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ABSTRACT OF THE DISSERTATION

Investigation of Electrodeposited Cuprous Oxide Thin Films

By EMMA L. MORTENSEN

Dissertation Director:

Dr. Dunbar Birnie, 11l
This dissertation focuses on improvements to electrodeposited cuprous oxide as
a candidate for the absorber layer for a thin film solar cell that could be integrated into
a mechanical solar cell stack. Cuprous oxide (Cu20) is an earth abundant material that
has a bandgap of ~2 eV with absorption coefficients around 102-10° cm™. This bandgap
is not optimized for use as a single-junction solar cell, but could be ideal for use in a
tandem solar cell device. The theoretical efficiency of a material with a bandgap of 2.0
eV is 20%. The greatest actual efficiency that has been achieved for a Cu20 solar cell is
only 8.1%. For the present work the primary focus has been on improving the
microstructure of the absorber layer film. The Cu.O films were fabricated using
electrodeposition. A seeding layer was developed using gold (Au); which was
manipulated into nano-islands and used as the substrate for the Cu.O electrodeposition.
The films were characterized and compared to determine the growth mechanism of each
film using scanning electron microscopy (SEM). X-ray diffraction (XRD) was used to

establish and compare the chemical phases that were present in each of the films. The



crystal structure of the Cu2O film grown on gold was explored using transmission
electron microscopy (TEM), and this helped confirm the effect that the gold had on the
growth of Cu20O. The Tauc method was then used to determine the bandgap of the films
of Cu20 grown on both substrates and this showed that the Au based Cu»O film was a
superior film. Electrical tests were also completed using a solar simulator and this
established that the film grown on gold exhibited photoconductivity that was not seen
on the film without gold. In addition, for this thesis, a method for depositing an n-type
Cu20 film, based on a Cu-metal solution-boiling process, was investigated. Three forms
of copper were tested: a sheet of copper, electrodeposited copper, and sputtered copper.
The chemical phases were observed using XRD, microstructure was examined using
SEM, and the electrical properties were tested using a hot probe test. The sputtered
copper turned out to be the most stable film so it was used as the n-type in a
homojunction solar cell with the p-type electrodeposited Cu.O. Recommendations for
future experimentation with Cu.O film development, to improve upon the films and our

understanding of the material are included.
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CHAPTER 1

1. Introduction

1.1 Global Energy Statistics

As of 2005 energy consumption for the world was at a steady 13 terawatts with
85% of that energy from fossil fuels. The use of fossil fuels has led to an increase of
carbon dioxide in our atmosphere, and we have reached the highest CO level in 125,000
years.[!l Without intervention these levels will continue to grow and become unstable
and unsustainable by 2050.[2 The U.S. Energy Information Administration has
predicted that the world’s energy consumption will increase by 56% from 2010 to 2040.
This growth is coming primarily from non-OECD countries.®! Due to this projected
growth, and the global concern of climate change, there has been an increased push
toward renewable energy sources. As of 2012 21% of world energy generation came
from renewable sources such as solar, geothermal, and wind.[ This use of renewable

energy is predicted to increase to 25% by 2040.E!
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Figure 1.1 The global power capacity for photovoltaics.!

Solar energy is on the rise. There is less backlash about the geopolitical,
environmental, concerns from the public for this energy source compared to other
renewable sources like nuclear or wind. As efficiencies rise and costs lower, solar is
becoming a more viable option. As of 2014 there was a capacity of 177 GW for
photovoltaics worldwide, this is almost 50 times more global power capacity compared
to that of the capacity in 2004 (figure 1.1).

Every hour 100,000 TW of solar power hits the earth’s surface; this is enough
energy to cover every person’s energy requirements for a year.!® Low cost, and highly
efficient solar cells are required to use this sun light effectively. Due to price decreases

in panels, solar energy usage has increased; it now covers 1% of the global energy



demand.[l Solar energy is still only a small part of the global energy sector, which
suggests there is room for growth, and that improvements still need to be made.

The National Renewable Energy Laboratory report includes efficiency records
that have been set in the different areas of solar cell research: multi-junction cells, single-
junction gallium arsenide cells, crystalline silicon cells, thin film cells, and emerging

PV. This data is depicted in figure 1.2
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Figure 1.2 NREL research photovoltaic efficiencies records categorized by solar
cell typel®l
The NREL report includes data from concentrator (CPV) and non-CPV devices.
The CPVs use concentrating optics that allow for solar cells with reduced area.l!
Concentrators are used when the film material is expensive and/or not earth abundant.
These cells have the highest reported efficiencies from NREL, but in addition to their

expense, these materials are also commonly toxic. The focus of this research is to



develop another option that uses non-CPVs with earth abundant materials, that is

competitive with cost and efficiency.

1.2 Background of Photovoltaics

Photovoltaic conversion requires a number of steps: first, a photon from the sun
is transferred to the photovoltaic device; then the photon is absorbed into the cell and
induces a transition across the bandgap of the semiconductor material that makes up the
solar cell; at this point two groups of charge carriers, electron-hole pairs, are created and
extracted to separate contacts where the electrical circuit is completed. The electron-
hole pair can also recombine and create a phonon that will result in heat. To create a
single junction solar cell four parts are required: a front contact, a p-type material, an n-
type material, and a back contact. A p-type material results from a deficiency of valence
electrons resulting in holes, and an n-type material results from extra electrons in the
conduction band. This can be an intrinsic characteristic of the material or a result of
doping. The p- and n-type material can be the same material with different dopant or
two different materials. When the p-type and n-type materials come in contact this is
called a p-n junction, at the interface a depletion region is formed where some of the
electrons from the n-type fill in some of the holes in the p-type and this creates an electric

field so current can flow.

1.2.1 Energy Loss
Unfortunately, due to the broadness of the solar spectrum there are intrinsic

energy losses in a solar cell that cannot be corrected. As a result of these losses, the



maximum efficiency that can be reached for a solar cell is around 35%, as illustrated in
figure 1.3. This maximum is known as the Schokely-Quiesser (SQ) limit and this exists
because of the trade off between current and voltage.

A material with a narrow bandgap will have energy loss resulting from relaxation
to band edge, where the photon energy exceeds the bandgap energy, so all the excess
photon energy is lost and converted to heat. This type of material has a larger current
and a lower voltage. A material with a wide bandgap has energy loss due to below

bandgap photons, where the photon energy is less than the bandgap energy and the
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Figure 1.3 Intrinsic efficiency limit for single junction solar cell.[*%]

photon is not absorbed. This type of material in a solar cell has a higher voltage and
lower current. These energy losses can be seen in figure 1.4. The balance of the voltage
and current occurs at the maximum point of the SQ limit at a bandgap of 1.1 eV, and

this is the bandgap for silicon. Silicon solar panels are the most common and



commercially available, this type of panel has a theoretical efficiency around that
maximum of 35%, however the actual efficiency of these panels has been reported at

around 25%, which is shown back in figure 1.2, represented by the solid blue squares.

Ec

Q/{fermalization

V
EC—A_ L E ><
EQ
————

E
Vv Ovh E, OV

Figure 1.4 Comparison of energy losses from narrow bandgap materials (left) and
wide bandgap materials (right)

The difference between the theoretical and experimental efficiencies is due to
losses other than the ones represented in figure 1.4, such as recombination.
Recombination commonly occurs at grain boundaries, which is a problem for
polycrystalline materials used in solar cells, particularly for thin film photovoltaics.[**

The basis for the present research is to surpass the theoretical efficiency of a
single-junction solar cell by layering two solar cells and creating a tandem solar cell.
This would minimize the losses that are present in all solar cells because the layering
strategy will allow wider energy photons to be absorbed first and then the below
bandgap photons to be transmitted to the cell below thus limiting the loss from the

relaxtion to band edge. Toward this goal, this research has focused on developing the



top layer of this tandem solar cell, which is a thin film photovoltaic made from cuprous

oxide (Cu20).

1.2.2  Thin Film Photovoltaics
Thin film solar cells have been investigated since the 1970s. The three most
common thin film photovoltaics are cadmium telluride (CdTe), copper indium gallium
selenide (CIGS), and amorphous silicon. Some benefits for this type of solar device are,

they can be made to be flexible, and they do not use as much material so they are cheaper

Cadmium
Telluride
(CdTe) Glass
. Sn0,Cd,Sn0, -
0.2-0.5pm
| \ CdS - 600-2000A
o ‘\fcdre-z-sum

C-Paste with
Cu or Metals

Figure 1.5 Cadmium Telluride thin film photovoltaic architectural illustration.[*?

to make. The maximum efficiency for a thin film solar cell as reported by NREL(2015),
and illustrated previously in figure 1.2, comes from a CIGS solar cell at 22.3%, made

by Solar Frontier.



The basic structure of a thin film solar cell consists of the four major parts
described earlier: back contact, p-type layer, n-type layer, and a top contact. An example
of a thin film solar cell is shown using an illustration of CdTe solar cell in figure 1.5. In
this image, the bottom is the back contact, this is traditionally a reflective metal film or
paste. This layer is used as a conduction pathway to complete the voltaic circuit. The
metal chosen as the back contact requires a work function that is compatible with the
semiconductor on top of it allowing for better flow of electrons. The next layer is the p-
type absorber layer, followed by the n-type window layer, these two layers form the p-
n junction. The p-n junction of a thin film solar cell is only a few microns thick or less.
In the case of the CdTe cell in figure 1.5 the n-type material is CdS and the p-type
material is CdTe. On top of the n-type layer is a transparent conducting oxide (TCO)
layer that is commonly a tin oxide doped with either fluorine or indium, this layer is the
top contact that completes the voltaic circuit. There is traditionally glass incasing this

solar cell.

1.2.3 Multi-Junction Solar Devices
A multi-junction solar device is created by stacking or growing two or more p-n
junctions on top of one another. In the configuration shown in figure 1.6, the bandgap
of the semiconductor junctions decreases from the top of the multi-junction device to
the back side. This configuration allows for the least amount of energy loss because the
larger energy photons are absorbed in the top cell, while any below bandgap photons

are transmitted and absorbed in the solar cell with the smaller bandgap. This layering of



different bandgaps results in a better use of the solar spectrum compared to a single

junction solar cell.[**]

Eg] > Egz > E93

Cell 1 (Eg1)

Cell 2 (Eg2)

Cell 3 (Eg3)

Figure 1.6 Basic multi-layer solar cell architecture.[*4

There are two ways to create a multi-junction solar cell, the first is a monolithic
approach where a complete solar cell is made and then the next cell is grown epitaxially
on top of the first. With this type of stack there is a current matching constraint. The
second type of device is a series of mechanical stacked solar cells. In this case the solar
cells are made individually and then adhered together mechanically, there is no current
matching constraint in this setup. The most common multi-junction solar cell is made
of gallium arsenide (GaAs) in one or all of the layers. GaAs is expensive because it is
not an abundant material and it is also toxic, for this reason it is commonly used with a

solar concentrator so that less material is required.
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Figure 1.7 Intrinsic efficiency limit of 4-terminal mechanical stack tandem solar

cell.[20l

For this research the focus is on a four-terminal mechanical tandem solar cell.

Cu20 is a wide bandgap material, which means it is not optimized for a single junction

device based on the SQ limit. However, when paired with silicon in a stacked-tandem

architecture, the wider bandgap Cu.O could be ideal. Figure 1.7 shows a simple

derivation of the expected total efficiency using a coupled SQ analysis of this stack, with

the maximum efficiency greater than 45% for this stacked design. The architecture

would require the top cell to have a bandgap around 2 eV with a bottom cell at 1.1 eV.

This stacked theoretical

efficiency is based on achieving the individual theoretical

efficiencies for each of the two cells. The actual efficiency would be smaller, but the

possibility is there that the SQ limit for a single junction silicon solar cell would be
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surpassed with the addition of the wide bandgap solar cell on top, and the price would

be reasonable due to the low cost of materials and processing. A single-junction silicon

Silicon Solar Cell Silicon Solar Cell Silicon

EVA

Back Sheet

Figure 1.8 Schematic of four-contact tandem solar device with a wide bandgap
solar cells on top and silicon solar cells on bottom
solar cell is completed by sealing the panel with a top glass window. To add the top
layer, the solar cell would be deposited onto the top glass and then this thin film solar
panel would be adhered onto the silicon panel. A schematic of this four-terminal

mechanical tandem solar cell is illustrated in figure 1.8.

1.3 Cuprous Oxide Solar Cells

The thin film photovoltaic device that is the focus of this research uses cuprous
oxide (Cu20). It is believed that the first solar cell to be created was a Cu.O solar cell
made in 1839 by Edmund Becquerel. For this device he used two metal plates
submerged in a liquid to produce a continuous current when under sunlight.*® The
conversion efficiency for this archaic solar cell was less than 1%. Cuprous oxide (Cu20)

has been researched as a viable option for solar power converter due to its high
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theoretical efficiency and low cost.[*6-2%] This theoretical efficiency has been determined
using the SQ analysis summarized graphically in figure 1.1 (page 4). Cu.O with its
reported bandgap of around 2 eV, would have a theoretical efficiency of about 20%, 192
2% yet the experimental efficiencies for Cu,O solar cells to date have only achieved an
efficiency as high as 8.1%,241 and before that the efficiency had peaked at 6%.1% There
are two types of solar cells to consider, the first is a homojunction solar cell and the
second is a heterojunction solar cell. There have been many studies on both types of
solar cell for Cu.O. Some of the techniques for each kind of solar cell are described
below, and a summary of a variety of the Cu>O solar cells that have been reported on,

and their electrical properties, are found in table 1.

1.3.1 Heterojunction Cu20 Solar Cells

Schottky barrier solar cells have been studied extensively with regard to
Cu/Cu20 and are the earliest example of the heterojunction solar cells using Cu20.
These solar cells are traditionally produced thermally, or in solution, Iwanowski and
Trovich developed a technique that uses with hydrogen bombardment to reduce the top
layer of a Cu20 film to Cu.[?®1 This solar cell works when there is a metal in contact with
a semiconductor, at the interface of these two materials there is a highly resistant barrier
layer.[]

In the studies of heterojunction Cu>O the most common n-type material is ZnO
or aluminum doped ZnO (AZO). ZnO is a good choice for the n-type material for this
cell because it has a wide bang gap of about 3.3-3.4.127-3% The layers of this solar cell

are commonly electrodeposited one at a time on tin oxide (a TCO) coated glass.[?”]
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Oxidized copper sheets are also used to produce the Cu.O films, and the remaining
copper is used as the back contact, the n-type ZnO is then deposited using magnetron
sputtering.t31:32 Magnetron sputtering has also been used for the Cu.O layer along with
sputtering of ZnO to form the p-n junction.®*3% Diindium trisulfide (In2S3), tin oxide
(Sn0O»), cupric oxide (CuO), and cadmium oxide (CdO) have also been reported to be
used as n-type materials with Cu,0.%-3% The Cu,O solar cell with the highest efficiency
of 8.1% was reported by Minami, et al, and is a heterojunction solar cell with Zn1.xGex-

O n-type.[?4

1.3.2  Homojunction Cuz0 Solar Cells

Homojunction Cu.0 solar cells are less advanced than the heterojunction solar
cells, and this is due to less understanding and development of n-type Cu.O. It is
believed that the most promising path for increasing the efficiency of Cu20O solar cells
is with a homojunction solar cell.l!”] There is some debate on the topic of intrinsic n-
type Cu20,[l however there are reports that n-type Cu2O has been created without
dopants.[181941-44] There is also work showing the use of dopants such as fluorine,
chlorine, and bromine.[*5461 The efficiencies that have been reported for homojunction

Cu20 solar cells has not reached 1%.



Table | Literature review of Cu20 solar cells and their electrical properties. [232427313237,39.4344,47-53]

Author Canrt(Zl T;E[ P-type (preparation) N-type Coi?gcl:(t (I;SE (\\//)"C (m Ag;;_z) FF
Papadimitriou Al Cu,0 (oxidized Cu) Cdo Cu 0.4 2
Georgieva ITO Cu20 (electrodeposition) ITO 0.34 0.245
Katayama Sno; Cu20 (electrodeposition) Zn0O C paste 0.117 0.19 2.08 0.295
Minami (2004) AZO Cu20 (oxidized Cu) AZO Cu 1.21 0.41 7.13 0.42
Han ITO Cu20 (electrodeposition) Cu0 Cr/Au <0.1
McShane ITO Cu20 (electrodeposition) Cu,0 Au/Pd 0.29 0.423 25 0.27
Minami (2011) AZO Cu20 (oxidized Cu) ZnO Cu 3.83 0.69 0.55
Hussain ITO Cu20 (electrodeposition) TiO, In 0.15 0.35
Minami (2013) AZO Cu20 (oxidized Cu) Ga0s Au 5.38 0.8 9.99 0.67
Kim Cu20 (magnetron sputtering) Si 1.98 0.36 15.2
Jayakrishnan Ag Cu20 (electrodeposition) In2Ss3 0.377 0.118 0.33
Minami (2014) AZO Cu,O Ga0s Au 5 0.8 11.2 0.6
Hsu ITO Cu20 (electrodeposition) Cu0 (pH=4.9) Al 0.42 0.42 2.68 0.38
Tsai FTO/Pt Cu20 (chemical bath deposition) I electrolyte Cu 0.72 0.64 3.52 0.32
Elfadill ITO Cu20 (electrodeposition) ZnO Si/Pt 1.445 0.39 9.07 0.41
Minami 2016) | MIF2/ | cu,0 (Na doped) (oxidized Cu) 70 5Ge06,0 Au 81 | 125 | 1150 | 07

AZQO

14’
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1.4 Goal of Presented Work

The main goal for this research is to investigate Cu.O as a possible wide bandgap
absorber layer for a mechanical tandem device. The focus was on producing and
characterizing a cuprous oxide thin film that can be used as one layer in a tandem solar
cell device. The thin film was deposited using electrodeposition, and the deposition
technique was modified to produce films that consist of columnar shaped grains. The
samples produced using this kind of deposition were characterized to describe their
microstructure, composition, optical and electrical properties. Exploration of n-type
cuprous oxide was also conducted. The thin film deposition was a two-step process, the
first step was a deposition of copper followed by a conversion process from copper to
cuprous oxide. This film was then characterized for information about the crystal
structure, composition and electrical properties. Solar cells were tested using the p-type

Cu20 on FTO, p-type on n-type, and n-type on p-type layers.

1.5 Breakdown of Thesis Work

Chapter 2 focuses on Cu20O deposition, and characterization of the resulting
films. Two electrolytes were deposited using electrodeposition at different times to
understand the deposition process and the grain growth from each solution. These films
were then characterized to determine the chemistry and crystal structure.

Chapter 3 discusses the process of microstructural manipulation using gold
nano-islands and the analysis of the orientations of the films with the influence of a gold

seed layer. These films were analyzed using a transmission electron microscopy (TEM)
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scanning electron microscopy (SEM), and x-ray diffraction (XRD). The resulting data
and the analysis will be discussed.

Chapter 4 explores the optical properties of the cuprous oxide films specifically
focusing on the Tauc analysis to determine the bandgap of the material. Different
thicknesses were analyzed to determine if the thickness of the film had an effect on the
bandgap as well as the influence of the gold nano-islands on the bandgap.

Chapter 5 looks into the experimental procedures of depositing cuprous oxide in
an attempt to produce an n-type Cu2O layer. It also delves into the characterization of
these films to determine the growth process, chemical makeup and the electrical
properties of the films that were converted from copper to cuprous oxide.

Chapter 6 provides the conclusions that were drawn from this work.

Chapter 7 discusses the areas where future work might continue based on the

work presented in this thesis.
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CHAPTER 2

2. Electrodeposition of Cuprous Oxide

2.1 Background of Cuprous Oxide thin film fabrication

As discussed in section 1.2.3, cuprous oxide (Cu20) has been researched as a
viable option as a solar power converter since the invention of the solar cell, due to its
high theoretical efficiency and low cost.[**-2%1 Experimental efficiencies for Cu.O solar
cells to date have only achieved an efficiency as high as 8.1%.1241 Therefore there is a
lot of work that can be done to maximize the experimental efficiency to get closer to the
theoretical efficiency mark.

The original method for obtaining a film of Cu,O was thermal oxidation of
copper in air temperatures ranging from 1050°C[654 to 500°C.1*"1 Using this method
resulted in films of Cu20 as well as CuO depending on the annealing temperature; the
higher temperature was said to produce pure Cu20 on copper while using a lower
temperature between 200°C-970°C resulted in a top layer of the CuO film.[5*%°! The top
layer of CuO had to then be ground off to leave a film of Cu.0 on copper.[*"l A similar
method from Rosenstock, et al described using a silver layer on top of copper to assist
in the diffusion of oxygen at a temperature of 500°C to obtain a layers Cu/Cu2O/Ag.
This resulted in an extremely thin film of Cu,0.[!

Another technique commonly used to deposit a film of Cu20 is a sol-gel method.

In a paper from Ray, et al the deposition is a sol-gel dip technique where the substrate
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is dipped into a methanolic solution of copper chloride (CuCl,).>"1 Other uses of the sol-
gel method rely on using a spin coater to distribute the solution on a substrate.[-¢%]
The most promising method for deposition of Cu20 is electrodeposition because
it can be controlled easily, and can be done cheaply. Electrodeposition can be
accomplished in a one or two electrode system, where the third electrode is a reference
electrode. The elements required for electrodeposition are a working electrode, which is
a conduction substrate, a counter electrode, which can be a piece of metal or carbon, a
voltage source and an electrolyte solution.[t92737:41:444861-681 The first step of this
deposition process is the reduction of Cu?*ions to Cu* ions, which is shown in equation
1. The second step is the precipitation of these Cu™ ions to form Cu20, and this occurs
because the ion is not stable. This step is shown in equation 2 and the combination of

equations 1 and 2 is shown in equation 3.8

Cu*+e < Cu' (1)
2Cu*+ H,0 < Cup0 + 2H* )
2Cu?* + H20 +2¢” <= Cup0 + 2H* (3)

Dendritic branching from Cu20 crystals is common in electrodeposited samples.
The dendritic growth occurs when there is a high deposition rate that results in a region
of Cu?* around a growing crystal of Cu20.[%°7% Once this region is formed, the dendrites
will grow faster than the central grain.

The goal of this research is to optimize the growth of Cu2O as the p-type absorber

layer of a solar cell to be used as the top cell of a stacked tandem solar structure with
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silicon as the bottom cell. Experimentation for this thesis has focused on improving the

microstructure of the Cu20O layer to improve the efficiency of a Cu20 solar cell.

2.2 Experimental Reagents

The chemicals that were used for this work are as follows: (i) copper (I1) acetate
monohydrate, 98.0+% purity, Alfa Aesar purchased from Fisher Scientific; (ii) copper
(1) sulfate pentahydrate, greater than 98.0% pure, purchased from Sigma Aldrich; (iii)
sodium acetate trihydrate, 99% pure, SigmaUltra purchased from Sigma Aldrich; (iv)
sodium hydroxide, 2.5N solution (10%w/v), purchased from Fisher Scientific; (V)
sodium DL lactate solution syrup 60% (w/w), synthetic, Sigma Life Science purchased

from Sigma Aldrich; (vi) acetone ACS grade, purchased from Fisher Scientific.

2.3 Deposition of Cuprous Oxide

Electrodeposition was used to produce the Cu»O films. Before the deposition of
Cu20 the substrates were cleaned three times using an ultrasonicator with the substrate
in a solution of 2 vol % Micro-90 in DI water, DI water, and finally in acetone. Two
chemistries were investigated for the electrolyte solution. The deposition process
employed a two electrode, single compartment electrolytic cell that was connected to a
tunable voltage source. The working electrode was a piece of FTO coated glass, and the
counter electrode was a piece of platinum foil. The first electrolyte (E1) contained 0.02
M copper (Il) sulfate pentahydrate, and 0.06 M sodium DL lactate, and six drops of
sodium hydroxide were added to bring the solution to a slightly acidic 6.31 pH.["YI The

second electrolyte (E2) was made up of 0.1 M sodium acetate trihydrate and 0.1 M
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copper (1) acetate monohydrate.l”? The electrodeposition was performed at a potential

of 1.5 volts, for various times ranging from 30 seconds up to one hour.

2.4 Characterization

2.4.1 Scanning Electron Microscopy

To characterize these films the Zeiss Sigma Field Emissions scanning electron
microscope (SEM) was used to capture images of the surface of the films. Two
chemistries were compared after five minutes and after one hour of electrodeposition.
The comparisons can be seen in figure 2.1. E1 did not show the flowering microstructure
that was expected based on the results from Osherov et al.[’tl The structure that resulted
from our experimentation was more of a cauliflower structure, however E2 did show the
more dendritic grains. We believe that the cauliflower structure was produced because
the voltage was higher than what is traditionally used causing overly rapid growth. Both

electrolytes produced even coatings.



21

Figure 2.1 SEM images of Cu20 deposition using electrolyte 1 (top row) and
electrolyte 2 (bottom row) electrodeposited FTO coated glass for five minutes, and
one hour respectively. All images are at the same size scale.

242 X-Ray Diffraction
X-ray diffraction (XRD) patterns were collected from coatings deposited from
Eland E2 on FTO coated glass for one hour of deposition time. The X’pert PANalytic
XRD was used for XRD data collection, all of the scans were performed from 20-45°26.
These patterns can be seen in figures 2.2 and 2.3. All patterns clearly showed the
formation of Cu20. Trace amounts of copper (Cu) are also present in both XRD patterns.

In all cases the FTO substrate peaks are well represented (as noted on the graphs).



22

1400 Cu,0
1900 (111) Fro
1000
£ 800 o
g 600 A Cu,0 (Czlf)zuc))
L N

Ao
400 ‘w M{\MM

200

O I I I I 1

20 25 30 35 40 45
20

Figure 2.2 XRD patterns for electrolyte 1 electrodeposited for 1 hour on FTO
coated glass
For both patterns the most prevalent orientation for Cu,O are the (111) and (200)
directions. The most distinct difference between the patterns of E1 and E2 are the peak
heights. When you compare the highest FTO peaks there is a difference of intensity,
with E2 being greater by about 400, and for the highest Cu,O peaks there is a difference

of about 300 in intensity, again with E2 having the higher peak.
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2.5 Results and Discussion
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Figure 2.3 XRD patterns for electrolyte 2 electrodeposited for 1 hour on FTO
coated glass
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Cuprous oxide is a promising semiconductor material with likely value for future
tandem solar cells stacks. However, it has been held back in the past by low experimental
efficiency in spite of high theoretical expectations based on the bandgap.

Two different electrolytes were used and it was found that E2 was the more
desirable of the two, because the growth is more controlled. This electrolyte does grow
in a more dendritic/flower-like way and so further research focused on improving this
microstructure.

From the XRD patterns that were obtained from these samples it was established

that Cu20 was growing well on the FTO with orientation mainly in the (111) and (200)
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directions. Both electrolytes produced Cu, however, the ratio of Cu and Cu20 is smaller

in the E2 film.
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CHAPTER 3

3. Orientation Analysis of Cuprous Oxide Seeded with Gold Nano-

Islands

3.1 Overview

In the previous chapter it was mentioned that the grains that grow when
electrodepositing Cu20 are primarily dendritic. This is not an ideal grain shape for an
absorber layer of a solar cell because it limits the through film pathways for electrons
and increases the number of grain boundaries. The density of the film is also a problem
with this grain shape; figure 3.1 shows a roughness between the petals of the grains and
this roughness is the layer of FTO that the film was deposited on. So the goal of this
work is to improve upon the microstructure of the films by focusing on the growth of
columnar shaped grains. To do that a technique was employed using a seed layer to
encourage growth across the film and in the vertical direction instead of the growth of

branches.
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Figure 3.1 Electrodeposited Cu20 deposited on FTO coatedlass.

3.1.1 Background of Gold and Cuprous Oxide
Gold and Cu0 are paired together frequently in research because of their similar
crystal structures. Cu20 is primitive cubic with a lattice parameter of 0.427nm, and gold
is face-centered cubic (fcc) with a lattice parameter of 0.4079nm. The lattice mismatch

between these two materials is about 4.7% when using equation 4.1

(afiim — Asubstrate)/Asubstrate (4)[73]

In other research gold has been used to seed the growth of one dimensional
nanostructures of materials like GaAs. To produce the nanowires they are grown from

the bottom up, a vapor method or solution based method is used to deposit the wire
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material.[”*l There are examples of a pairing Cu.O with gold in the literature in the form
of a gold substrate,[®"! or as the core of a nanoparticlel’®l. TEM analysis, from a paper
by Wang et al, on core/shell relationship between gold and Cu20 is shown below in
figure 3.2. In this image the (111), (110), and (100) are the orientations of the gold facets
and the zone axes that are showing are the [222] and [220]. In the images, a5 and b5
arrows point to the two diffraction points that represent the Cu2O crystal and the Au
crystal, they are adjacent to each other. This confirms that the structures and lattice
parameters are similar. Also in these images the gold particles are faceted and the Cu.O
matches those facets as the shell on top of the gold core. For this work gold has been
researched as a seed layer in the form of nano-islands that can be used in a similar way

to grow columnar grains.
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Figure 3.2 TEM characterization of a single Au/Cu20 core/shell face-raised
cube.[7®]
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3.2 Deposition of Gold Nano-Islands
Gold nano-islands naturally form when a thin layer of gold is deposited on a
surface. Before the deposition of the gold, the glass was thoroughly cleaned as described

in Chapter 2 using an ultrasonicator three times with the substrate in a solution of 2

volume% Micro-90 in DI water, DI water, and finally in acetone.

D o

Figure 3.3 FESEM image of gold nano-islands on FTO coated glass, with an
average size of 200nm

To obtain the gold nano-islands, gold was sputtered onto the FTO side of the
glass, using the EMS 150T ES. In order to expedite the formation of distinct nano-
islands the gold coated glass was baked. First the thickness of the gold was explored,
80nm, 50nm, 30nm, 15nm were tested and baked for six hours at 600°C. The 15nm gold

film resulted in the most uniform gold nano-islands. Then the bake time was tested, at
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four hours, five hours and six hours. From this the six-hour bake was chosen because in
the earlier times the gold particles were more elongated, at six hours the particles were
the most consistent in size and shape. The resulting gold nanoparticles were an average
of 200nm and were evenly distributed on the glass. This can be seen in figure 3.3. The
FTO and gold nano-island coated glass was then used as the working electrode in the

electrodeposition.

3.3 Deposition of Cuprous Oxide on Gold

The electrodepositon set up for this experiment was the same as described in
Chapter 2, which consisted of a two electrode, single compartment electrolytic cell, but
in the case of the working electrode it was replaced with the gold coated FTO coated
glass. Again we looked at the two electrolytes E1 and E2. E1 contained 0.02 M copper
(1) sulfate, and 0.06 M sodium DL lactate, and 6 drops of sodium hydroxide were added
to bring the solution to a slightly acidic 6.31 pH.["Y E2 was made up of 0.1 M sodium
acetate and 0.1 M copper (I1) acetate monohydrate.[’?l The electrodeposition was again

performed at a potential of 1.5 volts for one hour.

3.4 Characterization

The films were then analyzed and compared to determine the effects of the gold
nano-islands on the Cu2O films. The first characterization technique used was plan-view
SEM to understand the surface microstructure of the film. The next area that was
explored was the chemical phase identification using the XRD. The orientation

relationship between the Cu20 and the Au was also looked at using TEM. Finally the
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electrical properties were compared between the film deposited on Au/FTO and the film

deposited on FTO

3.4.1 Scanning Electron Microscopy

The Zeiss Sigma Field Emission SEM was used to characterize these films.
Images were taken of the Cu.O samples for the two different electrolytes (E1 and E2)
that were deposited on the gold nano-island substrate and compared to those of the
samples of Cu20 deposited on the FTO substrate shown in Chapter 2. The comparisons
can be seen in figure 3.4 and figure 3.5. All images were taken at about 29KX
magnification.

When deposited on the gold, the Cu.O film from E2 no longer grew flowering
grains but faceted grains. E1 also showed faceted grains compared to the images taken
with the FTO substrate. For both electrolytes the grains grown on gold were significantly
smaller than those without, and the growth that did occur suggests a more controlled
growth when compared to the deposition on just FTO. The gold based growth also
encouraged a denser film growth because the rough area (known to be the FTO) that we
see in the film grown without the Au does not show in the SEM image of the film

deposited on Au.
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Figure 3.4 SEM imags of Cu20 electreposited, using electrolyte 1, onto
different substrates FTO (top), and gold nano-island coated FTO (bottom).
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Figure 3.5 SEM images of Cu20 electrodeposited, using electrolyte 2, onto
different substrates FTO (top), and Au nano-island coated FTO (bottom).
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3.4.2 X-Ray Diffraction

The X’pert PANalytic XRD was also used to compare the E1 and E2 films. As
mentioned in the previous chapter traces of copper were found in the films of both
electrolytes using the FTO substrate. When E2 was deposited on Au it was found that
the traces of copper had almost entirely disappear. However, the samples using E1
examined with XRD, show the copper traces were still present even when gold was
added to the substrate.

This comparison can be seen in figure 3.6 and 3.7. The top graph in both figures
is Cu20 deposited on FTO and the bottom graph is for Cu2O deposited on gold and FTO.
Also in both figures there is a decrease in the peaks of the Cu.O with the addition of
gold particularly in the peak representing the (111) orientation. This decrease in Cu20
is due to a change in thickness when Au is added to the substrate, the film without Au
is not as dense and therefore the growth occurs in the vertical direction whereas the
growth with Au occurs from the substrate so it is not as thick and the resulting signal for

the XRD is not as strong.
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Figure 3.6 XRD pattern comparing electrodeposited Cu20 on an FTO coated glass
substrate (top) and on a gold coated FTO coated glass substrate (bottom). This
sample used electrolyte 1
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Figure 3.7 XRD pattern comparing electrodeposited Cu20 on an FTO coated glass
substrate (top) and on a gold coated FTO coated glass substrate (bottom). This

sample used electrolyte 2
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3.4.3 Transmission Electron Microscopy

TEM was used to determine whether there was epitaxial growth occurring at the
interface of the gold nano-islands and Cu20, and a film grown using E2. First a sliver
of the film was cut from the sample using a focused ion beam (FIB). This was performed
by Evans Analytical Group (EAG) in an FEI Strata 400 Dual Beam FIB/SEM. During
this process the ion beam was used to cut away trenches in the sample so that a narrow
section could be removed and attached to a sample holder using platinum and thinned
using the same ion beam, the thinning is necessary for the TEM analysis. Once the
sample was prepared it was analyzed using the FEI Tecnai TF-20 FEG/TEM operated
at 200kV in bright-field (BF) TEM mode and high-resolution (HR) TEM mode. The
sample was aligned and images were taken. Two of these images are shown in figure

3.8 and 3.9. Both figures are bright field, high resolution TEM image.
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Figure 3.8 HR-TEM showing the cross section of the electrodeposited Cu20 on
gold nano-islands and FTO coated glass. The platinum is present from the process
of cutting the sample using FIB.

Figure 3.8 was taken at a magnification of 39K X and shows the full cross section
of the film that was produced. The top layer is platinum that was deposited during the
FIB process, followed by the electrodeposited layer of Cu20, below which are the gold
nano-islands. The gold nano-islands are on top of the commercially prepared FTO
coated glass. In this image the grains are faceted and are growing vertically in the desired

columnar shape.
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Figure 3.9 HR-TEM magnified image of a gold particle that has Cu20
electrodeposited on top. The black box highlights the region where a fast Fourier
transform was taken.

Figure 3.9 is a high magnification image at 360K X. This image focuses on the
interface between the gold particle and the Cu20, and at this magnification the lattice
fringes are apparent proving that there is high quality crystal growth of the Cu20.
DigitalMicrograph was then used to get more information from the TEM images, using
the fast fourier transform (FFT) function. The white square shown in figure 3.9 is the
area highlighted in figure 3.10 shown below. In this region both Cu,O and gold are

represented and they are shown in the figure using arrows. These spots are reminiscent
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of the diffraction pattern that is shown in figure 3.2 a5 and b5 where there is a large spot
and a small spot very close to one another. The orientation of the spots also matches the
diffraction pattern of the six spots that surround the beam blocker in the image from

figure 3.2 a5, which indicates that the zone axis in that region of the film is [111].

Figure 3.10 Fast Fourier transform of the area highlighted in figure 3.9. The
arrows highlight the spots that represent Cu20 and Au in the pattern.
The next area on figure 3.9 that was analyzed was the center of the diagonal edge
of the Au particle. An FFT was taken from this region and then an inverse FFT was
taken to get a higher magnification image of the same region, this can be seen in figure

3.11. This images shows the interface between the gold particle which is the



41

i

K ~ / ‘
) //"; // /nl .I"'.‘
. ‘! “/ i) "!" )

il

Figure 3.11 Inverse fast Fourier transform of the interface betwen a gold particle
(left side) and Cu20 film (right side) this is from the boxed area highlighted in
figure 3.9
the darker region on the left, and the Cu20 film, which is the lighter region on the right.
In the image the lattice fringes can be seen running smoothly between the interface, from
the gold particle into the Cu20 film. Also in this figure the FFT from either side of the
interface is overlaid on the corresponding region. In the FFT for the Cu20 region the
diffraction spots have been labeled with Miller indices. This pattern has a zone axis of

[110]. The gold has the same orientation and would be indexed the same way. Using

figure 3.11 the fringe spacing was measured on the Cu20O to be 0.253 nm, and this is
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consistent with the known Cu2O lattice spacing of the {111} plane. Finally, the interface
between the gold and Cu20 in figure 3.11 is in the (111) plane, this is known because it
Is perpendicular to the (111) Miller index from the Cu2O FFT. This would be one of the

lowest energy surfaces of gold.

3.4.4 Solar Simulation

A Newport model solar simulator was used to obtain electrical properties from
the Cu20 films that were electrodeposited from E2 for one hour at 1.5 V. As mentioned
earlier there is some work that uses tin oxide (SnO.) as the n-type material for Cu20O
solar cells. This characterization takes the electrodeposited films and tests them in a
solar simulator using the FTO substrate as the n-type material as well as the top contact.
A device was also made using Cu.O deposited onto gold on FTO. For the simulation a
back contact of Au was sputtered on with a thickness of 60nm. In table 1, in section 1.3,
Au is a material that has been used as the back contact to a Cu20 solar cell, The solar
simulation was programed to run from -1 volt to 1 volt. Two runs were completed for
each sample: one run with the solar simulation light on and one without the light. The

simulation results are shown in figures 3.12 and 3.13.
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Figure 3.12 Solar simulation data for electrodeposited Cu20 on an FTO substrate
in light (orange) and in dark (blue).
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Figure 3.13 Solar simulation data for electrodeposited Cu20 on an Au/FTO
substrate in light (blue) and in dark (green).
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3.5 Results and Discussion

From the results of the XRD and SEM we have further concluded that E2 is the
best electrolyte for this project. When used in combination with the gold nano-islands
the SEM images (figure 3.2) show that the surface is faceted as expected from the Au-
Cu20 nanoparticles, and the dendritic growth that is common in electrodeposited Cu.O
does not occur under the influence of the Au seed particle. With the data from the XRD
the E2 film on the seed particle substrate was found to be without the trace amount of
copper that was in the films when it was deposited directly on FTO. E1 did not show the
elimination of copper with the addition of gold.

When TEM analysis was used on a film of electrodeposited E2 on gold nano-
islands the growth of the Cu20 on the gold nano-islands was found to be epitaxial. The
cross sectional image showed columnar shaped grains stemming from gold particles.
With further analysis, using the fast Fourier transform and inverse fast Fourier transform
features in the DigitalMicrograph software, it has been determined that the diffraction
pattern in the Cu20O and the Au are similar. There is some shifting of the pattern, but the
orientations of the two materials is essentially matched, further proving that the gold
nano-islands are seeding the growth of the Cu.O films during the electrodeposition
process.

Finally the solar simulation on the p-type electrodeposited Cu20 and n-type FTO
did not result in any photovoltaic properties. This is illustrated by the plot that runs
through the origin for each of the samples, in both light and dark. The two types of film,
Cu20/Au/FTO and CuO/FTO showed markedly different photoconductivity properties.

The sample with an Au substrate had an increase in slope with the light on, compared



45

to the run with the light off; the increase was 10 fold, from 0.0002 Q* with the light off
to 0.0017 Q* with the light on. There was no difference in the slope for the sample
without Au between the Cu.O and FTO layers. This is believed to be due to the
conductivity of the film without Au, the slope for I-V plots for the Cu2O/FTO samples
show the same slope, which is about 0.044 Q. This is 22 Q compared to the resistance
of the Cu2O/AuU/FTO under light, which is 588 Q. The Cu2O is more resistant, which
means that the photoconductivity properties of this film are more apparent compared to
the more conductive film (Cu2O/FTO). The resistivity is calculated using equation 5
where p is the resistivity, R is the resistance, A is the area of the film, and t is the film
thickness.

p=RA/t )

The resistivity of the film of Cu.O on Au/FTO in dark was calculated to be
3.36x10% Qcm. This is larger than the resistivity of other Cu2O films that can range from
76 Qcm to 2000 Qcm. 17475561681 Erom the Olsen paper, the Cu20 is converted from Cu
metal and these samples are more strongly reduced showing a much lower resistivity
value.['7] Based on the calculated resistivity, the hole concentration was calculated using
equation 6, where p is the hole concentration, sigma is the conductivity (inverse

resistivity), q is the charge of an electron, p is the hole mobility.

P =0/unq (5)

For this calculation a few assumptions were made, the first is that n equals p and the

mobility is equal to silicon. The carrier concentration was calculated to be 8.06x10’.
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4. Optical Properties of Cuprous Oxide

4.1 Background of Bandgap Estimation

The standard bandgap that is reported for CuO is 2.0 eV, however there are

some conflicting reports in the literature. The bandgap of Cu-O has been report ranging

from 1.7 to 2.7 eV. These reported numbers and the authors that reported them

Table 11 Summary of reported bandgaps of Cu20 and the authors that reported the
bandgapsl[18,20,47,48,51,59,61,63,77-79]

Author Reported Bandgap
Uihlein 2.172
Papadimitriou 2.3
Golden 2.1
Balamurugan 2.33-2.61
Georgieva 2.38
McShane 1.9
Akhavan 1.70-2.7
Gu 2.18
Hussain 2.19
Gupta 2.44
Jeong 1.70-2.53

are shown in Table Il. This thesis is based on the idea the Cu20O is a good candidate for
the top cell of a tandem device primarily because the bandgap is frequently reported

around 2 eV. Therefore, it was important to confirm the bandgap of the material that
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was the basis for this work. UV-Vis spectrometry and the Tauc method were used to put

together a Tauc plot for Cu.O films grown on FTO and Au/FTO.

4.1.1 Cu20 Band Structure

From a paper by Heinemann et al, the band structure of Cu20 has been calculated
using the density functional theory (DFT). This result is shown in figure 4.1, the band
structure is shown in the top image and the bottom image shows the corresponding
Brillouin zones for Cu20.[% In the shaded region around the I'-point of the band
structure the two parabolic lines represent the valence band (bottom) and conduction
band (top). The gap between these two bands is the bandgap of Cu2O and in this image
it is at about 2.2 eV. Just above the conduction band is another parabolic band and the
gap between this band and the valence band is about 2.6 eV. These two gaps are pictured
again in figure 4.2, but in this case the only point from the Brillouin zones shown is the
I'-point. In the image it shows the first gap at 2.17eV and the second gap, wider by 0.45
eV, at 2.62 eV. These two bandgaps are described as the direct bandgap (2.17 eV) and
the optical gap (2.62 eV)® and explains why there is a wide range of bandgaps reported

in table II.
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Figure 4.1 The band structure of Cu20 and density of states from DFT
calculations (above) and the associated Brillouin zones (below) [0
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Figure 4.2 Energy-band diagram of Cu20 around the I'-point.[&1]

4.2 Tauc Method

To determine the bandgap, the Tauc method was used. This method was
developed by Tauc et al when exploring the optical properties of amorphous germanium,
The method takes the optical absorbance and plots it against the energy to determine the
bandgap. This method can be used to find the bandgap for any semiconductor
material 18]

The equation for determining the absorbance is shown in equation 7. In this
equation a is the absorption coefficient, h is Planck’s constant, v is the photon’s

frequency, Eg is the bandgap, and A is the proportionality constant.

(ahv) = A (hv-Eg) 7)

The value of n represents the type of transition, either allowed or forbidden and

either direct or indirect. The values for each of these scenarios is given in Table I11.
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Table 111 Possible transition types and the corresponding n values
Transition Type n
Direct allowed 1/2
Direct forbidden 3/2
Indirect allowed 2
Indirect forbidden 3

To perform the Tauc analysis the first step is to obtain absorption data from a

Un versus h v.

range of energies, both above and below the transition, then plot (o h v)
To determine the material’s bandgap transition each n value is used and the plot resulting
in a linear region stemming from or close to the x-axis most accurately describes the

bandgap transition.

4.3 Cu20 Data Collection

The first step to determining the bandgap of this work’s Cu20 film, was to get
the absorption data from a Thermo Fisher Scientific Evolution 300 UV-Vis
Spectrometer. The Cu20 samples that were made for this data collection were made
using the same process described in Chapter 2 and Chapter 3. Six samples were made
with two substrates; FTO coated glass, and Au coated FTO coated glass, and at three
different deposition times: 30 seconds, one minute, two minutes. The three sample
thicknesses were explored to see how the thickness of the film might affect the bandgap.
The one hour samples were not used for this part of the experiment because they were
too thick to get reliable absorption data. The baseline correction used for the samples
were either FTO coated glass for those samples deposited on FTO coated slides or Au/

FTO coated glass for the samples where Cu20 was deposited on Au/ FTO coated glass.
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Once the absorption data was obtained Tauc method was then employed. To

calculate absorption coefficient (o) the following expression was used:

a = 2.3034/L (8)

Where A is the absorption and L is the thickness. The thickness was estimated using the

Faraday’s Law shown below as equations 9:

T=1%txA*10000/(n*Fxp=*S) 9)

Where T is the thickness in pum, I is the current in Amps, t is the time in seconds, A is
the atomic weight in grams/mol, n is the valence of the dissolved metal, F is Faraday’s
constant F = 96,485.309, p is the density in grams/cm?, S is the deposition surface area
in cm? and 10,000 is the constant to convert cm to 1.1 This absorption coefficient was
plugged into equation 7. This was then plotted versus h v and the different n values were

tested to determine the type of bandgap.

4.4 Results and Discussion

Using the Tauc plots the bandgap of the material can be extrapolated by taking
the vertical section of the graph and continuing it down to intersect with the x-axis, and
the energy value at the intercept is the bandgap. The bandgaps that were found using
this method were fairly consistent for each of the samples including different thicknesses

and from the FTO substrate sample to the Au/FTO sample. For the FTO/Cu20 samples
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shown in figure 4.3, the slope of this section, illistrated with a thick black line, intercepts
the x-axis at about 2.6 eV for 30 second and one minute deposition times and 2.5 eV for
two minute deposition time. For the FTO/Au/Cu20 samples, shown in figure 4.4, the
black line intercepts the x-axis at about 2.4 eV for one minutes, and 2.5 eV for two

minute and 30 seconds.
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Figure 4.3 Tauc plot for the electrodeposited Cu20 on FTO coated glass, for

deposition times of 30 seconds, 1 minute, and 2 minutes.

The the Tauc plot slope for the one minute depostion of Cu2O on Au/FTO sample
was calculated to be about 1.1x104. The slope value is related to the density of states,
and the steeper the slope the flatter the band edge and the larger the effective electron
mass. Gallium arsenide (GaAs) has a more shallow Tauc plot slope, calculated from a

paper by Aspnes et al, to be about 4x10°.[81 Compared to Cu.O the band edge is very steep
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and the electron and hole effective mass is very low. ZnO was found to have a Tauc plot slope
of 1x10*2,1% so the effective mass is larger than that of GaAs. The energy level of Cu,O is shown
in figure 4.1 to be relatively flat compared to GaAs and ZnO, and the comparison of the Tauc
slopes for these materials confirms this comparison. Therefore, the effective electron mass for
Cu20 is large.

The Tauc plots showed that the films that resulted from the electrodeposition
onto FTO and the films that resulted from the electrodeposition onto Au/FTO did have
some differences in their absorption properties. The samples shown in figure 4.3 have
an urbach tail that is the result of scattering of light from the surface of the material. In
a standard Tauc plot there should be a sharp absorption edge where the plot goes from
a flat line at zero absorption to a vertical line. The FTO/Au samples have a Tauc plot
closer to the standard Tauc plot as shown in figure 4.4. The scattering on the Cu,O/FTO
samples is due to surface roughness. This roughness is apparent on the films when
looking at it with the naked eye because the surface has a milky color to it. The SEM
images in Chapter 2 show large faceted grains, these facets produce the scattering. The
SEM images for the Cu.O/Au films show much smaller grains that have smaller facets,
so the scattering is less intense. One area that is unique for the Cu2O/Au samples is the

absorption hump at about 1.5 eV, this is believed to be due to the gold on the substrates.
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Figure 4.4 Tauc plot for the electrodeposited Cu20 on gold coated FTO coated
glass, for deposition times of 30 seconds, 1 minute, and 2 minutes.

Another theory as to why there is a tail for the FTO/Cu,0 samples is that there
are two bandgaps represented by these Tauc plots. On the Tauc plot for the two-minute
deposition for the FTO/Cu20 there are two distinct flat sections. Based on the band
structure information in section 4.1.1 there are two gaps to consider, the first is the
optical bandgap, which has a width of about 2.6 eV. This is the bandgap that is
represented in each of the Tauc plots. The second gap is also direct but the transition is
forbidden®® and has a width of 2.17eV. This gap is only shown in the Tauc plots from
the FTO/Cu20 samples. The line drawn for the absorption edge, identified using a

thinner black line on figure 4.3, intercepts the x-axis at about 2.1 eV. The Au/FTO films
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do not show the second bandgap at 2.1 eV and that is because this film is more n-type
than the Cu2O film on FTO. An n-type semiconductor has more electrons in the
conduction band that means, in this case, the conduction of electrons will only take place
in the wider of the two bands.

Based on the findings from the Tauc plot, the bandgap of electrodeposited Cu>O
on FTO coated glass is too wide for the purposes of a tandem device. However, there is
a decrease in the bandgap under the influence of gold, which also resulted in the better

Tauc plot showing limited amounts of scattering.
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CHAPTER 5

5. n-Type Cu0

5.1 Background of n-Type Cu20

Cuprous oxide is intrinsically a p-type material meaning that holes are the
primary carrier and electrons are the secondary carrier. One of the goals of this research
was to look into the fabrication of n-type Cu.O that can be used in the formation of a
homojunction solar cell. The existence of an n-type Cu»O has been discussed and could
be the result of oxygen vacancies.[*14% There has also been work that shows that n-type
Cu20 can be formed by doping the film with excess copper. This doping is accomplished
through thermal diffusion. The idea is that this dopant of Cu ions will remove Cu
vacancies and introduce Cu interstitials and Cu on O sites, changing the material from
a p-type to an n-type.[1°86l

Han, et al worked on homojunction Cu20 solar cells, where the deposition was
carried out with two different pH levels, below 8.0 and above 9.0 for n-type Cu20 and
p-type Cu20 respectively.[*%®] Other works reported the effect that pH has on
controlling the carrier type for Cu20, where the pH of the electrolyte was brought down
to 4.9 for electrodeposition of n-type Cu0.[18441 |t was reported by Scanlon and
Watson that intrinsic n-type defects in Cu2O do not result in n-type behavior.[*! This
research focused on the work from Fernando, et al. Their group boiled copper plates in
a copper sulfate to convert the Cu to n-type Cu.0.1%? The results from this paper show

an n-type Cu.0. The goal here was to follow this research to determine if n-type Cu,O
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could be obtained using this method. The substrate was modified to see if the result
would yield an n-type Cu2O film that could be used in a homojunction solar cell and
part of a tandem solar cell. The modifications consisted of using deposited copper on
glass and then converting it to Cu20 instead of converting a copper plate. This was to

allow for a solar cell that light could be transmitted through if it is not absorbed.

5.2 Experimental Reagents

All chemicals that were used for this work were as follows: (i) copper (11) sulfate
pentahydrate, greater than 98.0% purity, purchased from Sigma Aldrich (ii) sulfuric acid
95-98% pure, purchased from Sigma Aldrich; (iii) acetone, ACS grade, purchased from

Fisher Scientific.

5.3 Substrate Preparation

Three different types of samples were explored for the conversion of Cu to Cu.O.
The first substrate is the most common for the boil method, a solid piece of Cu, in this
case a thin Cu sheet was used. The next substrate that was used was electrodeposited Cu
onto FTO coated glass. The final substrate was sputtered Cu onto either glass or FTO

coated glass.

5.3.1 Copper Sheet
The first step was to duplicate the experimental procedure from Fernando, et al

by converting copper metal to Cu20. A thin copper sheet was used as the substrate. This
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sheet was 71nm thick and was cut down to a 2 by 5 cm sheet. The copper sheet was then
cleaned in an ultrasonicator three times using 2 vol % Micro-90 in DI water, DI water,

and finally acetone.

5.3.2 Electrodeposition of Copper

Electrodeposition of copper was also explored because a glass substrate, which
is ideal for the tandem solar architecture, could be used. A rectangular piece of FTO
coated glass was cleaned using the same procedure described above. Once cleaned the
substrate was attached in a two electrode system with a platinum counter electrode. Both
of these electrodes were submerged in the electrolyte and connected to a voltage source.
The electrolyte was a 0.05 M copper (I1) sulfate pentahydrate in DI water. The solution
was brought to a pH between one and three using sulfuric acid. This deposition was run

for one minute at five volts.

5.3.3 Sputter Coating of Copper
Another method that was used to deposit the copper was sputter coating. The
substrate for this method was a thin glass slide or FTO coated glass, and both were
cleaned prior to the deposition using the same method described in section 5.2.1. For
this method the coater that was used for the gold deposition from Chapter 3 was used
but the gold target was replaced by a copper target (99.99% 57mm dia x 0.1mm thick,

from EMS) a number of different thicknesses were deposited (20, 30, 50, 85, 125nm).



59

5.4 Conversion from Cu to Cu20

The next step of this experimental procedure was to take each of the three types
of thin films of copper and convert it to Cu.O. The substrates were clipped to Teflon
covered alligator clips that were attached to copper wire. The wire was then draped over
the edge of a beaker and submerged into a boiling solution of 102 M copper sulfate
pentahydrate in DI water. The substrate was left in the solution for one hour. During this
hour if the solution level dropped the water was replaced.[*? After an hour the film was

rinsed with DI water. Each of the substrates were boiled in individual beakers.

5.5 Characterization

The films of Cu20 were characterized to determine whether they were n-type or
p-type by performing a hot probe test and a solar simulation with the p-type
electrodeposited Cu20. Next they were analyzed using SEM to compare the growth of
the three different films. Finally, XRD was used to determine if the copper had convert

to Cu20 completely and what if any other phases were present.

5.5.1 Hot Probe Test
One way to determine if the deposited film resulted in n-type is a hot probe test.
This test was performed using a multi-meter set to read the current. The pins of the
multi-meter were set on the surface of the film one centimeter apart, one of the pins was
heated and the current was observed. If the positive pin is heated and the current reads

positive then the film is n-type, and if it reads negative then the film is p-type.
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5.5.2  Solar Simulation

A Newport model solar simulator was used to determine if the p-type and n-type
Cu20 would work in as solar cell. The n-type process that was used for this testing was
the sputtered copper because it was the most consistent film. To perform this test three
samples were made: the first was n-type Cu.O deposited onto FTO followed by
electrodeposited p-type Cu20, next was electrodeposited Cu.O deposited onto FTO
followed by the n-type Cu.O, and last was electrodeposited Cu.O deposited onto Au
and FTO followed by n-type Cu.O. All three devices had a back contact of 60nm thick

Au. The simulation was completed using from -1 to 1 volts.

553 SEM
Scanning electron microscopy was used to understand the conversion of the
copper to Cu20. First images were taken of the copper sheet and the sheet after boiling.
This comparison is shown in figure 5.1 and 5.2. Next the images of electrodeposited
copper boiled in the copper sulfate were taken using the SEM, this is shown in figure

5.3. The final image was taken of the sputtered copper converted to Cu»O in figure 5.4.
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Figure 5.1 SEM image of a copper sheet

Figure 5.2 SEM image ofa copper sheet that has been boiled in copper sulfate to
convert it to Cu20
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Figure 5.3 SEM image of electrodeposited copper on FTO coated glass that has
been converted to Cu20 by boiling in copper sulfate.

> 2
’ 5

igure 5.4 SEM image of sputtered copper on glass that hs been converted to
Cu20 by boiling in copper sulfate.
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5.54 XRD
X-ray diffraction was used to determine phases of copper oxide that are present,
and how much, if any, copper remained from the boiling process. All three types of
substrates were analyzed using an X’Pert PANalytic XRD. The first is shown in figure
5.5, showing the pattern resulting from the boiled copper sheet. The next pattern, figure
5.6, shows the results from the electrodeposited copper on FTO coated. The final pattern,

figure 5.7, is for the sputter coated copper on glass.
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Figure 5.5 XRD data of Cu20 resulting from a copper sheet boiled in copper
sulfate.
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Figure 5.6 XRD data of Cu20 resulting from electrodeposited copper onto FTO
coated glass and then boiled in copper sulfate.
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Figure 5.7 XRD data of Cu20 resulting from a sputtered copper onto glass and
then boiled in copper sulfate.
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5.6 Results and Discussion

The boiled copper sheet method resulted in a film that was flaking and uneven.
In XRD the results were inconclusive. Since the substrate is copper it was impossible to
determine using this technique if the top layer was 100% Cu20, though there was
conversion of the copper to Cu.O it is unclear from the XRD results if the top layer of
material contained any copper along with the Cu20O. The SEM results showed a growth
of distinct grains compared to the SEM image from figure 5.1, which showed the copper
sheet before boiling.

The electrodeposition resulted in even films that were consistent in their
replicability. The one issue that arose was if the copper film was exposed to air for any
length of time after the electrodeposition and before boiling, then the film would oxidize
unevenly and result in a flaking and uneven Cu.O film after boiling. The XRD results
showed that there was full conversion from Cu to Cu20.

Initially a glass microscope slide was used for the sputter coated films. These
were inconsistent. The best film resulted from the 125nm thick sputtered copper, the
thinner samples flaked off during the boiling process. The second attempt used FTO
coated glass, which resulted in a much more even and stable film. The XRD results from
the sputter coated sample show similar results to the electrodeposited Cu.

The hot probe test was inconclusive, the multimeter would swing from positive
to negative. The solar simulation results did not show any photovoltaic or photocurrent
response, though this could have been due to the quality of the films that were grown.
The sputtered copper film converted to Cu.O but did not fully cover the surface, so there

could have been pin holes or the p-type and n-type materials might not have made
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enough of a connection to form the p-n junction. From these results it can be assumed
that the n-type characteristics that were presented from the paper by Fernando et al were

not reproduced for this work..
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CHAPTER 6

6. Conclusions

This research is fueled by the idea that there are alternative energies such as solar
that have only just begun to be tapped into and are needed in order to alleviate the use
of destructive and limited energy source such as fossil fuels. The work to make
photovoltaic technologies cheaper and more efficient is the key to obtaining a larger
market. The biggest problem with efficiency is that energy loss is inevitable because of
the solar spectrum. There will always be losses, particularly with single junction solar
cells, because there is energy lost when a photon exceeds the bandgap and the photons
that have a lower energy than the band gap are not absorbed. Silicon has the best
efficiency for a single junction solar cell because it has a bandgap of 1.1 eV this bandgap
width balances the described losses, and therefore, silicon solar cells are dominating the
market at 21% efficient. Energy losses can be further minimized by stacking solar cells
so that more photons are absorbed. The use of silicon solar cells as the bottom layer of
this stack is a promising path to take. The overarching goal of this research was to
establish a wide band gap solar cell that could be used as the top cell of a tandem solar
cell. This top cell would have to be cheap and grown on the glass that encases the top
layer of the single junction silicon solar cell. Cu2O was the focus for this work as the
wide band gap absorber layer for the wide bandgap solar cell that can be used in a

tandem solar cell.
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Electrodeposition was identified as the preferred process for the deposition of
Cu20 because it is a low cost process and results in even films that can be scaled to
manufacturing sizes. Two different electrolytes were explored. The two types were each
deposited using a two electrode system onto FTO coated glass and the grain growth was
explored by depositing the film for times from 30 seconds to one hour. The SEM images
showed that E1 resulted in a growth that was not well defined at one hour, E2 resulted
in grains that were a flowering dendritic shape. The XRD results showed that both films
were Cu20 but that there was a small amount of Cu present in each film.

The ideal grain shape for a thin film solar cell would be a columnar shape so that
the electrons can flow through the grain without interruption of grain boundaries, where
recombination of the electron and hole is common. The next step was to take the two
different films deposited for one hour and manipulate the growth so that the grain shape
was closer to the ideal columnar shape. This was achieved using the well-known
relationship between Cu20 and Au, and using the Au as a seed to grow the Cu2O. The
Au seed layer was deposited using a sputter coater, depositing a thin layer of Au, and
then baking the film to turn the thin film of Au into Au nano-islands on FTO coated
glass. This layering of Au nano-islands on FTO coated glass was then used as the
working electrode for the electrodeposition. The SEM results showed smaller grains and
that grain growth was much more controlled and the grains were densely packed. The
grains also showed a strong faceting. XRD showed that with the presence of Au nano-
islands, the copper that was growing with E2 was no longer present, but the copper was
still present for the E1 sample even with Au nano-islands. TEM images from a sample

that was cut out of the E2 sample on Au/FTO, showed that the Cu2O that was growing
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on the Au was growing epitaxially, confirming that there is an orientation relationship
between the two layers. Finally, the E2 films grown on Au/FTO and FTO were subject
to electrical characterization and although photovoltaic properties were not present there
was an indication of photocurrent properties in the film grown on Au/FTO. This was
because the Cu20 grown on Au/FTO was more resistant compared to the film grown on
FTO, and therefore the photoconductivity was more obvious.

The optical properties for E2 on Au/FTO and FTO were explored due to the
importance of the bandgap estimation for this work and the lack in consistency in the
reported bandgap for Cu.O in the literature. The optical measurement was completed
using UV/Vis spectrometer to get the absorption data for three samples from each
substrate. Each sample had a different deposition time (30 seconds, one minute, and two
minutes). Using the Tauc method a Tauc plot was developed using the absorption data
and an estimation of the film thickness. This Tauc plot showed that the bandgap for
Cu20 is direct and allowed. Using the absorption edge the bandgap was found to be
around 2.6 eV for the FTO substrate sample and 2.5 eV for the Au/FTO substrate
sample. The two Tauc plots showed some significant differences. In the Au substrate
sample, the Tauc plot had an absorption edge that was very close to the x-axis unlike
the FTO substrate sample, which had a large tail before the absorption edge. This tail
could be a result of the scattering of light on the surface of the film, but there also appears
to be a second straight section just before the large absorption edge at 2.6 eV, which
intersects the x-axis at about 2.1 eV. Based on the literature there are two bandgaps for
Cu20 one at 2.64 eV and one at 2.17 eV, these two gaps can only be seen in the Tauc

plot for the sample deposited on FTO. The other area of difference comes from the Tauc
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plot for the Au/FTO sample, there is a hump at 1.5 eV, which is believed to be from the
Au that is present in the film. The results of this measurement showed that the Au/FTO
films had less scattering and band gap around 2.5 eV while the FTO samples potentially
had two bandgaps one at 2.6 eV and the second at 2.1 eV.

The development of n-type Cu20 has been an area of interest for a homojunction
solar cell with p-type Cu20. This is due to the idea that a homojunction solar cell has
the potential for a higher efficiency compared to a heterojunction solar cell. The method
for obtaining an n-type Cu,O for this research was from the work of Fernando et al.[*Z]
The goal of this chapter was to establish if this work was reproducible and could be
manipulated for use in the application being explored. The paper uses a copper plate and
boils it in a copper sulfate solution, this process was duplicated using a copper sheet.
This substrate is not ideal because the back and front contact have to be transparent for
use in a tandem cell, it was also difficult to determine if the film that was made was
100% Cu20 because there was always going to be copper present from the substrate.
The modification that was explored was depositing copper onto FTO and boiling this
thin film of Cu to transform it into Cu20. This was completed first by electrodepositing
Cu onto FTO. The resulting Cu20 film was evenly coated but it scratched off easily.
Another problem with this film was that the electrodeposited Cu was not stable before
boiling, if left in air for only a couple of minutes the film would change color, become
flakey and would flake off into the boiling solution. The next deposition process of Cu
that was explored was sputter coating. Using a copper target, the FTO coated glass was
coated with 125nm thick layer and then boiled. This process resulted in the most reliable

film, it also scratched off easily but it did not flake into the solution. The XRD results
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showed that each of these processes produced Cu>O and Cu was not present except in
the case where it was expected. The SEM results showed similar growth of Cu20O for the
electrodeposited and the sputter coated samples with slightly larger grains from the
sputter coated sample. The boiled copper sheet resulted in large grains of Cu2O. The
sputter coated sample was the most reliable of the three samples and would allow the
deposition of Cu20 onto an insulating surface as well as a conduction surface, which
will allow for further testing. The hot probe test was inconclusive so the carrier type was
not verified using this method. A solar cell was attempted using the electrodeposited p-
type from Chapters 2 and 3. Three solar cells were tested, FTO/n-type/p-type/Au,
FTO/p-type/n-type/Au, and FTO/Au/p-type/n-type/Au. This testing showed no

photovoltaic or photocurrent responses for any of the attempted devices.
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CHAPTER 7

7. Future Work

The research completed for this thesis is just the tip of the iceberg for Cu20 thin
film fabrication and photovoltaic work. While the results that have come from this thesis
are interesting and insightful, it seems to indicate that Cu2O would not make for an ideal
material for the absorber layer of the top cell of a tandem device. There are some areas

of work that could be explored to improve upon these films for use in other applications.

7.1 p-Type Cu20

In Chapters 2 and 3 the deposition process for Cu.O is described, along with
how the film microstructure was modified. This resulted in a more controlled film that
was fully densified. One area that would be interesting to delve into would be to change
the carrier concentration of the film. This would allow for manipulation of the depletion
region of the p-n junction. The carrier concentration was not determined or determinable
for these films because they were deposited onto a conductive substrate. One method
that would allow for carrier concentration testing would be the Cu20 film that resulted
from the sputtering of copper onto glass. The problem with the film developed by that
method for this research was that the film did not fully cover the glass after conversion
so it would require multiple layers of deposition.

From the attempted solar cells using FTO as the substrate and the n-type
material, it was determined that the Cu.O that was deposited onto Au/FTO had a

photoconductivity response. The current was very low, but it was shown from the work
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by Du Pasquier et al, that the small photocurrent can be found for the photon energies
where absorption occurs for a material.®®”! The set up for this characterization technique

Is shown in figure 7.1.

Light source
Monochromator
Light chopper

Lock-in

Probe < Amplifier

Substrate T

Figure 7.1 Set up for photocurrent measurements(®’]

The wavelength is picked through the monochromator where a fiber optic
refection probe is attached. The probe has a metal casing and it is electrically connected
to the sample’s surface with a gel electrolyte. A lock-in amplifier is required because
the signal is so low. The amplifier is attached to the metal casing of the probe and the
substrate contact that the sample is deposited on. This experiment will allow for
photocurrent measurements from the photon energies that are associated with the

absorption that was determined in Chapter 4.
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7.2 n-Type Cu20

In Chapter 5 it was determined that the Cu»O film that resulted from the boiling
method was not an n-type semiconductor. The carrier type was first tested with the hot
probe method but this was inconclusive, so the next step was to take the presumptive n-
type material and pair it with the p-type that was being grown using electrodeposition
described in Chapters 2 and 3. This test resulted in a film that did not show photovoltaic
properties or photocurrent properties. This leads to the belief that what was made by
boiling copper in copper sulfate did not lead to n-type Cu.O. The first step for
confirming this finding would be to increase the coverage of the Cu.O from boiled
sputtered Cu, this could be completed by repeating the sputtering and boiling once or
twice more. Another possible way of modifying this n-type material would be to use a
dopant in the boiling solution. This could result in a more reliable n-type Cu20. There
is work indicating that Cu, fluorine (F), chlorine (Cl), and bromine (Br) might make for
stable dopants in Cu20 and that the doping of these elements would result in n-type

Cu20.1194]

7.3 Solar Cell Fabrication

The solar cells that were created during the research of this process did not result
in any photovoltaic properties. There are quite a few paths that can be taken to improve
these results described in Chapter 3 and 5. The first would be to understand the p-type
material, Chapter 3 described research where the p-type Cu2O was tested on FTO to
determine if this p-n junction would result in a solar cell and the results indicated that it

would not. One concern for this is that the unmodified Cu.O on FTO grew as a film with
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gaps between the grains, this could be mitigated by growing a thicker film. The growth
Is limited by the resistivity of the film as it grows thicker, so when the surface of the
Cu20 is no longer the optimum area of growth, the growth should continue in the gaps
between the grains.

The modified Cu.O grown on Au/FTO might not have made a good enough p-n
junction because the interference with the gold between the two layers. Therefore
another area that could be further explored is the use of a well-established n-type
material that has been successfully paired with Cu.O, such as ZnO. Over the years ZnO
has been researched frequently as the n-type in Cu2O heterojunction solar cell, with
mixed results.[2329.30.32:3566.791 This would require a well-known deposition process for
ZnO so that the only variable factor would be the Cu20, the effect of the thickness of

the film and the effect of the gold on electrical properties of the solar cell.
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