermal evaporation. A light mask was used to define the active areas of 4 mm? during
irradiation for measurements. Low reversed biased voltages of -0.001 to -0.01V were applied

to the 523-K-device for further investigation of its EQE behavior.
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4.3 Results and Discussion
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Figure 4.3.1. X-ray diffraction patterns for the Cu,O layer before and after annealed at 523,

573 and 673 K

Fig. 4.3.1 shows the X-ray diffraction patterns for the Cu;O layer before and after
annealed at 473, 523, 573 and 673 K. All peaks observed were assigned to the hexagonal
wurtzite GZO substrate and the deposited cubic cuprite CuzO, except for the 673K-annealed
Cuz0 layer which showed an extra faint peak that was assigned to the (111) plane of CuO at
38.7°. The highest peaks shown here were assigned to the (0001) planes of the GZO substrates.
All Cuz0 layer possessed a <111>-out-of-plane orientation which could be observed from the
peaks at 36.4°, irrespective of the annealing temperature. The lattice constant of the Cu2O phase
was estimated to be 0.428 nm and was close to the standard value of 0.427 nm. Although for

the 673 K-annealing, its belonging peak appeared weakened. The appearance of (111) CuO is
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thought to be somehow related to the weakening of the (111) CuxO peak. It was impossible to

calculate the lattice constants of the CuO phase, because of the monoclinic lattice.
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500 nm

Figure 4.3.2. FE-SEM images of surface and cross-sectional images: (a)(f) as-deposited,
annealed at (b)(g) 473, (c)(h) 523, (d)(i) 573, (e)(j) 673 K. Images on the right are magnified
cross-sectional images near the surface.
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Fig. 4.3.2 shows the FE-SEM images of the Cu20O layer (as-deposited) and Cu,O/CuO
layers prepared by annealing temperatures of 473, 523, 573 and 673 K. The total thickness was
almost constant at approximately 2 um for the Cu,O layer before and after annealing. The
Cu20 layer was composed of aggregates of three-sided pyramids grains with the smooth top
surface and approximately 1.5 um in size, and from the cross-sectional images, continuous
Cuz0 columnar grain aggregates can be seen forming on the GZO substrate. The 473-K-device
possessed a similar morphology and structure with the as-deposited device. However, small
CuO granular grains with the size of approximately 13 nm were formed on the three-sided
pyramids grains of the 523 K-annealed Cu2O layer, and the continuous CuO layer was formed
on the grain surface and grain boundary. The CuO grain size increased to 23 nm and 62 nm,
with the increase in the annealing temperature to 573K and 673K. The 673 K-annealed Cu2O
layer showed fine CuO grains with diminishing pyramidal shape. Magnified images shown in
the middle column indicated the close relationship between CuO thickness and the annealing
temperature. The thicknesses of the CuO layer were averaged to be approximately 23, 44 and
278 nm at annealing temperatures of 523, 573 and 673 K respectively. For 523 and 573 K,
nanopores and voids along the CuxO grain boundaries could also be observed along with the
formation of CuO at the surface. The surface roughness (Ra) of the CuO was measured using
laser microscopy. The CuO surface Ra values measured are 0.07, 0.04 and 0.05 pm for CuO
prepared at 523, 573 and 673 K respectively. These values were similar to that of the as-
deposited Cu0 layer of 0.06 um as reported in the previous Chapter. This shows that annealed
CuO layers were much smoother and contained lesser surface irregularities compared to the

electrodeposited CuO, which Ra value was 0.28 pm.

80



11 t [ |' |! |' 'i
=, L aa

w A 'R
Cu

(a) (b) (c)

Figure 4.3.3. (a) Initial growth of CuO nanowires (NWs) on the outer surface of CuO grains;
(b) growth of the CuO substrate gradually buries the root of the NWs; (c¢) continued
decomposition of the CuO layer at the CuO/CuxO interface leading to the direct contact
between the NW roots and the CuxO layer.[5]

The mechanism of CuO growth is important to understand the resulting morphology
observed. Yuan et al. described the driving force and growth mechanism for the CuO formation,
as shown in Figure 4.3.3.[5] At low oxidation temperature of 523~573 K, the observed
nanopores along the grain boundaries were attributed to the outward diffusion of Cu cations
along the grain boundaries, which contributed to the formation of CuO at the surface. In an
oxygen-poor atmosphere, the formation of metallic Cu occurs instead, as reported in Chapter 2,
which corresponded to this growth mechanism. This is similar to the mechanism as described
in the Kirkendall effect during metal oxidation.[6—8] At a higher annealing temperature of 673
K, the dramatically increased CuO thickness was accompanied by a multitude of voids in the
CuO layer and the magnified cross-sectional image in Fig. 4.3.2 (e) indicates formation akin to
the roots of CuO whiskers (nanowires) as reported by Yuan et al. and Zhu et al, [5,9] although
the annealing condition of the CuO did not yet favor the growth and formation of CuO NWs

and thus not observed in Fig. 4.3.2.
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Figure 4.3.4. UV-Vis measurement of the absorbance of layers as-deposited, and

annealed at 473, 523, 573, and 673 K.

Optical absorption spectra for the CuyO layer before and after annealing at 523 K, 573 K,
and 673 K were shown in Figure 4.3.4. The CuxO possesses a characteristic absorption edge
at 650 nm with a corresponding bandgap energy of 2.1 eV, which grants its brownish-red
appearance, which can be observed in the as-deposited Cu,O layer. The increase in absorbance
in the range from 530 to 800 nm can also be observed clearly with the increase in annealing
temperature. This is in agreement with the formation and thickening of CuO formed on the
surface of Cu20 layer, which can be related to the higher-wavelength absorption edge and the
change of color of the layers into blackish-brown after annealing. At 673 K, the appearance of
an absorption edge at approximately 850 nm was attributed to the absorption edge of CuO.

. Figure 4.3.5 shows the Tauc plots of (asv)* and (ohv)"? versus hv for the 673 K-

annealed device. The relationship between optical bandgap energy, E,; and the absorption

coefficient « calculated from the absorbance and thickness can be represented by Eq. 1 as
follows[10]:

ahv = A(hv —Ey)"/? (1)
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A is a constant, /v is photon energy, for thin films n=1 for a direct transition, and n=4 for an
indirect allowed transition. The direct bandgap estimated from this figure is 1.56 eV, while the
indirect bandgap is 1.47 eV which are close to reported CuO direct bandgap values by Nakaoka
et al. of 1.56 eV and 1.45 eV which were heat-treated at 573 and 773 K respectively.[10]

However, the actual type of bandgap energy of CuO remains controversial.[11-16]
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Figure 4.3.5. Tauc plots of (azv)? and (azv)? versus hv, for direct and indirect calculation of

the bandgap energy of the 673 K device

External quantum efficiency (EQE) is an important evaluation that shows the ratio of the
number of charge carriers collected by the photovoltaic to the number of photons in the
photoactive layer. Figure 4.3.6 shows the EQE of devices: as-deposited, annealed at 473, 523,
573, and 673 K. Both devices for as-deposited and annealed at 473 K both display charge
collection originated from Cu2O layers which shows the characteristic absorption edge at

around 650 nm and peaks at 44% and 43% at around 400 nm, corresponding to the UV-Vis
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Figure 4.3.6. External quantum efficiency spectra of devices: as-deposited, and annealed at
473, 523, 573, and 673 K. Shown inset is the same spectra of devices annealed at 523, 573
and 673 K, with a magnified scale on the EQE values.

results in Figure 4.3.4. The EQE values were low compared with that of GZO/n-ZnO/Cu20O
structure shown in Chapter 2, so the insertion of the n-ZnO was proved effective to enhance the
photovoltaic performance. Starting at the annealing temperature of 523 K, the EQE deteriorates
significantly. However, at the same time, peculiar EQE behaviors were also observed in devices
prepared in 523, 573 and 673 K, as shown in the inset of Figure 4.3.6.

By definition, the quantum efficiency is the probability of an incident photon of energy
delivering one electron to the external circuit. The total area below the EQE curve then
represents the total photocurrent density delivered to the external circuit and the relationship
between the short-circuit current density, Jgc and the quantum efficiency, QFE(E) can be written
as Eq.4.2 as shown below, where ¢ is the electron charge, and b,(E) the incident spectral photon

flux density.[17]

Jsc=q | b(E)OE(E)dE 4.2)
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The deterioration of overall EQE is understandable, given that the increase of annealing
temperature in devices fabricated with this method can be attributed to the decrease in carrier
mobility, due to the formation of defect structures such as nanopores observed in the FE-SEM.
This apparently occurred both when annealed in vacuum and in air, which includes the diffusion
of Cu cations during oxidation and reduction from CuzO as reported in Chapter 2. As such, the
overall decrease of EQE was natural when annealed in air at 523, 573 and 673 K as compared
to the single layer Cu2O. Another contributing factor that led to the diminishing EQE
performances when annealed at these temperatures is the intolerance of the GZO substrate layer,

which showed increased resistance when annealed at temperatures above 473 K as shown in

Figure 4.3.7.
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Figure 4.3.7. GZO substrate electrical properties under different annealing temperatures

However, the negative region of EQE demonstrated especially by the 523-K-device would
mean the charge carrier generated in this region flowed in an opposite way compared to the

charge carriers generated in devices prepared at lower temperatures or as-deposited. Thus, to
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clarify the mechanism of the strange EQE behavior, further investigations were made by

applying low reversed biased voltages.

12%
10%
8%

300 400 500 600 700 800 900 1000
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Figure 4.3.8. EQE spectra of devicess annealed at 523 K under biased voltage of 0 to 0.1 V.

Figure 4.3.8 shows the EQE spectra for devices annealed at 523 K under biased voltages
of 0V to -0.01 V with increments of -0.001 V. The negative regions were suppressed, and
instead, EQE values increased. Also, a new absorption edge for the 523 K appeared around 850
nm. Without any biased voltage applied (0 V), the 523-K-prepared internally-stacked
photoactive layer showed a peak at approximately 410 nm and a dip in the spectra towards the
negative region around 500 nm, indicating two distinct charge transportations from different
light-absorbing layers. The peak at 410 nm can be attributed to the characteristic EQE peak of
electrodeposited Cu,O as already reported in Chapter 2. Based on the as-deposited EQE curve,
we assume that prior to annealing, all charge collected can be attributed to the flow from photo-
induced (starting from 650 nm) electrons from the Cu2O layer towards the direction of the

source of irradiation and extracted via the GZO layer. For the 523-K-device, the dip towards
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the negative region in the EQE spectra within 470 and 580 nm then reveals the presence of
photo-induced electrons moving in the opposite direction. The increment of reverse biased
voltages by 0.001 V towards —0.01 V caused a dramatic increase in the 550-nm-peak, while the
increase in the peak at around 410 nm was gradual in comparison. This also indicates that the
charge collection as represented by these peaks were constituted by charges originating from
more than one light-absorbing layer, which were the Cu20 and CuO layer. Also, a distinct
absorption edge for the peak of 550 nm at around 850 nm emerged. This absorption edge can
be attributed to the characteristic absorption edge of CuO, as can clearly be seen from the
absorption spectra (Figure 4.3.4) of the 673 K device, which among the devices, possesses the
thickest layer of CuO at the surface as observed in Figure 4.3.2. This behavior of dipping of
the EQE curve towards the negative region was not observed when annealed in vacuum in the
same temperature, even though the CuxO was prepared in a similar manner, as described in
Chapter 2. This means that the EQE behavior is specific to devices annealed in air which can
be attributed to the appearance of CuO/CuO internally-stacked layer.

This is significant due to the observed absorption edge of CuxO at 650 nm and the
absorption edge of CuO which extends towards higher wavelengths at approximately 850 nm.
This shows that despite the presence of defects and the thinness of the CuO, carrier charge was
generated and collected from the CuO layer under illumination. The expansion of absorption
demonstrates that with careful fabrication, the directly-stacked Cu>O/CuO photoactive layers
can act in tandem as light-absorbing layers. The electric field was formed at the heterointerface
of GZO/Cuz0 due to the ohmic contact between the CuxO/Au interface. And the penetration
depth of light irradiated from the GZO side increased with the wavelength, and the electron
generated in the deep part of the Cu,O layer could be taken out by applying the biased voltage.

It was speculated at this point that for annealed Cu,O layer, electric fields were formed at both
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heterointerfaces of GZO/Cu20 and CuxO/CuO, causing the appearance of positive and negative

regions as shown in Figure 4.3.6.

88



4.4 Summary

The EQE of the internally-stacked Cu2O/CuO layers and their changes under different
low reversed biased voltage was shown. The EQE result clearly demonstrates that both oxide
layers acted as the light-absorbing layer, and showed the validity of copper-oxide-based
photoactive layer in terms of augmented absorption span. For the 523 K device, more photo-
induced electrons produced in the CuO layer were being swept towards the source of irradiation
under low reverse biased voltage, which resulted in a dramatic increase in the 550-nm-peak and
the appearance of the CuO absorption edge at 840 nm. The results also highlight the importance
of the semiconductor condition of the layers with minimal defects to realize a high-performing
photoactive layer. The EQE behavior shows the need to investigate the band alignment, and the

band profiles should be optimized, based on the band alignment.
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CHAPTER 5

The X-ray Photoelectron Spectroscopic Analysis and the Band Alignment

Study of Directly Stacked Copper Oxide PV (GZO/Cu20/CuQ)

5.1 Introduction

In the previous Chapter, successfully fabricated directly stacked GZO/CuxO/CuO was
described, and the EQE performances were discussed. The light-absorbing layer properties of
Cuz0 and CuO were demonstrated. EQE in the negative region was demonstrated especially
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by the 523-K-device without any biased voltage, along with the positive region, which indicated
that there might be two distinct charge transportation and that electric fields were formed at the
heterointerfaces of GZO/Cu20 and Cu2O/CuO. The charge transportation was controlled by
somehow unifying them when low reversed biased voltages were applied, which also showed
the emergence of an absorption edge characteristic to the properties of a CuO layer. While the
photoactivity of the CuO layer was demonstrated, it was concluded that it was necessary to
further investigate the band alignment, which can be done by using X-ray photoelectron
spectroscopy (XPS) to elucidate the EQE behavior. This might prove useful in understanding
the energy state and proposing an ideal band profile. It has been deployed in many reports
describing Cu20O-based heterostructures.[1-5] The valence band maximum of the light
absorbing layers can be directly measured, and the band alignment schematics can be drawn
based on the optical bandgap calculated from the Uv-vis measurement. Additionally, XPS is a
useful characterization tool that can supplement extra information such as chemical state
determination, and accurate identification of the fabricated copper oxides, which were difficult
to evaluate using XRD such as shown in Chapter 2 and Chapter 4, due to the thinness of the
CuO. These are essential for the characterization of the chemistries involved with thin oxide
film growth.[6] However, it is known that the analysis of copper species is challenging because
of the complexity and overlapping binding energies for different species.[7]

Here, the XPS analysis is carried out and the chemical state of the layers will be
investigated to give further information of the Cu species, deploying methods such as the Auger
parameter and the Wagner plot to accurately characterize the Cu,O and CuO films.[8] And
mainly, an attempt to calculate and construct the schematics of the band alignments of the
GZO/Cu20/Cu0O will be made, which will be used to further explain its EQE behavior as

described in Chapter 4, and an ideal band alignment will be proposed based on the study.
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5.2 Experimental Procedures

A similar fabrication technique mentioned in the previous chapter was used. Conductive
gallium-doped zinc oxide (GZO)-coated glass (Geomatech) were used as the substrates due to
its capability to demonstrate the EQE behavior of the Cu,O without any intermediary layer.
Electrodeposition of CuxO layers from an alkaline aqueous solution (pH = 12.5) containing 0.4

mol L™! copper (II) acetate monohydrate (Cu(CH3COO), - H,0, Nacalai Tesque, Inc.) 3 mol L™!

lactic acid (Kanto Chemical, Co., Inc.). A standard 3-electrode-cell was used, with a Pt plate as
a counter electrode and Ag/AgCl in saturated KCl as a reference electrode. The
electrodeposition potential was set at —0.4 V and at an electric charge of 1.5 C cm™2 in a water
bath temperature of 336 K. Electrodeposited Cu,0 layer were placed on an alumina plate in a
quartz holder, then annealed to temperature of 523, 573, and 673 K in a rapid thermal annealing
furnace (MILA 5000). Annealing rate was set at 10 K s™!, and the heating time was set at 60
min when target temperature had been reached.

The devices were then let to cool to room temperature before the X-ray photoelectron
spectroscopy (XPS) measurement was carried out. The XPS measurement was made with a
scanning X-ray microprobe (Quantera SXM-CI) made by ULVAC-PHI Inc, with a 24.8 W
monochrome Al Ko (1486.6 eV) with beam diameter of 100 um. Neutralizer was operated at
1.0 V of 20.0 pA at all measurements, to lessen the drift caused by charge-up. A conventional
peak shift correction of C Is to the binding energy of 284.8 eV was carried out. For the band-
alignment calculation, measurement using the depth profile mode was made with an interval of
18 seconds for 3 minutes.

The software used for the analyses is CasaXPS (Casa Software Ltd.). For fitting,
Gaussian-Lorentzian profiles defined in CasaXPS as GL(x) were used. It should be noted that
the varying GL(x) does not constitute to large peak area changes, and such profiles used are to

compare with reported values in past literature.[7,9]
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5.3 Results and Discussion

5.3.1 X-ray Photoelectron Spectroscopy
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Figure 5.3.2. Fitting of O 1s spectra of as-deposited, 523 K, 573 K, and 673 K.
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Figure 5.3.1 shows a surface XPS spectra surveyed for C 1s, O 1Is, Cu 2p3» and Cu
L3MysMys for the as-deposited device. No pre-sputtering was carried out to retain surface
information. Peak shifts were corrected to 284.8 eV of adventitious C 1s spectral component
(C-C, C-H) as shown in (b).[10] However, the intensity of the C 1s peaks reduces after
annealing as can be seen, which caused complexity in the C 1s peak shift. All the peaks could
be identified as photoelectron and Auger electron peaks originated from Cu, O, and C.

Figure 5.3.2 shows the O 1s spectra and the convoluted peaks fitted to the spectra. The as-
deposited O 1s spectra consist of two peaks at 530.2 eV and 531.3 eV. The first peak can be
attributed to the O 1s lattice oxide for Cu,O at the reported peak of 530.2 eV. However, the
second peak is ambiguous as it is near and can be assigned to the Cu(Il) hydroxide (Cu(OH)>)
at a reported value of 531.2 eV. Another possibility is that this higher peak belongs to defective
Cu20 components at a reported value of 531.6 eV.[9,11,12] The peaks of 523 K are 530 and
531.1 eV, while peaks of 573 K are 529.9 and 531.5 eV. Lastly, the peaks of 673 K are 529.9
and 531.6 eV. All these peaks are very close to each other and may be ascribed to either lattice
oxide of CuO at a reported value of 529.7 eV, defective CuO at 531.6 eV, or the defective
CuO value of 531 eV.

Figure 5.3.3 shows the Cu 2p32 spectra where two significant changes can be observed.
One is the overall shifts of the main 2p32 peak from 932.3 eV (as-deposited) to 933.1 eV (523
K), 933.4 eV (573 K) and 933.6 eV (673 K), which also showed broaden peaks. These values
seem to increase from reported literature average values of the binding energies of 932.4 eV
belonging to Cu2O to 933.6 eV of CuO, based on the NIST Database [13] as compiled by
Biesinger[7]. However, the measured values might not be strictly accurate due to the possible
erroneous correction of C 1s peaks. Another significant change is the emergence of the satellite

peaks at approximately 941.5 eV and 944 eV for the annealed devices. These evident peaks are
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well-known and belong to the characteristic shake-up satellites which indicate the presence of

Cu(II) species, originating from the surface CuO layer.[14-20]
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Figure 5.3.3. Cu 2p3» of as-deposited, 523 K, 573 K, and 673 K.
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Figure 5.3.4. The Cu L3M45My ;s spectra of as-deposited, 523 K, 573 K, and 673 K and (b)
reported line-shapes Cu L3My sMa s spectra for CuxO and CuO.

Differentiation of species can also be made using the Cu L3sMa4,sMa4 s Auger spectral line-
shapes.[21] Although the Cu L3M45sMa s Auger main peaks of Cu(I) and Cu(II) species are close
to each other, the shoulder peak at around 912-914 eV as shown as arrows in Figure 5.3.4 are
usually observed for the spectra of a CuO. For clarity, the reported spectral line shapes[7] was
also shown in Figure 5.3.4 (b) as a comparison. The shift of the Cu L3Ma4sM4 5 Auger main

peak can also be observed gradually shifting from 916.7 eV to 917.6 eV. The distinctive peak
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in this spectra at 916.5 eV belonging to the Cu>O was reported[22], corresponding to the as-
deposited peak with 916.7 eV.

The results thus far have shown the XPS characteristics leaning to CuxO for the as-
deposited layers and CuO for annealed layers, as expected. However, due to a possible error in
the charge correction even after neutralizing, some measured values slightly differ from
reported values.

Wagner has shown the chemical shifts for Auger transitions involving electrons in the
atomic core and changing of the line shape for Auger transition involving valence electrons. He
also introduced the concept of Auger parameter that was based on the ideas that the two line
energies (Auger and photoelectron) of the same element in the same measurement is fixed, and
charge corrections to individual peak measurements are unnecessary which can be canceled off,
and the work function corrections are also not necessary, where vacuum level data can be
compared to Fermi level data.[8,23,24] The Auger parameter« is defined as,
a=E./(C'C"C") - E(C) (5.1
where E; (C'C''C'"") is the kinetic energy of the Auger transition involving electrons from the
C',C" and C'"" core levels, and Ej (C) is the kinetic energy of the photoelectron from core level
C. However, this equation might produce negative values, so a modified Auger parameter was
redefined, with addition of the photon energy hv to «, thus defining the modified Auger
parameter o' as[25],

d =a+hv=E,(C'C"C")+ E,(C) (5.2)

Applying this method to assign the species was effective, as reported by Goh et al. in
assigning CuzS and CuS[22], besides Poulston et al. who have used CuLMM and the Auger

parameter to distinguish Cu(0), Cu(I) and Cu(II)[ 14].
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In short, the Cu 2p32-CulsMas sMa s respective values in binding energy and kinetic energy
are summed up, which gives the value of the modified Auger parameter. The calculated values

are summarized as Table 5.1 below.

Table 5.1. Auger Parameter calculation of As deposited, 523 K, 573 K and 673 K layers
Binding energy  Kinetic Energy

Sample Cu 2p 3 (Cu L;M, M, 5) Auger Parameter
As-
deposited 032.33 916.74 1849.07
523 K 933.07 917.31 1850.38
573 K 933.42 917.53 1850.95
673 K 933.57 917.62 1851.19

The literature average compiled values from the NIST database [13] are 1849.2 for Cu,O
and 1851.5 for CuO,[7,9] near to calculated Auger Parameter values of 1849.1 of as-deposited
and 1851.2 of 673 K. A plot of the Cu 2p32-CuL3Ma4,sM4 s would then give the Wagner Plot
(chemical state diagram) as shown in Figure 5.3.5.

Figure 5.3.5 (a) shows the Wagner Plot of literature and standard compounds of different
Cu chemical states as reported by Biesinger,[7] and (b) the calculated values from this work of
as-deposited, 523, 573 and 673 K-annealed layers. The horizontal axis is the binding energy
(abscissa, oriented in the negative direction) and the vertical axis is the kinetic energy position
of the sharpest core-core-core Auger peak, which in this case is the Cu L3M4,sMa 5. The diagonal
lines on the Wagner Plot are constant Auger Parameters o, which means values on the same
line with having the same modified Auger Parameters «as can be seen between the literature
values and standard values reported by Biesinger in the CuO and Cuz0 ovals in Figure 5.3.5(a).
Positions of compounds on these plots indicate both relaxation energy and initial state
effects,[8] and can give additional insight into the shift in electronic states between metal
compounds. However, the topic is behind the scope of this investigation. Here, the

distinguishability of chemical states of core-ionized atoms is discussed. As reported by Morreti
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and Biesinger,[23,26] two distinct trends can be seen for compounds of different Cu chemical
states, shown as two dotted ovals in Figure 5.3.5(a). Compounds with a +2 oxidation number
follow the slope of 1 (left dotted oval), while compounds with a +1 oxidation number are closer
to the line with slope of 3 with similar binding energy values (right dotted oval). These are the
respective distinct areas for the Cu(Il) and Cu(I) compounds while metallic copper or Cu(0) is
above these areas. [27] Comparison between Figure 5.3.5(a) and (b) then shows the chemical
states of the experimental results. Clearly, the as-deposited layer (denoted with number 1) falls
within the Cu(I) area, which in fact is very close to the literature and standard Cu,O values. On
the other hand, layers annealed at 523, 573 and 673 K fall within the Cu(Il) area, which
approaches the position of the reported CuO values with an increase of annealing temperature
as seen in (a). As such, from the Auger Parameters and Wagner Plot, it is concluded that while
the as-deposited layer consists of purely CuzO, all annealed layers consist of topmost CuO layer,

which agrees to results of the O 1s, Cu 2ps/2, and CuL3M4 sMy 5 spectra.
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chemical states as reported by Biesinger and (b) the as-deposited, 523 K, 573 K, and 673 K-

annealed layers.
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5.3.2 Band-alignment Calculation of Cu20/CuQO

Valence band offset or VBO (denoted as AE),) as shown in the following equation, is the
difference in valence band maximums (VBM) of the Cu2O and CuO layer, is crucial for drawing
the band-alignment of the heterojunction.

AE, = EG89 — EGiP (5.3.1)
However, the direct extraction of measurement of the VBM values may be inaccurate and

can highly be affected by drifts and shift corrections. Kraut et al. proposed a method [5,28] that

uses the core-level alignment and can prevent some measurement errors, giving an accurate

band offsets measurements, since it does not rely on the shift correction. For our Cu2O/CuO

calculation, VBO (AEy) is as shown in the following equation,

ABy = (FEL9, — ES130) + (EE2 — EG20) — (BEYS, — FSLS (53.2)

where E§,/9, is the 2p main peak value of the surface CuO, Eg,;/59 is the 2p main peak value of

the underlying Cu20, E§;53 is the Cu 2p main peak value of the underlying CuxO, Eygif is the

measured VBM of the underlying Cu,0, and ES4Y is the measured VBM of the surface CuO.

For this calculation, XPS measurements of the layers were made with sputtering every 18
seconds from the top surface until 180 seconds. The Cu 2p values are summarized in the
following Table 5.2. If we observe the values after 18 seconds of sputtering for annealed layers
and compare it to the surface values (0 seconds) or as-deposited values, we can observe that
most of the CuO layer is sputtered away, since as reference, the reported Cu 2p main peak
values of CuO is 933.6 and 932.4 eV[7]. Thus for the bandgap calculation of Cu,O/CuO, the

respective average values after 18 seconds are used as the E| g}fzzg (Cu 2p main peak of the Cuz0)

values, which are 932.6, 932.4, and 932.6 eV for 523, 573, and 673 K respectively.
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Table 5.2. The measured values for the Cu 2p main peaks binding energy for layers as-

deposited, 523, 573, and 673 K.

Cu 2p main peak Cu 2p main peak
Sputter Time | Binding energy Sputter Time | Binding energy
() (V) (s) (eV)
0 932.33 0 93307 [*Cu0O
18 932.33 18 932.57 ||
36 932.31 36 932.59
As 54 932.30 54 932.60
Deposited 72 932.27 523K 72 932.61
90 932.26 -Cu0 90 932.60
108 932.24 108 932.60 -Cu.0
126 932.25 126 932.61
144 932.22 144 932.61
162 93220 162 932.62
130 93220 130 932.64
Cu 2p main peak| Cu 2p main peak
Sputter Time | Binding energy Sputter Time | Binding energy
() (eV) (s) (eV)
0 933.54 _ [*CuO 0 93369 | >Cuo
18 932.43 18 932.66
36 932.33 36 932.64
54 932.34 54 932.65
573K 72 932.35 673 K 72 932.67
90 932.37 90 932.72
108 932.37 -Cu,0 108 932.62 -Cn0
126 932.38 126 932.62
144 932.43 144 932.57
162 932.40 162 932.55
180 932.41 180 932.54

Also, the ES42P values can be extracted from the measurement of VBM starting from

18 seconds onwards, as shown in Figure 5.3.6. Here, the Ey gy,

cu0

values are also shown at

measurement ofthe 0 sec for the layers annealed at 523, 573 and 673 K, which are 0.47, 0.38,

and 0.38 eV respectively. The ES4zP

while for 573 and 673 K the values are close to 0 eV.
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Figure 5.3.7. The XPS spectra showing all measurements needed to determine VBO for the

layers as-deposited, 523 K, 573 K, and 673 K.

Finally, the summarized values needed for the VBO calculation are as shown in Figure
5.3.7. The VBO value for 523, 573 and 673 K are calculated to be 0.72, 0.38, and 0.38 eV
according to Equation 5.3.2. To draw the schematic diagram, the estimated bandgap energies
for Cu20 and CuO from the Tauc plots are needed. The estimated direct bandgap of 2.1 eV for
Cu20 and the indirect bandgap of 1.47 eV for 637 K CuO are taken from Chapter 2 and 4,
arriving at values of CBO of -0.09, 0.29 and 0.38 eV.

The schematic band alignment for Cu2O/CuO based on the XPS data, VBO calculation and
assuming the 673 K CuO indirect bandgap energy is as shown in Figure 5.3.8 The CuO
conduction band of 523 K-layer is 0.09 eV higher than the conduction band of CuzO, but this
calculation is based on the bandgap energy of 1.47 eV calculated from the 637 K CuO layer,
because the CuO layer of 523 K and 573 K were too thin and the absorbance was impossible to

be detected. Here, we assume that the 673 K band alignment is most accurate.
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Figure 5.3.8. The schematic band alignment Cu20/CuO based on the calculated VBO and

bandgap energy estimated from the Tauc plots. (a) is 523 K,(b) is 573 K and (c) 673 K.

As such, the EQE behavior for the CuxO/CuO layer prepared by heating at 523 K shown
in Chapter 4 can be explained. A schematic band profile of the photoactive layers based on
Figure 5.3.8 is shown in Figure 5.3.9 as reference diagram in an attempt to further comprehend

the charge collection mechanism of the GZO/Cu,0/CuO layer under reversed biased voltage.

GZO Cu,0 CuO

-

i

Au

()

! (@

™~
fxy

Figure 5.3.9. The schematic band alignment of GZO/CuxO/CuO based on the band-

alignment calculations at equilibrium (a) and under reversed biased voltage (b).
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Based on the schematic illustration in Figure 5.3.9 the conduction band of the CuxO at
equilibrium should appear elevated against both the GZO and CuO layers. Here, the flow of
charge originating from the CuO layer towards the Au electrode is favorable instead of the
opposite direction, which explains the behavior of dipping in EQE in the 500-nm region.
However, under reversed biased, the potential across the heterojunction was increased, as
denoted by eV, which exaggerated depiction is as shown in Figure 5.3.9 (b). The depletion
width and the peak electric field at the junction were also increased under this condition.[29]
Consequently, along with the formation of quasi-Fermi levels, the band energy at the CuO side
was relatively raised, facilitating movements of photo-induced electrons in the CuO layer
towards the CuzO when irradiated and this should enable more charge collection via the GZO
layer, which agrees with the EQE measurement.

The EQE spectrum is represented by the net effect of the charge collection by
wavelengths. And it is known that the absorption edge of both Cu,O and CuO layers are
approximately 650 nm and 850 nm respectively in this photoactive device. Since the negative
region of EQE measurement without biased voltage between 470 and 580 nm is within the
overlapping region of absorption range for both light-absorbing layers, we can conclude that in
this particular device annealed at 523K, the number of photo-induced electrons produced by
the thin layer of CuO was more than that of the Cu,O layer in this particular wavelength region.
The appearance of the negative region is then largely dependent on the band alignment and
condition of the CuxO thin film which affects the carrier mobility which further affects the
charge collection. Thus, if the formation of CuO does not produce defect structures like pores
that act as scattering defects in the CuxO layer, the overall EQE performances might be able to
increase.

Also, according to this band diagram, a band alignment of GZO/CuO/Cu>O might be

more favorable for charge collection regarding this type of superstrate internally-stacked
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photoactive layer, which might be able to collect charge even without reversed biased voltage
applied. One other strategy to improve charge collection is to increase the bandgap energy of
CuO to improve the CBO of the Cu20/CuO so that the conduction bands are properly aligned
to facilitate the excited electrons’ transportation towards the cathode. This, however, requires
the need to be capable of fine-tuning the bandgap energy of the copper oxide semiconductors.
Another strategy is to reduce the intermediate CuzO thickness to allow the possibility of
tunneling effect of the photo-generated charge carriers in the CuO to flow through the CuxO
bulk towards the cathode. However, reducing the CuO thickness may lead to a decrease in

light absorbance, and further study is needed.
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5.4 Summary

The XPS evaluation was carried out in detail for chemical state determination of the layer
surface for as-deposited CuxO, and CuO prepared by annealing at 523, 573 and 673 K. The
characterization includes both the Cu(I) and Cu(Il) species investigated through the O 1s, Cu
2p23, and the Cu L3MasMys spectras. The Auger parameters were also calculated, which
showed a clear sign of the Cu species. The Wagner plot offered another clear picture of the
distinction between the Cu species on the surface of as-deposited and annealed surfaces, and
the results correspond to the XPS spectra measured. The fabrication of Cu,O/CuO was
reconfirmed by the XPS characterization, and the VBO for the 523, 573, and 673 K directly-
stacked layers were calculated to be 0.72, 0.38 and 0.38 eV respectively. The band-alignment
diagram shows the reason for the EQE behavior demonstrated in the previous chapter. The
Cu20/CuO band alignment belongs to the straddling gap (type I), which explains the negative
regions in EQE when charge originating from the CuO layer flow towards the electrode. Under
reversed biased voltages, the increase in potential across the heterojunction facilitates
movements of photo-induced electrons originating from the CuO layer towards the Cu,O layer
when irradiated, thus controlling the charge transport, resulting in an increase in the EQE and
emergence of the CuO absorption edge at 850 nm. Strategies to improve charge collection was

discussed and a more favorable alignment of GZO/CuO/CuxO was proposed.
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CHAPTER 6

Summary

6.1 Research Summary

This thesis is devoted to the studies on the copper oxides-based photovoltaic devices
(PVs), which includes the Cu,0, CuO and Cu20O/CuO PVs prepared by electrochemical and
low-temperature annealing. The main objectives of improving the PV by approaching from the
EQE performances aspects was investigated thoroughly and reported.

In Chapter 2, the fabrication of Cu,0-PV (GZO/ZnO/Cu0) was carried out, based on

past reports, and the effects of annealing the device in vacuum were investigated.

115



Characterization includes external quantum efficiency (EQE) measurement, J-/ measurement,
X-ray diffraction analysis, FESEM observation, UV-vis measurement, and Hall measurement.
The successful fabrication showed approximately 80% EQE and PV performances of 0.72%
power conversion efficiency (PCE). A significant increase in maximum EQE values of to nearly
100% was reported for the sample annealed at 423 K in vacuum, which led to a dramatic
increase in short-circuit current density (Jsc) to 5.4 mA cm 2 and the PCE to 0.89%. The
mechanism of the improvement by annealing in vacuum was further investigated and elucidated.
When annealed below 473 K., higher carrier mobility was achieved due to the lessened
scattering defects that hinder carrier transportation. The increased carrier mobility, as evidenced
by the Hall measurement, meant increased diffusion coefficient and consequently led to a
longer diffusion length. A long diffusion length is directly related to the heightened Jsc, which
is also reflected in the improved EQE evaluation. The microstructural evidence observed in the
FESEM showed the formation of pores at excessive temperatures higher than 473 K, which led
to the deterioration of the evaluations. Factors such as annealing atmosphere (oxygen partial
pressure), initial grain size, and substrate that affects the resulting microstructural changes
proved to be very important in determining the optimum annealing temperature, explaining the
discrepancy of past reported results. Nonetheless, annealing proves to be a facile, effective
method to increase the PV performance of the electrochemically prepared Cu>O-based PV.

In Chapter 3, the fabrication of CuO-PV (Al/polysiloxane/CuO/Au) was investigated to
demonstrate the capabilities of CuO to perform as a light-absorbing layer and a photovoltaic
device. A comparison was made with and without the buffer layer of polysiloxane, which
showed that without it, the device showed ohmic behavior without any photocurrent density
observed. With the polysiloxane, the electrical characteristics were demonstrated when the
carrier was transported through the polysiloxane by tunneling effect. The PV performance

showed open-circuit voltage (Voc), Jsc, and Fill factor (FF) estimated to be 0.24 V, 0.067 pA
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cm~2, and 0.29, respectively. The conversion efficiency was calculated to be 4.6x10~7%. The
Voc value was much larger than 0.28 mV reported for the electrodeposited CuO-PV-device and
slightly lower than 0.37 V for the thermally-prepared CuO/ZnO-PV-device. This demonstrates
that the CuO layer, although the performance has rooms to be improved, can function as a light-
absorbing layer in photovoltaics and photoelectrochemical applications.

In Chapter 4, the fabrication of directly stacked Cu>O/CuO photoactive layer
(GZO/Cu0/Cu0O) was investigated as a strategy to combine both copper oxide as a light-
absorbing layer, and the PV performance was evaluated by EQE. The EQE of the internally-
stacked Cu2O/CuO layers and their changes under different low reversed biased voltage was
demonstrated. The EQE result clearly demonstrates that both oxide layers acted as the light-
absorbing layer, and showed the validity of copper-oxide-based photoactive layer in terms of
augmented absorption span due to the incorporation of different bandgap energies of the copper
oxides. For the 673 K sample, more photo-induced electrons produced in the CuO layer were
being swept towards the source of irradiation under low reversed biased voltage, which resulted
in a dramatic increase in the 550-nm-peak and the appearance of the CuO absorption edge at
840 nm. The results also highlight the importance of the semiconductor condition of the layers
with minimal defects to realize a high-performing photoactive layer.

In Chapter 5, the need to further investigate the characterization of the directly stacked
Cu20/CuO arose with the reported EQE behavior in the previous chapter. XPS evaluation was
carried out in detail, and the characterization including both the Cu(I) and Cu(Il) species
investigated through the O 1s, Cu 2p2s3, and the Cu L3Ma4,sMa s spectras which was impossible
with XRD alone. The Auger parameter was also calculated and the Wagner plot offered a clear
picture of the changes and distinction between the Cu species on the surface of as-deposited
and annealed surfaces. The fabrication of Cu>O/CuO was reconfirmed by the XPS

characterization, and the VBO for the 673 K sample was calculated to be 0.38 eV and the CBO

117



to be 0.29 eV. The band-alignment diagram showed the reason for the EQE behavior
demonstrated in the previous chapter, and a preferable alignment of GZO/CuO/Cu2O was
proposed.

This work has demonstrated the viability of incorporating both Cu,O and CuO as the light
absorbing layer to enhance EQE performance. This work also has demonstrated that low-
temperature annealing treatment can improve electrochemically-prepared Cu,O-based PV, as
long as phase transition does not occur which can lead to the formation of defects such as pores
in the lattice. The performances of CuO-based PV can be further improved by the insertion of
the buffer layer, and also it is important to limit the surface irregularities of the heterojunction.
With reversed biased voltage is applied, the directly stacked Cu>O/CuO showed EQE
performances with an extended absorption edge. The importance of the biased voltage and the
effect of the biased voltage on the directly-stacked Cu,O/CuO was explained by the band-
alignment investigated in detail. By implementing the preferable band alignment proposed, and
an improved PV performance can be anticipated, which give insights in designing future copper
oxide based PVs. In short, this study contributes to identifying the important elements of
fabricating a high-quality CuzO-layer such as elucidating the mechanism low-temperature
annealing, demonstrated the viability of a buffer layer and importance of the heterointerface
condition for CuO-PV, and showed the mechanism and implications of applied biased voltage
on CuyO/CuO layer. These will ease and facilitate further improvements towards realizing a
next-generation ultra-low cost and environment-friendly thin film copper oxide PV applications

in future researches.
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