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Chapter 1

Introduction

Nowadays, there is an increasing development in the use of transparent conducting oxides
(TCO) to make gas sensors, photodiodes, light-emitting diodes (LEDs), and solar cells. All
these technologies could be used to make smart windows or flexible surfaces for example as
they are transparent with TCOs. The materials making TCOs are cheaper than conventional
silicon and abundant compared to classical compounds such as arsenic. They are binary com-
pounds with a simple metal and oxygen. Of course, TCOs are semiconductors with a band
gap large enough to guarantee transparency to certain wavelengths. Moreover, the band gap
might not be enough. To ensure transparency, one needs to work with thin films with a
thickness under the micron. Common semiconducting TCOs are Al-doped zinc oxide (AZO),
zinc oxide, titanium dioxide, nickel oxide, cuprous oxide (Cu2O), and so on.

There is already a lot of research and development on the use of TCOs to produce the
best solar cells with cheap, available, and efficient materials. However, the work becomes
complicated when the type of the semiconductor is considered. n-type TCOs are not an issue
as they have larger mobility (electrons have larger mobility than holes) and the list is long.
For p-types, the oxygen orbitals affect the valence band structure which, in return, makes
p-type metallic oxide quite rare [1]. One way to avoid this effect is to use a compound with
a larger band gap. The challenge is to find or design p-type TCOs that exhibit as good
performances as n-type counterparts to make electronics with both n- and p-type materials.

Among the previously stated examples of TCOs, only two are of type p: NiO [2] and Cu2O [1].
These are not the only ones: V2O3 [3] and Cr2O3 [4], are other examples. However, the one
that has the largest band gap is the cuprous oxide with a band gap of approximately 2.1 eV
making it partially transparent (if not too thick). Moreover, cuprous oxide being non-toxic,
cheap and copper being abundant, Cu2O is the most promising p-type TCO nowadays. It is
naturally of type p, without dopants, owing to copper and oxygen vacancies in the crystal.

Moreover, several dopants are available, the two options available in the lab are magnesium
and nitrogen. In this work, only nitrogen is considered. It decreases the cuprous oxide
resistivity and is easily added in the deposition process that is considered in this work,
namely, radio-frequency magnetron sputtering.
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8 CHAPTER 1. INTRODUCTION

This cuprous oxide can be integrated into a lot of heterostructures (with other TCOs).
One can make photodiodes [5], gas sensors [6], LEDs [7] and solar cells [8]. Our main interest
is in the use of cuprous oxide in solar cells as it makes use of its gap. Having a solar cell made
of TCOs could lead to smart windows producing electricity. However, the current efficiency
of such cells (AZO-Cu2O) is not above 8.7 % in practice [9] where, in theory, it can be up to
20 % [10]. This means that there is quite a lot of work to find how to engineer the defects
in the bulk and the interfaces of the cuprous oxide to increase its efficiency. To this end,
researchers have been trying to add intermediate layers as buffers to mitigate the effect of
interface states between the n and p-type. The most commonly used are ZnO [11], TiO2 [12],
Ga2O3[10], CdS [11] and so on. Each of these buffers is n-type TCO with a larger band gap
than Cu2O to increase the cell efficiency.

This work aims to determine and understand how interfaces between metals and cuprous
oxide or n-type and cuprous oxide interact. How do the properties of the interfaces impact
the characteristics of the device? Is it possible to understand these defects and control them
to increase solar efficiency?

This work is articulated in 4 chapters. The first one consists of a general theoretical
reminder about semiconductors. The concepts of bands, charge carriers, drift, diffusion
current, and doping for n and p-type semiconductors are quickly reintroduced. Then, the
homojunction (pn) is explained with the current-voltage Shockley theory. After that, het-
erojunction theory is deduced from the homojunction. Some time is spent on the contact
metal-semiconductor. Then, to introduce the solar cell, the different generation and recombi-
nation mechanisms are introduced. Finally, the solar cell is explained with its structure and
the criteria of contacts and efficiency. The second part of this chapter focuses on the current
state of the art of Cu2O. Its general characteristics, the doping possibilities, and their effect
are presented. Then, time is spent on interface states which are one of the main challenges
of cuprous oxide cells. The deposition technique and post-annealing are introduced.

The second chapter focuses on the tools used during this work and the fabrication method-
ology. First, the deposition tools are introduced, namely, RF sputtering and thermal evapo-
ration. Next, the measurement tools are also explained. These are structural and electrical
measurement machines. Then, the second part consists of the sample fabrication, and their
electrical and optical characterization to understand what is studied with the samples. Ther-
mal annealing is tested and its effect on the crystallinity and the electrical properties is
discussed. The mobility is also discussed with regard to the crystal orientation. Lastly, a
silver deposition on the cuprous oxide is considered with an undesired behavior.

The next chapter develops the metallic contact tungsten-cuprous oxide. It is shown that
the current through the contact follows neither an ohmic nor a rectifying behavior. The space-
charge-limited current model is introduced and applied to the current-voltage measurements
of the samples of cuprous oxide as has been done already in some studies.

The last chapter tackles the solar cell Ga2O3-Cu2O. First, the numerical tool Scaps is fully
introduced, and validated with the theory of the homojunction. This first part aims to have
a complete understanding of the tool before using it for our cell of interest. Once this is done,
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the main cell is, at first, studied in its pristine form to find the optimal parameters, under
some stated hypotheses. Next, defects are added in both compounds from the literature to
understand their effects on the optimal parameters. Lastly, to add a buffer to the cell, the
AZO-Ga2O3-Cu2O cell is studied to also find the optimal parameters of AZO in its pristine
form. The efficiency is not as high as hoped. Prospects are discussed with the different
assumptions and the numerical tools to understand this effect.

The end of this work consists of a conclusion and the different references of this work.
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Chapter 2

Theoretical background

2.1 Semiconductor and band theory

Semiconductors are materials that have special optical properties. The crystal structure of
the semiconductor can absorb incoming light to produce electricity or from a given current,
emit light such as LEDs (light emitting diodes).

To understand these phenomena, it is important to recall the energy band structure of
semiconductors. When unexcited at 0 K, all the electrons are in the valence band at a certain
level of energy. To excite the electrons, one can heat the crystal or shine a light on its surface,
which means, sending photons. In this work, no temperature effects are considered. Planck’s
relation that links the light and the energy of the photon Eλ is given in as.

Eλ =
hc

λ
, (2.1)

where λ is the wavelength of the light, c is the speed of light, and h Planck’s constant.
If the exciting energy is large enough, the electron can cross the energy band gap Eg

to the conduction band. Having multiple free electrons being able to move produces an
electric current. Furthermore, the electron, by leaving the valence band, makes a hole in
the surrounding of the atom he was in. The hole can move and represents the movement
of a particle of positive charge. The process of electron-hole pair generation is illustrated in
Figure 2.1.

The transition of the electron can be direct or indirect. In the case of the Figure 2.1, this
is a direct band gap because the minimum of the conduction band is at the same wavenumber
k than that of the maximum of the valence band. The direct or indirect band gap character
influences the light absorption as seen later in section 2.6. If the extrema are not at the same
wavenumber, as is the silicon case, it is an indirect band gap semiconductor.

2.2 Intrinsic and doped semiconductors

A pure crystal is called intrinsic. It means that there are always the same number of excited
electrons and holes. Once an electron crosses the band gap, it leaves a hole.

11



12 CHAPTER 2. THEORETICAL BACKGROUND
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Figure 2.1: Electron-hole pair generation in a direct gap semiconductor with the parabolic band approxima-
tion.

This gives
n = p = ni, (2.2)

where n is the concentration of free electrons in the crystal (in number per cm3), p is the
concentration of holes and ni is the concentration of electrons in the intrinsic semiconductor.

To characterize the available states for the electrons in the conduction band at a certain
energy E, one introduces the Fermi-Dirac statistics. Without light excitation and generation
of charge carriers (i.e. electrons and holes), the Fermi-Dirac function gives the probability of
occupation of states as in

f(E) =
1

1 + e
E−Ef
kbT

, (2.3)

where Ef is the Fermi level of the compound, kb is Boltzmann’s constant, and T is the
temperature in SI units.

This distribution gives statistical information about the distribution of electrons and holes
in the band diagram. For intrinsic crystals, the Fermi level is close to the middle of the band
gap. This is seen on the left of Figure 2.2. Given the Fermi distribution, in a non-degenerate
case, the charge carrier concentrations are given by

n = ni · e
Ef−Ei
KbT , p = ni · e−

Ef−Ei
KbT , (2.4)

where Ei is the intrinsic level, defined as the value taken by Ef for an intrinsic semiconductor.

In practice, a crystal is never pure and some impurities can get in, with a low concentration.
These impurities can have a different valence than the crystal. Hence having more electrons
in the last layer of the atom or less. If it has more, this impurity tends to give an electron
away more easily. This free electron can be released in the conduction band. The atom
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Figure 2.2: Comparison of the atomic structure and the band gap of an intrinsic (left), n-doped (center), and
p-doped (right) semiconductor.

that gives electrons easily is called a donor. It is represented by a new energy level, Ed,
closer to the conduction band than the valence band. The second possibility is an impurity
with fewer electrons than the atoms of the crystal. It has a larger electron affinity than the
pure bulk and tends to capture an electron, thus creating a hole in the valence band of the
semiconductor. This impurity is called an acceptor and has an energy level, Ea, closer to the
valence band. These behaviors are respectively seen in the center and the right of Figure 2.2.

Having impurities improves the conductivity of the material by having more charge car-
riers. Hence, materials that have a majority of donors with a concentration ND are called
n-type. The donors add extra electrons and this changes the balance of electrons and holes.
Hence, to satisfy Fermi’s statistics, the Fermi level is closer to the conduction band as seen
in Figure 2.2. If it is a majority of acceptors with a concentration NA, it is a p-type and the
Fermi level is closer to the valence band as seen in Figure 2.2.

2.3 Current in the semiconductor

An important point of comprehension on the semiconductor is the current mechanism. There
exist two ways for charge carriers (electrons and holes) to move across the bulk.

2.3.1 Drift current

Drift current occurs when an electric field is applied along the semiconductor. Naturally, the
charge carriers undergo a force F⃗ = qE⃗. By introducing the carrier mobility for electron and
holes, respectively µn and µp, one can find

J⃗drift
n = qµnnE⃗, J⃗drift

p = qµppE⃗. (2.5)
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2.3.2 Diffusion current

The diffusion current is due to a gradient of minority carriers in the semiconductor. This can
be due to an injection of carriers at a specific location of the compound for example. Those
out-of-balanced carriers diffuse in the semiconductor until they recombine with a majority
carrier to have a uniform distribution of carriers. It is also expected that the diffusion length,
which is the characteristic length a minority charge carrier travels before being recombined,
depends on the material. Hence, one can find the average diffusion current density of electrons
(Jdiff

n ) and holes (Jdiff
p ) as in

J⃗diff
n = −qDn∇n, J⃗diff

p = qDp∇p, (2.6)

where q is the charge of the electron, n and p are the carriers concentration and Dn and Dp

are the diffusion coefficient of the carriers.

Note that to find the diffusion coefficient, one can use the Einstein-Debye relation which
says that at thermal equilibrium without incoming photons, no current is expected and thus,
the sum of the drift and the diffusion is zero. One finds Equation 2.7 with Equation 2.4,2.5
and 2.6 and has

Dn

µn

=
kbT

q
=

Dp

µp

. (2.7)

2.4 Homojunction: pn junction device

A common semiconductor combination is a pn junction. It consists of having a semiconductor
split into two parts: one p-type next to a type n. For the sake of explanation, the junction
is at first considered perfect, which means that the contact between the two is perfect. No
surface charges are considered.

Once the contact is made, it is expected that a part of the free electrons from the n-type
semiconductor on the right goes to the left, diffuses, and recombines with the free holes,
and vice versa, some free holes may travel to the right in the n-type to recombine too, thus
leaving near the contact a zone without free carriers. What remains are dopants which are
donors in the n-type and acceptors in the p-type. This zone, with a width W = xn + xp,
is called the depletion region where an electric field opposed to the movement of the free
carriers across the pn contact appears. This makes an equilibrium of charge between the
two semiconductors and is represented in Figure 2.3. The equilibrium in the depletion region
where the only charges are acceptors and donors induces charge neutrality and is expressed
in

xnNd = xpNa. (2.8)

To understand the upcoming physics, the energy band diagram is plotted in Figure 2.4,
with each n and p side with their own Fermi level due to doping. To guarantee equilibrium,
the Fermi level must be at the same level, thus, there is a bend in the valence and conduction
bands near the contact.

To find the different properties of a junction at equilibrium, one can introduce the contact
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p n

xp xn

−→

E

Figure 2.3: Schematic of an ideal homogeneous pn-junction at equilibrium.

potential V0 or built-in potential. Then, Poisson’s equation can be solved in the depletion
region as in

ρ

ε0
= −∆V.

The computations are not detailed here but well in The handbook of photovoltaic science and
engineering [13].
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Figure 2.4: Energy band diagram of an ideal homogeneous pn junction (a) before and (b) after the contact
of the two semiconductors. (c) Magnitude of the electric field across the junction. (d) Potential across the
junction.

2.4.1 Rectification at a semiconductor junction

A pn junction becomes interesting once a potential is applied across the device. In one
direction, it allows for a drift of the carriers in the depletion region plus the diffusion of
charge carriers, thus, a larger current. In the other direction, there is only a small current
opposed as to the previous one is visible.
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Forward bias

First, let us consider the effect of a positive voltage to the right. It induces an electric field
opposed to the equilibrium electric field of the junction. This decreases the potential barrier
as seen in Figure 2.5 and allows for more charges to cross the depletion region. This induces
a net current to the right. Out of equilibrium, the current density of minority and majority

Ec

Ev

Ef

W

x

E

qVforward
�Eforward

qVforward

Figure 2.5: Energy band diagram of an ideal pn junction under a forward bias.

carriers is not constant in the junctions. Intuitively, the current density along the junction
can be decomposed between drift and diffusion for electrons and holes. Without going into
the details, the current density is plotted in Figure 2.6. The drift of the majority carriers is

W

x

| �J |
Jtot

Jn,drift
Jp,drift

Jp,diffJn,diff

Figure 2.6: Current density of an ideal pn junction under a forward bias for a long junction.

due to the local electric field in the depletion region, given by the equilibrium electric field
and the applied potential. When carriers are generated in or near the depletion region (they
can diffuse in the depletion region), they undergo the local electric field in the depletion
region and are accelerated.

The diffusion can be quite important because the barrier has been lowered between the
n and the p-type. This lowering of the barrier increases the number of carriers crossing the
depletion width. But far from the depletion region, the minority carriers have recombined
and the diffusion current is zero if the semiconductor is long enough.
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Reverse bias

In the case of a negative potential applied across the junction, the energy barrier between the
two semiconductors is deeper as seen in Figure 2.7, and hence, decreases the diffusion current.
Intuitively, the majority carriers from each side have more trouble crossing the depletion

Ec

Ev

Ef

W

x

E

qVreverse

�Ereverse

qVreverse

Figure 2.7: Energy band diagram of an ideal pn junction under a reverse bias.

region to become minority carriers and diffuse. This decreases the diffusion current. The
drift current is due to the carriers generated near the depletion region (a distance smaller
than the diffusion length) and expelled out by the electric field in the depletion region. Hence,
without the diffusion current, the only contribution is the drift current. Note that the drift
current does not vary much with the applied potential because the current does not depend
on how fast the carriers are swept to the side but rather on how many carriers there are near
the depletion region.

2.4.2 I-V curve

To fully characterize the electrical properties pn junction, one can plot the current-voltage
curve (I-V curve) as done schematically in Figure 2.8.

V

I

Figure 2.8: Schematic of an I-V curve for a non-illuminated pn junction.

To understand the I-V behavior of an ideal junction, thus a diode, one starts with the
total current

Jtot = q

(
Dpp

Lp

+
Dnn

Ln

)
·
(
e

qVapp
kbT − 1

)
.
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This is plotted in Figure 2.6

Here, the minority diffusion current density in the diode has the shape of an exponential
as in

Jdiff = J0 · e
qVapp
kbT . (2.9)

As shown in Figure 2.8, the diffusion becomes exponentially larger as the applied bias in-
creases. Hence, in forward bias, one can neglect the drift, and the current is only dictated by
the diffusion of minority carriers. However, in reverse bias, diffusion is not favored and only
remains a small constant drift current.

2.5 Heterojunction

Now that the pn junction between two identical semiconductors, the homojunction, is in-
troduced, one can understand the heterojunction. Hence, a junction with two different
semiconductors or a metal and a semiconductor.

2.5.1 Work function

To start with, let us introduce the work function, qϕ, of a crystal. This is the energy required
to take an electron from the Fermi level, which depends on the doping level, and put it in the
vacuum level, a level where it is free from the influence of the crystal. One important thing
one should not forget is that the concept of work function only takes place in the context
of the Schottky-Mott rule for thermionic emission. The work function in the bulk can be
much different at the interface. It can change from one measurement to another because of
different crystal quality and so on.

Taking two compounds to form a heterojunction with perfect contact still results in an
alignment of the two Fermi levels. But this induces a change in the vacuum level for one
of the two crystals, thus, a built-in potential, qV0, appears in equilibrium. This potential is
easily understandable. As soon as the contact is made, electrons flow out from the material
which has the lowest work function. They go where it is harder to take them out, hence where
it is more stable. An example of the contact is schematized in Figure 2.9. In Figure 2.9, the
electronic affinity has also been introduced, qχ = Vacuum level - Conduction band. Here,
this value does not depend on the doping. It becomes handy in the following chapter in the
software.

It is seen that the contact can induce discontinuity in the bands and hence, different space
charge distribution around the contact. These differences in the band can be expressed as in

∆Ec = qχp − qχn, ∆Ev = Eg,n − Eg,p −∆Ec. (2.10)

At equilibrium, the built-in potential induces an electric field in the depletion region and
the same hypothesis is made as in the homojunction with charge neutrality in the depletion
region and quasi-neutral region outside.
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Figure 2.9: Scheme of the energy band diagram of a heterojunction between two semiconductors at equilib-
rium with ideal contact.

One can compute the heterojunction with Copper oxide (Cu2O) and Gallium oxide (Ga2O3):

From the data available in Table 2.1, one finds:

∆Ec = 4− 3.2 = 0.8 eV ∆Ev = 2.7 + 0.8 = 3.5 eV

Here, because gallium oxide has a larger band gap, it induces a smaller potential barrier for

the electrons to go into the copper oxide, which eases the electron current.

Cu2O Ga2O3

Eg [eV] 2.1 4.8
qχ [eV] 3.2 4

Table 2.1: Energy band diagram information for a heterojunction. Data available in [14], [15] and [16]

2.5.2 Applied bias

The same concepts as for the pn junction apply to forward and reverse bias voltage across the
junction. The potential barrier gets higher or lower which increases or decreases the current
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of charge carriers through the depletion region. Particular effects may happen at very high
or very low potential but this is not considered in this work. Furthermore, one can, starting
from Poisson’s equation, find an expression for the quasi-neutral region’s widths. This is
given by [17] in the following

xp =

(
2

q
ε1ε2

Nd

Na

V0 − Vapp

ε1Na + ε2Nd

) 1
2

, xn =

(
2

q
ε1ε2

Na

Nd

V0 − Vapp

ε1Na + ε2Nd

) 1
2

. (2.11)

These relations will be used later to check simulations. In these equations, the built-in
potential, V0, is simply the difference between the work functions of the two semiconductors.

2.5.3 Metal-semiconductor junction

Having a metal-semiconductor junction is common and can help us with doping character-
ization in the semiconductor. The construction of a metal-semiconductor junction used the
Schottky-Mott rule which uses the work functions to determine contact conditions.

To understand the metal-semiconductor junction, the metal can be assumed to be ultra-
doped with electrons. Two types of junctions are possible:

• Ohmic: the current can flow in the two directions. The barrier height does not prevent
the charges from crossing the junction in any direction.

• Rectifying: the current flow is the same as the one of an I-V curve for two semicon-
ductors, this is called a Schottky diode. The main difference between a pn diode and
a Schottky one is that the latter works with majority carriers and not minorities. For
a p-type in forward bias, the holes diffuse from the semiconductor to the metal and
the barrier height prevents the holes from the metal to cross the junction to the semi-
conductor. In reverse bias, the barrier height remains the same but the hols from the
semiconductor cannot diffuse in the metal anymore.

The rectifying behavior bends the valence and conduction bands as shown in Figure 2.10
for an n-type and a p-type semiconductor. From these diagrams, one can easily find the
conditions to have a Schottky contact and the relations are given by

qϕm > qϕs for an n-type, qϕm < qϕs for a p-type. (2.12)
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Figure 2.10: Scheme of the two rectifying contacts between an n-type semiconductor with a metal and a
p-type semiconductor with a metal under no bias with assumed ideal contact.
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2.6 Light absorption

As said earlier, photons can excite electrons in the valence band. This behavior is very
important in semiconductor devices. There are multiple ways to have photon absorption.
The energy Eλ must be greater than the energy band gap. The incoming energy induces
the creation of charge carriers. It can be one electron or one hole from an intermediate
state or an electron-hole pair (EHP). This absorption of light by the crystal is represented
by an absorption coefficient α. The latter depends on the wavelength of the incident light.
The absorption depth depends on this coefficient. Having a very large absorption coefficient
means a very thin absorption layer.

To have light absorption, conservation of energy and momentum must be guaranteed.
With the conservation criteria fulfilled, the absorption coefficient of the phonon, α(ν), is
dependent on the probability of transition between the valence to the conduction band and
the density of states of both initial and final energy. The transition depends on the type of
material:

Ec

Ev

E

k

Ec

Ev

E

k

Eg − Ep

Eg + Ep

Ef

Ei

Ef = hν + |Ei|

Figure 2.11: Electron hole pair generation for direct and indirect band gap material in the wavevector space.

• For direct band gap materials, the electron only crosses the band gap vertically in the
k-space, hence, with momentum conservation (i.e. the momentum for particles is given
by p = h

k
where k is the wavevector and where the photon momentum is negligible

compared to the crystal momentum) as shown in the left of Figure 2.11.

• In the case of an indirect band gap material, there is at first a direct absorption and
then a change in momentum to let the electron fall in the minimum of the conduction
band. But to conserve the momentum, a phonon in the crystal may be absorbed or
emitted. Both options are shown on the right of Figure 2.11. Hence, the total required
energy is given for the absorption of phonons (−) and the emission (+) in

hν = Eg ± Ep. (2.13)
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2.7 Recombinations

While charge carriers can be light generated, they can also recombine which decreases their
density. There are three recombination processes, all schematized in Figure 2.12 and ex-
plained below.

Heat

Heat

Photon Phonons

Radiative Non-radiative Auger

Trapping centersRecombination centers

Phonons

Phonons

︷ ︸︸ ︷ ︷ ︸︸ ︷

Band-to-band

Figure 2.12: Scheme of the three recombination processes in a semiconductor.

• Band-to-band recombinations are radiative recombinations which happen without trap
states. This phenomenon is more likely to happen in a direct gap semiconductor. This
is the opposite of the optical generation, thus, after the recombination, a photon is
emitted. If there is a radiative recombination in an indirect gap material, there is also a
phonon generation for the optical generation. Radiative recombinations can also happen
with traps with a photon emission.

• Indirect or non-radiative recombinations occur with the help of recombination levels due
to defects or trap states in the band gap with phonons emission. The electron can be
captured from the conduction band to the trap level by emitting phonons and thus heat
and then recombine in the valence band by emitting another phonon. Or vice-versa for
the hole.
The difference between recombination centers and trap states is that the first captures
with an equal probability of both electron and hole recombining while the second cap-
tures one type of carrier more easily. Hence, the first is located near the middle of the
band gap, and the second is near the conduction band (so captures electrons more easily
but holes more hardly) or the valence band (to capture holes more easily).

• Auger recombination is quite similar to radiative recombination. The key difference is
that the energy is not emitted as a phonon but is given to another charge which will
lose this excess of energy thermally.

All those recombination processes happen at the same time, hence, the net recombination is
the sum of the three processes.
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2.8 Solar cell

Finally, the solar cell device can be introduced. It is nothing more than a pn junction under
light that can be used to produce electricity. One can take the classical junction and add an
optical EHP generation. This produces a photocurrent, Iph, which is given by:

• the drift of carriers optically generated in the depletion region,

• the diffusion of minority carriers of each side generated near the depletion region which
goes to the depletion region.

This has an effect on the I-V curve plotted in Figure 2.13. I-V measurements can be made
by measuring a current and applying a voltage across the junction.

V

I

Dark

Light

Iph

V

I
VocVm

Im

Isc = Iph

Pm

Figure 2.13: Scheme of an I-V curve with and without light.

As can be seen, compared to the curve in the dark, there is now a region on the bottom
right in orange where there is power generation (using the passive sign convention). The
point of maximum power, Pm, is given by

Pm = VmIm = FFVocIsc, (2.14)

where FF is the fill factor of the curve, Voc is the open-circuit voltage and Isc is the short-
circuit current. From this, one can find the efficiency of the cell with

η =
Pm

Psolar

=
FFVocIsc
Psolar

, (2.15)

whereas Eg increases,

• Voc increases as Idark ∝ e−Eg/2kbT decreases,

• Isc ∝ Iph decreases because less photons are absorbed as the semiconductor is more
transparent.

For our Cu2O-Ga2O3 solar cell where Gallium oxide has a larger gap than copper oxide,

having a larger band gap means a more transparent crystal. It is therefore better to have

light on the Gallium side than the copper to have more electron-hole pair generations overall.
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2.8.1 Solar cell structure

In reality, a solar cell is more complicated with multiple layers to maximize its performance.

• A small anti-reflective layer is added on the top to avoid reflection and have more
absorption in the crystal.

• Use a thin layer electrode to avoid reflection too on the top and the back of the cell plus
maximize the surface area of the exposed semiconductor.

• Use layers between the semiconductors and the electrode to guarantee good contacts
and avoid too many interface defects.

2.8.2 Numerical source of light

For this work, simulations of the I-V curve are computed with a numerical source of light.
To understand the solar spectrum used for the simulations, one first needs to see the impact
of the air in the atmosphere as shown in Figure 2.14. The air mass number is defined by

Earth

Atmosphere

α

Figure 2.14: Schematic of the incident rays from the sun on the surface of the Earth.

Air mass =
1

cos(α)
. (2.16)

For example, having a sun with an angle of 48.2◦ corresponds to AM = 1.5. For the simu-
lation, the spectrum of the source of light represents the sun. The spectrum is : ”AM1.5”
normalised to a total power density of Psolar = 1 kW/m2. It is useful because it takes the
mass of the atmosphere for the diffusion of the sunlight before it touches the solar cell. The
complete spectrum is shown in Figure 2.15.
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Figure 2.15: Solar spectrum AM 1.5 [18].

2.9 General introduction to copper oxide

To understand the interest of Cu2O as an important transparent conducting oxide (TCO),
one needs to understand the current knowledge and process of the nanofabrication of cuprous
oxide films.

2.9.1 General characteristics

Cuprous oxide is one of the few TCOs that is p-type. Its p-type property comes from its
oxygen and copper vacancies. It has a cubic lattice as seen in Figure 2.16 with direction-
dependent mobility [19]. It is a direct band gap semiconductor with a band gap of around
2.1 eV. The value differs from different articles as it has been reported with 2 eV in [20] and
2.56 eV in [21]. The band gap is the largest when under Cu2O form. It is the form with the
least amount of oxygen atom per copper atom. The other forms are CuO and Cu4O3. Both
of which are p-type but with lesser mobility and less transparency.

2.9.2 Deposition techniques

The fabrication of Cu2O sample can be made with varying methods. One can grow thin films
using ambient liquid-phase epitaxy with different levels of crystallinity and crystal orientation
as used by Pan et al. in [19]. This allows for better electrical and optical properties. Another
solution is using electrodeposition as in [23]. This is one of the cheapest methods. However,
chemical deposition has a lower mobility than physical deposition techniques. Lastly, the
method used in the lab is RF sputtering. This method allows us to dope the film during the
deposition with an incoming flux of nitrogen. This method has been thoroughly described
by Ishizuka et al. in [24]. This method is the one that provides the best mobility as shown
by Li et al. in [25].
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Figure 2.16: Cubic lattice of Cu2O (a=4.29 V) [22]

2.9.3 Doping

Dopants in the semiconductors are defects that aim to add energy level to the materials. This
increases the concentration of charge carriers and hence, decreases the resistivity. Several
dopants are available for cuprous oxide (Cu2O). One well-known is magnesium (Mg). It gives
good electrical and optical properties to the film and is already studied in [26]. However, this
doping must be made in bulk before the sputtering. Another promising doping is nitrogen.
It is the best, with the current state of the art, dopant as it provides the film with the
lowest resistivity as it increases the density of holes. The advantage of this doping is, as said
previously, the possibility to add a nitrogen flow in the chamber with a regular cuprous oxide
target inside. Other doping materials are possible such as gallium, sodium, nickel, and so on

2.9.4 Post-annealing

Sample annealing is common for cuprous oxide as it enhances the electrical properties by
increasing the crystallinity [27]. This can be done under different gas atmospheres such as
oxygen, air, nitrogen, or vacuum. The difference between oxygen and air is pretty minor
[21]. It has been shown that there is a certain threshold temperature for each of these gases.
Pass this temperature, the film tends to oxidize with air and oxygen and loses its oxygen
with nitrogen and a vacuum atmosphere. For nitrogen atmosphere, it is shown later in this
work and for vacuum, it is reported by Umar et al. in [28]. When done properly, annealing
increases the carrier mobility and increases the crystallinity by increasing the gain size [29].
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2.9.5 Interface defects

Cuprous oxide is known to have quite a lot of defects at the interfaces. This has a big impact
on solar cell efficiency. This loss of efficiency comes from the too-high recombination losses
between the cuprous oxide and its neighbors [30].

Hence, the idea of introducing a buffer layer in the cell to reduce recombination losses is
developed with oxides such as TiO2[12], ZnO[31] or Ga2O3 [10].

2.9.6 Juntions with n-type metallic oxides

As stated in the introduction of this work, there a several options of n-type TCOs. To name
a few, there are zinc oxide, Al-doped zinc oxide (AZO), titanium dioxide, and gallium oxide.

Gallium oxide is a possible promising n-type material for solar cells due to its high energy
band gap but lower electronic affinity than the usual ZnO [32]. Moreover, it is used undoped,
which makes it easier to work with compared to other n-type TCOs [10]. Here, the interested
phase is β−Ga2O3 as this phase is the stablest of all the others [16]. Its lattice can be seen
in Figure 2.17.

Figure 2.17: β-Ga2O3 lattice (a = 12.2 Å, b = 3 Å, c = 5.8 Å) [33].

The films are easy to make at room temperature and are economical as it is only a binary
compound with oxygen and can be mass-produced, compared to other wide-gap semiconduc-
tors. Moreover, it is very stable, physically and chemically. Its deposition process is the same
as cuprous oxide with RF sputtering but here, it is non-doped and no nitrogen is needed but
oxygen.
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2.10 Availability of the materials

2.10.1 Copper oxide

As copper oxide in Cu2O phase was one of the first semiconductors to be discovered, it is a
well-known solution for a low-cost solar cell with a theoretical efficiency of 20 %. Even though
it does not have the highest efficiency, its transparency makes cuprous oxide a promising
metallic oxide to make transparent solar cells. It has some advantages compared to silicon
as it is non-toxic, it is a p-type metallic oxide, only binary and naturally formed. But most
importantly, copper is very abundant in the soil. However, the abundance of copper does
not mean the ease of extraction and the cleanliness of the production. The production of
copper, as described in [34], requires open-pit mines, acidic solution, electrowinning, and so
on. These processes are not very clean. Solutions are currently developed to recycle copper.
The most advanced technique nowadays uses catalytic etchants as shown by Zante et al. in
[35]. Their method has the advantage of not using acidic solvents. However, if one wants to
recover copper and gallium up to 100 %, the leaching processes using acids are inevitable.
As shown by Kavousi et al. in [36]. This kind of process is still in development and not
cost-effective but going in this direction and having a clean method is the key.

To understand the need for better copper oxide production, one can see the growth rate
of demand for copper in the world. The demand in 2021 was 290 billion USD and is expected
to be 476.9 billion USD with a growth rate of 5.1 % every year (Data from [37]).

2.10.2 Gallium oxide

As the high-tech product demand is constantly increasing, the demand for power electronics
with better efficiency and lower cost increases too. One promising way is to replace the
silicon, widely used nowadays, with materials with a higher band gap. These materials, as
shown in this work for gallium oxide, can give high performance. The market is expected
to grow by 44.1 % by 2033 according to [37]. Even if the technology is as good as it needs
to be, the resources are not abundant. European and Chinese projects try to improve the
development of such materials but these are hard to find on earth.

The gallium oxide is not found pure in the ground and needs to be refined to use it.
Currently, 90 % of the gallium production comes from the production of Zinc and alumina.
Such a process is not sustainable and recycling projects are not yet to be working on a large
scale. As shown by Maarefvand et al. in [38], processes for recovery of gallium in LEDs are
developed with chemical treatments and so on.

While gallium oxide is very promising for its electronic applications with lower power
consumption, if the market growth continues, it is important to also develop the production
and the recyclability of the devices made of gallium oxide.

2.10.3 Global need of solar cell

To summarize, as politics tend to go toward renewable and cleaner ways to produce energy,
it becomes more and more important to consider solar cells as a big part of the new energy
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field. However, the required compounds (copper and gallium) need to be also renewable to
guarantee a real gain.
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Chapter 3

Tools and methodology

This chapter aims to show the different experimental techniques available in the lab and
how they are used throughout this work. A brief introduction to each technique is made
with typical results. Then, the fabrication part starts with Schottky devices and their first
electrical measurements. With these samples, two types of annealing are compared and
criticized to enhance the film quality. To finish, several unexpected behaviors with the
metallic contact are discussed.

3.1 Experimental tools

3.1.1 Thin film deposition

To deposit thin films in the laboratory, two techniques are chosen. One allows us to deposit
films of a tenth of a micron for semiconductors and insulators for example. This is radio fre-
quency sputtering (RF sputtering). The second allows for the very easy deposition of metals
of tenths of microns, namely thermal evaporation. Both techniques are used to fabricate the
studied Schottky device.

Radio Frequency Sputtering

The RF sputtering consists of a small target of bulk on which an argon cloud is excited by
an RF electric field. This high level of energy excites the argon and makes a plasma. Atoms
from the target are thus detached by the plasma and those atoms in suspension travel in
the chamber and deposit everywhere, thus also on the sample. This movement of particles
in suspension depends on the mean free path of the particles themselves. This mean free
depends on the quality of the vacuum as the lower the inside pressure, the larger the mean
free path. This explains the required vacuum inside the chamber to guarantee a deposition
and a film deposited without defects from the air. This allows the production of samples from
10 nm up to 400 nm. The deposition rate can vary from 0.008 nm/s to 38 nm/s. However,
making samples with compounds that have never been used in the laboratory induces a
calibration phase. Each RF sputtering machine has its specificities and a recipe must be
developed with the right argon pressure and flow, the right power, and so on.

33
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Thermal evaporation

The thermal evaporation allows us to deposit thin film of ≈ 200 nm of metals such as gold
or silver. The machine consists of a small tungsten crucible (as its fusion temperature is very
high) on which the metal pellet one wants to evaporate is put. Under vacuum, a high current
is passing through the crucible. Thanks to the Joule effect, the crucible becomes hot enough
to evaporate the pellet in the chamber and hence, on the substrate above it. This technique
only works for specific metals, depending on their fusion temperature. It can be used for
metals such as gold, aluminum, and silver.

3.1.2 Structural analysis

To be able to characterize the structure of a certain film, X-ray diffraction measurements can
be used. This technique allows us to determine the phase of a film or to measure the grain
properties of the surface of a film, for example.

X-ray diffraction measurements

One way to find whether the deposited film is in the right crystalline phase is by doing X-ray
diffraction measurements (XRD). This works as follows, the machine sends a beam of X-ray
with a known angle ω = 1 degree on the surface of the film. As X-rays have a wavelength of
the same order as the distance between crystalline atoms, the beam is diffracted. Hence, a
sensor, being at a variable angle, receives the diffracted beams for certain angles. Then, we are
provided with a curve of the intensity measured with respect to the angle of diffraction. The
intensity has no units and is only returned by the machine by a ”count” of this intensity. It
is then easy to compare this curve with the literature to determine whether it is, for example,
Cu2O or Cu4O3. These exact peaks from the literature are measured from compounds in
powder form where they exhibit all the possible peaks for all lattice directions [39]. Then,
these exact peaks are used to compare the phase of any film. A simple representation is
shown in Figure 3.1. A typical XRD scan is shown in Figure 3.2. This sample is indeed a

2θ

X-ray source Sensor

X-ray diffraction

Thin film

ω

Figure 3.1: Schematic of the X-ray diffraction measurement.

Cu2O sample as the theoretical peaks of the lower plot in Figure 3.2 are at the same angle
2θ at the peaks in the XRD pattern, in 36, 42, and 61. Moreover, the XRD pattern can have
more peaks if several phases of a compound and different materials are present at the surface
of the sample. There is then an uncertainty in the phase.
Additionally, the higher the peak, the more present the phase is. Furthermore, if the peak
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Figure 3.2: Upper graph: Typical XRD pattern of a Cu2O sample. Lower graph: Exact peaks from XRD
measurements of powder for Cu and Cu2O.

is very thin, it means that the sample is very crystalline because the lattice constant is the
same everywhere.

3.1.3 Electrical measurements

To measure the electrical properties of a film such as the mobility, resistivity, and so on,
electrical measurements are needed.

Van der Pauw measurements

To measure the resistivity of a thin film, a square sample is required. Thanks to its square
shape, a potential across the diagonal is applied as shown in Figure 3.3.

If the current is also known, by using Ohm’s law, the sheet resistivity is found and is
defined with the square shape property. The maths of determining the sheet resistivity with
the measured resistances of each 2-point configuration are not detailed here but well by Geng
et al. in [40]. The resistivity is thus given by

ρ = Rst, (3.1)

where t is the thickness of the sample and Rs is the measured resistance. To have a better
value, the measurements are averaged with different corner combinations.
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Figure 3.3: Scheme of the resistivity measurement using Van der Pauw technique.

Hall effect measurements

The Hall effect is the creation of a transversal potential across a thin film. This potential
exists when a current is passing along the film (from left to right) with a normal applied
magnetic field. The latter causes the charges to drift and accumulate on both the front and
back sides of the film. Hence, it induces an electric field. This is illustrated in Figure 3.4.
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Figure 3.4: Setup of the Hall measurements for an n-type conducting material.

The charge equilibrium induces the following relation:

1

ρ
= q(µnn+ µpp).

As the films are p-doped, the minority carriers are neglected. A relation between the majority
carriers and their mobility for an p-type material for example is found with

1

ρ
= qµpp. (3.2)
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Moreover, the Hall potential due to the electric field gives for an n-type

Vh =
iB

pqt
. (3.3)

Hence, from the resistivity measured by Van der Pauw and the majority carriers density n
with Equation 3.3, one finds the mobility by Equation 3.2.

3.2 Film fabrication

This section aims to show how the metal-semiconductor device is fabricated and what are its
properties. To start with, the device is shown in Figure 3.5.
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Figure 3.5: Left: Energy band diagram of the Schottky contact between a metal and a p-type semiconductor.
Right: Diagram of the experimental setup for the Schottky I-V curve.

• The fabrication starts with a FTO (Fluorine-doped Tin Oxide) coated glass. The FTO
being conductive, plays the role of the back contact. Its resistivity is assumed very small
compared to copper oxide. And the contact between the FTO and the copper oxide is
ohmic.

• The layer of copper oxide is deposited via RF sputtering. The deposition parameters
are given in the following:

Thickness Argon pressure (Plasma gas) Temperature Power Ar flow N2 flow Chamber pressure
200 nm 6.66 · 10−3 mbar 22◦C 23 % 20 sccm 16 sccm 2.67 · 10−7 mbar

Table 3.1: RF sputtering deposition parameters for N-doped cuprous oxide thin films.

This recipe of copper oxide is well known in the lab and yields a p-type semiconductor
with properties of Table 3.2. These measures are made using Van der Pauw and Hall
techniques.

Resistivity Rsheet Majority carrier concentration (p) Majority carrier mobility (µp)
6.14± 0.03 Ωcm (2.73± 0.02) · 105 Ω (2.5± 1.7) · 1018 /cm3 0.69± 0.46 cm2/V·s

Table 3.2: Electrical properties for N-doped cuprous oxide thin films.
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During this work, no Mg doping has been used but nitrogen. This choice is made because
it has been seen in the lab that doping with nitrogen was easier, more effective, and
gives higher carrier concentration. The flow of nitrogen has been optimized to guarantee
the right copper oxide phase with the best doping. The mobility is very low compared
to the example in the literature. It is shown in [41] that having a deposition at room
temperature of copper oxide via RF sputtering lowers mobility. For the rest of this work,
the values in Table 3.2 are used.

• The last step is to deposit small pads of silver on the cuprous oxide. Silver is a metal
that, in theory, has a rectifying contact with the copper oxide which is what is aimed
for the measurements. The aim is to make a series of CV measurements of the Schottky
device to extract a density of acceptor at the interface. This technique is fully explained
by Schroder in [42]. It works by applying a variable voltage along the junction. This
changes the depletion width and thus the capacitance. From the capacitance, one finds
the density of acceptors in the depletion region of the cuprous oxide film, hence, the
interface. The silver is deposited via thermal evaporation. The chamber pressure is at
5 · 10−6 mbar and a pellet of 233 mg are evaporated.

Finally, the final device is shown in Figure 3.6. One can see the small square corresponding
to the silver pads, the typical copper color, and the transparent FTO back contact.

Figure 3.6: Photo of the fabricated sample of Cu2O and silver pads on the FTO substrate.



3.2. FILM FABRICATION 39

3.2.1 Four types of samples

First, four types of samples are fabricated following the same protocol as described above.
They are made from:

• a target A of CuO without thermal annealing (TCuO-NA),

• a target A of CuO with thermal annealing of 25 min at 200◦ (TCuO-A),

• a target B of Cu2O without thermal annealing (TCu2O-NA),

• a target B of Cu2O with thermal annealing of 25 min at 200◦ (TCu2O-A).

This variability of the targets comes from the supplier. However, while the targets are
different, the deposited phase with the nitrogen flow in the sputtering chamber is Cu2O for
both targets. This can be checked in the XRD analysis for the four samples.
Additionally, they exhibit the same electrical parameters.

This choice of four samples is mainly due to a change in the supplier. The old targets
were Cu2O and the work has been initialized with those, however, the new targets provided
exhibited a CuO phase but Cu2O once deposited. Hence, the work has to be articulated on
these two targets.

3.2.2 Annealing effect

It has been shown in the literature that thermal annealing improves the crystallinity of the
films and thus, the electrical properties [27], [43]. Having a better crystal can give better
contacts by reducing interface defects [27]. For those reasons, two different annealing are
tested.

To test the effect and the process of the annealing, samples are fully fabricated and then cut
into two pieces just before annealing and only one is annealed. This reduces the experimental
variability.

Hard annealing

At first, a sample TCu2O-A is annealed under nitrogen atmosphere for 20 min at 450◦C.
This value is just 50◦C larger than the highest temperature used by Bunea et al. in [21].
Because the temperature is a bit larger, it is annealed for less time. Both annealed and
not-annealed samples are then electrically analyzed. As it turns out, the sample without
annealing TCu2O-NA is non-ohmic, and the annealed, TCu2O-A, which should have a better
crystallinity is undesirably ohmic. To know why, the two samples have been analyzed via
XRD measurements.

Note that the analyzed zone is not only the cuprous oxide film we are interested in, but
also the FTO, under it, and the silver, on top of it, but a conclusion can be drawn. The
results are shown in Figure 3.7. The lower graph shows the known peaks for each phase in
the measured samples. The upper graph shows the XRD pattern of the two samples with
and without annealing. As can be seen for the sample with annealing, there are additional
peaks, at the same angle as the pure copper. These are visible in 2θ = [43, 50, 74] degrees.
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This means that the annealing removed some oxygen in the copper oxide which leads to a Cu
phase and the loss of the rectifying behavior. Hence, slower and cooler thermal annealing is
to be considered. This behavior has already been pointed out by Umar et al. in [28]. They
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Figure 3.7: Upper graph: XRD pattern of the Schottky device without and with annealing of 450◦C for
20 minutes under N2 atmosphere for TCu2O-NA and TCu2O-A. Lower graph: Exact peaks from XRD
measurements of powder for FTO, Ag, Cu, and Cu2O.

concluded that a certain temperature threshold was exceeded. Thus, a longer with lower
temperature annealing must be considered.
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Soft annealing

Because the hard annealing did not provide us with non-ohmic behavior and because an
undesired pure copper phase appeared, another annealing process was introduced. It is
expected that this annealing does not give a pure copper phase but increases the electrical
properties with a non-ohmic behavior. To remind the reader, the films are made using both
CuO and Cu2O targets but once deposited, the films are only Cu2O.

The annealing process consists now of a heating of the sample for 25 min at 200◦C under
a nitrogen atmosphere. A temperature in the lower range of Bunea. This soft annealing aims
to enhance the crystallinity to have a non-ohmic behavior and no copper phase appearing.
As desired, it is shown in Figure 3.8 that the lower temperature prevents the formation of
pure copper but increases the crystallinity. It can be seen that at 2θ = 37, the Cu2O peak is
more than two times higher and thinner for the annealed sample. Having such peaks means
that the crystallinity is enhanced [27].
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Figure 3.8: Upper graph: XRD pattern of the Schottky device without and with annealing of 200◦C for
25 minutes under N2 atmosphere for TCuO-NA and TCuO-A where the target is made of CuO but all the
deposited film are made of Cu2O. Lower graph: Exact peaks from XRD measurements of powder for FTO,
Ag, Cu, and Cu2O.

Hence, this soft annealing is applied to TCu2O-A and TCuO-A samples and the hard an-
nealing is no longer considered. This annealing allows to us see during further measurements
if the crystalographic structure does change the electrical properties considerably. Moreover,
because the metallic contact on cuprous oxide can be difficult, the annealing could enhance
this contact as seen in the latter.
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3.2.3 Crystalline orientations

From the previous XRD measurements, the main crystallographic texture can be determined.
To help understand the following explanation, a diagram of the crystal facet orientation of a
compound is given in Figure 3.9.

Figure 3.9: Diffraction of X-rays on the crystalographic planes for each region in a polycrystalline thin film.
[44]

As can be seen, each grain has its own orientation. For example, because the Cu2O lattice
is cubic, one can visualize more easily how a cube can have a specific orientation to give
different tangential planes. The constructive interferences from the reflected X-rays on the
tangential planes give peaks at specific inter-plane distances d. As seen in Figure 3.9, the
distance depends on the orientation. From these measurements, it is found that the higher
the peak of a specific grain orientation, the higher the proportion of the related crystal facet.

One can identify which peak corresponds to which lattice direction. This is made in both
[19] and [45]. The same process is made in this work. The directions for each peak for
cuprous oxide are taken from the previous papers and displayed with the results. These lasts
are shown in Figure 3.10.

As can be seen, the grains in the cuprous oxide have preferential directions. Note that
only the visible peaks are given. There is no peak in the XRD pattern in 52◦ where it should
correspond to a peak of the (200) phase. The more present peaks are (111), (200), (220) and
(222). This means that from the surface scan, there are more grains in the (111) direction
than (311) for example. As there is not only one phase, this means that overall, the film is
quite anisotropic. This result has already been reported by Akkarii et al. in [46].

One interesting thing is that the film is not a fully random-oriented polycrystalline, nor
textured with only one or two phases. Here, it has preferenced orientations and a dominant
texture (111) but nearly all the phases are appearing, thus making it polycrystalline. One
can nearly see a peak in every direction, this is normal for polycrystalline, but some are
much higher than others, which is normal for a textured film. This reasoning is guided by



3.2. FILM FABRICATION 43

20 30 40 50 60 70 80
2  [deg]

0

200

400

600

800

1000

1200
In

te
ns

ity
 [/

]

(1
10

)

(1
11

)

(2
00

)

(2
20

)

(3
11

)
(2

22
)

TCuO-NA

20 30 40 50 60 70 80
2  [deg]

0

500

In
te

ns
ity

 [/
]

Cu2O
FTO
Ag
Cu

Figure 3.10: XRD spectrum for TCuO-NA sample with the cuprous oxide direction phase peaks.

the explanation from Harrington et al. in [39].
However, care must be taken, as the XRD pattern is done with other compounds. As said

earlier, having FTO and Ag peaks in the XRD spectrum reduces the certainty. Some peaks,
such as (222) can also be due to the silver phase. But it can be said that either the (222)
peak is Ag or Cu2O. As it is very small, this peak and this orientation are negligible. The
peaks that are very present with a high intensity do not leave any doubt on being Cu2O.

Here, in the case of our film, the mix between a random polycrystalline and a textured
one is not clear. In both cases, there is then not a real strong preferential direction, hence a
strong directional dependence for the mobility. This will be validated with the in-plane (Van
der Pauw) and the transversal mobility in the latter.
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3.2.4 Silver analysis

To start with, the choice of silver is motivated by the desire to have an easy deposition via
thermal evaporation with a metal, that in theory, has a rectifying contact with the Cu2O. The
work function of silver is approximately 4.5 eV [47] and the one of Cu2O is approximately 5
eV [48]. The condition of a rectifying contact with a p-type, being that qϕm < qϕs, is fulfilled
for compounds in theory. Here, the work functions may differ from the center of the film or
the interface. Hence, the condition may be fulfilled in theory but not in practice.

Silver has already been deposited on cuprous oxide by Pham et al. in [49] and in [50]
and [51]. These articles study effects using the combination of Ag/Cu2O with nanoparticles
but no electrical properties. They did not study the electrical contact of two thin films via
thermal evaporation to find a rectifying contact. Thus, knowing that the contact is possible,
it is then investigated in this work as it has not been done. Note, that it has been checked
that the cuprous oxide was thick enough to guarantee a depletion region smaller than the
Cu2O thickness.

I-V motivation

Before any first electrical measurement on the fabricated device, it is worth explaining the
role of I-V curves. This type of measurement aims to determine the type of contact: ohmic
if the curve is linear, rectifying if the curve has an exponential shape or a different shape for
another model. Finding the right type of contact and the corresponding I-V law helps us
characterize the cuprous oxide by fitting the curve with a given model.

However, fitting a model to I-V curves does not just allow for an interface characterization.
Indeed, most of the measurement techniques work with a plane analysis such as XRD, and
Van der Pauw. Here, the I-V curve is a scan of the core of the film from top to bottom. The
current flows transversely and gives information that could not have been measured with our
equipment, such as the transversal mobility of the film.

Depending on the model of current conduction, one can extract from I-V curves parameters
such as the metal-semiconductor barrier height, the density of the majority of dopants, and so
on. The measures are made using a Keithley 2450 SourceMeter with small tungsten needles
as shown in Figure 3.11.
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Figure 3.11: Experimental protocol picture of the two electrodes for the silver-cuprous oxide contact.
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Electrical response on Ag/Cu2O contacts

When the first I-V curves are measured from the FTO to the silver pad, the curves are linear
and not exponential.

One expected Schottky contact with the silver and the cuprous oxide, however, all samples
TCuO-NA, TCuO-A, TCu2O-NA, and TCu2O-A have been fabricated and measured but
every time, the current was purely ohmic as shown in Figure 3.12. This means that while
the annealing process enhanced the crystallographic properties, it is not useful for the silver-
cuprous oxide contact. From this curve, a resistance of around 40 Ω is extracted.
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Figure 3.12: Ohmic I-V curve of sample TCu2O-A of the silver short circuit through the cuprous oxide.

To understand this ohmic behavior, one can measure the resistance of the FTO and
the transversal cuprous oxide with an ohmmeter. The expected current path is shown in
Figure 3.13.

The measured resistance via the Ohmmeter between two points of the FTO substrate is
of the order of 15 Ω, which is expected with its resistivity of approximately 10−4 Ω·cm [52].
The transversal resistance is measured. However, it is measured directly on the cuprous oxide
and not the silver pads and the FTO. Thus, the total resistance is given by the sum of the
resistance of the FTO (RFTO) and the Cu2O (RCu2O): RFTO + RCu2O. The measured value
is of the order of the kilo ohm. This means that the transversal resistance of the cuprous
oxide is much larger than the FTO. This is also validated as the resistivity of the cuprous
oxide measured in the lab is around 0.5 Ω·cm.

From these results, it can be concluded that when the current passes from the FTO to the
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Figure 3.13: Representation of the expected current flow from the FTO to the silver pad.

silver pads (pad with its resistance RAg), the total resistance should be: RFTO+RCu2O+RAg.
Here, because RCu2O is approximately 1 kΩ, and the FTO and silver are more conductive
than cuprous oxide, the total resistance is expected to be of the order of the kΩ. However,
the total measured resistance is of the order of 10 Ω. It is the same order as if only the FTO
and the silver resistances were measured. Thus, it behaves as if the current is not passing
through the cuprous oxide.

One hypothesis is that there could be a parasitic channel of silver that passes through
the cuprous oxide. The silver would act as a short circuit and this would explain the low
resistance ohmic behavior. This short circuit could be explained by the high porosity of the
cuprous oxide. A small line of silver could pass through it. Then, there is a diffusion as
shown in [50].

To overcome this problem, annealing before the silver deposition has been tried to increase
the crystallinity and thus decrease the silver diffusion but in vain, the same ohmic curve is
obtained. This was expected as it has been shown by Umar et al. in [28] that the annealing
process increases the size of the grain but also the porosity.

The silver short circuit hypothesis is consolidated by the fact that Cheng Siah et al. in
[53] have managed to have good contact between the silver and the cuprous oxide. This
means that they did not have a short circuit and that it is possible. The question is to find
out what is the issue for the samples.

Note that we were expecting rectifying behavior but Cheng Siah reported that silver has
an ohmic contact with N-doped Cu2O. This is discussed in the next chapter.

Hence, from these results and analysis, it can be can concluded that the silver deposition
on the cuprous oxide is not working as expected. Hence, an alternative must be found. This
is done in the next chapter where another metal is studied, namely, tungsten. The aim is
to run the same experiments done with silver but with tungsten. Additionally, it could be
interesting in another work to deposit thicker cuprous oxide films with soft annealing. This
could maybe prevent the silver deposited by thermal evaporation from making a short circuit
to the FTO back contact.
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Chapter 4

Electrical characterization of Cu2O

contacts

This section ultimately aims at determining the physical parameters of the cuprous oxide
films fabricated in the laboratory. An alternative to the silver-Cu2O contact is determined
and studied via the appropriate model on the I-V measurements. This metallic contact
offers some pros and cons. Then, once the model is correctly fitted to the measurements,
approximated cuprous oxide parameters are extracted such as the hole transversal mobility,
the acceptor density, and the concentration of holes at thermal equilibrium.

4.1 Cuprous oxide interface defects model

4.1.1 Tungsten probe, a silver alternative

Because the silver contact has been tried many times with TCuO-NA, TCuO-A, TCu2O-NA,
and TCu2O-A without success, an alternative must be found. The replacement is tungsten.
This choice is guided by the literature which is quite sparse with only two known references.
It could interesting to bring something new. The only known effect between cuprous oxide
and tungsten are for a cell tungsten oxide - cuprous oxide [54] and the use of tungsten as a
back contact for the zinc oxide - cuprous oxide cell [55]. Additionally, the work function (in
ideal conditions) provides a rectifying behavior as tungsten’s work function is lower than the
one of cuprous oxide [56]. However, Azanza et al. in [55] use tungsten as an ohmic contact,
not the desired rectifying. This will be discussed later.

Tungsten has been investigated as a metallic contact on the cuprous oxide. We can
implement such contact by using the tip of the probe station of the laboratory.

The advantage of this technique is that it does not require a tungsten deposition. There
are no risks of diffusion of the tungsten inside the cuprous oxide film. This is also very easy
as it is only a contact with a precision tip. The downside of the use of a tungsten probe is
that the contact area is not very precise. The manufacturer provided us with needles with
a spherical head of 0.35 µm in diameter but as the needles are used, they get wider. An
error in the contact area must be taken into account. Moreover, the needle can be pushed

49
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too hard on the film, thus increasing the contact area but increasing the uncertainty. To
avoid this effect, the protocol for approaching the needle is the following. An ohmmeter is
connected to both needles: one on the FTO contact behind the cuprous oxide and one on the
cuprous oxide which is approached slowly towards the film. As soon as the ohmmeter reads
something and a current flows, the needle is fixed. This gives a certain reproducibility in the
measurements as each measurement will be made with the same needle contact pressure and
area.

4.1.2 Tungsten probe measurements

The I-V curve is then measured for the four samples with a tungsten electrode on the FTO
and a tungsten electrode on the cuprous oxide.

Moreover, to test the reproducibility of the I-V curves and the effect of voltage soaking,
Figure 4.1 can be analyzed. The probe touching the Cu2O is placed at one point of the
cuprous oxide for 2 I-V curves one after the other. Then, the probe is placed at a different
point and 2 other I-V are taken. Thus, there are 4 I-V curves from 2 different points of the
same sample. The studied applied potential is restricted to positive voltage as the measured
curves were odd functions and the later-used model only requires positive voltage. Thus, there
is no need to measure the negative voltage part. Here, it can be seen that the curves keep
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Figure 4.1: I-V curve of the tungsten probe-cuprous oxide contact for the four types of sample (Cu2O or
CuO target and annealed (A) or not annealed (NA) sample). Four measurements for each sample are made
and are plotted in their respective sample subplot.

the same shape for each sample and that there is not one order of magnitude of difference
between the curves of a sample. This means there is no impact on the polarising of the
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measurements. One downside is that the sample TCuO-A has a small variation and then
sits to have the red and green curves. There might be an impact on the polarisibility of the
sample and then a stabilization.

From Figure 4.1, no ohmic, nor rectifying behaviors seem to be visible. This is an issue
as a rectifying behavior was expected. Although the theoretical work function of tungsten
should give a rectifying behavior with the cuprous oxide. Both respective work functions
may vary.

The concept of work function only takes place in the context of the Schottky-Mott rule.
It has been seen many times that the concept of work function does not hold very often and
the work function in the bulk is much different at the interface. It has been seen in [57] and
[47] for example that even the crystal orientation changes the work function.

It is then not surprising that the I-V is not rectifying as the work functions may not satisfy
the Schottky condition at the W (tungsten)-Cu2O interface. This non-rectifying behavior is
observed by Azanza et al. where they use tungsten as an ohmic back contact with Cu2O [55].

Hence, it is needed to find the right model to understand the I-V behavior of the samples.

4.1.3 Drift/diffusion model

The most known model is the one that has been introduced to understand the mechanism of
the pn junction: the drift/diffusion model. The charge carriers are microscopically modeled
as classical particles. Then, the current of carriers is modeled by two mechanisms: the drift
due to electric fields and the diffusion, due to gradients of charge concentration. This model
has already largely been discussed in the theoretical reminder and is the basic semiconductor
model.

4.1.4 Shockley model

The second is the Shockley model. It is based on the thermionic emission. When a metal
is placed near a semiconductor, there is a natural potential barrier that is formed with the
bands. When charge carriers from the metal have an energy higher than the barrier, they pass
through the barrier and recombine in the semiconductor. This emission of charge in the metal
is characterized by the thermionic current and the diffusion current in the semiconductor.
Hence, the total current is written as in

I = Is

(
e

qV
n0kbT − 1

)
, Is = A⋆T 2e

−qϕB
kbT , (4.1)

where n0 is the ideality factor, A⋆ is the Richardon’s constant, V is the applied bias and
qϕB, the barrier height. This model gives the previously discussed exponential I-V curve,
well known for the Schottky diode.

4.1.5 Space-charge-limited current model

Another charge transport mechanism is the space-charge-limited current model (SCLC). In
this model, the current is no longer defined by the movement of charge carriers inside the
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crystal but rather by the injected carriers at ohmic contacts at both sides of the semicon-
ductor. This means that the carrier’s mobility is much more important than the density of
carriers in the compounds. Moreover, the I-V curve thus behaves differently. It is not ohmic,
nor rectifying. It has a different curve shape depending on the type and specificities of the
semiconductor. One typical I-V curve with the SCLC model for copper oxide is presented in
Figure 4.2 by [20].

Figure 4.2: I-V curve of electrodeposited Cu2O (2.6 µm) in loglog scale [20].

First, by taking the SCL model for semiconductors and without traps, from [19], Mott–Gurney
law is used:

J =
9

8
εµi

V 2

t3
. (4.2)

The use of this law needs some hypothesis:

• there is only one type of charge carrier,

• constant mobility and permittivity in the semiconductor,

• no electric field at the ohmic contact (thus, no diffusion of carriers at the interfaces with
other compounds).

This equation is not perfect as it only works for intrinsic semiconductors and using it with
doping must be made with caution. Moreover, no traps in the bulk is a too strong assumption
that needs to be taken into account with an additional term. Adding single-level shallow
traps can change the slopes of the curve. Additionally, as seen in Figure 4.2, different laws
for different applied voltages are expected.

To take traps into account, it has been proposed by Rakhshani et al. in [20] to add a ratio
to free-to-trapped carriers θ(Nv), where Nv is the density of states in the valence bands. This
additional term gives very good results in Rakhshani’s work with nearly perfect fits of the
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I-V curves. Equation 4.2 becomes:

J =
9

8
εµi

V 2

t3
θ. (4.3)

The identification of the model and the fit on experimental curves can provide us with
electrical characterization such as the mobility and the majority doping concentration.

4.2 SCL model for cuprous oxide

As has been discussed in [19], [58] and [20], SCL is a model that can be applied to the Cu2O
thin film with metallic contact. Hence, a more detailed investigation is done in the following.

According to Rakhshani et al. in [20], the positive part of the I-V curve can be split into
two segments: a linear and quadratic part as can be seen in Figure 4.3. The linear part

V⋆

V (log)

I (log)

1

2

Figure 4.3: Diagram of the log-log I-V curve with two curve fittings and the point of change of slope where
1 and 2 are the slopes of the linear slopes in log-log scale and V ⋆ is potential where the zones change from
one slope to the other.

corresponds to an ohmic current with constant resistivity. Its equation is given as:

I = Aqµpp0
V

t
, (4.4)

where A is the area of the ohmic contact, here, the area of the tungsten probe and p0 is the
hole concentration on the valence band at thermal equilibrium.

The quadratic part is given by the updated Mott–Gurney law with a single-level shallow
trap taken into account as previously explained and reminded in:

I =
9

8
Aεµp

V 2

t3
θ, (4.5)

where ε = ε0εr, θ = GNv

Na
e−(Ea−Ev)/kbT is the ratio to free-to-trapped carriers with G = 2,

the acceptor degeneracy factor, Nv, the density of states in the valence band, and Ea − Ev,
the energy difference between the valence band and the acceptor level. This value has been
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measured for N-doped Cu2O by Lee et al. in [59] and Malerba et al. in [60] and is 0.12 eV.

The voltage at which the curve changes from linear to quadratic is found:

V =
qNat

2

2ε
. (4.6)

4.2.1 Curve fitting and doping concentration

To understand how the model is fitted to the curves, it is first fully detailed for one curve
and then, the global results for all the samples are shown.

SCL analysis for one sample

1. The chosen sample is TCu2O-A and the I-V curve in loglog scale is given in Figure 4.4.
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Figure 4.4: Loglog of the I-V curve of the tungsten probe, cuprous oxide contact at one point for the TCu2O-
A sample highlighting two power laws where both fits are made at optimal voltage range to find the best
slope coefficient. The left slope (1.04) represents the power of the ohmic part and 1.89 is the power of the
quadratic part.

2. As can be seen in Figure 4.4, there are two linear zones with different slopes, hence,
exponent of V . To have the best slope possible (one closer to 1 and the other to 2), the
zones are not next to each other and there is a spacing between them.

3. The first one, corresponding in the SCL model, is the ohmic region I ∝ V . The chosen
segment is V from 0.2 to 0.6 V. A line on this part can be fitted and a slope of 1.04
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which is quite close to 1 is obtained.

4. The second linear zone is chosen between 1.2 and 1.5 V. It is expected to be quadratic,
so I ∝ V 2. The slope is 1.89 which is also close to 2.

5. These two slopes are close to what is expected in the model. Having a model that gives
a slope of 1 and 2 and a sample that exhibits these same slopes is convincing that the
I-V curve follows indeed the SCL model.

6. Hence, from the model, the acceptor density for V ⋆ = 1.1 V with Equation 4.6 is found
and this gives:

Na = V ⋆ · 2ε
qt2

= 2.31 · 1016 /cm3. (4.7)

Moreover, from Equation 4.5, one can find the transversal mobility. To do so, the ratio of
free-to-trapped carriers, θ with the just-found acceptor density needs to be calculated.

It is given by

θ = G
Nv

Na

e−(Ea−Ev)/kbT , (4.8)

where Nv is a parameter that is known and used in the simulations from the next chapter,
thus, its value is taken from there and is: 1.34 · 1019 /cm3, and G = 2 as proposed in [20].

The hole mobility in the film is known via Van der Pauw measurements with a current
flowing along the film so tangential to its surface. Experimentally, in the currently measured
I-V curve, the current flows transversely to the Cu2O film, this means that the desired hole
mobility is transversal. This is an interesting feature of our measurements as it is seen by Pan
et al. in [19] that the mobility is very dependent on the cubic lattice direction. Hence, the
hole mobility might be different from the current direction in the crystal. It is then possible
to measure the transversal mobility with I-V curves in complement to the in-plane mobility
obtained with Van der Pauw measurements.

From the fit in the linear scale plot as seen in Figure 4.5, one finds the coefficient A1 and
A2 for the linear fit and B1 and B2 for the quadratic which respectively corresponds to:

I = A1 · V A2 , I = B1 · V B2 .

Hence, from Equation 4.4 and Equation 4.5 from the SCL model, the coefficients are given
as:

A1 =
Aqµpp0

t
, B1 =

9

8

Aεµpθ

t3
, (4.9)

by saying that the non-exact coefficients A2 = 1 and B2 = 2 do not influence the pre-factors.
First, from Na, one finds θ and thus the mobility with B1, and then, with the latter, p0 in
the ohmic region is also found. The results are then:

p0 = 1.27 · 1017 /cm3, θ = 10.06, µp = 0.19 cm2/V s, (4.10)

with t = 200 nm and A = 2.5 · 10−13 m2. Note that the area is only an approximation as
stated in the issues of the tungsten probe. The order of magnitude is right but there is an
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Figure 4.5: I-V curve and two linear fits of the tungsten probe, cuprous oxide contact at one point in linear
scale for the TCu2O-A sample. Both linear (left fit) and quadratic (right fit) zones are represented with their
fit in linear scale and their coefficient of the form: I = A1 · V A2 .

uncertainty. If precise measurements are desired, having needles with known surface area
on the tip and a precision contact leads to an exact knowledge of the area and, thus, more
precise results. An expensive solution is to use a new needle for each measurement. The new
needle has a known diameter which makes the area certain.

First, the hole mobility is of the same order as the Van der Pauw measured one. This
means that contrary to what is shown by Pan et al. in [19], the mobility of the samples does
not vary a lot with the direction. This can be explained by the non-uniformity of the film
crystal. In their study, Pan et al. grown very pure epitaxial films. Here, while they have
a preferential grain phase, our films are textured. This means that the grain facets have
preferential orientations with good electrical properties but there is not only one. This leads
to a certain anisotropy of the electrical properties.

Secondly, the concentration of the hole in the valence band at thermal equilibrium, p0, is
one order of magnitude above the density of the acceptor just previously found. This means
that all the dopants are ionized. Note that the used formulas and thus results are not perfect
as the slopes are not perfectly linear and quadratic. Hence, the focus is only put on the
orders of magnitude and not precise values.

The resistivity, ρ, of the cuprous oxide could also be found with the slope of the linear part,
ρ = 1

A1

A
t
≈ 0.025 Ω·cm. However, it is already available via Van der Pauw measurements

and the linear part is not very ohmic for the majority of the latter curves. Nothing can really
be said from this value.
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Full SCL analysis

At first, the measurements are displayed in Figure 4.6. As can be seen and as stated earlier,
the range of applied voltage is not the same for the 4 samples as they have breakdowns at
different voltages.
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Figure 4.6: I-V curve of the tungsten probe, cuprous oxide contact at one point in log-log scale. With, for
each curve, a linear fit on the left and a quadratic fit on the right (each with its zone to have the best SCL
fit). The linear fitting parameters of both zones are displayed with the expression: I = A1 · V A2

From the several I-V curves, one can fit a linear and a quadratic curve on different portions
of each curve. To have the best fit possible, the voltage range for the linear and quadratic
parts is different for each sample.

The same procedure as previously made is done for the four samples. For each sample,
four measurements, thus curves, are made that are analyzed separately. Once the slopes
in the log-log scale for the linear and quadratic zones are found for each curve, they are
averaged arithmetically to find a mean curve corresponding to the sample. Moreover, the
standard deviation is also given to see the variability of these averaged slopes. Then, the
same variables can be found with the fit parameters: µp and p0.

All these results are shown in Table 4.1.

4.2.2 SCL model interpretation

First, the quadratic fit is quite good as the power is close to 2 for all samples. However, the
linear part is not perfect, thus ohmic, as the power is not very close to the unity. It has a
difference of 50 % in some cases.
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TCuO-NA TCuO-A TCu2O-NA TCu2O-A

Voltage range [0.2; 0.7] and [1.2; 2.5] [0.2; 1.8] and [2; 3.9] [0.2; 1.5] and [2.5; 3.9] [0.2; 1] and [1.2; 1.5]

Linear 1.9± 0.02 1.65± 0.056 1.52± 0.029 1.07± 0.031

Quadratic 2.23± 0.002 2.01± 0.017 1.77± 0.048 1.77± 0.071

Na(V
⋆) [/cm3] Na(0.8) = 1.68 · 1016 Na(1.2) = 2.52 · 1016 Na(1.4) = 2.94 · 1016 Na(1.1) = 2.31 · 1016

µp [cm2/Vs] 0.018± 0.0005 0.0024± 0.0006 0.015± 0.002 0.18± 0.01

p0 [/cm3] (2.16± 0.013) · 1017 (1.62± 0.0081) · 1017 (1.53± 0.0092) · 1017 (1.47± 0.060) · 1017

Table 4.1: Extracted parameters from the SCL curve fitting with the given voltage range for the four samples.
From the slopes, the hole mobility and hole concentration at thermal equilibrium are obtained.

A possible explanation of why the I-V curves do not have a linear part, hence, an ohmic
behavior could be due to the resistivity. As the thin film resistivity is much smaller for our
samples compared to [20], the ohmic behavior is much smaller and negligible compared to
the quadratic power. That is why the curve fitting cannot capture a linear part.

First, the acceptor density Na is of the order of 1016 /cm3 for all samples. This is a
pretty good order of magnitude as it is the same as [20] and others. This is the order aimed
for this work. However, the precise value does not matter that much as it depends on the
potential choice V ⋆, in which precision is subjective because the change between the linear
and quadratic parts is not straightforward. Then, as already mentioned, the hole mobility is
a bit smaller or of the same order as the Van der Pauw measurement. This means that there
is only a small change between the in-plane mobility and transversal. This can be explained
by the fact that the film is polycrystalline. At the same time, it is also a bit textured with
a small majority of the phase (111). This could mean that if the mobility is larger in the
in-plane direction, the (111) phase is oriented in that direction, as the (111) phase has a
larger mobility as reported in [19]. However, this effect is not strong, and concluding a real
difference between the mobilities is not advised.
Last, at thermal equilibrium, the hole concentration in the valence band extracted from the
SCL model is one order of magnitude smaller than the one measured with the Van der Pauw
measurement. This is not an issue because, as said earlier, the ohmic region is not perfectly
ohmic and the concentration of holes is extracted from this part. This means that errors are
possible and the difference between this value and the one measured via Van der Pauw is
not enough to discard the SCL model. From these results, one can say that there is no clear
change in behavior between the annealed samples and the others. The films being textured,
enhancing the crystallinity does not change the overall anisotropic character of the films.

Here, the results are not as useful as the one measured by Pan et al. in [19] or by Rakhshani
et al. in [20]. In their articles, the slopes were perfectly at 1 and 2. They could then extract
very precise physical quantities. In the current work, only orders of magnitude are obtained
due to variability in the measurements. These lasts can be due to the variable contact area of
the needle and due to the tungsten contact. In their articles, they use gold [19] or aluminum
[20] contact instead. It is known that the contact gold-cuprous oxide is a good ohmic contact.
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Here, the aim was to see whether the tungsten was a good and quick alternative, not having
precise measurements. To conclude, I would say that for quick and easy contact to find an
order of magnitude of the different physical quantities in Table 4.1, tungsten is a good option
that could be more developed.

Additionally, it would be interesting to try a gold deposition instead of the use of the
tungsten probe. This gold contact could maybe exhibit a better contact with the cuprous
oxide and give a better SCL curve. If the curves are the same as the ones obtained with the
tungsten probes, this means that the imperfect behavior of the I-V curves with respect to
the SCL model comes from the film and not the contact. This would mean that the tungsten
contact gives the same results as the gold ones without a real deposition.
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Chapter 5

Solar cell simulations

This chapter aims to investigate solar cells made of copper oxide and gallium oxide. Copper
oxide solar cells are very promising for transparent solar cells as cuprous oxide is the most
convenient transparent p-type semiconductor. Moreover, the most studied thin film solar cell
made of cuprous oxide is the Al-doped zinc oxide | cuprous oxide cell. Toghyani Rizi et al.
in [61] have shown that the main issue with this cell is a conduction band offset (∆Ec), as
it decreases the shunt resistance, hence, the efficiency. This problem can be tackled using a
buffer layer, such as gallium oxide. Having an n-type material with a large band gap as the
one of gallium oxide can yield a greater efficiency. Moreover, in its article [10], Minami et al.
do not take an N-doped Cu2O, as is the case experimentally in this work. The idea of this
work is then to take the doping from the laboratory and simulate it to see the impact.

The first part of this work introduces the software Scaps [62] that is used. This allows
us to understand the limitations and the results of the simulations. Then, to determine
the best solar cell parameters, the influence of the doping and the thickness of each layer is
varied using the software. At first, the ideal cell without defects is studied to find optimal
parameters. Then, defects in the bulk are added with the same parameters optimization to
understand their effects on the I-V parameters. Lastly, adding an n-type as a buffer layer is
investigated hopefully to increase the efficiency.

5.1 Numerical tools

To simulate the I-V curve of any cells, the recombination rates, currents, and so on, the
software Scaps is used. It is a one-dimensional semiconductor device solver. It works as
follows:

• It takes a complete problem in input with several semiconductors side-by-side, with
their physical parameters such as the carrier’s concentration, affinity, band gap, etc.
One can also specify defects, and interface states for each semiconductor. Furthermore,
simulation under light can also be carried out with a given spectrum such as AM 1.5.
Additionally, it is also required to give a temperature:300 K.

• It automatically discretizes the spatial domain along x. Furthermore, the Scaps’ dis-

61
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cretizing algorithm adds more elements in the 1-D mesh near the interfaces with an
element size always under the Debye length. The Debye length is the characteristic
distance of the net electrostatic effect of a charge carrier. The spatial discretization for
an ideal silicon pn junction is displayed in Figure 5.1.
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Figure 5.1: Spatial discretization used by Scaps for an ideal pn junction with the given parameter in Table 5.1.

• Once the simulation is ready, the only required step is to solve the semiconductor equa-
tions for (Φ, Efn and Efp) with the system of equations 5.1 and 5.2:



∂

∂x

(
ε
∂Φ

∂x

)
= −q

(
p− n+Nd −Na +

ρ

q

)
,

1

q

∂Jn
∂x

− Un +G =
∂n

∂t
,

− 1

q

∂Jp
∂x

− Up +G =
∂p

∂t
,

(5.1)


Jn = µnn

∂Efn

∂x
,

Jp = µpp
∂Efp

∂x
.

(5.2)

From those results, one can find all the measurable variables such as the potential, the
recombination rate, the I-V curve, and so on.
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5.1.1 Numerical and analytical comparison for the homojunction

The considered junction is an ideal Si pn junction with the parameters in Table 5.1.

p-type n-type

x [µm] 1 1

ε 11.7 11.7

Eg [eV] 1.12 1.12

qχ [eV] 4.05 4.05

Nc [cm−3] 3.2 · 1019 3.2 · 1019
Nv [cm−3] 1.8 · 1019 1.8 · 1019
µn [cm2/(V · s)] 50 50

µp [cm2/(V · s)] 50 50

Nd [cm−3] 0 1016

Na [cm−3] 1016 0

Table 5.1: Si data for pn junction without defects and interface states.

To compare the numerical and analytical results of the ideal pn junction, the analytical
results for an ideal abrupt junction are taken in Power Electronics Semiconductor Devices
by Perret [63]. Without going into the mathematical details, the semiconductor equations
are solved for an electrical internal potential. One can compare easily the electric field and
the charge carrier concentrations. Both results are shown in Figure 5.2.
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(b) Charge carriers’ concentrations at equilibrium.

Figure 5.2: Analytical and numerical comparison for the ideal pn junction.

As can be seen in Figure 5.2, the curves from Scaps are very close to the analytical ones,
hence, it can be concluded that for the simple homojunction, the numerical results from
Scaps are correct.
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5.1.2 Numerical and analytical comparison for the heterojunction

One can make the same comparison with the heterojunction. For the moment, the cell is
given as it is but is developed deeply in the second part of this chapter.

One issue is that there are no analytical results for the heterojunction. Because the homo-
junction provided good numerical results, a comparison with only the band’s discontinuity
and the depletion width with their known analytical expressions at equilibrium is used to
validate the results.

The studied heterojunction has the parameters given in Table 5.2.

Ga2O3 - n-type Cu2O - p-type

x [µm] 0.5 5

εr 10 7.6

Eg [eV] 4.8 2.1

qχ [eV] 4 3.2

Nc [cm−3] 3.72 · 1018 2.43 · 1019
Nv [cm−3] 3.72 · 1018 1.34 · 1019
µn [cm2/(V · s)] 118 200

µp [cm2/(V · s)] 50 100

Nd [cm−3] 1.6 · 1018 109

Na [cm−3] 109 1014

αr [cm3/s] 10−12 10−12

αn
A, αp

A [cm6/s] 10−30 10−30

Table 5.2: Ga2O3-Cu2O data for pn junction without defects and without interface states.

The energy band diagram at equilibrium is plotted in Figure 5.3. Note that while the
quasi-Fermi levels do not seem to coincide together if the junction gets much longer (100 µm),
the quasi-Fermi levels do meet together at the Fermi level. From the expression given in
section 2.5, one finds:

xn = 10−4 µm, xp = 2.59 µm.

Moreover, the shifts of bands at the junction are the same as calculated in section 2.5 and
are indeed:

∆Ec = 0.8 eV, ∆Ev = 3.5 eV.
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Figure 5.3: Energy band diagram of the heterojunction Cu2O-Ga2O3 at equilibrium.

5.1.3 Homo and hetero junction comparison

n p

Figure 5.4: Schematic of the homo and hetero junction
with incident light.

One question the reader could ask is: would
not it be more interesting and efficient to
work on the homojunction of Cu2O than
having a hetero junction with Ga2O3? To
answer this question, using Scaps, the com-
parison between both under light is pretty
straightforward. To do so, the previous het-
erojunction from Table 5.2 is used and the
homojunction is made of Cu2O. To compare
both homo and heterojunction, the same
doping density Nd = 1.6 · 1018 cm−3 is used.

The numerical setup is displayed in Figure 5.4.

Energy band diagram comparison

The first thing one can do to visualize the differences is simply see the changes in the depletion
region in the energy band diagram at equilibrium between the hetero and homo junction.
As can be seen in Figure 5.5, the differences in band gap induce large shifts in the depletion
region for the heterojunction.
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Figure 5.5: Energy band diagram at equilibrium without illumination for the hetero and homojunction.

Electron hole pair generation comparison

The second comparison is between the recombination and generation of charge carriers along
the junction. Figure 5.6 clearly shows that due to the large gap of the Ga2O3, all the light is
transmitted to the Cu2O and there are nearly no generations in the n-type. Whereas for the
homojunction, the generation decays exponentially from the illuminated surface as expected.
Here, the comparison is simple as there are no defects nor traps in the bulks. As the bulks
are considered perfect without defects, hence trap states, only Auger and direct radiative
recombinations are allowed. To simulate these, it is required to give coefficients for those
mechanisms available in Table 5.2.

To understand the shape of the recombinations, one can see that there are constants in
the bulk out of the depletion region and vary quickly in the depletion region. In the latter
case, it follows the given curves as shown in Figure 5.7, which are the products appearing
in the recombination expressions. Namely: radiative recombination Rrad = αr(np− n2

i ) and
the Auger recombination Raug = (αn

An+ αp
Ap)(np− n2

i ). The aim of this recombination plot
is also to see whether Auger’s processes are as important as direct recombinations. One sees
that the radiative effects are several orders of magnitude above the Auger processes. This
means that Auger processes are not very important. Auger recombinations can be neglected
in our interpretations.
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Figure 5.6: Generation and recombination of EHP of the hetero and homo junction at 0 V.
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Current density comparison

One useful piece of information for a solar cell application is the total current density. The
higher the current, the higher the power. Here, the junctions are at equilibrium with illumi-
nation on the left.

Jtot(Cu2O-Cu2O) = −11.61 mA/cm2, Jtot(Ga2O3-Cu2O) = −12.03 mA/cm2.

Here, even though the gallium oxide is nearly completely transparent, it is important because
all the light goes to the copper oxide without being absorbed by the gallium oxide. Thus, a
large current is generated by the latter.

To conclude, it is more efficient to have a heterojunction with the gallium oxide as it
decreases the recombination at the interface and generally increases the efficiency. Moreover,
in the current situation, it is not possible to have an n-type Cu2O in reality. Even though
the homojunction existed, it would not be interesting to use it instead of the heterojunction.

5.1.4 Fill factor analysis

During this work, no shunt or series resistances are considered. However, there is still a given
fill factor by Scaps. One can understand its behavior by looking at Figure 5.8 with their
respecting fill factor in Table 5.3.
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Figure 5.8: I-V curve of the heterojunction Ga2O3-Cu2O solar cell under AM 1.5 illumination with default
parameters given in Table 5.4.

From these results, one can see that with doping, as expected, the short-circuit current
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NCu2O
a [/cm3] FF [%] Voc [V] Jsc [mA/cm2]

1014 66.6 1.38 -2.73

1016 71 1.45 -2.73

1018 78 1.6 -2.69

Table 5.3: I-V parameters for the I-V curves shown in Figure 5.8.

does not change a lot while the open-circuit voltage does. The point of interest here is the
fill factor. Because there is no external resistance, it is only influenced by the geometrical
aspect of the I-V shape. This means that the larger the short circuit current or the open
circuit voltage, the larger the fill factor. And the more square-like the shape is, the larger the
fill factor. Here, one sees on Figure 5.8 that the shape is very similar between the three and
it seems that they are shifted, which shows that the variation of parameters has an impact
on Jsc or Voc but not directly on the fill factor.
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5.2 Modelling of the cell

In this work, the computed cell is made of an absorber layer of Cu2O and a transparent
layer of Ga2O3. This cell has a maximum theoretical efficiency of 20 % [10]. However, the
experimental record is around 10 % using additional buffer layers. Hence, having a good
recipe for N-doped Cu2O can increase efficiency. This is investigated in this chapter. The
choice of gallium oxide as justified in [10] comes from the decrease of the shunt resistance
with this layer. Having a large ∆Ec, thus, increases the fill factor and the efficiency. This is
not talked about in this work but it has other impacts with its doping that are investigated
here.

5.2.1 Hypothesis

• During the simulations, the doping is uniform in the material, as well as the defects in
the bulk. The possible added defects have a Gaussian distribution energy in the band
gap as discussed later. No interface defects are simulated in this work.

• For the first section, the cell is considered pristine. However, in the latter, real defects
are taken into account.

• During this work, no resistance in or out of the junction is taken into account, namely,
the series and shunt resistance. This has an effect that is not negligible for a real cell.
It has been demonstrated by Sahin et al. in [64] that both shunt and series resistance
have different impacts on solar efficiency.

• The contact on the left and right of the junction are ohmic with imposed flat bands.
This guarantees more readable graphs. Experimentally, in the case of cuprous oxide,
the electrode is often gold as it has indeed a good ohmic contact as shown in [12] and
[65].

• While it has been shown in the chapter chapter 4 that the main current model for the
cuprous oxide was the SCL model, Scaps only uses the drift/diffusion model. Thus, the
drift-diffusion model is used.

• The absorption coefficient for cuprous oxide is measured and shown in Figure 5.9. It
is measured via optical measurement (UV-Vis spectroscopy). However, the gallium
oxide, also shown in Figure 5.9, has a band gap larger than the glass on which it is
deposited. Hence, with optical measurement of the gallium oxide on glass, one would
only measure the glass. Special substrates, such as quartz, are needed. Unfortunately,
this option is not available in the laboratory. Hence, the only solution to know the
absorption coefficient of gallium oxide is to model it in Scaps using α(ν) ∝

√
hν − Eg

as in Figure 5.9. Because the band gap is very large, and the solar spectrum AM 1.5 is
mainly in the range [400,2000] nm, the gallium oxide is nearly 100 % transparent and
the model is not that important.

The starting point of this numerical study is the cell previously studied with gallium oxide
and cuprous oxide. The parameters are reminded in Table 5.4. These values come from
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Figure 5.9: Absorption coefficient used in Scaps for the solar cell modeling.

measurements in the laboratory, or other articles as [66], [61] and [12]. Some quantities such
as electron mobility in cuprous oxide are not experimentally measured. However, this is not
important as they have been varied numerically and do not have a relative impact superior
to 15 % on solar efficiency when varying from 1 to 200 cm2/Vs ((η(200) − η(1))/η(200)).
Values from numerical simulation based on experimental work as taken as in [61]

Ga2O3 - n-type Cu2O - p-type

x [µm] 0.01 0.2

εr 10 7.6

Eg [eV] 4.8 2.1

qχ [eV] 4 3.2

Nc [cm−3] 3.72 · 1018 2.43 · 1019
Nv [cm−3] 3.72 · 1018 1.34 · 1019
µn [cm2/(V · s)] 118 200

µp [cm2/(V · s)] 50 0.7

Nd [cm−3] 1.6 · 1018 109

Na [cm−3] 109 1014

αr [cm3/s] 10−12 10−12

αn
A, αp

A [cm6/s] 10−30 10−30

Table 5.4: Ga2O3-Cu2O data for pn junction without defects and without interface states.
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5.2.2 Thickness variation

To start with, one can study the thickness variation of both layers. However, the studied
thicknesses need to be fabricated via our RF sputtering which can only make films of around
300 nm. Other methods such as electrodeposition are low-cost and privileged, but the cells
lose their transparent ability. Most importantly, because this work aims to develop transpar-
ent or semi-transparent films, one is only limited to tenths of microns. Hence, the thickness
study is limited. The I-V parameters resulting from this study are shown in Figure 5.10.
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(b) Variation of the I-V parameters with the Ga2O3 thickness.

Figure 5.10: Variation of the I-V parameters with both thickness of the ideal Ga2O3-Cu2O solar cell under
AM 1.5 illumination with default parameters given in Table 5.4.

As can be interpreted, the thickness of the gallium oxide does not change at all of the
I-V parameters. The variations are of the order of the floating points error of Scaps. It was
expected because it is highly transparent. It is important to note that the varied thickness
still guarantees enough room for the depletion width.
Additionally, the thicker the cuprous oxide, the better the short circuit current. The open
circuit also increases but with a smaller slope. Increasing the thickness of the cuprous oxide
results in more absorption, more generated charge carriers, and, hence, more efficient cells.
It is shown in [61] and others that a layer of several microns of copper oxide leads to a more
efficient cell. However, it has been shown by Sliti et al. in [12] that there is a maximum of
around 10 µm where all the incoming light is absorbed and further increase of the thickness
would lead to more recombinations without more optical generation. In any case, our choice
is limited by the deposition method and the transparency criterion. Hence, 300 nm is chosen.

5.2.3 Doping variation

The doping concentration of the majority carriers is also investigated. The results are dis-
played in Figure 5.11. One can see that when the doping increases, the efficiency increases
but to a certain threshold. First, the gain of efficiency with doping can be explained by the
shift of the conduction and valence bands upwards in the cuprous oxide. As said by Sliti et
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Figure 5.11: Variation of the I-V parameters with both doping concentration of the ideal Ga2O3-Cu2O solar
cell under AM 1.5 illumination with default parameters given in Table 5.4.

al. in [12], this decreases the number of holes going towards the interface and recombining.
However, after a certain threshold, there are many more recombinations through the doping
levels as the characteristic time between recombinations τn is proportional to 1

Na
. This means

that the higher the doping, the smaller the time between recombination, thus, the number of
recombination increases. This is seen by comparing the recombination rate for two different
doping of cuprous oxide in Figure 5.12. It is then a balance between high carrier density and
recombination. In the lab, because the copper oxide is doped via a constant nitrogen flux,
the doping is often of the order of 1018 /cm3. For the gallium oxide, it is shown in [66], [61]
and [67] that with several doping methods, one can achieve doping of the order of 1018 /cm3.
Having high doping n-type decreases the number of minority carrier generation and thus, the
recombination loss at the interface.

5.2.4 Optimized solar cell

From the previous results, one can extract the optimal parameters for the ideal solar cell.
Here, the hypothesis is that the parameters are uncoupled from each other. This is explained
later. Hence, one finds:

xGa2O3 = 20 nm, xCu2O = 300 nm. (5.3)

NGa2O3
d = 1018 /cm3, NCu2O

a = 1018 /cm3. (5.4)

The chosen value corresponds to the maximum or the experimentally possible optimum of
the tested values. The simulation for the optimal cell gives the following and the curve in
Figure 5.13:
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Figure 5.12: Generation and recombination rate for the Ga2O3|Cu2O junction for two different Cu2O doping
at equilibrium under AM 1.5 illumination.

Voc [V] Jsc [mA/cm2] FF [%] η [%]

1.61 3.73 77.43 4.7

Table 5.5: I-V parameters for the optimal pristine solar cell without any bias.

5.2.5 Coupling of the varied parameters

To find the optimal parameters, it has been assumed that the doping and the thickness were
uncoupled to allow for an easy and fast study. Each parameter was studied one at a time.
However, to be sure that this assumption was not too strong, a quick small study on the
cuprous oxide was made with the coupling with 6x6 parameters. The results are shown in
Figure 5.14.

As can be seen, the same behavior is seen in the map in the two separated optimizations
in Figure 5.11(a) and Figure 5.10(a). The doping has a maximum of around 1019, whatever
the thickness. The larger the thickness, the better. Hence, the following optimizations are
made separately.
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Figure 5.13: I-V curve of the optimal pristine Ga2O3—Cu2O solar cell under AM 1.5 illumination with
default parameters given in Table 5.4.

5.3 Solar cell with defects

Defects in the cuprous oxide are very important. The transport of carriers in the film is
made possible thanks to copper vacancies which act as acceptors as they lead to extra holes.
These holes at different states have the same effective mass as the holes in the valence band
of Cu2O. All of this makes the Cu2O p-type [68]. Hence, to make a simulation that is faithful
to reality, one needs to take the effects of defects that have opposite effects compared to the
vacancies. This means defects that act, not as acceptors but as donors.

5.3.1 Including defects in the simulation

To study the effect of the defects in the bulk of the semiconductors, one starts from the
optimal cell and adds defects. To simulate these in the bulk of the semiconductors, the data
of defects used are available in Table 5.6. These defects come from Adaika et al. in [69]
for the gallium oxide and from Sawicka et al. in [70] for the cuprous oxide. The defects are
deep-level defects with a Gaussian distribution of energy. They are then near the middle
of the band gap. They have been found numerically to match experimental results. The
complete procedure for both gallium oxide and cuprous oxide is developed by Toghyani et
al. in [61].
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Figure 5.14: Study of the coupling effect on the efficiency for varying thickness and doping of Cu2O in the
Ga2O3-Cu2O solar cell under AM 1.5 illumination with optimal parameters for gallium oxide.

Defect type Capture cross section Defect density Energy level Standard deviation

[cm2] (σe/σa) [/cm3] [eV] [eV]

Cu2O D-like, Gaussian 5 · 10−13/10−15 1013 Midgap 0.1

Ga2O3 D-like, Gaussian 10−12/10−15 5 · 1017 Midgap 0.05

Table 5.6: Numerical defect data for the Cu2O—Ga2O3 solar cell [66], [61] and [12].

5.3.2 Thickness variation

As previously, the thickness of each layer is varied independently from the other. The results
are available in Figure 5.15. As can be seen, the thickness of the gallium oxide still does not
matter. For copper oxide, the behavior is also the same as previously, the thicker, the better.
One still takes the maximum thickness possible in the laboratory.

5.3.3 Doping variation

The study of the doping in Figure 5.16 shows immediately that the addition of defects makes
the efficiency decrease. However, the increase in doping has the same effect as without
defects: a decrease of the recombination loss in the depletion region but an increase of the
recombination in the semiconductors.

The simulation for the optimal cell with defects gives the following:
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(b) Variation of the I-V parameters with the Ga2O3 thickness.

Figure 5.15: Variation of the I-V parameters with both thickness concentration of the Ga2O3-Cu2O solar
with defects from Table 5.6 cell under AM 1.5 illumination with default parameters given in Table 5.4.
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Figure 5.16: Variation of the I-V parameters with both doping concentration of the Ga2O3-Cu2O solar with
defects from Table 5.6 cell under AM 1.5 illumination with default parameters given in Table 5.4.

Voc [V] Jsc [mA/cm2] FF [%] η [%]

1.6 3.74 75.49 4.53

Table 5.7: I-V parameters for the optimal solar cell with defects in the bulk without any bias.

5.3.4 Study of the effects due to defects

To have a better understanding of the influence that the defects have on efficiency, one can
analyze the recombination rates. To do so, Scaps provides us with the curves for the ideal
defective and pristine solar cell in Figure 5.17.

First, only the cuprous oxide part of the cell plays a big role in the cell as the gallium
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Figure 5.17: Generation and recombination rate for the two defective and pristine Ga2O3-Cu2O with Vbias = 0
V and AM 1.5 illumination with default parameters given in Table 5.4.

oxide is transparent to light and does not have a charge generation via light excitation. As
can be seen, the optical generation rate is only following the incident rate of photons from
AM 1.5 illumination. It is the same for both defective and pristine cells. It only takes the
band gap into account. However, having defects in the bulks in the midgap (deep defects)
creates recombination centers (RC) for the charge to recombine. Here, while the thermal
recombination from the conduction to the valence band is the same for both defective and
pristine cells, there are additional recombinations with the traps for both electrons and holes.
The recombination through the RC process has a big impact. It has already been reported
for perovskite solar cells by Taheri et al. in [71], for thin films by Ouslimane et al. in [72]
and Wischmann et al. in [73] that in solar cells, the defects which play the role of mid-
band traps reduce the solar cell efficiency. Thus, while the only source of recombination
was radiative and Auger recombination (from conduction to valence band), in the defective
cell, the recombination can also be made at recombination centers. This means that more
recombinations after an optical generation can happen. This decreases the number of charge
carriers as some have recombined at recombination centers, hence, the current and thus, the
efficiency decrease. The lower density of carriers reduces the drift current and having defects
reduces the mobility and thus the diffusion current. However, because experimentally, one
cannot avoid defects, it is crucial to take the defects into account to control their impacts. It
has been determined in [71] that the deep defects are the most harmful to the recombination
rate and the solar cell efficiency.
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5.4 Additional AZO layer

Lastly, it has been shown in the literature in [12] and [10] that using two n-type layers with
one as a buffer with cuprous oxide can increase solar efficiency. To compare the effect of
the N-doping in the cuprous oxide on the solar efficiency, the simulated cell is the same as
Minami et al. in [10] with Al-doped ZnO (AZO), Ga2O3 and Cu2O. The numerical data are
given in Table 5.8. Here, the gallium oxide and cuprous oxide parameters are the same as
the optimal cell.

AZO - n-type Ga2O3 - n-type Cu2O - p-type

x [µm] 0.02 0.02 0.3

εr 9 10 7.6

Eg [eV] 3.35 4.8 2.1

qχ [eV] 4.4 4 3.2

Nc [cm−3] 2.2 · 1018 3.72 · 1018 2.43 · 1019
Nv [cm−3] 1.8 · 10−19 3.72 · 1018 1.34 · 1019
µn [cm2/(V · s)] 10 118 200

µp [cm2/(V · s)] 5 50 0.7

Nd [cm−3] 1021 1018 109

Na [cm−3] 109 109 1014

αr [cm3/s] 10−12 10−12 10−12

αn
A, αp

A [cm6/s] 10−30 10−30 10−30

Table 5.8: AZO—Ga2O3—Cu2O data for pn junction without defects and without interface states.

It is worth noting that the doping being very large, the depletion width is smaller than 1
nm with a 1 V bias for doping concentration above 1018 /cm3. When smaller, the depletion
width can reach 150 nm for a doping concentration of 1015 /cm3. This explains the chosen
default AZO thickness.

Important note: to guarantee the convergence of the simulations over the whole voltage
range, cuprous oxide doping could not have its optimal value of 1018 /cm3. It had to be
lowered. To see if it has an impact on the efficiency, the latter is seen in Figure 5.18. As
can be seen, the doping of the Cuprous oxide influences the solar efficiency from 10 to 20 %.
This means that it would be great to be able to do the simulations with the proper cuprous
oxide doping and not a low value as done in this work due to numerical issues. Here, the
chosen cuprous oxide doping as a replacement is 1014 /cm3 for simplicity but one can see that
the three tested dopings have the same behavior but slightly different values. One aspect
that is not studied in this work is that it seems that the optimal doping of cuprous oxide
found in the cell without AZO is not optimal with AZO. It would be interesting to run the
optimization with the AZO layer.
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Figure 5.18: Solar efficiency for several Cu2O doping in the AZO—Ga2O3-Cu2O cell with Vbias = 0 V and
AM 1.5 illumination with default parameters given in Table 5.4.
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5.4.1 Doping and thickness variation

The same study as previously on the majority doping and the thickness of the AZO is made.
The results are available in Figure 5.19. Beware that, due to numerical convergence, the
software only gives an approximation of the efficiency because it could not reach the open-
circuit potential and find the exact efficiency.
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Figure 5.19: Variation of the I-V parameters (without possible open-circuit potential) with doping concen-
tration and thickness of the AZO in the AZO—Ga2O3-Cu2O solar with defects from Table 5.8 cell under
AM 1.5 illumination with default parameters given in Table 5.4.

From these results, one can find the optimal AZO parameters.

Hence, one finds:

NAZO
d = 1018 /cm3, xAZO = 20 nm. (5.5)

As usual, the optimal cell is simulated and gives the parameters in Table 5.9.

Voc [V] Jsc [mA/cm2] FF [%] η [%]

1.75 3.72 38.96 2.48

Table 5.9: I-V parameters for the optimal pristine solar cell with additional AZO layer without any bias.

5.4.2 Additionnal layer analysis

While the best AZO thickness is approximately 6 nm, one major constraint is the deposition
process. For such a thin film, it becomes difficult to control precisely the deposition thickness
via RF sputtering. Other methods such as thermal evaporation or electro-deposition are even
less precise. That is why the choice of the best thickness is a little bit larger than 6 nm to
make the deposition easier. Moreover, one needs to be sure that the film can guarantee the
doping density for such a small thickness. It has been reported in [74] that for thicknesses
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of around 70 nm, the density was around 2 · 1020 /cm3. Hence, the film being thinner in our
case, the maximum doping is assumed to be experimentally feasible. Moreover, towards 1
nm thick, Scaps has trouble computing the cell correctly, the depletion width is still smaller
than 1 nm but care must be taken.

To understand the origin of the doping effect on solar efficiency, one can analyze the re-
combination rate in Figure 5.20 for two doping densities. One can see that there is only a
minor change in the AZO part. The recombination rate is larger when the doping concentra-
tion in the AZO is higher. This is the same behavior as for the cuprous oxide. This means
that the larger the doping in AZO, the larger the recombination and the smaller the solar
efficiency. And naturally, there is no change in the generation rate.
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Figure 5.20: Generation and recombination rate for the AZO|Ga2O3|Cu2O junction for two different AZO
doping at equilibrium under AM 1.5 illumination.

5.4.3 Unexpected decreasing of the solar efficiency

While it is stated in [12] and [10] that the addition of a second n-type TCO increases the
efficiency, it is seen here that the optimal efficiency of the pristine Ga2O3|Cu2O is more than
two times better than the pristine AZO|Ga2O3|Cu2O cell. This behavior is quite unexpected.
To compare both cells, the recombination and generation rates are shown in Figure 5.21.

As can be seen, there is indeed an optical generation in the AZO layer, this means that
fewer photons can reach the cuprous oxide to generate EHP. Additionally, there are just a bit
fewer recombinations in the cuprous oxide when the AZO is present. These effects confirm
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Figure 5.21: Generation and recombination rate for the AZO|Ga2O3|Cu2O junction and the Ga2O3|Cu2O
(shifted to match the Cu2O layer) at equilibrium under AM 1.5 illumination.

the fact that the efficiency is lowered with the addition of the AZO.

However, this behavior is not seen or talked about by Toghyani Rizi et al. in [61],
where the cell is quite similar. The hypothesis of such a difference comes from the numerical
representation of the defects in Scaps.

Indeed, in its paper, Toghyani Rizi, with different software, adds a defective interface
layer between the gallium oxide and the cuprous oxide. This is not possible with Scaps as
the software does not converge. Thus, there might be a mismatch between the way Toghyani
Rizi computes the defects and the way done in this work.

However one can still extract the optimal parameters for the cells as the physics behind
them are correct.

5.5 Simulation prospects

While this simulation allows for a first optimal cell and gives the flavor of the impacts of the
parameters, some points can be improved and other cases can be studied.

• It would be interesting to be able to simulate the optimal cell with AZO and the optimal
Cu2O doping, as it has not been possible due to numerical issues. Moreover, a rerun
of the cuprous oxide optimum study is required as it seemed the behavior was different
compared to the cell without AZO.
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• As it has been done in [61], representing the interface layers and defective layers between
the cuprous oxide and its neighbor is quite important as the contact with Cu2O is not
straightforward. However, such simulations have been tested during this work but it was
not possible to guarantee numerical convergence of the Scaps software, hence, another
one is needed.

• Here, only AZO has been studied but another n-type buffer such as TiO2 can be also
studied and compared with Ga2O3.

• Lastly, no electrode on the top side of the cell has been added and simulated. Gold
is often used for its good contact on the top of the cell but this has an impact on the
transmission rate of light.



Chapter 6

Conclusion

This work was dedicated to the study of the Cu2O-based semiconductor structures.

The first part was a brief reminder of semiconductor physics, explaining the concepts of
charge carriers, bands, doping, and currents. Then, the homojunction was introduced to
explain the heterojunction for the solar cell and the Schottky contact. Lastly, a few words
about the current state of the art of both Cu2O and Ga2O3 were said. The promising profile
of cuprous oxide as a p-type semiconductor and all its uses was also introduced.

The experimental part started with a description of the thin film deposition techniques,
namely, RF sputtering and thermal evaporation. Also, the electrical and optical measure-
ment techniques were introduced with typical results such as an XRD pattern for a fabricated
film of cuprous oxide.

With these techniques, the four samples were introduced with their nanofabrication pa-
rameters. Once measured, these were 200 nm thick, with a resistivity of 6.1 Ωcm, a majority
carrier concentration of 2.6 · 1018/cm3 and a in-plane mobility of 0.7 cm2/V·s. After that,
thermal annealing under nitrogen atmosphere was applied and a certain temperature thresh-
old was found. When an annealing of 450◦C is made, a phase of pure copper appears and
the film loses its semiconducting properties. Thus, an annealing at a smaller temperature
was performed. That one showed an increase in crystallinity and no change of phase. From
the crystallinity measurements, hence, XRD measurements, the texture of the film has been
discussed and it has been seen that the film was neither epitaxial nor a random polycrys-
talline. It is a randomly-oriented textured film. Then, silver has been deposited via thermal
evaporation to create a rectifying contact as predicted by the theory. However, it has been
observed that the I-V curves did not show the expected rectifying behavior but rather a
usual ohmic one. The problem was that the measured resistance, with this ohmic curve,
had the value as if there was no cuprous oxide. This meant that the silver passed through
the cuprous oxide film. This issue meant that the silver deposition was to be discarded and
another solution needed to be found.

85
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The next chapter started by finding an alternative to silver, namely, a tungsten probe directly
applied on the back contact, FTO, and the cuprous oxide. This new contact had the ad-
vantage of not requiring a deposition as the probe was just applied to the sample. However,
the tungsten contact had a drawback as the application was not perfect and perfectly repro-
ducible. However, the literature is quite sparse on this contact. A real study on this contact
has not been done yet. Having such contact being promising and easy, it was decided that
a study with the tungsten needle would be made. I-V curves are measured and their shape
was neither rectifying nor ohmic. Hence, the space-charge-limited current was introduced to
model the current behavior in the films. Its physics was explained and a first fit was made
to have a linear and quadratic part on the log-log plot of the I-V curve. From this fit, the
density of the acceptors in the film was extracted, with also the density of majority carriers
in the valence band at equilibrium and the transversal mobility. Once fitted reasonably well
to the curve, it was said to be approved and all the curves from all the samples were fit. The
transversal mobility varied from 0.015 to 0.18 cm2/V·s, the acceptor density was of the order
of 1016 /cm3 and the density of holes in the valence band at thermal equilibrium was of the
order of 1017 /cm3. All these physical quantities were found assuming in the Mott-Gurney
law that the effect of the acceptor levels were trap levels. From this fit, it has been deter-
mined that the in-plane mobility and the transversal were not that different as they were of
the same order and the film was more or less textured.

The last chapter aimed at simulating the solar cell Ga2O3-Cu2O. To do so, the software
Scaps was introduced. It was first completely analyzed by comparing its results with the the-
oretical homojunction and heterojunction. Then, the ideal solar cell is optimized by varying
the thickness and doping of both layers. It has been found that the more doped, the better.
The gallium oxide thickness did not matter that much and the cuprous oxide needed to be as
large as possible, regarding the deposition limitations and transparency desired. The param-
eters were then 1.6 · 1018 and 50 nm for gallium oxide and 1017 /cm3 and 300 nm for cuprous
oxide. With these parameters, the solar efficiency was around 5.8 %. After this, the cell
with bulk defects was computed and the same optimized parameters were found. However,
as expected, the solar efficiency decreased with the addition of the defects. The efficiency is
around 4.28 %. It has been decided to add another n-type layer, namely AZO, to enhance
solar efficiency. This layer has been optimized without defects. The found thickness was 10
nm and the doping was 1.6 · 1019 /cm3. The efficiency was 2 %. However, it has been found,
strangely, that the solar efficiency was lower for this cell. This behavior was unexpected and
this might come from the pristine hypotheses. With proper defects, our solar cell without
AZO might not be that good.

From this work, one can raise certain prospects. It might be interesting to try thicker
cuprous oxide film with different annealing procedures to check whether the silver still pro-
duces a short circuit through the cuprous oxide to the back contact.

Moreover, one could try another contact than tungsten to be sure that our films can
exhibit a better SCL model curve such as gold [19] or aluminum [20].
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For the simulations, it would be interesting to use another software to be able to model
defective layers and interface states between the layers to represent the real issues and have a
better understanding of the contact mechanisms. Moreover, the solar cell resistance has not
been represented. It is known that the shunt and resistance affect the solar cell efficiency.
The numerical issues made the AZO optimum study incomplete and it would be interesting
to run a complete variation for the three compounds. These additional features could give a
larger range of studied physical parameters to have simulations closer to reality. Lastly, while
only gallium oxide and AZO have been considered as n-type layers, studying other n-type
materials such as TiO2 could provide us with better results and better efficiencies.
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