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Abstract
Cuprous oxide (Cu2 O) is an abundant, inexpensive and non-toxic material
that exhibits a direct band gap of 2.1 eV, and can reaching high light absorption with only thin films. If combined in a tandem structure alongside
silicon, the efficiency has a theoretical limit of 41% [1]. This work present
consist of creating thin films of Cu2 O by deposition using magnetron sputtering. To optimise the sputtering process five batches were made to grow
phase pure Cu2 O. Best film quality was obtained with sputtering power 100
W. Subsequently two batches were made and films were deposited on different surface oriented sapphire samples and MgO to induce epitaxial growth.
X-ray diffraction of the depositions made for epitaxial growth shows that Aand R-plane sapphire favours Cu2 O growth in the (200) direction at a deposition temperature of 400◦ C. This changes to Cu2 O (110) when the deposition
temperature is increased to 600◦ C. Unfortunately, no epitaxial growth was
detected with Rutherford backscattering spectrometry(RBS). The band gap
of the films, which was estimated through UV-measurements, showed a trend
where the phase pure Cu2 O had a band gap of ∼2.5 eV, while the films containing multiple phases of copper oxide altered the band gap to ∼2.3 eV.
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Chapter 1

Introduction

Human influence on the climate
system is clear, and recent
anthropogenic emissions of
greenhouse gases are the highest
in history. (...)
Climate Change 2014:
Synthesis Report, page.2 [2]

Greenhouse gas emissions have caused an increase in atmospheric concentration of carbon dioxide (CO2 ). Its been cultivated that between 1750-2011,
more than 2000 gigatons of CO2 has been released into the atmosphere by
humans [2]. The emissions are mainly driven by population size, economical
activity, lifestyle, and energy use. With an increasing population globally,
in combination with lifting people out of poverty, reducing the emissions to
limit the average global temperature increase to less than 2◦ Celsius [3].
Solar photovoltaic generation increased by 31% in 2018, and is has had
the largest growth of all renewable technologies, where silicon based solar
cells dominate the market [4]. The silicon solar cells are reaching its effective
production limit known as Shockley–Queisser limit. A way of surpass the
2

limit is to stack multiple solar cells with the highest bang gap cell on top,
which is called Tandem solar cell or Multi-junction solar cell. By using silicon
as the base solar cell, a higher band gap semiconductor will absorb a portion
of the light and let the lower energy light through.
Cuprous oxide (Cu2 O) is such a material. With a direct band gap of 2.1
eV only a thin film is needed to achieve the light absorption needed. Cuprous
oxide is abundant, inexpensive and non toxic. Combined in a tandem structure with silicon the efficiency could approach 41% [1].
In this study films of cuprous oxide were deposited by magnetron sputtering on silicon, quartz, sapphire and magnesium oxide samples. A power series
was made for optimising the sputtering for producing the thin films. Then an
epitaxy batch were the focus was to achieve some epitaxy growth. The thin
films were characterised with X-ray diffraction, Rutherford backscattering
spectrometry, scanning electron microscope, energy-dispersive spectroscopy
and ultraviolet–visible spectroscopy.
The thesis consists of six chapters. Introduction as the first chapter.
Chapter II is the theory of semiconductors crystal structure, solar cells and
Cu2 O. Chapter III presents the experimental methods used. The following
chapter is about the experimental details. Chapter V consists of the results
and discussion of the results, followed by Chapter VI the conclusion.
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Chapter 2

Theory

2.1

Semiconductors

This section is based on the textbooks Solid State Electronic Devices[5] by
B. G. Streetman and S. K. Banerjee, The Physics of Solar Cells[6] by Jenny
Nelson and Introduction to Solid State Physics[7] by C. Kittel. Semiconductors have a conductivity that is somewhere between metals and insulators.
Fundamentally one can divide the semiconductor into two groups; elemental
semiconductors, that are made of a single element, and compound semiconductors, that are made of two or more elements. Semiconductors have the
possibility to alter their conductivity by heat, impurities or optical excitation. Since the conductivity can be adjusted for application purposes, their
uses are extensive.

2.1.1

Crystals Structure

This section is based on the books Understanding Solids[8] by R. Tilley, Introduction to Solid State Physics[7] by C. Kittel and Solid State Electronic
Devices[5] by B. G. Streetman and S. K. Banerjee. Solids can be distinguished by the way their atoms are organised. Solids can be made out of
4

many small crystals, known as polycrystalline solids, one single crystal or
have no periodic arrangement, which is called amorphous solids. In crystals
the atoms are arranged with a periodicity. The periodicity of the crystal is
called crystal structure. Periodicity is defined by symmetric array of points
called lattice. The atoms are added to the lattice points either at the point
or with a displacement related to the point. Choosing a point as origin, the
position of the other lattice points is given by a vector
P(u, v, w) = ua + vb + wc

(2.1)

where u, v and w are integers and a, b and c are the basis vectors.
The vector P(1, 1, 1) spans out the unit cell and is the smallest repeatable
cell in the lattice. A unite cell will always contain an integer amount of
lattice points. The lattice point is divided between the neighbouring unit
cells depending on its position in the unit cell. A lattice point in all corners
will be divided between eight unit cells and there are eight corners in an unite
cell. So the sum of the lattice point fractions is equal to one. This is called
a primitive Bravais lattices. A unit cell with a lattice point in each corner
and one at the centre of the cell, thus having two points in total, is called
body-centred unite cell. Having lattice points in each corner and in the centre
of each face is called face-centred unit cell containing a total of four points.
The last kind is called base-centred unit cell and contains two lattice points.
The lattice points are in each corner and in the middle of two opposite faces.
The four cubical lattice types are illustrated in Figure 2.1, where (a) is the
primitive lattice, (b) is the base-centre lattice, (c) is the body-centre lattice
and (d) the face-centre lattice. In total there are seven crystal structures
that generate 14 different Bravais lattices.
There are 32 crystal classes that are related to the a crystallographic point
group, which describes the internal symmetry of the crystal. By combining
the symmetry of the point groups to the symmetries of the lattice, 230 space
group combinations are acquired. All crystal structures can be assigned a
space group.
5

Figure 2.1: Visualisation of the four cubical lattice types, (a) is the primitive
lattice, (b) base-centre lattice, (c) body-centre lattice and (d) the face-centre
lattice.

The internal planes in a crystal structure is specified with Miller Indices.
The indices (h, k, l) represent the set of parallel planes and are related to the
fractions of the unit cell vectors a, b and c. If a plane intercepts the unit cell
vector at 1a, 0.5b, 0c. The corresponding Miller indices are the inverse of the
1
interceptions, ( 11 , 1/ 21 , ∞
) ⇒ (1, 2, 0). Hexagonal systems use one additional

index, (h, k, i, l) where i = −(h + k).
Crystal Defects
Defects will be present in all crystal and the concentrations of the defects
determine the materials properties. There are two fundamental types of intrinsic defects; a missing atom know as a vacancy and a misplaced atom

6

called interstitial (self-interstitial ) defect. For a crystal it is thermodynamically favoured to contain intrinsic defect at any given temperature.
A second type of defect are extrinsic defects. These defects are very important in semiconductor physics. Extrinsic defects are impurity atoms that
effect the properties of the semiconductor its inhabiting. The influence on the
properties is dependent on the impurity atom type and its site occupation.
E.g iron in silicon will effect the semiconductor in a negative meaner by causing degradation of the device. Other impurities like boron and phosphorus
occupy a lattice site and change the silicon electrical conductivity.

2.1.2

Energy Bands

The attractive and repulsive forces of the atoms will find a balance at a
specific inter atomic distance. Having a periodic lattice leads to a periodic
potential, which effect the electron energy levels. With many atoms, like in
a semiconductor, the electrons split the energy levels into symmetric binding
orbitals and asymmetric nonbinding orbitals, creating energy bands that the
electrons can occupy and a forbidden band gap (BG), with energy interval
Eg , where there are no energy states for the electrons to be in. With the use
of Schrödinger time independent equation with a periodic potential;
h
i
h̄2 2
HΨ(r) = −
∇ + U (r) Ψ(r) = EΨ(r)
(2.2)
2m
where H is the where H is the Hamiltonian operator, Ψ(r) is the electron
wave function, E is the energy eigenvalue of the periodic potential U (r), h̄ is
Planck’s constant and m is the electron mass, energy levels can be found. The
periodic potential is expressed as a Bloch function, giving the wave function
Ψ a mathematical form as;
Ψ(r) = eikr uk (r)

(2.3)

where k is the wave vector and uk (r) is the periodic function that follows
the lattice periodicity. Equation 2.2’s solution gives the eigenenergies En (k),
7

where n represents the energy band or shells. E.g. for silicon n = 1 is the
inner shell, n = 2 the valence band (VB) and n = 3 the conduction band
(CB). Figure 2.2 illustrates how the atomic distance is related to the forming
of energy bands. The band gap is defined as the energy difference between
the VB and the CB at 0 Kelvin. For the semiconductor to achieve electrical
conduction, the VB electrons has to be excited with an energy larger then
the BG energy Eg from them to reach the unoccupied energy states in the CB.

Figure 2.2: Energy levels as a function of inter atomic spacing, where s,
m, l and n are the related quantum numbers. This figure is adapted from
Streetman [5].
There are two types of band gaps, direct and indirect. For some semiconductors the valence band maximum occur at the same wave vector k as the
conduction band minimum, giving the semiconductor a direct band gap. On
the other hand, if the VB maximum and the CB minimum lies at different
8

wave vector k, the semiconductor has an indirect band gap. This means that
for an excitation to find place the energy transferred to the valence band electron has to have a higher energy then the band gap or the excitation process
has to include a momentum transfer that changes the electron momentum.
The momentum contribution is obtained through lattice vibrations known as
phonons. Direct band gap semiconductors absorb light much more efficiently
then indirect band gaps. This is due to not having to rely on changing the
momentum of the electron. Therefore a indirect band gap semiconductor
need a thicker absorption layer for solar cell devices. Figure 2.3 illustrates a
direct and indirect band gap, where the energy level is plotted against the
wave vector.

Figure 2.3: Direct electron transition (a) with a photon emision, and indirect
electron transition (b) through a defect transition Et . The indirect transition
can also be take place with the help of lattice vibrations. This figure is
adapted from Streetman [5].
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2.1.3

Charge Carriers Statistics

Increasing the temperature form 0 Kelvin some electrons acquire enough energy to overcome the band gap. When an electron is excited to the conduction
band it creates a vacant state in VB. This vacant state is referred to as a
hole. The excited electron and the hole created are called an electron-hole
pair (EHP), which means that in an intrinsic semiconductor the concentration of free excited electrons n is equal to the concentration of holes p. Both
the electron and the hole contribute to the conduction. The EHP are not
completely free in the sense that they interact with the periodical potential
of the lattice.
Extrinsic semiconductors contain impurities or lattice defects that are
intentionally introduced, known as doping, to alter the properties of the material. The concentration of electrons or holes can be modified by doping
the semiconductor, either with donors or acceptors. Donors are atoms with
excessive valence electrons compared to the semiconductor. The excessive
electrons can be donated to the semiconductor and function as a conducting
electron. Acceptors are atoms with less valence electrons then the semiconductor and will therefore take up electrons which introduces holes to the
semiconductor. The donor atoms and the acceptor atoms introduce states
that are close to the CB and VB respectively. And the electrons are excited
up to the CB through thermal excitation. Doping the semiconductor with
donor to the point where the concentration of electrons are so high that the
hole concentration can be neglected is called for n-type doping. This is equivalent for acceptor doping and is called p-type doping.
No matter how heavily doped the semiconductor is, at 0 Kelvin the conduction band will not contain any electrons. But as the temperature increases
more electrons get excited and the semiconductor is in the ionization region.
In this region the dopants are ionised hence increasing the charged carrier
concentration with temperature. At a point all the dopant will be ionised
10

and the charged carrier concentration is then fixed. This is true for a temperature interval. This region is the extrinsic region and is dominated by the
dopant concentration. Increasing the temperature further excites more electrons from the semiconductors valence band. When the concentration of the
electrons from the intrinsic semiconductor is larger than the dopant concentration, the semiconductor goes back to have a charged carrier concentration
that is increasing with increasing temperature. The intrinsic electron concentration dominates over the dopant concentration in this region, which makes
the semiconductor an intrinsic semiconductor. These regions are shown in
Figure 2.4.

Figure 2.4: Carrier concentrations dependency on the inverse temperature.
This figure is adapted from Streetman [5].
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Carrier Concentration
Electrons in a solid follow Fermi-Dirac (FD) distribution, which considers the
electrons wave nature, indistinguishability and the Pauli exclusion principle.
The FD function gives the probability for an energy state to be occupied by
an electron at any given temperature. For electrons the FD function is;
1

f (E) =

(2.4)
1+
where Ef is the Fermi level which is defined as having a probability of
1
2

eE−Ef /kT

at 0 Kelvin, k is Boltzmann constant and T the temperature in Kelvin.

The probability for finding an energy state occupied by a hole would be the
probability for not having an electron in the energy state. The FD function
for holes is then;
fp (E) = 1 − f (E) = 1 −

h

1

i

(2.5)
1 + eE−Ef /kT
Figure 2.5 shows how the probability distribution of an electron occupying a energy state is with respect to different temperatures. At 0 K the
probability is 1 for all states under the Fermi level and 0 for all states above
Fermi level. By increasing the temperature the probability for having a filled
stat above the Fermi level increases. Semiconductors do not have any states
available in the band gap for the electrons to excite to. So the probability
of the electron occupancy of states in the CB and hole occupancy in the VB
is quite small. This is because the probability tails do not extend to the CB
and the VB. In doped materials, however the Fermi level lies closer to the CB
or VB. For n-type doping the Fermi level is closer to the CB and for p-type
the Fermi level is closer VB. A consequence of this is that the probability
tail will extend into the CB or VB and therefore give higher concentration of
electrons in the CB for n-type doping and holes in the VB for p-type doping.
Figure 2.6 shows how the probability tail extends into the CB and VB for the
n-type and p-type doping, and how the overall carrier density is dependent
on the density of states (DOS) and FD distribution.
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Figure 2.5: The Fermi-Dirac function plotted at different temperatures to
illustrate the probability distribution change.
With the use of the FD distribution the charge carrier concentration can
be calculated, but it requires knowledge of the DOS in the CB and VB. DOS
is the number of states that can be occupied at each energy level. So the
concentration of electrons in the CB can be found by combining the DOS
and the FD. The carrier concentration equation for electrons and for holes is
respectively expressed as;
Z

∞

f (E)DOS(E)dE

(2.6)

h
i
1 − f (E) DOS(E)dE

(2.7)

n0 =
Ec

Z

Ev

p0 =
∞

The majority of the excited electrons can be located in the lower part
of the CB or the edge the CB. This hold also true for holes in the valence
band. This is due to FD distribution that exponentially decreases for energies
larger then the CB edge and lower for the VB edge. The DOS can therefore
13

Figure 2.6: Band diagram, density of states, Fermi-Dirac distribution and
the carrier concentrations for intrinsic (a), n-type (b) and p-type (c) semiconductors at equilibrium. This figure is adapted from Streetman [5].
be simplified by the effective density of states, DOS(Ec ) for the CB and
DOS(Ev ) for the VB. They are expressed as;
 2πm∗ kT 3/2
n
DOS(Ec ) = Nc = 2
h2

(2.8)

 2πm∗ kT 3/2
p
DOS(Ev ) = Nv = 2
(2.9)
h2
where m∗n and m∗p is the effective mass for the electron and the hole
respectively, h is the Planck constant, T the temperature in Kelvin and k
14

the Boltzmann constant. Assuming the Fermi level lies multiple kT under
CB or above VB, the FD distribution can be simplified to;
f (Ec ) =

1
1+

eEc −Ef /kT

h

1

≈ e−(Ec −Ef )/kT

(2.10)

i

≈ e−(Ef −Ev )/kT
(2.11)
1 + eEv −Ef /kT
At room temperature kT = 0.026eV which makes this a good approximfp (Ev ) = 1 −

ation. The number of electrons in the CB and the number of holes in the
VB can then be calculated to be;
n0 = Nc e−(Ec −Ef )/kT

(2.12)

p0 = Nv e−(Ef −Ev )/kT

(2.13)

Equations 2.12 and 2.13 are valid in both intrinsic and doped semiconductors, as long the system is in thermal equilibrium. For an intrinsic semiconductor the number of electrons and number of holes can be expressed
as;
ni = Nc e−(Ec −Ei )/kT

(2.14)

pi = Nv e−(Ei −Ev )/kT

(2.15)

where Ei is the intrinsic Fermi level that is in the middle of the band gap.
In thermal equilibrium the product of equations 2.12 and 2.13 is constant.
This holds also true for equations 2.14 and 2.15. This result in a product
that is equal for both pair of equations;
n0 p0 = ni pi = n2i = Nc Nv e−Eg /kT

(2.16)

The intrinsic carrier density can be used to express the electron and hole
concentrations;
15

n0 = ni e−(Ef −Ei )/kT

(2.17)

p0 = ni e−(Ei −Ef )/kT

(2.18)

where ni is;
ni =

p
Nc Nv e−Eg /2kT

(2.19)

In semiconductors both donors and acceptors can coexist but the properties is determined by the dominating dopant. If the semiconductor is initially
n-type and acceptors are introduced into the semiconductor, the acceptors
will compensate and neutralise the electrons with holes. When the amount
of holes caused by the acceptor Na is equal to the amount of electrons caused
by the donors Nd , the semiconductor is then neutral and intrinsic like. This
process is called compensation and the relation between the electrons, holes,
donor and acceptor concentrations is acquired with space charge neutrality
conditions. The semiconductor is neutral if the sum of positive particles
equal to the sum of negative particles.
n0 + Na− = p0 + Nd+

2.2

(2.20)

Solar Cell

This section is based on the textbooks Solid State Electronic Devices[5] by
B. G. Streetman and S. K. Banerjee, and The Physics of Solar Cells[6] by
Jenny Nelson. Solar cells are opto-electronic devices that create electricity
from light. The photovoltaic effect was documented first in 1839. Decades
later the first large area solar cell was made, by Charles Fritts, with selenium. Though the actual breakthrough wouldn’t come until the 1950’s when
the discovery of silicon p-n junctions was made. The p-n junction produced
a much better rectification than the previously schottky barriers. The efficiency of the silicon based solar cells rose significantly over the years but
16

the production cost made them impractical for power production. The most
common solar cells today are the silicon based cells. Their efficiency is approaching the theoretical maximum.

2.2.1

pn-Junction

Separation of the EHP is needed to generate electrical energy. Achieving
separation of EHP can be done multiple ways. The most common way for
charge separation is through a pn-junction. A pn-junction is made by doping
depths of the semiconductor differently. The desired structure is an interface
between a p-type and a n-type region. Having a p-type and n-type layer
together will initiate diffusion of charge carriers (holes and electrons) across
the junction and recombine. Donors and acceptors will be ionised and create
an area without mobile charge carriers. This region is called depletion region
or space charge region. The ionised donors and acceptors will be stationary
and create an electrical field that causes an opposite drift to the diffusion of
the mobile charge carriers. At equilibrium the diffusion current and the drift
current cancel each other out, so the total current density can be expressed
as;
J = Jp + Jn = qE(µp p − µn n) − q(Dp ∇p − Dn ∇n)
|
{z
} |
{z
}
Drif t

(2.21)

Dif f usion

where q is the magnitude of charge, E is the electrical field strength, n
and p are the concentrations of electrons and holes, µn/p is the mobility of
the charge carrier species and Dn/p is the diffusivity of the charge carrier
species.
Figure 2.7 illustrates the alignment of the Fermi levels and the formation
of the potential barrier qV0 . A potential barrier arises when the Fermi levels of
the p- and n-type aligns. The potential barrier can be controlled by applying
an external voltage. If the voltage is set over the junction so that the positive
pole is at the n-doped side and negative pole in the p-doped side, the barrier
17

Figure 2.7: Alignment of the Fermi level when a p-type and n-type semiconductor is brought together. This figure is adapted from Streetman [5].
will be increase. This is because the main charge carriers in their respected
area are recombining with the charge carrier, that are introduced by the
external current, and a larger depletion region is created. This is called
reverse-bias, and the result it that the device stops conducting current. A
forward bias, is the opposite of a reverse bias, increases the current through
the device and the non conductive depletion region becomes thinner. The
diode equation reflects how an external bias effects the current through a
diode;


J = J0 eqVex /mkT − 1

(2.22)

where J0 is the leakage current density, Vex is the external bias and m is
the ideality factor. The ideality factor varies from 1 to 2 and is dependent on
material, temperature, recombination and generation of EHP in the depletion
region, and defect states in the band gap.
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2.2.2

Single Junction Solar Cell

For a solar cell to be efficient some underlying mechanisms are required.
The material its made of has to absorb light and efficiently produce EHP.
The EHP’s needs to be separated and have a long enough lifetime. Lifetime
is important so that the electrons and holes can diffuse/drift far enough
for them to be extracted and used in an external circuit. The solar cell
contacts should have no resistive loss, which is know as series resistance,
and as little leakage current as possible, which corresponds to high shunt
resistance. Figure 2.8 shows how an electrical diagram of simple solar cell is
drawn.

Figure 2.8: Electrical diagram of a solar cell, where a) is the solar cell, b) is
the build in diode of the solar cell, c) is the shunt resistance and d) the series
resistance.
The total current density, produced by a solar cell as a function of voltage,
can be expressed as;
J(V ) = Jsc − J(V )dark

(2.23)

where Jdark is the dark current density that is equal to the diode equation,
equation 2.22, and Jsc is the current density produced by the solar cell when
19

it is illuminated and short circuited. The short circuit current density Jsc
is dependent on the spectral photo flux density bs (E), that is the number of
photons of energy in range E to E + dE, and the quantum efficiency QE(E),
which is the probability of an incident photon of energy E will create and
deliver EHP’s to the external circuit. Equation 2.24 represents the short
circuit current density.
Z
Jsc = q

∞

bs (E)QE(E)dE

(2.24)

0

For a solar cell the total current density then expressed as when including
the shunt and series resistance;

Z
J(V ) = q
0

∞


 V + IR
series
bs (E)QE(E)dE − J0 eq(V +IRseries )/kT − 1 −
Rshunt
(2.25)

As mentioned for an ideal solar cell the series resistance should be low
and the shunt resistance high. By inserting Rseries = 0 and Rshunt = ∞ in
equation 2.25 one gets the ideal solar cell equation;


J(V ) = Jsc − J0 eqV /kT − 1

(2.26)

For non ideal behaviour an easier approximation is commonly used, where
an ideality factor is introduced in the exponent of equation 2.26. So the dark
current density is modified by the ideality factor m. The non ideal solar cell
equation is then expressed as;


qV /mkT

J(V ) = Jsc − J0 e


−1

(2.27)

Just as in the diode equation 2.22, the ideality factor m is in the range of
1 to 2, where m = 1 is an ideal solar cell. The maximum voltage is obtained
with open circuit condition J = 0 and is expressed as;

mkT  Jsc
Voc =
ln
−1
q
J0
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(2.28)

The power density created by the solar cell reaches a maximum at a given
current density Jm and with its corresponding voltage Vm . The power density
is expressed as;
pm = Jm Vm

(2.29)

By using the short circuit current density, the open circuit voltage and
the maximum power density one can define fill factor F F as;
Jm Vm
(2.30)
Jsc Voc
The fill factor is a measure of quality of a solar cell and is represented
FF =

graphically in Figure 2.9, where it is the ratio of the rectangular area A given
by the maximum power density, and the area B given by the short circuit
current and the open circuit voltage. The efficiency of a solar cell is the
power density produced divided on the incident light power density p0 :
η=

2.2.3

Jm Vm
Jsc Voc F F
=
p0
p0

(2.31)

Tandem Solar Cells

To days single junction solar cells are reaching their theoretical efficiency
limit. This limit is called the Shockley–Queisser limit. The limit is a theoretical efficiency limit of single junction solar cell which was calculated by
William Shockley and Hans-Joachim Queisser in 1961[9]. The theoretical
maximum efficiency is found to be 30% for an energy gap of 1.1 eV. A way of
encompassing this limit is to make a tandem solar cells which contain multiple junctions. A single band gap solar cell is most efficient when absorbing
photons with energy larger but close to the band gap energy. Electrons that
get excited by photons, specifically photons with energy larger than the band
gap, lose energy in the form of heat to the lattice. A way of minimizing the
energy loss is to absorb the light in portions. This can be done by stacking different band gap solar cells in a descending order based on their band
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Figure 2.9: Fill factor illustrated where B is the area covered by the Isc and
Voc , and A is the area covered by Im and Vm . The maximum efficiency is pm
which will be on the solar cell graph.
gap size. These types of solar cells are called tandem solar cells. The wider
band gap cell will filter out the high energy photons by absorbing them and
let the less energetical photons through to the smaller band gap cell under,
where they get absorbed. Figure 2.10 illustrates how photons with different
energies are selectively absorbed by the different sub cells. It also illustrates
the difference between a two and a four terminal arrangement.
For achieving highest possible power output, in the case of a two band
gap solar cell, the sub cells should have independent contacts, called four
terminal arrangement. Having independent contact on the sub cells allows
for individual optimisation of the sub cells. This is harder to achieve due to
that it requires additional complex processing steps. The sub cells can be
connected in series directly. This is called a two terminal arrangement. The
two terminal arrangement has a current that is limited to the cell with the
lowest current produced, but the potential/voltage is added together since
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Figure 2.10: Different types of arrangements; (a) is the two terminal arrangement and (b) is the four terminal arrangement.
they are connected in series. Between the terminal arrangements, the two
terminal is less complicated but gives a less power output compared to the
four terminal arrangement. A. De Vos[10] calculated that the maximum
efficiency of a two-cell tandem to be 42.3%, which occurs when combining
sub cells with band gaps of 1.9 eV and 1.0 eV. Silicon can obviously be used
as a sub cell because of its band gap of 1.1 eV and a good candidate for the
larger band gap sub cell is cuprous oxide (Cu2 O) with a band gap of 2.1 eV.

2.3

Cu2O

This section is based on the book Defects and doping in Cu2 O [11] and the
article Universal alignment of hydrogen levels in semiconductors, insulators
and solutions[12]. Cuprous oxide (Cu2 O) is one of the most stable oxides of
copper, the other is cupric oxide (CuO). The crystalline structure of cuprous
oxide is cubic, where the copper atoms are arranged in a face-centre sublattice and the oxygen atoms are in body-centre sub-lattice. The lattice
parameter a is about 4.29 Å. Figure 2.11 shows a unite cell of cuprous oxide
where oxygen as the the origin. Cuprous oxide has a direct band gap which
means that only a thin layer is needed for the absorption of light.
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Figure 2.11: Unite cell of cuprous oxide where oxygen is red and copper is
blue. Figure created in VESTA (Visualization for electronic and structural
analysis)
Cuprous oxide is a p-type semiconductor by nature and its shown difficult to dope n-type. An explanation for this is the universal alignment
of hydrogen level. The theory looks at the stability of hydrogen ions in a
host semiconductor, which are dependent on the formation energy of the
hydrogen ions (H + ,H − ,H 0 ) and the semiconductors Fermi level. The host
semiconductor will have its electrical properties governed by the most stable
hydrogen ion. And since hydrogen is abundant attempting to dope cuprous
oxide might cause create higher concentrations of hydrogen ions which will
compensate the donor doping. So creating a homo-junction of Cu2 O is for
the moment not a realisation. The other viable option is to make a heterojunction though this will make a less effective device due to not having a
coherent interface.
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Chapter 3

Experimental Methods

3.1

Magnetron Sputtering

This section is based on the textbooks of Campbell [13] and Chapman [14].
Sputtering is a great alternative for thin film deposition. A sputtering setup
is illustrated by Figure 3.1 Plasma is used to eject atoms from a desired
target/material. The plasma is created by introducing an inert gas in an
evacuated chamber. A voltage is set between the electrodes which ionizes the
inert gas, giving plasma. The ions will then accelerate towards the target and
strike the target surface. The material eject off the target and is deposited
on the substrate.
The sputtering processes can be enhanced by using a magnetic field to
confine and increase the plasma density in front of the target. Having a more
confined and dense plasma increases the sputtering rate. The magnetic force
→
−
F that acts on the charged particle is expressed as:
→
−
→
−
−
F = q→
v XB

(3.1)

−
where q is the charge of the particle, →
v is the velocity of the particle
→
−
and B is the magnetic field. The force give rise to an acceleration that
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Figure 3.1: Illustration of a basic sputtering chamber, where the plasma
causes target material to eject out to a substrate.
is perpendicular to both the magnetic field and the velocity. The charged
particles takes on a helical motion parallel to their velocity. The radius r can
→
−2
be expressed from equation 3.1 when set equal to m v .
r

−
−
m→
v2
m→
v
→
−
F =
→r= →
−
r
qB

(3.2)

with m as the mass of the charged particle. The mass of the particle will
effect the helical radius size. The lower the mass the larger the helical radius
is. Therefore mainly the electrons are effected by the magnetic field. So the
purpose of the magnetic field is to manipulate the electrons to increase their
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ionizing efficiency.

3.1.1

Plasma

Plasma is partly ionized gas. The injected inert gas is often Ar+ . The
required voltage for ionizing the inert gas is called breakdown voltage. The
breakdown voltage is given by Paschen’s law:
P ·L
(3.3)
log(P · L) + b
Where P is the chamber pressure, L is the electrode spacing and b a
VBV ∝

constant related to the gas used and secondary electron production form the
target collisions.

3.1.2

Direct Current And Radio Frequency Sputtering

Direct current (DC) sputtering is used for material targets that are conductive. This is when the voltage over the electrode is kept constant. DC is
favoured for its high sputtering rates. When sputtering of material targets
that are isolating Radio Frequency (RF) sputtering has to be used. Isolating materials will build up surface charge and over time extinguish the
plasma. RF sputtering uses an ac signal at radio frequency to alternate the
voltage over the electrodes. This leads to an alternating bombardment of
ions and electrons. The bombardment will neutralize the charge built up on
the surface of the target.

3.1.3

Reactive Sputtering And Sputtering Target

Reactive sputtering is a sputtering method where the target particles undergo
a reaction with reactive gases that are introduced along the inert sputtering
gas. A chemical reaction will occur and the film deposited will then be of
a different material then the target. E.g. by introducing oxygen into the
chamber, ejected particles from a copper target will then react with the oxygen and deposit an copper oxide film. The stoichiometry of the film has then
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to be optimised by parameters like partial pressure of oxygen, temperature
and etc. Deposition of oxides can also be done by using a target that is of
the material which is desired. This way one practically eliminates the time
consuming optimisation step for getting the right stoichiometry.

3.1.4

Deposition Rate And Morphology

The uniformity distribution of the film thickness follows a parabolic curve
given by the angle and the distance form the target. The distance between the
target and the substrate is short for maximum collection of ejected material.
If the target and the substrate surfaces are parallel to each other, the centre of
the substrate will have a high deposition rate which will produce a decreasing
gradient out towards the substrate edge as seen in Figure 3.2. For achieving
a uniform thick film the target is set to an angle with respect to the surface
substrate. The angle of the target utilizes the flat part of the parabolic
sputtering distribution. In combination with rotation of the substrate the
one obtains more uniform films.

Figure 3.2: (A) introduces an angle in which makes the deposition over the
substrate more uniform. (B) shows how a non-angled target, where the films
would be thickest at the origin.
The films morphology can be described by Thorntons zone model [15].
The model is dependent on the substrate temperature Ts and the melting
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temperature of the film material Tm . In zone I the films structure is made
of crystalline fibres of small diameter in the range 1-10 nanometers. The
diameters of the film fibres increases with increasing
interval 0 <

Ts
Tm

Ts
.
Tm

Zone I is in the

< 0.2 [15]. As the ratio increases one enters zone T . Zone T

is at the substrate composed of grains that have been competing for growth.
The grains that grew the fastest will have crystalline columns that span
from the substrate to the film surface. The film is then more grain like at
the substrate and more column like at the surface. Zone T is in the interval
0.2 <
0.4 <

Ts
Tm
Ts
Tm

< 0.4 [15]. The following zone is zone II and is in the region
[15]. Zone II exhibits a more homogeneous structure along the

film thickness. And is made of larger column crystals that extends all the
way from the substrate to the film surface. The surface consists of facets
depending on the favoured crystal structure of the film material. Zone III
is a structure made up of crystals randomly oriented and is often seen in the
high temperature regime, but its also governed by other undesired nucleation
or extrinsic defects. This means that zone III can occur at any temperature.
The different zones are depicted in Figure 3.3 [15].

Figure 3.3: An adaptation of Thorntons zone model [15]. The Figure shows
the different zones that occur at the temperature ratios of substrate temperature Ts and the melting temperature of film material Tm .
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3.2

X-Ray Diffraction

This section is based on the textbooks by Birkholz [16] and Leng [17]. X-ray
diffraction (XRD) uses X-rays, that are high energy photons, to determine the
structure of crystalline materials. The wave nature of photons is used to find
the inter planar distances or the structure through interference. The photon
interacts with the material in different ways and there are three scattering
possibilities. Compton scattering, where the incident x-ray scatters off an
electron and losses some energy. Photoionization, where the incident photon
gets absorbed and an electron is emitted. These two scattering possibilities
are inelastic scattering processes and feasible for diffraction measurements.
The third scattering process is called Thomson scattering. The incident x-ray
is scattered elastically so the absolute energy of the incident and scattered
photon is equal.

3.2.1

Bragg’s Law

Photons with same wavelength and direction can destructively or constructively interfere with each other, depending on their phase difference. When
x-rays scatter of crystal planes, as illustrated in Figure 3.4, the incident
photons may scatter of different lattice planes. Depending on the angle of
diffraction (θ) and the inter planar distance (dhkl ), the phase of the photos
will change. Constructive interference happens when the phase shift is exactly a multiple of the photons wave length. This condition, which is called
Bragg’s law, can be geometrically obtained and is expressed as:
2dhkl sin θ = nλ

(3.4)

Assuming that photon 1 and photon 2 diffracts of two parallel planes that
are dhkl spaced, Bragg’s law can be derived by finding the path difference
photon 1 and photon 2. The sum of path AB and BC is the path difference,
which Figure 3.4 shows. In order to keep the beams in phase the path
difference has to be equal to one or multiple of the photons wave length.
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Figure 3.4: An illustration of how x-rays diffracted from a deeper plane can
interfere with each other depending on the angle of incident and the inter
planar distance.

3.2.2

Structure Extinction

The most important aspect of scattering intensity is structure extinction.
This refers to interference of scattered x-rays from a crystal. If a unit cell
has more then one atom, the diffracted intensities from parallel planes may
become annihilated due to destructive interference. This is illustrated by
Figure 3.5. When the Bragg’s law eq. 3.4 for diffraction of plane (100) is
satisfied the basic cubic unit cell will give of a reflex and be detected. However
the (100) reflex for the body centred unit cell cannot be seen since the path
difference between ray 1 and 2 exactly half the wave length of the x-ray.
This means that x-rays diffracted of plane (100) and (200) will destructive
interfere and annul each other.
Structural extinction of the intensities from crystal planes can be calculated by the ”structure factor” F. For a unit cell with N atoms the positions
(un , vn , wn ) of the atoms and their atomic structure factor fn are known.
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Figure 3.5: Interference of scattered x-rays form different planes can cause
the them to cancel each other.
Then the structure factor Fhkl for plane (h, k, l) can be calculated by:
Fhkl =

N
X

fn exp[2πi(h ∗ un + k ∗ vn + l ∗ wn )]

(3.5)

n

3.2.3

Crystalline Size And Strain

Ideally a Bragg diffraction peak should be a line without any width. Though
in reality, the diffraction off a crystalline material will give a peak with a
certain width. The peak width is a result from a combination of instrument
error, crystalline grain size and strain in the material.
The incident X-ray beam in a diffractometer is not perfectly parallel, and
the beam will therefore include a range of incoming and outgoing angles.
One might think that this is the reason for broader peaks, but what actually
governs this is the size of the crystals in the sample. A small deviation
from the actual angle of incident will not be detected since this deviation
will destructively interfere with a parallel diffraction from a deeper lattice
plane in the crystal. However, if the crystalline size is small enough there
would not be any deep lattice planes to completely annihilate the deviating
beams. Resulting in a incomplete destructive interference which will give rise
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to broader peaks.
Changes in the lattice parameters of the crystalline structure will also
distort the intensity peak. A uniform strain will shift the peak position depending on what type of strain/stress is present in the structure. If the strain
is stretching the lattice, the peak will be shifted towards a lower diffraction
angle and to a higher angle if the lattice is compressed. Multicrystalline
materials have a random distribution of crystal orientation and have therefore nonuniform strain. Nonuniform strain will give rise to broader intensity
peaks.
The total broadening of a peak at full width half max intensity is a sum of
instrument broadening and sample broadening, and is expressed for a given
reflex as:
(βhkl−M easured )2 = (βhkl )2 + (βhkl−Instrument )2

(3.6)

Rearranged will give:
(βhkl )2 = (βhkl−M easured )2 − (βhkl−Instrument )2

(3.7)

Broadening caused by the crystalline sample as mentioned is from crystal
size and strain which are expressed by the Debye-Scherrer formula, equation
3.8, and the Rietvield strain formula, equation 3.9 [18].
D=

κλ
βSize cos θ

(3.8)

βStrain
(3.9)
4 tan θ
Equation 3.8 describes the average crystal size, where D is the diameter of
=

the average crystal size, κ is the shape factor (0.9) and λ is the wavelength of
Cu Kα radiation. Equation 3.9 derives form derivation of Bragg’s law, and
describes the average strain epsilon in the sample. By solving equation 3.8
and 3.9 for βSize and βStrain , and adding the terms together and multiplying
with cos θ will give an expression for the broadening βhkl [18].
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κλ
+ 4 sin θ
(3.10)
D
With equation 3.10 a Williamson-Hall plot can be made to find the averβhkl cos θ =

age crystalline size and strain from linear regression, where the intercept is
κλ
D

and the slope is 4 [18].

3.3

Scanning Electron Microscope

This section is based on the textbook by Yang Leng [17]. A scanning electron
microscope (SEM) has the same primary function as a light microscope,
which is to enlarge small features. The images are created by the use of
an electron beam. The electron beam is scanned over the sample surface.
The main parts of a SEM are the electron column, specimen chamber and
computer control system. The electron column is a cylindrical body that
houses the electron gun, electromagnetic lenses, scan coils, stigmator and
apertures. To avoid scattering of the electron beam, the column and the
specimen chamber is kept under vacuum. Figure 3.6 illustrates the electron
column and the specimen chamber.
The electron gun generates electrons that are accelerated by a potential difference. The electrons pass through the scanning electron microscope
system on their way to the sample. The microscope system consist of electromagnetic lenses, apertures, stigmator and scanning coils. To achieve good
resolution the electron beam has to be focused with a diameter on the nanoscale, which is the electromagnetic lenses function. The current running
through the coils in the electromagnetic lens create a magnetic field that
induce a force in the electrons. The magnetic force is given as:
F = BeV sin θ

(3.11)

where B is the magnetic field strength, θ is the angle between the magnetic
field and the velocity, and e is the electron charge. Interaction between the
electrons and the magnetic field deflects the electrons towards the centre of
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the lens. Electrons that deviate away from the centre have a larger angle
and will therefore experience a the stronger force, thus focusing the electron
beam.

Figure 3.6: A simplified SEM setup showing primarily the electron column
and the specimen chamber.
The aperture is used to control the amount of the electron beam it lets
through. Mainly its used to filter out the most deviating electrons for better
resolution and decrease irregularities in the beam. The lenses are not perfect and the stigmator corrects the imperfections caused by e.g. asymmetry
in coil winding or other irregularities and is located in the objective lens.
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These irregularities give rise to a defect known as astigmatism. Astigmatism
introduces an oval-shape distortion of the electron beam. If not corrected a
focused image will appear blurry. The stigmator use magnetic field at 90◦
relative to the distortion to counteract the astigmatism, which is illustrated
in Figure 3.7.

Figure 3.7: The magnetic field caused by the four wires is controlled by the
current flowing through the wires. By adjusting the current in the wires the
astigmatism can be removed.
There are two main lenses, the condenser lens and the objective lens.
The condenser lens is located after the electron gun and its function is to
focus the electron beam. Most SEMs have two or three condensers follow by
the objective lens. The objective lens function does not resemble a general
objective lens that magnifies the image but rather focusing the electron beam
like a condenser. The objective lens focuses the beam to give its final size
that is on the nanoscale. The objective lens houses also the beam scanning
system and it consists of electromagnetic coils that deflects the beam in a
raster scanning motion.
The combination of apertures and lenses limits the diverging electrons
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and creates an electron probe where the magnification is dependent on the
area of the scanning electron probe and the resolution the diameter of the
probe.

3.3.1

Electron-Sample interaction

When the electrons form the electron probe strike the sample surface, they
scatter and change trajectory after surface penetration. The interaction
between electrons and the sample happens within a droplet shaped volume.
The depth of the interaction volume is dependent on the incident electron
energy and the elements in the sample. The depth has been estimated to
be dependent on the acceleration voltage of the probe electrons E0 , the minimum energy required for producing x-rays from the sample Ex , and the mass
density of the sample ρ.
Depth =

0.064(E0 − Ex )
ρ

(3.12)

The secondary electrons (SE) are from inelastic scattering and have a
relatively low energy level. Therefore the SEs have a short travelling length
and can only escape if they are close to the surface. Backscattered electrons
(BSE) however are from elastic interaction with the sample and have a higher
energy level, which mean that they are able to escape from deeper within
the sample. A part from SEs and BSEs, the characteristic x-rays are also
produced in the interaction volume. The emitted characteristic x-rays from
atoms in the sample can be used to identify elements by analysing their
energy level.
The electron signals are detected and from each pixel from the raster is
used to generate a pixel in the image. The detector is covered with a Faraday
cage. The Faraday cage is used to filter out the electrons. The SEs travel
towards the detector because of potential that is applied to the Faraday cage.
Since the SEs have relatively low energy they can be filtered out by having a
repulsive potential applied to the Faraday cage. The Faraday will not effect
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the BSEs since they have higher energy and will travel faster. This gives
the BSEs a shorter time frame to be effected by the force from the potential
that is applied to the Faraday cage. This gives the user possibility to have
selection over the electron signals. With a positive potential the SEs are
drawn in to the detector and analysed to create a topographical contrast
image. Negative potential will screen the SEs out and only the BSEs will be
detected. This is used to create a composition contrast image.

3.3.2

Energy-Dispersive X-ray Spectroscopy

There are two types of X-rays that are made by the electron probe and
sample interaction, Characteristic X-rays and Bremsstrahlung X-rays (BXray). BX-rays are produced by the deceleration of the electrons in the probe
by the electric field from the nuclei of the atoms in the sample. The electrons
from the probe lose energy due to inelastic scattering. Some of the energy
lost is converted to X-rays, which is the Bremsstrahlung X-rays. The characteristic X-rays are created by ionization of electrons in the inner shells of an
atom. The atom will fill the electron vacancies and emit X-ray photons. The
innermost shell is known as K and is followed by L, M, N, O, P and Q shells.
The characteristic X-rays energies is determined by the electron transition
between the shells. The spectrum made will show a background signal with
characteristic X-rays peak superimposed.

3.4

Rutherford Backscattering Spectroscopy

This section is based on chapter 11 written by Leopold Palmetshofer from
the textbook Surface and Thin Film Analysis [19]. Rutherford backscattering
spectroscopy (RBS) is an ion scattering method for analysis of stoichiometry,
thickness and depth profiles of materials. A beam of monoenergetic ions,
usually H + or He+ with energies 0.5 to 2.5 MeV, is focused on a sample
or a target, and the backscattered ions are analyzed. This is illustrated by
Figure 3.8. For the backscattered collisions, the energy is transferred from
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the incident ion to the stationary target atom. The energy ratio before the
collision and after the collision can be expressed as:
E1
=K=
E0

1

(M22 − M12 sin2 θ) 2 + M1 cos θ
M2 + M1

!2
(3.13)

E0 is the energy of the ion prior to the collision and E1 is the energy of
the backscattered ion. The energy ratio is called the kinetic factor K which
is dependent on the mass of the ion M1 , the mass of the target atom M2 and
the incident angle θ. Heavier target atoms have a higher kinetic factor K
due to higher backscattered energy. The difference in kinetic factor between
elements will give an energy spectrum which will have peaks depending on
the energy of the backscattered ions. The intensity of the peaks determines
the composition of the target. The ion beam travelling through the surface
will get a distribution of energies when they back-scatter. The distribution
is dependent on distance travelled by the ions. The longer the distance the
more the ions are exposed to electronic energy losses. This contributes to
giving the energy peaks in the spectra a width. The peak width together
with the scattering angle can then be used for determining the thickness of a
film. Two elements with similar mass can be hard to distinguish in a spectra.
By using a larger angle so the path travelled by the ions is shorter the peak
widths in the spectra are shorted and a higher spectra resolution is achieved.
In a single crystal, there is a possibility for the incident ions to travel
through channels in the structure. At specific orientations the ion beam
will penetrate deeply by travelling along the channels. Channeled ions can
not get close enough to the target atoms in the structure for them to be
backscattered, and this is seen as a reduction in scattering yield. The effect
is known as channelling (RBS-C) and is used to determine the crystal quality
of the target.
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Figure 3.8: A simplified RBS setup.

3.5

UV-VIS

This section is largely based on article [20] by P. Makula, M. Pacia and W.
Macyk. The optical band gap energy of a semiconductor can be determined
by transmission measurements. Light, with varying wavelength, is passed
through the sample and the transmitted light is measured as a fraction of
the incident light, which is related to the absorbance A. The function that
describes the transmission is expressed as;
IT
= 10−A = 10−dα
(3.14)
I0
where IT is the transmitted light intensity, I0 is the incident light intensity,
T =

d is the thickness of the film/sample, and α is the absorption coefficient. The
Tauc method is based on the assumption that the absorption coefficient α
can be expressed by the following equation;
(αhν)1/γ = B(hν − Eg )

(3.15)

The h is the Planck constant, ν is the frequency of the incident light and
B is a constant. The γ factor is dependent on the electron transition and is
1/2 for a direct band gap transition and 2 for a indirect band gap transition.
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By using equation 3.14 to find the absorption coefficient α, the Tauc method
can then extract the optical band gap of the sample. The extraction of the
optical band gap is done by plotting (αhν)1/γ vs. hν, and extrapolate the
linear region of the graph to the x-axis. The intersection point between the
extrapolated line and the x-axis is the approximated optical band gap of the
sample. Figure 3.9 illustrates the extrapolation and the intersection point
on the x- axis.

Figure 3.9: The dotted red line intersects the x-axis to find an approximated
band gap of the material. The dotted red line is extrapolated from the most
linear region of the graph.
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Chapter 4

Experimental Details

4.1

Experimental Procedure

Sample Preparation
Power Series
Wafers of silicon with high and low resistivity both p- and n-type, along with
quartz and C-axis oriented sapphire, were cut into 1x1cm2 sized samples. The
silicon and quartz samples then underwent a RCA cleaning process before
being stored individually in aluminium foil packed in a ziplock bag. The
sapphire samples were cleaned in isopropanol for 2 minutes and then rinsed in
DI water for 5 minutes. The sapphire samples were then annealed at 1150◦ C
in a flow of oxygen for 1 hour. Then the samples were stored individually in
aluminium foil in a ziplock bag.

Epitaxy Batch
For the epitaxy batch wafers of sapphire with axis orientation A, C, M, and
R, were cut into 1x1cm2 . These underwent the same cleaning process as the
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C-axis oriented sapphire sample in the power series. They were cleaned and
rinsed in isopropanol and DI water for 2 minutes and 5 minutes respectively,
before annealing at 1150◦ C for 1 hour. MgO samples of 1x1cm2 were cut
into 0.5x1cm2 samples and cleaned in acetone and isopropanol for 2 minutes
each before a 5 minute rinse in DI water. The cleaning of the MgO samples
were done right before the sputtering deposition.

Procedure
The only deposition parameter that was changed was the power applied for
the power series batch and temperature for the epitaxy batch. In total six
substrates were loaded into the chamber, four silicon, one quartz and one
sapphire sample. Deposition began only when the base pressure of the chamber was less then 2.0x10−6 Torr and the argon gas flow was set to 50 sccm
(standard cubic centimetres per minute). Sputtering began when the pressure had stabilised after some time of presputtering. Then the deposition
began. Table 4.1 shows the parameters and the deposition time for all the
depositions. B1 and B2 stand for batch 1 and batch 2. Batch 1 began with
presputtering at 75 W the power was increased every 5 minutes with steps of
25 W, 15 W and 10 W reaching 125 W. Batch 2 had a longer presputtering
time and which began at 50 W with increasing steps of 25 W, 15 W, 10 W,
10 W and 15 W to reach 125 W. The other depositions did not have increasing steps of power in the presputtering process, but rather began at the
desired deposition power. When deposition was finished for the power series,
the chamber was vented before the samples had time to cool down. For the
epitaxy batch the samples were allowed to cool down to under 100◦ C before
ventilation of the chamber. The samples were then all packed in aluminium
foil and stored in ziplock bags. Note that after the 100 W power series deposition the target and its backing plate had burn marks and they separated
themselves. The backing plate and the target material was fixed by gluing
them together using a conducting epoxy. The depositions that followed did
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not counter any further complications.
Table 4.1: Parameters and deposition time for the power series and the
epitaxy batch. B1 and B2 indicate batch 1 and batch 2 respectively.

Batch

Power
(Watt)

Argon

Base

Flow

Pressure

(Sccm)

(Torr)

Temperature

Time

(Celsius)

(Min)

Power Series
Cu2 O25

25

50

1.6x10ˆ{-6}

400

120

Cu2 O50

50

50

5.1x10ˆ{-7}

400

120

Cu2 O75

75

50

2.7x10ˆ{-7}

400

90

Cu2 O100

100

50

3.0x10ˆ{-7}

400

120

Cu2 O125B1

125

50

2.4x10ˆ{-7}

400

50

Cu2 O125B2

125

50

3.7x10ˆ{-7}

400

40

Epitaxy Batch
Cu2 O100Epi1

100

50

3.8x10ˆ{-7}

400

35

Cu2 O100Epi2

100

50

1.7x10ˆ{-7}

600

30

4.2

Equipment

Magnetron Sputtering
The films were made with a Semicore Tri-Axis multi source sputtering system. The depositions were all made with RF sputtering mode with a 3 inch
Cu2 O target. The target used was of 99.99% pure Cu2 O and was ordered
from Super Conductor Materials, Inc.. The target substrate angle was ∼ 20◦
and the distance between the target and the substrate holder was ∼ 10cm.
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XRD
A Bruker AXS D8 Discover was used for XRD measurements with the Cu
X-ray source. Cu has characteristic X-rays with wavelengths 1.5406 Å and
1.5444 Å, kα1 and kα2 respectively.

SEM
JSM-IT300 scanning electron microscope from JOEL was used for producing
the EDS results and the SEM pictures. A tungsten filament was used in the
analysis.

RBS
The RBS system at UiO MiNaLab is custom made and is based on 1 MeV
NEC Tandem accelerator, which is a electrostatic ion accelerator. The RBS
system can detect elements from Boron to Uranium. The detection limit is
dependent on the combination of elements in the sample.

UV-Vis
For the UV-Vis measurement a Shimadzu SolidSpec-3700 DUV spectrophotometer was used. The apparatus has a wavelength scan of 175 to 2600 nm,
although a narrower scan, 290 to 1000 nm, was used to analyse the samples.
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Chapter 5

Results and Discussion
The results will be presented in two parts; results on the power series and
results on the epitaxy batch. The discussion is also divided in two, and will
subsequently follow their respective results. The investigation done on the
Cu2 O25 deposition was not as extensive as the other deposited films. This
is due to that the Cu2 O25 batch showed early the films on the sample was
undetectable, and therefore disqualified its self from most of the experiments.

5.1
5.1.1

Growth of Phase-Pure Cu2O
XRD & Crystallite Size

XRD measurements was used to analyse the phase(s) in the deposited films
and the crystallite size of the grains in the films. The data are acquired with
2θ scan with angles form 10◦ to 100◦ , but data have been presented so that
the spectra contains the strongest peaks. The XRD spectra were compared
with signals for the phases Cu2 O, CuO and Cu. The reference signals to
identify the phases in the spectra are from The International Centre for Diffraction Data (ICDD).
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In the following XRD spectra vertical doted lines marks the theoretically
strongest peaks for Cu2 O (red), CuO (green) and Cu (blue). Figure 5.1a, 5.1b
and 5.1c are spectra of the deposited films on quartz, sapphire (C-axis) and
silicon in that order. In the quartz spectra the strongest signal that emerges
out is the (111) reflex for Cu2 O, except for the Cu2 O75 batch where the (200)
reflex is strongest. The samples deposited at 50 W and 75 W seems to have
a small a signal at (111) and the (200) for CuO, which are more visible in the
sapphire spectra. This indicate that both phases Cu2 O and CuO are present.
The copper signal only appear in the sapphire spectra for the Cu2 O25 and
the Cu2 O50 batch. Just as the quartz the dominating peaks for the silicon
samples is the Cu2 O (111) reflex, with the same exception where the Cu2 O
(200) reflex is strongest for the Cu2 O75 batch. The looks to be that the
50 and Cu2 O75 films consists of a mixture of Cu2 O and CuO, where as the
Cu2 O50 might also contain Cu phase. The higher power depositions, at 100
W and 125 W, seems to be of better quality and pure Cu2 O. Their difference
in signal strength is due to the thickness of the films. The Cu2 O100 had the
most deposition time and will therefore give larger signals.

(a) XRD spectra of the quartz samples.
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(b) XRD spectra of the C-axis sapphire samples.

(c) XRD spectra of the silicon samples.

Figure 5.1: XRD spectra of the power series. Where the lowest graph is
the substrate and the following graphs are aligned after their deposition
power. The vertical doted lines indicate the different signals expected from
the phases Cu2 O, CuO and Cu.
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From the XRD spectra the crystallite size in the films made on sapphire were calculated and is listed in table 5.1. A trend emerges where the
crystallite size decreases with increasing sputtering power. Statistically the
Cu2 O100 sample is the most accurate, because the calculation of crystallite
size is highly dependent on the amount of signals used. Since the Cu2 O100
sample had the most signals and strongest signals its also the most accurate
result.
Table 5.1: The table lists the calculated crystallite size in the deposited films.
B1 and B2 stands for batch 1 and batch 2 respectively.
Power Series (Sapphire Samples)

5.1.2

Batch

Size (Nanometer)

Cu2 O50

∼ 11.3

Cu2 O75

∼8

Cu2 O100

5.6

Cu2 O125B1

∼ 3.7

Cu2 O125B2

∼5

SEM & EDS

Cross section pictures of the films show their Thorntons zone and the structure quality through out the film. Figure 5.2 shows the cross section figure
of the deposited films on the silicon samples. As can be seen in figure 5.2a
their is no visible film that has been deposited on the Cu2 O25 sample. This
means Cu2 O25 deposition power is not enough do induce ejecting of sputtering material from the target in the magnetron sputter. The Cu2 O50 films,
figure 5.2b, has a film matrix made of densely packed fibrous grains and larger crystal grains. This mixture of grain structure might derive from having
different phases present in the film. Figure 5.2c is the Cu2 O75 film, and is the
most densely compact film. The film appear uniform and flat surface, and
can be placed in Zone T in the Thorntons zone model. The Cu2 O100 film,
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shown in figure 5.2d, is much thicker and is structurally very much like the
Cu2 O75 film. The main difference is the that the grains in the Cu2 O100 film
are column like, which corresponds to Zone 2 in the Thorntons zone model,
and that the surface is more rough. The Cu2 O125B1 and Cu2 O125B2 films
are very like each other, seen in figure 5.2e and 5.2f. They both have a dense
part located in the deeper part of the film and larger grains/columns rising
up more towards the surface.

50

(a) Cu2 O25

(b) Cu2 O50

(c) Cu2 O75

(d) Cu2 O100

(e) Cu2 O125B1

(f) Cu2 O125B2

Figure 5.2: Cross section SEM images of films deposited on n-type silicon
substrates (orientation (100), resistivity 1-10 Ωcm). The sample notations
are given in the bottom of each picture.
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Cross Section EDS
A cross section EDS was preformed to extract the composition of the film.
EDS is not precise method of characterization of elements so the results
are not as accurate as one would want, but it gives an indication of what
to expect. Figure 5.3 shows the atomic percentage of silicon, copper and
oxygen along the cross section of the film. Figure 5.3a shows the EDS of
the Cu2 O25 silicon sample. As the corresponding cross section picture 5.2a
indicated, that evidently there is no film on the sample. The end of the graph
is dominated by noise/irregularities, and there is no clear transition between
the supposed film and substrate. Figure 5.3b to 5.3f shows a clear transition
between the substrate and the deposited film. The Cu2 O50 sample, seen in
figure 5.3b, has a ration of copper to oxygen that is in the vicinity of 2 to
1, which is the optimal. Sample Cu2 O75 has an increase in copper content
as one moves from the substrate towards the surface, which is seen in figure
5.3c. This might be indicating a phase transition. The Cu2 O100 sample
is the thickest sample and it has sharp transitions at both the substratefilm interface and the film the surface. The ratio of copper to oxygen is
constant. The Cu2 O125B1 and Cu2 O125B2 has both clear transition and a
steady copper to oxygen ration. The noise towards the surface might have
a correlation with the surface roughness is seen in the SEM figures 5.2e and
5.2f.
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(a) Cu2 O25

(b) Cu2 O50

(c) Cu2 O75

(d) Cu2 O100

(e) Cu2 O125B1

(f) Cu2 O125B2

Figure 5.3: Cross section EDS of the films n-type silicon substrates (orientation (100), resistivity 1-10 Ωcm), that shows how the atomic percentage of
silicon, copper and oxygen changes through the sample and film.
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Table 5.2 shows the films thickness which are measured with cross section
SEM. The thickness is dependent on the sputtering power and sputtering
time. A higher sputtering power will have a higher deposition rate.
Table 5.2: Thickness of the power series films measured by SEM and their
deposition rates.
Batch

Thickness (nm)

Deposition Rate (nm/min)

Cu2 O25

—

—

Cu2 O50

∼630

∼5.3

Cu2 O75

∼600

∼6.7

Cu2 O100

∼850

∼7.1

Cu2 O125B1

∼670

∼13

Cu2 O125B2

∼550

∼13

EDS Mapping
The surface EDS result for the silicon samples are listed in table 5.3. The
EDS for Cu2 O50 indicates that the film is too oxygen rich (or copper poor)
to be pure Cu2 O. Where as Cu2 O75 and Cu2 O100 has the desired ration of
2 copper to 1 oxygen. The films from batch Cu2 O125B1 and Cu2 O125B2
indicate that they contain more copper compared to the optimal ratio. The
trend looks to be that with increasing deposition power the ratio of copper
to oxygen is rising.
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Table 5.3: Table listing the copper and oxygen content. The Cu2 O25 batch
did not produce a film and therefore is not included.
EDS for Power Series Films
Batch

Copper Content (atom%)

Oxygen Content (atom%)

Cu2 O25

—

—

Cu2 O50

57

43

Cu2 O75

66

34

Cu2 O100

66

34

Cu2 O125B1

71

29

Cu2 O125B2

72

28

A mapping of the films was also made to analyse the matrix of the film,
as figures 5.4 to 5.8 shows. The distribution of the copper, oxygen and silicon
can give an indication of homogeneity of the films. Over all the films appear
uniform and there are no local concentration clusters of copper or oxygen. In
figure 5.4c there are some clear circular spots that probably originate from
the larger crystals that can be seen in the cross section picture 5.3b. For the
Cu2 O125B1 mapping of silicon, figure 5.7c, a higher concentration of silicon
is present in the right side of the mapping. This is a silicon particle that
most likely came from the breaking of the sample in preparations for cross
section EDS.
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(a) Cu

(b) O

(c) Si

(d) Cu, O and Si

Figure 5.4: EDS mapping of Cu, O and Si for the film Cu2 O50 on n-type
silicon substrate (orientation (100), resistivity 1-10 Ωcm).
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(a) Cu

(b) O

(c) Si

(d) Cu, O and Si

Figure 5.5: EDS mapping of Cu, O and Si for the film Cu2 O75 on n-type
silicon substrate (orientation (100), resistivity 1-10 Ωcm).
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(a) Cu

(b) O

(c) Si

(d) Cu, O and Si

Figure 5.6: EDS mapping of Cu, O and Si for the film Cu2 O100 on n-type
silicon substrate (orientation (100), resistivity 1-10 Ωcm).
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(a) Cu

(b) O

(c) Si

(d) Cu, O and Si

Figure 5.7: EDS mapping of Cu, O and Si for the film Cu2 O125B1 on n-type
silicon substrate (orientation (100), resistivity 1-10 Ωcm).
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(a) Cu

(b) O

(c) Si

(d) Cu, O and Si

Figure 5.8: EDS mapping of Cu, O and Si for the film Cu2 O125B2 on n-type
silicon substrate (orientation (100), resistivity 1-10 Ωcm).

5.1.3

RBS

With RBS a more accurate analysis of atomic composition in the films can
be achieved. The experimental data was then simulated with stopping power
”ZB+KKK 5% correction”, to obtain the results. ZB is a stopping power
model made by J.F.Ziegler and J.M.Manoyan [21], and the KKK is an improved version made by G.Konaca, S.Kalbitzera, Ch.Klatta, D.Niemannb
and R.Stollc [22]. The measurement and the simulations were done by Dr.
Alexander Azarov. Table 5.4 lists the content of copper and oxygen in the
films. The samples used to obtain the results are the sapphire C-axis samples.
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They were chosen instead of the silicon samples due to a speculation of epitaxy growth on sapphire. A very interesting feature is seen in the Cu2 O50
sample and Cu2 O75 sample, which is that there are two copper oxide phases
present in the films. The Cu2 O50 film has CuO phase close to the surface
and a Cu2 O phase deeper in the film. This can be seen in figure 5.9a as a step
in the experimental yield at channel number ∼375 The Cu2 O75 is similar to
the Cu2 O50 film as it has two phases, but the difference is that the Cu2 O75
film has Cu2 O closer towards the surface and CuO deeper in the film. This
is seen in figure 5.9b as a step and occurs at channel number ∼350. Film
Cu2 O75, Cu2 O100 and Cu2 O125B1 looks to have a sharp transition while the
Cu2 O50 and Cu2 O125B2 films have a more rugged transition, which might
indicate a rough surface. This appears to be correlated with the considerable
surface roughness observed by SEM figure 5.3f.
Table 5.4: Element composition in the deposited films. The substrate used
in the RBS measurements are the sapphire C-axis samples.
Composition from RBS simulations
Batch

Copper Content (atom%)

Oxygen Content (atom%)

Cu2 O25

—

—

Cu2 O50

50(top) / 60(bottom)

50(top) / 40(bottom)

Cu2 O75

63(top) / 52(bottom)

37(top) / 48(bottom)

Cu2 O100

66

34

Cu2 125B1

66

34

Cu2 125B2

64

36
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(a) Cu2 O50

(b) Cu2 O75

62

(c) Cu2 O100

(d) Cu2 O125B1

63

(e) Cu2 O125B2

Figure 5.9: RBS spectra for samples Cu2 O50(a), Cu2 O75(b), Cu2 O100(c),
Cu2 O125B1(d) and Cu2 O125B2(e) on C-plane sapphire.

5.1.4

Discussion

The main reason for the power series was to find the optimal power for fabrication of the Cu2 O films. The XRD scans shows clearly that the batches
Cu2 O25, Cu2 O50 and Cu2 O75 did not have pure Cu2 O films. Batch Cu2 O50
and Cu2 O75 where containing multiple phases of copper oxide, where as the
Cu2 O25 batch did not manage to produce a well defined film. Pure Cu2 O
films was produced first at sputtering power 100 W and above. Taking the
FWHM and extracting the crystallite size of the films a trend emerges. The
average size of the crystals decreases with increasing sputtering power. This
can be seen in the cross section SEM pictures, where the Cu2 O50 has a mixture of larger grains and column like crystals and the Cu2 O100 has smaller
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column like crystals. The precision of the data is dependent on the among of
signals used to extract the average size, and their signal strength. Another
important thing to consider is that the trend is possibly related to matrix of
the film. A mixture of multiple phases will affect the crystal size.
Surface EDS analysis of the films show that batch Cu2 O75 and Cu2 O100
has a ratio of copper to oxygen that correspond to the Cu2 O phase. From
the XRD it is known that batch Cu2 O75 is not pure Cu2 O thus the signal
must have come from Cu2 O rich area. The surface EDS of Cu2 O125B1 and
Cu2 O125B2 gave a ratio with higher copper content then the optimal ratio,
where as Cu2 O50 was under the optimal ratio. Over all the films look homogeneous from the surface.
The batches Cu2 O50 and Cu2 O75 both contain CuO and Cu2 O, where
RBS shows that CuO phase is on Cu2 O phase for the Cu2 O50 batch and
Cu2 O phase is on CuO phase for the Cu2 O75 batch. A question arises about
the nature of how layered phases occurred. The films were not cooled down
to room temperature before being the deposition chamber was evacuated
with nitrogen, and then exposed to oxygen. This premature exposure while
the samples still were warm might have reacted to the oxygen in the air and
created a layer of CuO on the surface of the films. This can only explain the
Cu2 O50 films layered structure and not the structure in the Cu2 O75 batch,
nor the other depositions since no CuO phase was found in the films when
they all had the same treatment. An explanation to the structure for the
Cu2 O75 batch is that lower power depositions produce films with less copper
due to energy needed to eject and adhere the target material. As the target
heated up the target material acquired more energy for ejection and adhesion to the substrate. Although this is very unlikely since the presputtering
step should stabilise indirect parameters. The most likely explanation to the
unforeseen layered structures is because of target complications. How it interfered is difficult to establish.
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The optimal sputtering power is around the 100 W mark since its the
point were the films produced are of pure Cu2 O. The higher power depositions
at 125 W did also produce pure Cu2 O films according to the XRD and RBS,
but the surface EDS indicated higher copper content then desired. The
film quality was not as good as the 100 W deposition, therefore the 100 W
deposition power was used for attempting of epitaxial growth.
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5.2
5.2.1

Attempts for Epitaxial Growth
XRD & Crystallite Size

XRD measurements was used to obtain the phase(s) in the deposited films
and the crystallite size of the grains in the films. The data are acquired with
2θ scan with angles form 10◦ to 100◦ , but the data have been presented so
that the spectra contain the strongest peaks. The XRD spectra were compared with signals for the phases Cu2 O, CuO and Cu. The reference signals
to identify the phases in the spectra are from The International Centre for
Diffraction Data (ICDD).
In the following XRD spectra vertical doted lines marks the theoretically strongest peaks for Cu2 O (red), CuO (green) and Cu (blue). Figure
5.10a to 5.10f are spectra of films deposited on different substrates from the
Cu2 O100Epi1 and Cu2 O100Epi2 batch. Figure 5.10a for A-plane sapphire
shows two strong signal, which corresponds to signals from Cu2 O (110) and
Cu2 O (220), for the film deposited at 600◦ Celsius. This is not the case
for the film deposited at 400◦ Celsius, that has a signal Cu2 O (200). The
C-plane sapphire spectra, figure 5.10b shows that the 600◦ deposition has
three distinct signals. The signals correspond to Cu2 O (110), Cu2 O (111)
and Cu2 O (220). In contrary the 400◦ has only one distinct signal, which
is the Cu2 O (111) signal. The film deposited on the M-plane sapphire at
400◦ and 600◦ are equal with one signal that corresponds to the Cu2 O (111).
There is also a small indication of a signal that belongs to the Cu (111)
for both batches. The R-plane sapphire spectra shows two strong signals
for the Cu2 O100Epi2 which are the Cu2 O (110) and Cu2 O (220) reflexes.
Cu2 O100Epi1 has small signal at Cu2 O (111) and a much stronger signal at
Cu2 O (200). The MgO(100) substrate has small signals at the Cu2 O (110),
Cu2 O (111) and Cu2 O (220). The signals are stronger for the Cu2 O100Epi2
batch. Their is an indication of broadening of the signal from the substrate

67

that might come from the Cu2 O (200) reflex. This can be seen in figure 5.10e.
The last substrate MgO(111)’s spectra, seen in figure 5.10f, has no distinct
signals, just small indications at the Cu2 O (200) reflex and Cu (111) reflex.
Like the MgO(100) sample there is a broadening of the substrate signal that
might be caused by the Cu2 O (111) reflex.

(a) A-plane sapphire

(b) C-plane sapphire
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(c) M-plane sapphire

(d) R-plane sapphire
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(e) MgO(100)

(f) MgO(111)

Figure 5.10: XRD spectra for the films Cu2 O100Epi1 and Cu2 O100Epi2
deposited on A-plane sapphire(a), C-plane sapphire(b), M-plane sapphire(c),
R-plane sapphire(d), MgO(100) and MgO(111). The vertical doted lines
indicate the different signals expected from the phases Cu2 O, CuO and Cu.
From the XRD-spectra the crystallite size can be calculated. For some
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substrates the the calculations will not be possible due to that the spectra
lacked signals strong enough to extract the FWHM (full width at half max)
values. Table 5.5 lists the calculated average crystallite size for the different
substrates in the epitaxy batches. The crystallite size increased for the Aand R-plane sapphire substrate with the increase in temperature. This is
also true for the M-plane sapphire, but the increase is not as significant. The
C-plane sapphire had the opposite shift with the increase in temperature.
Table 5.5: Crystallite size for the Cu2 O100Epi1 and Cu2 O100Epi2 batches.
The Cu2 O100Epi2 A- and R-plane samples have the most accurate calculations, due to having two strong sharp signals.
Crystaline Size Epitaxy Batch
Sample

Size (Nanometer)

Cu2 O100Epi1
MgO(100)

—

MgO(111)

—

A-Al2 O3

∼ 0.9

C-Al2 O3

∼9

M-Al2 O3

∼9

R-Al2 O3

∼ 1.3

Cu2 O100Epi2
MgO(100)

∼6

MgO(111)

—

A-Al2 O3

8.3

C-Al2 O3

∼7

M-Al2 O3

∼ 14

R-Al2 O3

8.9
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5.2.2

SEM & EDS

The surface EDS result for the Cu2 O100Epi1 and Cu2 O100Epi2 batches is
listed in table 5.6. The copper and oxygen content is not at the optimal
ratio. This is the case in both Cu2 O100Epi1 and Cu2 O100Epi2.
A mapping of the films was made to look at the matrix/distribution
of element in the film. The figure 5.11 show the distribution of copper,
oxygen and aluminium (or magnesium for the appropriate samples) for the
Cu2 O100Epi1 deposition. The mapping shows that the films are more or
less homogeneous. Figure 5.11e shows some areas with higher concentration
of magnesium. These areas where deliberately included in the mapping to
see the difference between a scratched surface and the deposited film. The
scratch probably occurred at some point in handling the sample, and was
not intended.

72

Table 5.6: Composition of the films in batch Cu2 O100Epi1 and Cu2 O100Epi2
given by the EDS and thickness of the films measured by SEM.
EDS for Epitaxy Batch
Sample

Copper Content (atom%)

Oxygen Content (atom%)

Cu2 O100Epi1

Thickness ∼400 nanometer

MgO(100)

74

26

MgO(111)

74

26

A-Al2 O3

75

25

C-Al2 O3

75

25

M-Al2 O3

75

25

R-Al2 O3

74

26
Thickness ∼400 nanometer

Cu2 O100Epi2
MgO(100)

72

28

MgO(111)

73

27

A-Al2 O3

73

27

C-Al2 O3

73

27

M-Al2 O3

75

25

R-Al2 O3

74

26

73

(a) Copper, oxygen and aluminium on

(b) Copper, oxygen and aluminium on

A-plane sapphire.

C-plane sapphire.

(c) Copper, oxygen and aluminium on

(d) Copper, oxygen and aluminium on

M-plane sapphire.

R-plane sapphire.

(e) Copper, oxygen and magnesium on

(f) Copper, oxygen and magnesium on

MgO(100).

MgO(111).

Figure 5.11: Mapping of different elements for the Cu2 O100Epi1 batch.
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Mapping of element for batch Cu2 O100Epi2 can be seen in figure 5.12.
The films seems also to be homogeneous like the Cu2 O100Epi1 films. Figure
5.12a has concentration of aluminium in the top left corner. The spot is
caused by a surface scratch that exposes the sapphire substrate under. The
MgO(100) sample looks to have a thinner film since more of the magnesium
is visible, but this is not the case. The lower resolution the mapping was
done with causes more overlap between the copper, oxygen and magnesium.
So the element that is plotted last makes a stronger impact on the mapping.
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(a) Copper, oxygen and aluminium on

(b) Copper, oxygen and aluminium on

A-plane sapphire.

C-plane sapphire.

(c) Copper, oxygen and aluminium on

(d) Copper, oxygen and aluminium on

M-plane sapphire.

R-plane sapphire.

(e) Copper, oxygen and magnesium on

(f) Copper, oxygen and magnesium on

MgO(100).

MgO(111).

Figure 5.12: Mapping of different element for the Cu2 O100Epi2 batch.
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5.2.3

RBS

The crystallite quality and atomic composition was investigated with RBS.
The experimental data was then simulated with stopping power ”ZB+KKK
5% correction”, to obtain the results. ZB is a stopping power model made
by J.F.Ziegler and J.M.Manoyan [21], and the KKK is an improved version
made by G.Konaca, S.Kalbitzera, Ch.Klatta, D.Niemannb and R.Stollc [22].
The measurements and the simulations was done by Dr. Alexander Azarov.
Table 5.7 shows the composition of the film in atomic percentage given by
simulation of the data from the measurements. The films in the Cu2 O100Epi1
batch are all coherent with the almost the same copper to oxygen ratio. This
is also true for the Cu2 O100Epi2 batch with an exception of the M-plane
sapphire substrate, which has a slightly higher copper to oxygen ratio.
Figures 5.13a to 5.14f show the RBS graphs for batch Cu2 O100Epi1. All
the samples have a sharp interface which can be seen around channel number
∼320. The R-plane sapphire sample has the best interface, this can be seen
in figure 5.13d which has the sharpest slope.
Figures 5.14a to 5.14f shows the RBS graphs for batch Cu2 O100Epi2.
There is a distinct difference between the MgO samples and the sapphire
samples. In the sapphire figures, 5.14a to 5.14d, there is a change in the
slope at channel number ∼320. This slope change occurs only for the sapphire samples. Further more the evidence did unfortunately not show any
indication of epitaxial growth in any of the films.
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Table 5.7: Element composition in the deposited films of batch Cu2 O100Epi1
and Cu2 O100Epi2.
Composition from RBS simulations
Sample

Copper Content (atom%)

Oxygen Content (atom%)

Cu2 O100Epi1
A-Al2 O3

65

35

C-Al2 O3

64

36

M-Al2 O3

65

35

R-Al2 O3

68

32

MgO(100)

63

37

MgO(111)

62

38

Cu2 O100Epi2
A-Al2 O3

65

35

C-Al2 O3

65

35

M-Al2 O3

70

30

R-Al2 O3

68

32

MgO(100)

63

37

MgO(111)

63

37
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(a) A-plane sapphire Cu2 O100Epi1 sample.

(b) C-plane sapphire Cu2 O100Epi1 sample.
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(c) M-plane sapphire Cu2 O100Epi1 sample.

(d) R-plane sapphire Cu2 O100Epi1 sample.
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(e) MgO(100) Cu2 O100Epi1 sample.

(f) MgO(111) Cu2 O100Epi1 sample.

Figure 5.13: RBS spectra of the films deposited on A-plane sapphire(a), Cplane sapphire(b), M-plane sapphire(c), R-plane sapphire(d), MgO(100) and
MgO(111) in the Cu2 O100Epi1 batch.
81

(a) A-plane sapphire Cu2 O100Epi2 sample.

(b) C-plane sapphire Cu2 O100Epi2 sample.
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(c) M-plane sapphire Cu2 O100Epi2 sample.

(d) R-plane sapphire Cu2 O100Epi2 sample.
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(e) MgO(100) Cu2 O100Epi2 sample.

(f) MgO(111) Cu2 O100Epi2 sample.

Figure 5.14: RBS spectra of the films deposited on A-plane sapphire(a), Cplane sapphire(b), M-plane sapphire(c), R-plane sapphire(d), MgO(100) and
MgO(111) in the Cu2 O100Epi2 batch.
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5.2.4

UV-Vis

Figure 5.15 show the Tauc-plot made from the quartz samples from each
batch. The intersection with the x-axis gives an estimation of the films band
gap. Table 5.8 lists the band gap for the batches made. Cu2 O has a band
gap of 2.1 eV but all the samples have given a band gap that is larger.

Figure 5.15: Tauc-plot of the deposited films made on quarts substrate.
Table 5.8: Band gaps given by the Tauc-plot for the given films made on
quartz.
Batch

Bandgap (eV)

Cu2 O50

∼2.3

Cu2 O75

∼2.4

Cu2 O100

∼2.4

Cu2 O125B1

∼2.4

Cu2 O125B2

∼2.4

Cu2 O100Epi1

∼2.5

Cu2 O100Epi2

∼2.5
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5.2.5

Discussion

The batches Cu2 O100Epi1 and Cu2 O100Epi2 were made with the purpose of
epitaxial growth through magnetron sputtering. The XRD scans shows that
the films are of Cu2 O, but with indication of a Cu phase. The films deposited
on the A- and R-plane sapphire samples shows the same trend where the
strongest signal for the 400◦ C deposition is Cu2 O(200), and Cu2 O(110) and
Cu2 O(220) for the 600◦ C deposition. This means that the higher temperature
deposition Cu2 O100Epi2 prefers to grow Cu2 O with orientation (110) on Aand R-plane sapphire, but at the lower temperature deposition Cu2 O100Epi1
its more favourable for Cu2 O to grow with the (200) orientation. The Cand M-plane spectra shows that the growth is leaning more towards the
(111) direction, although the Cu2 O100Epi2 C-plane also has signals at (110)
and (220). The background signal for MgO(100)- and MgO(111)-samples
increases and the Cu2 O signals are relatively small. If this has any connection
with the size of the substrates is difficult to say.
The calculation of average crystallite size is dependent on the amount of
signals in the XRD spectra, as well as the strength of the signal. Only the Aand R-plane samples have strong signals that makes the calculations more
accurate. The crystallite size in the film for A-plane sapphire and R-plane
sapphire are like, and the average size increased with the increase of deposition temperature. This is also true for the M-plane sample but the accuracy
of the result is questionable due to the signal strength. The C-plane had an
opposite result, but like the M-plane sample the accuracy of the result is more
uncertain. Other affects that will influence the result is the human error in
measuring the FWHM, and the equipment error that occurs in the XRD scan.
The EDS surface analysis shows a higher copper content, for all the films
in both batches, than the optimal ∼66 atom%. This corresponds to the small
indications of copper signal that can be seen in the XRD spectra. Its hard to
say what the reason for higher copper content is. A loss of oxygen from the
target though multiple cycles of evacuation and target heating might could be
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a cause. Mapping of copper, oxygen aluminium/magnesium content shows
that the films look homogeneous. This can mean that the higher copper signal might be from the grain boundaries in the film where the stoichiometry
could be altered due to higher concentration of defects.
The RBS scan for the Cu2 O100Epi1 batch shows that the films are in the
vicinity of the optimal ratio of copper to oxygen and that they have sharp
interfaces. For the Cu2 O100Epi2 batch the ratio is close to optimal, but there
is an increase in copper content for the M-plane sapphire sample. The copper
atomic percentage increased with 5%, which can be correlated to small Cu
signal in the XRD spectra. The sapphire samples show a change in slope of
the RBS spectrum around the 320 channel number mark. High roughness
and porosity will lead to the decrease of the spectrum slope at the interface
which has been adjusted for to achieve the simulation. The changing of the
spectrum slope can also be attributed to diffusion. This only occurs for the
sapphire samples. Unfortunately these two causes are not easy to determine
with RBS alone. However, one can see a considerable roughness of the films
in cross-section SEM. Thus, favouring the former explanation. There was
also no indication of epitaxial growth. Epitaxial growth is difficult to achieve
through sputtering. This is due to the fundamentals of sputtering, which
is that it is a fast deposition method with relatively little control over the
sputtering material.
The band gap of the films is in the interval of 2.3 eV to 2.5 eV. As seen
in the table 5.8 the films will containing CuO has a lower band gap than the
films made of pure Cu2 O. The indirect band gap of CuO is approximately
1.3eV [23], which could lower the band gap of films. But if Cu2 O is present
in the films its direct band gap will dominate over the indirect band gap. All
the films has a band gaps larger than the theoretical band gap of 2.1 eV for
Cu2 O, which has also been found in a study by K. Santra, et al.[24].
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Chapter 6

Conclusion
In the power series phase-pure Cu2 O films were successfully grown with good
quality films at 100 W deposition power. The lower deposition powers, 75 W
and 50 W, produced films containing multiple phases of copper oxide. Above
100 W deposition the films quality deteriorated since the films produced had
rough and uneven surface. Calculation of crystallite size in the films made
showed a trend where the averaged crystallite size decreased with increasing
deposition power. No epitaxial growth was observed for the films deposited
on different single-crystalline structure. The MgO samples had the highest
potential in achieving epitaxial growth due to that they share the same crystal
structure with Cu2 O and have a similar lattice constant. For epitaxial growth
very good control over deposition rate and chamber conditions is needed.
Sputtering is a fast deposition method that does not fulfil the requirement of
control over deposition rate and therefore will have difficulties in producing
epitaxial films.

Suggestions For Further Research
Deposition rate is linked to the deposition power in such a way that higher
power yields a higher deposition rate. For epitaxial growth a lower deposition
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rate is needed for giving the particles, that are attaching to the surface, time
and space to align themselves with the substrate. Its important to also
have a high enough temperature for the particles to be mobile enough for
them to align with the substrate. Optimising a low deposition power with
reactive gases may give the required deposition rate that produce a pure
Cu2 O epitaxy film. The film quality could also be improved by annealing.
the samples Another important investigation is to characterise the electrical
properties of the Cu2 O films made, and compare them with bulk Cu2 O.
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Appendix

Figure 6.1: Transmission spectra of the deposited films on quarts substrate.
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(a) Cu2 O50

(b) Cu2 O75
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(c) Cu2 O100

(d) Cu2 O125B1
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(e) Cu2 O125B2

Figure 6.2: Cross-section EDS of the films on C-plane sapphire, that shows
how the atomic percentage of aluminium, copper and oxygen changes through
the sample and film.
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(a) Grey-tone of the surface

(b) Cu

(c) O

(d) Al

Figure 6.3: EDS mapping of Cu, O and Al for the film Cu2 O100Epi1 on
A-plane sapphire.
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(a) Grey-tone of the surface

(b) Cu

(c) O

(d) Al

Figure 6.4: EDS mapping of Cu, O and Al for the film Cu2 O100Epi1 on
C-plane sapphire.
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(a) Grey-tone of the surface

(b) Cu

(c) O

(d) Al

Figure 6.5: EDS mapping of Cu, O and Al for the film Cu2 O100Epi1 on
M-plane sapphire.
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(a) Grey-tone of the surface

(b) Cu

(c) O

(d) Al

Figure 6.6: EDS mapping of Cu, O and Al for the film Cu2 O100Epi1 on
R-plane sapphire.
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(a) Grey-tone of the surface

(b) Cu

(c) O

(d) Mg

Figure 6.7: EDS mapping of Cu, O and Mg for the film Cu2 O100Epi1 on
MgO(100).
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(a) Grey-tone of the surface

(b) Cu

(c) O

(d) Mg

Figure 6.8: EDS mapping of Cu, O and Mg for the film Cu2 O100Epi1 on
MgO(111).
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