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Abstract
A numerical model have been developed in order to describe and
achieve deeper understanding of experimentally obtained I-V curves from
Cu2 O/ZnO p-n heterojunctions for potential use as future solar cell material. The model was created using the simulation software COMSOL
Multiphysics® and their semiconductor module. To experimentally study
the samples two approaches were taken: (1) macro-electrical measurements and (2) local I-V measurements using conductive AFM. The final
model is one-dimensional, time dependent and with the ability to study
photovoltaic effects of samples with different layer thickness at different
voltage ramping speeds and different light irradiance. The model is also
able to study the effects of using different contact materials by treating the contacts as ideal Schottky contacts. The dynamic behavior of
a Cu2 O/ZnO heterojunction was studied by considering the systems response to a voltage step and the effect of changing the voltage ramping
speed. The output from the step response, the current as a function of
time, is varying a short time after a step has occurred before settling on
to a steady value. The response also shows an overshoot of the current
in the direction of the voltage step and the final steady value depends on
whether the junction is conducting or not. The effects of this behavior on
the shape of the I-V curves are witnessed when studying the different voltage ramping speeds. The voltage is ramped from 2 V to -2 V and back
again for different speeds (V/s). The I-V curves have different shapes
when sweeping the voltage in different directions and the magnitude increases with increasing speed. The photovoltaic effects were studied by
applying different light irradiances. The behavior of the model agrees well
with the theory for an ideal diode solar cell. An investigation was done of
how the work function of the metal in contact with the Cu2 O affects the
shape of the I-V curve under dark and illuminated conditions. The metal
work function was changed from 4.5 eV to 6.5 eV in steps of 0.4 eV and
does not affect the shape of the I-V curves much in dark after increasing
it above 4.5 eV. The effects are more visible under illuminated conditions
where a "step"-behavior appears for the lower values of the work function. Only one of the physical samples show a noticeable light effect. The
macro-electrical measurement on this sample is compared with simulated
results and are in qualitative agreement with each other. The agreement
between the local electrical measurements and the simulated results is not
as good with the current model.
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1
1.1

Introduction
General

In the modern world, the need for environmentally compatible energy development and efficient use of raw materials are of importance. One way of meeting
these demands that is becoming ever more popular is to harvest the energy of
the sun using solar cells (SCs) [1]. A solar cell or photovoltaic (PV) cell is a
device that converts the energy of light into electric energy via the photovoltaic
effect [2]. A promising field in photovoltaics is the use of all-oxide semiconductors, which focuses on SCs that are entirely based on metal oxide p-n junctions.
The use of metal oxide semiconductors is attractive since most metal oxides are
nontoxic, abundant and fulfill the requirements for low-cost manufacturing at
ambient conditions [3]. Researcher are also looking for ways of increasing the efficiency of SCs by trying to increase the photoconversion efficiency (PCE). One
promising way of achieving increased PCE in the future is to move from plane
geometry SCs towards nanostructured SCs, like for example the application of
nanowires (NWs) [4].
In order to make new and improved SCs it is essential to have an understanding
of their current-voltage (I-V) characteristics. Experiments can be carried out
"macroscopically" on the PV device, or at the nanoscale, by using a conductive
nano-probe as a contact. This last approach is of particular importance since
the nanostrucured SCs are growing in the PV research field. Simulations are
another important tool for getting a better physical understanding of the synthesized heterojunction SCs. A good numerical model allows varying of physical
parameters in a controlled fashion and therefore gives you a better idea of which
parameters are most important in your sample configuration. The model also
allows testing of different sample compositions and material combinations before
creating the physical sample, avoiding waste of materials.

1.2

Objective of the study

In this thesis work I-V measurements and numerical simulations are carried out
on a few thin film (∼ 100 nm thick) metal oxide semiconductor PVs. The goal
is to develop a numerical model in order to explain experimentally obtained
I-V curves for different samples and measurement techniques. The underlying
physics of the processes involved were studied in a literature study. A small investigation of what already available simulation software exists was done before
choosing the approach of the numerical simulations.

1.3

Experimental approach

In order to experimentally investigate the PV effect and the I-V characteristics
of an all-oxide solar cell, two different approaches are taken: (1) macro-electrical
measurements and (2) local electrical measurements by using an Atomic Force
Microscope (AFM) and in particular conductive-AFM (C-AFM). Macro electrical measurements were carried out with 2 brass screws acting as the electrodes
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in contact with the sample. In the case of C-AFM local electrical measurements,
the 2 electrodes in contact with the sample are represented by a metallic clamp
(in contact with the FTO substrate) and the AFM probe (in contact with the
sample surface), as better described in Section 3.2 (see Fig. 12). Atomic force
microscopy, a subclass of the scanning probe microscopes (SPMs), is a powerful technique that can be used for high-resolution, down to the atomic scale,
three-dimensional imaging, for measurements of a number of physical properties
of surfaces and molecules but also for surface manipulation on the nanoscale.
Conductive AFM (C-AFM) methods were developed almost 20 years ago for
electrical characterization on the nanometer scale [5]. The motivation for using
an AFM as a tool while studying the PVs is the ability to measure the local I-V
characteristics of the samples. This ability gives us the opportunity to for example study the I-V characteristics on top of, at the edge of and just outside a NW
embedded in the sample. The AFM also gives you control of the applied force
and opportunity to change the contact material by switching between different
metal coated C-AFM probes.

1.4

Numerical approach

Computer analysis and simulations of the I-V characteristics of different kinds
of PVs have been around since at least the 1970s [6]. A numerical approach
to solving the governing equations is necessary since no analytic solution exists
except for a few very simplified cases. Before choosing which simulation software to use a small survey of the already available simulation software was done
with the following desired features in mind; a physical approach (in contrast to
an equivalent circuit approach), availability to see which equations are solved
and an easy access to solver configurations. A physical appoach was desired
since understanding of the governing physical effects is an important part of
this work. The possibility to write an own program was also considered but
soon discarded since the work load would increase drastically and would probably not be possible within the time frame. The choice finally came to COMSOL
Multiphysics® and their semiconductor module. COMSOL Multiphysics® is
a general-purpose simulation software for modeling designs, devices, and processes in all fields of engineering, manufacturing, and scientific research [7]. The
semiconductor module uses a finite volume discretization by default but a finite
element discretization can also be used.

1.5

Limitation of the study

The samples studied in this work are Cu2 O/ZnO p-n heterojunctions with different thickness of the Cu2 O layer deposited on either an FTO or ITO substrate.
In hope of being able to describe most of the physical behaviors in one spacial dimension the model is made one dimensional with the possibility to be expanded
later.

2

2

Theory

In this section the underlying physics of the different topics treated in this thesis
are explained.

2.1

Homogeneous Semiconductor

The most important property of any semiconductor at a given temperature T
is the number of electrons per unit volume in the conduction band, nc , and
the number of holes per unit volume in the valence band, pv . The values of
nc (T ) and pv (T ) depend critically on the presence of impurities. The impurities
introduce additional levels at energies between the bottom of the conduction
band, Ec , and the top of the valence band, Ev , without appreciably altering the
form of the conduction band level density, gc (E) and valence band level density,
gv (E) [8]. However, conduction is entirely due to electrons in the conduction
band levels or holes in the valence band levels, regardless of the concentration
of impurities the numbers of carriers present at temperature T will be given by
Z ∞
Z ∞
1
dE,
(2.1)
nc (T ) =
gc (E)fe (E) =
gc (E) (E−µ)/k T
B
e
+1
Ec
Ec


Z Ev
Z Ev
1
pv (T ) =
gv (E)fh (E) =
gv (E) 1 − (E−µ)/k T
dE
B
+1
e
−∞
−∞
Z Ev
1
=
gc (E) (µ−E)/k T
dE.
(2.2)
B
e
+1
−∞
Impurities affect the determination of nc and pv only through the value of the
chemical potential µ. In semiconductor physics µ is called the Fermi level.
To determine µ one must know the energetic position of the impurity levels.
However, at the temperatures of interest for a nondegenerate semiconductor
(no overlapping of energy bands) we may suppose that
Ec − µ >> kB T,
µ − Ev >> kB T.

(2.3)

Given Eq. (2.3) the Fermi-Dirac distribution function for electrons fe reduces
to
1
dE ≈ e−(E−µ)/kB T ,
(2.4)
fe (E) = (E−µ)/k T
B
e
+1
and the distribution function for holes fh reduces to
fh (E) =

1
dE ≈ e−(µ−E)/kB T .
e(µ−E)/kB T + 1

(2.5)

Equations (2.1,2.2) can then be written as
nc (T ) = Nc (T )e−(Ec −µ)/kB T ,
pv (T ) = Pv (T )e

3

−(µ−Ev )/kB T

,

(2.6)
(2.7)

where
Z

∞

Nc (T ) =
Ec
Z Ev

Pv (T ) =

gc (E)e−(E−Ec )/kB T dE,

(2.8)

gv (E)e−(Ev −E)/kB T dE.

(2.9)

−∞

Here Nc is the effective density of states in the conduction band and Pv is the
effective density of states in the valence band and level densities gc and gv are
given by
1
gc (E) =
2π 2



1
gv (E) =
2π 2



2m∗e
~2

3/2

2m∗h
~2

3/2

(E − Ec )1/2

(2.10)

(Ev − E)1/2 .

(2.11)

The integrals (2.8,2.9) then give

Nc (T ) = 2

Nv (T ) = 2

m∗e kB T
2π~2

3/2

m∗h kB T
2π~2

3/2

,

(2.12)

.

(2.13)

Multiplying the expressions for nc and pv gives the relation
nc pv = Nc Pv e−(Ec −Ev )/kB T
= N c Pv e

−Eg /kB T

(2.14)
(2.15)

where Eg is the band gap. This relation is sometimes called the law of mass
action.
If the crystal is so pure that the impurities contribute negligibly to the carrier
densities, the semiconductor is called intrinsic. In the intrinsic case, conduction
band electrons can only have come from formerly occupied valence band levels, leaving holes behind them. The number of conduction band electrons are
therefore equal to the number of valence band holes [8]:
nc (T ) = pv (T ) ≡ ni (T ).

(2.16)

The intrinsic carrier density is thus given by
ni (T ) = [Nc (T )Pv (T )]1/2 e−Eg /2kB T =

3/2
kB T
2
(m∗e m∗h )3/4 e−Eg /2kB T .
2π~2

(2.17)
(2.18)

The chemical potential for the intrinsic case is given by
1
3
m∗
µi = Ev + Eg + kB T ln v∗ .
2
4
mc

(2.19)

This asserts that as T → 0 the chemical potential µi lies precisely in the middle
of the band gap.
4

If the impurities contribute a significant fraction of the conduction band electrons and/or valence band holes, the semiconductor is called extrinsic. In an
extrinsic semiconductor the density of conduction band electrons no longer need
to be equal to the density of valence band holes:
nc − pv = ∆n 6= 0.

(2.20)

However, the law of mass action (Eq. (2.15)) still holds [8], so that
nc pv = n2i .

2.2

(2.21)

The p-n junction

A p-n junction is made from a single crystal modified in two separate regions.
Acceptor impurity atoms are incorporated into one part to produce the p-region
in which the majority carriers are holes. Donor impurity atoms in the other part
produce the n-region in which the majority carriers are electrons [9]. When the
p-type and n-type semiconductor materials are first joined together there exists
a large density gradient between both sides of the p-n junction. The result is
that some of the free electrons from the donor impurity atoms begins to migrate
across the newly formed junction to fill up the holes in the p-type material producing negative ions. However, since the electrons have moved across the p-n
junction from the n-type to the p-type material they have left behind positively
charged donor ions on the negative side and now the holes from the acceptor
impurity migrate across the junction in the opposite direction into the region
where there are large numbers of free electrons. The result is that along the
junction on the p-side there sits negatively charged acceptor ions and on the
n-side there sits positively charged donor ions. The charge transfer across the
p-n junction is called diffusion. The diffusion of electrons and holes develops an
electric field that restricts further diffusion of charge carriers until eventually a
state of equilibrium is achieved. No free charge carriers can rest in the resulting
electrostatic field and the region around the junction thus becomes completely
depleted of free carriers and is therefore known as the depletion region [10].
When the impurity concentration in a semiconductor changes abruptly from
acceptor impurities NA to donor impurities ND , one obtains an abrupt junction.
In particular, if NA >> ND (or vice versa), one obtains a one-sided abrupt
p+ − n (or n+ − p) junction. The basic equations for a semiconductor-device
operation describe the static and dynamic behaviour of carriers in semiconductor
under external influences, such as applied field or optical excitation, that cause
deviation from the thermal-equilibrium conditions. The basic equations can
be classified in three groups: electrostatic equations, current-density equations,
and continuity equations.
Electrostatic Equations. There are two important equations relating charge
to electric field. The first is Gauss’ law (or Poisson’s equation),
∇·D =ρ

(2.22)

where ρ is the space charge density and D is electric displacement related to
the electric field E by the relation
D = 0 r E = E,
5

(2.23)

where 0 is the vacuum permittivity and r is the relative permittivity. The
space charge density in semiconductors comprises of the mobile charges and the
fixed charges. Electrons and holes contribute to the mobile charges while fixed
charges are the ionized donors and acceptors
ρ = q(n − p + NA − ND ).

(2.24)

and, for a one-dimensional problem, it reduces to
d2 ψi
dE
ρ
q(n − p + NA − ND )
=−
=− =
dx2
dx



(2.25)

where ψi = −Ei /q is the potential corresponding to the intrinsic energy level.
Current-Density Equations. The most-common current conduction consists
of the drift component and the diffusion component. The drift component is
caused by the electric field and the diffusion component is caused by the carrierconcentration gradient. The current-density equations are:
Jn = qµn nE + qDn ∇n,

(2.26)

Jp = qµp pE − qDp ∇p,

(2.27)

Jcond = Jn + Jp ,

(2.28)

where Jn and Jp are the electron and hole current densities, respectively, µn and
µp are the electron and hole mobilities and Dn and Dp are the carrier diffusion
constants. For a nondegenerate semiconductor the carrier diffusion constants
and the mobilities are related by the Einstein relations
qDn
,
kB T
qDp
µp =
.
kB T

µn =

For a one-dimensional case Eq. 2.26 and 2.27 reduces to


dn
kB T dn
Jn = qµn nE + qDn
= qµn nE +
,
dx
q dx


kB T dp
dp
= qµp pE −
.
Jp = qµp pE − qDp
dx
q dx

(2.29)
(2.30)

(2.31)
(2.32)

These equations are valid for low electric fields and do not include the effect
from an externally applied magnetic field where the magneto-resistive effect reduces the current.
Continuity Equations. While the above current-density equations are for
steady-state conditions, the continuity equations deal with time-dependent phenomena such as low-level injection, generation and recombination. Qualitatively,
the net change of carrier concentration is the difference between generation and
recombination, plus the net current flowing in and out of the region of interest.
The continuity equations are:
1
∂n
= Gn − Un + ∇ · Jn ,
∂t
q
1
∂p
= Gp − Up − ∇ · Jp
∂t
q
6

(2.33)
(2.34)

where Gn and Gp are the electron and hole generation rate, respectively, caused
by external influences such as the optical excitation with photons or impact
ionization under large electric fields and Un and Up are the electron and holes
recombination rates, respectively [11].
2.2.1

Recombination

The process in which an electron occupy an empty state known as a hole is called
recombination. Recombination can occur in one or multiple steps and leads to
the disappearance of both the carriers. The energy difference between the initial
and final state of the electron is released in the process as either a photon, one or
more phonons or in the form of kinetic energy to another electron. All of these
events can occur either in the host crystal itself or at an imperfection, although
some of them are unlikely to be observed [12]. The three main contributing
recombination processes are band-to-band recombination, trap-assisted recombination and Auger recombination (Fig. 1). Band-to-band recombination occurs
when an electron moves from its state in the conduction band to an empty state
in the valence band associated with a hole. This transition typically occurs in a
direct band gap semiconductor and is radiative. The trap-assisted recombination, also known as Shockley-Read-Hall (SRH) recombination, occurs when an
electron fall into an energy level within the band gap caused by the presence
of a foreign atom or structural defect, a "trap". Once a trap is filled it cannot
accept another electron until the electron occupying the trap, in a second step,
moves to an empty valence band state and thereby complete the recombination process. The Auger recombination process is when an electron and a hole
recombine in a band-to-band transition but the resulting energy is given of to
another electron or hole. This involvement of a third particle affects the recombination rate and therefore has to be treated differently from the band-to-band
recombination [13].
2.2.2

Generation

Generation of carriers can be caused by both internal and external processes.
Each of the recombination processes described in Section 2.2.1 can be reversed
leading to carrier generation instead [13]. The external process typically discussed in PV applications is the generation of carriers with an external light
source. The generation rate as a function of the wavelength of the light λ can
be expressed as
Z ∞
G(z) =
α(λ)(1 − R(λ))φ(λ)e−α(λ)z dλ
(2.35)
0

where R(λ) is the reflectance, z is the penetration depth and α is the absorption
coefficient defined by
4πκ(λ)
(2.36)
α(λ) =
λ
where κ is the imaginary part of the refractive index and φ(λ) is the photon
generation rate defined by
λ
φ(λ) =
F (λ)
(2.37)
hc
7

Figure 1: The three main recombination processes in a semiconductor. The filled
circles symbolizes the electrons and the empty circles symbolizes the holes. Et ,
Ec and Ev are the energy level of the trap, the bottom of the conduction band
and the top of the valence band, respectively.
where F (λ) is the spectral irradiance. If the light comes directly from the
sun F (λ) can for instance be approximated by a blackbody spectrum at the
temperature of the sun
F (λ) =

2.2.3

2πhc2

.
hc
λ5 e kB λTsun − 1


(2.38)

The heterojunction

Junctions formed between dissimilar semiconductors are called heterojunctions.
When the two semiconductors have the same type of conductivity the junction
is called isotype heterojunction and when the conductivity differs, the junction
is called an anisotype. This work only treats heterojunctions of the anisotype.
The energy-band model of an ideal abrupt heterojunction without interface
traps was proposed by Anderson [14] based on the previous work of Shockley.
Fig. 2 shows an energy-band diagram of two isolated pieces of semiconductors.
The semiconductors are assumed to have different bandgaps Eg , different permittivities , different work functions φ, and different electron affinities χ. Work
function and electron affinity are defined as the energy required to remove an
electron from the Fermi level EF and from the bottom of the conduction band
Ec respectively, to a position just outside the material, usually referred to as the
vacuum level. The difference in energy of the conduction-band edges in the two
different semiconductors is represented by ∆Ec and that in the valence band
edges by ∆Ev . Fig. 2 suggests that ∆Ec = (χ1 − χ2 ), however the assumption
8

Figure 2: Energy-band diagram for a anisotype (p-n) heterojunction before
contact.
that ∆Ec = ∆χ may not be valid. When a junction is formed between these
semiconductors, the energy-band profile at equilibrium is shown in Fig. 3 for a
p-n (anisotype) heterojunction. The Fermi level must coincide on both sides in
equilibrium and the vacuum level is everywhere parallel to the band edges and
is continuous [15].
2.2.4

Metal-Semiconductor contacts

When a semiconductor is brought into contact with a metal, a barrier layer
is formed in the metal-semiconductor interface, from which charge carriers are
severely depleted. The depletion layer in a metal-semiconductor contact is similar to that of a one-sided abrupt junction [15]. For the ideal case, under the
depletion approximation, the magnitude of the electrostatic potential will increase quadratically and the resulting barrier will have a parabolic shape. This
is known as a Schottky barrier. The barrier is formed due to the difference in
the work functions φ of the materials. Carriers will move between the materials
in order to equalize the Fermi levels, leaving a depletion region behind resulting
in band-bending. The way bands bend and what the resulting contact is depends on which of the work function of the metal φm and the work function of
the semiconductor φs is greater and the type of the semiconductor. If φm > φs
the bands will be bent upwards, for the case of the n-type semiconductor this
leads to the production of a barrier that the electrons have to surmount in order
to pass into the metal leading to rectifying behavior. On the other hand, for
the p-type semiconductor the band-bending causes no impediment on the holes
and no rectification takes place, giving an ohmic contact. If φm < φs the bands
are bent downwards leading to rectifying behavior for the p-type semiconductor
and ohmic behavior for the n-type semiconductor [16].
9

Figure 3: Energy-band diagram for a anisotype (p-n) heterojunction after contact.
2.2.5

I-V characteristics

The ideal current-voltage characteristics are based on the following four assumptions: (1) the abrupt depletion-layer approximation; that is, the built-in
potential and applied voltages, are supported by a dipole layer with abrupt
boundaries, and outside the boundaries the semiconductor is assumed to be
neutral; (2) the Boltzmann approximation; that is, the relation in Eq. (2.3) is
true, generally, the Fermi level lies at least 3kB T from the bandgap edge; (3)
the low injection assumption; that is, the injected minority carrier densities are
small compared with the majority carrier densities; and (4) no generation current exists in the depletion layer, and the electron and hole currents are constant
through the depletion layer. Using these assumptions, after some derivation
work, one can end up with the Shockley equation;
h qV
i
J = J0 e kB T − 1
(2.39)
where J0 is the saturation current density. The Shockley equation is the ideal
diode law and adequately predicts the current-voltage characteristics for germanium p-n junctions at low current densities but only qualitatively for other p-n
junctions such as Si and GaAs [11]. One model for solar cell analysis is proposed based on the the Shockley diode model. The Shockley equation relates
the current and voltage in dark conditions by
h qV
i
ID = I0 e kB T − 1 .
(2.40)
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Figure 4: Graph of the ideal diode solar cell in dark conditions and illuminated
conditions. Source of image [18].
When the cell is illuminated the I-V curve is offset from the origin by the
photogenerated current IL and is therefore modelled by
h qV
i
I = IL − I0 e mkB T − 1
(2.41)
where m is the ideality factor which is defined as how closely a diode follows
the ideal diode equations [17]. Fig. 4 shows the I-V characteristics of the ideal
diode solar cell in dark and illuminated conditions. In the figure a few important
parameters often used to describe the workings of a solar cell are marked. Voc
is called the open circuit voltage and it is the voltage for which the solar cell
starts conducting in the forward direction. The current passing through the cell
under illumination at zero applied voltage is called the short circuit current Isc
and IL is the photogenerated current. The maximum power of the solar cell is
given by
Pmp = Imp · Vmp .
(2.42)

2.3

Atomic Force Microscopy

Atomic force microscopy is a technique that allows us to visualize and measure
surface structures with high resolution and accuracy. An atomic force microscope (AFM) is different from other types of microscopes in the sense that it
does not form an image by focusing light or electrons onto a surface like an optical or electron microscope. The AFM physically "feels" the sample’s surface
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with a sharp probe, building up a map of the height of the sample’s surface.
The data from the AFM must be processed in order to create an image of the
sort we would expect from a microscope [19]. In most AFM designs the tip
(also known as stylus, probe, or needle) is attached to a flexible microcantilever
which bends under the influence of force. The behavior is that of a tip attached
to a spring; a cantilever bent upward or downward is that of a compressed or
extended spring. The bending is usually measured by reflecting a laser beam
off of the cantilever and onto a split photodiode, which measure the position of
the laser spot [20].
2.3.1

I-V measurements

Conductive AFM (C-AFM) is an AFM that records the current flowing through
the tip/sample nanojunction and the topography simultaneously. There are
three main differences between the C-AFM and a standard AFM; (1) the tip
must be conductive, (2) a voltage source is needed to apply a voltage between the
tip and the sample holder and (3) a preamplifier is used to convert the analogical
current signal into a digital voltage signal to be read by the computer. The total
current flowing through the tip/sample nanojunction, I, that is collected by the
C-AFM is given by the equation
I = JAef f

(2.43)

where J is the current density and Aef f is the effective emission area through
which electrons can flow. The value of J mainly depends on the conductivity
of the system and the voltage between the tip and the sample, and it is highly
affected by inhomogeneities in the sample, such as local defects, doping and
thickness fluctuations. The lateral resolution of the technique is defined by the
term Aef f , which can range from tenths of square nanometers up to thousands
of square micrometers and depends on an number of experimental factors, such
as the geometry of the tip, the tip/sample contact force, the conductivity of the
sample, the stiffness of the sample and the tip and even the relative humidity
of the atmosphere in which the experiment takes place [21].
2.3.2

Determining the applied force

One important property to consider when performing contact-AFM measurements is the force applied by the tip on the sample. A way of determining
this force is to use force versus distance curves. When producing such a curve
the deflection (DFL) of the tip is measured while varying the distance from
the sample. The two curves in Fig. 5 are generally collected, the curve with
arrows pointing to the right is when the cantilever is approaching the surface of
the sample. A snap-in onto the surface occurs due to van der Waals attraction
at short separation distances. The curve where the arrows point to the left
is the retraction curve, when the cantilever is retracting from the surface and
then snap-out of the surface occurs due to extending of the interaction forces,
mainly adhesion forces [22]. By knowing the spring constant of the cantilever,
k, and calculating the slope, b, of the linear part of the curve the force F can
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Figure 5: Sketch of the deflection versus distance curve. In the linear part of the
curve the force is related to the elastic modulus of the system. The cantilever is
typically much softer than the sample surface and the slope of the curve mostly
reflects the spring constant of the cantilever. The arrows show the direction
of the movement of the tip, arrows pointing to the right means approaching
the sample and arrows pointing to the left indicates retraction. The curves are
displaced from each other in order to easier see the differences. In the laboratory
they usually lie on top of each other.
be determined by
F =

2.4
2.4.1

DFL · k
.
b

(2.44)

Materials
Zinc Oxide

Zinc Oxide (ZnO) is a direct band gap semiconductor with a wide band gap in
the near-UV spectral region. ZnO can present three different crystal structures:
wurzite, zinc blende and rocksalt. ZnO crystallizes into the wurtzite structure
at ambient conditions and is available as large bulk single crystals. ZnO crystals
are almost always n-type and for a long time the reason was thought to be caused
by the presence of oxygen vacancies or zinc interstitials. However, it has now
been shown that the cause would be related to unintentional incorporation of
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Figure 6: Sketch of model used in the simulations.
impurities such as hydrogen that is present in almost all growth and processing
environments [23].
2.4.2

Cuprous Oxide

Cuprous oxide or Copper(I) oxide (Cu2 O) is a natural p-type semiconductor
with a direct band gap. The p-type behavior is accommodated mostly by Cu
vacancies rather than oxygen interstitials. Cu2 O has long been considered an
interesting material for solar cell use since it is non-toxic and abundant [24][25].

3
3.1

Methods
Numerical simulation

The simulations were performed using the simulation software
COMSOL Multiphysics® and the add-on semiconductor module [7]. When
setting up the model the simple 1D geometry (Fig. 6) and the global parameters
was defined. SRH recombination and a user defined generation was added to
the semiconductor model. Under study, semiconductor equilibrium was added
as the first step and a time dependent step as the second. For some of the
simulations a parametric sweep was used. The contacts on either side of the
sample was treated as ideal Schottky contacts described in section 2.2.4.
3.1.1

Simulation samples

The samples studied in the numerical simulations are all made up of Zinc Oxide
(ZnO) and/or Cuprous Oxide (Cu2 O) on top of either Flourine doped Tin Oxide
(FTO) or Indium Tin Oxcide (ITO). 4 different samples are investigated with
the main sample being a 100 nm Cu2 O thin film on top of 100 nm ZnO thin film
in contact with an FTO substrate (Sample 1). Sample 2 and 3 are the ZnO and
Cu2 O thin film, respectively, on top of FTO and sample 4 is 240 nm Cu2 O on top
of 100 nm ZnO on an ITO substrate. All of the samples are presented in Table
1. The motivation for treating the contact on the FTO/ITO side as a Schottky
contact came from measurements in the laboratory made on the FTO. The I-V
curves showed a more or less linear/ohmic behavior within the voltage region of
interest (Fig. 7) and was therefore treated as a metal. The material parameters
used in the simulations were found in the literature and are presented in Table
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Table 1: The different samples investigated in the numerical simulations.
Sample
1
2
3
4

Cu2 O thickness (nm)
100
0
100
240

ZnO thickness (nm)
100
100
0
100

Substrate
FTO
FTO
FTO
ITO

Figure 7: I-V measurement on bare FTO performed with the AFM. The nonlinear shape is due to instrumental limitations. When the current gets greater
than 10 nA the response of the AFM is no longer linear and soon after the
current is saturated.

15

Table 2: Table of the material parameters needed in the simulations.
Material

ZnO

Cu2 O

FTO
ITO

Property
Relative permittivity
Band gap
Electron affinity
Effective DOS, valence band
Effective DOS, conduction band
Electron mobility
Hole mobility
Electron lifetime, SRH
Hole lifetime, SRH
Relative permittivity
Band gap
Electron affinity
Effective DOS, valence band
Effective DOS, conduction band
Electron mobility
Hole mobility
Electron lifetime, SRH
Hole lifetime, SRH
Work function
Work function

Variable
r
Eg
χ0
Nv
Nc
µn
µp
τn
τp
r
Eg
χ0
Nv
Nc
µn
µp
τn
τp
φ
φ

Value
8.66
3.37 eV [28]
4.4 eV
1.14e18 cm−3
2.95e19 cm−3
150 cm2 /Vs
27.5 cm2 /Vs
1.0e-12 s
1.0e-12 s
7 (6.46-7.5)
2.17 eV [29]
3.20 eV [27]
1.11e19 cm−3 [27]
2.47e19 cm−3 [27]
200 cm2 /Vs
80 cm2 /Vs
1.0e-8 s
1.0e-8 s
5.0 eV [30]
4.5 eV [31]

2. For ZnO values for Nc and Nv are calculated according to Eqs. 2.12 and
2.13, respectively with the values for the effective masses m∗e and m∗h found in
the literature. For ZnO the effective mass for electrons m∗e = 0.24m0 and the
effective mass for holes m∗h = 0.59m0 [26]. For Cu2 O the values for Nc and Nv
was found directly in [27].
3.1.2

Dynamic response of the p-n junction

The I-V characteristics of sample 1 in dark conditions with a metal work function
for the contact φ = 6 eV was studied while applying a time dependent voltage to
the FTO substrate. The voltage was made time dependent for two reasons: (1)
it made it easier to achieve convergence, (2) it provides the opportunity to study
the dynamic response of the p-n junction. An investigation of how the system
responds to a step in the applied voltage was made. The input to the system
was a rectangular shaped voltage as a function of time (Fig. 8,9) and the output
being the current as a function of time. The results from this investigation are
presented in Section 4.1.1. To investigate how this dynamic behavior affects the
shape of the I-V curves a study was performed with different voltage ramping
speeds. When investigating the effect of different voltage ramping speeds the
total amount of time steps was kept constant at 1000 steps and the voltage was
changed from 2 V to -2 V and back again. In order to change the ramping
speed the total time of the simulation was changed. This would correspond to
changing the acquisition time experimentally and always measuring 1000 data
points.
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Figure 8: Plot of the applied voltage used as input to the system while investigating the step response. With a height of the step of 0.01 V.

Figure 9: Plot of the applied voltage used as input to the system while investigating the step response. With a height of the step of 0.5 V.
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Figure 10: Experimentally obtained data for the absorbance of a ZnO thin film
as function of the wavelength λ.
3.1.3

Light generation effect

The photogeneration model described in Section 2.2.2 was implemented to study
the effect of light. The absorption coefficient, α, in Eq. (2.36) was implemented
as a function of the wavelength λ from optical experimental data of the absorbance, A, via the relation
α = 2.303A/L

(3.1)

where L is the thickness of the sample and A is given in %. Fig. 10 and 11 shows
the absorbance plotted as a function of the wavelength for the ZnO and Cu2 O
samples, respectively. Since the materials have different wavelength dependent
absorption coefficients two different generation rates were implemented, one for
each material, both depending on the same spacial coordinate x. The spectral
irradiance F (λ) was implemented as a blackbody spectrum of the sun (Eq.
(2.38)) and normalized by the irradiance at the suns surface
4
Hsun = σTsun

(3.2)

where σ is Planck’s constant and Tsun is the temperature of the sun. When running a simulation in illuminated conditions the normalized spectral irradiance
is multiplied by the desired irradiance H. The effect of shining the light from
different sides of the sample was studied by switching place of the materials.
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Figure 11: Experimentally obtained data for the absorbance of a Cu2 O thin
film as a function of the wavelength λ.
3.1.4

Effect of the metal work function

Depending on the type of experimental setup, the exact value of the metal work
function is sometimes an unknown quantity, e.g. the alloy screw of a macro
I-V measurement or a conductive AFM tip. Multiple simulations was therefore
done to examine the effect of different metal work functions both in dark and
illuminated conditions. The effect of varying the work functions of the metal
was studied by changing the work in the interval 4.5 eV ≤ φm ≤ 6.4 eV by steps
of 0.4 eV. This choice of interval was made because it includes the values of most
of the commonly used contact materials and also the values for the substrates
used in the simulations [32].

3.2
3.2.1

Experimental measurements
Physical samples

The physical version of sample 1 in Table 1 is 100 nm ZnO on FTO with a 100
nm Cu2 O on top of the ZnO layer. Both layers was deposited via sputtering and
the sample was afterwards annealed at 300◦ C. Sample 2 and 3 are both 100 nm
deposited on FTO annealed at 300◦ C. The physical equivalent to sample 4 is a
sample with 100 nm ZnO deposited by sputtering on an ITO substrate. On top
of the ZnO a 40 nm layer of Cu2 O was deposited with atomic layer deposition
(ALD) and after that an extra 200 nm Cu2 O was deposited via sputtering.
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Figure 12: Sketch of the experimental setup for measurements on the Cu2 O/ZnO
sample. The voltage is applied to the FTO substrate and the AFM tip is
grounded.
3.2.2

Macro-electrical I-V curves

When performing the macro measurements the sample is held in place by a
couple of screws made of brass. These screws also work as the contacts onto
which the voltage is applied. At the bottom of the sample holder there is a
square hole 16 mm2 in size through which the light is shone. The light source
used in this experiment is a solar simulator from LOT QuantumDesign with a
total irradiance of the light approximately 1300 W/m2 depending on the setup of
the optical components [33]. The results from the measurements are presented
in Section 4.2.
3.2.3

Conductive-AFM and local I-V curves

The I-V characteristics of the different samples were studied by measuring local
I-V curves with an NTEGRA AFM (NT-MDT). The word local is added to
imply that the measurement is done on a spot of the sample that is small (of
the same size as the AFM tip), and that the I-V characteristics may not be
the same across the whole area of the sample. Local I-V curves were produced
using C-AFM on a few different samples and sample positions. A sketch of
the experimental setup in shown in Fig. 12 where the bias voltage is applied
onto the a layer of Flourine doped Tin Oxide (FTO) (or ITO for sample 4)
while the AFM tip is grounded. Before beginning the I-V measurements, a few
measurements of the tip deflection (DFL) as a function of the tips height above
the sample z are done. These measurements are taken in order to establish that
a good contact between the sample and the tip is achieved and are also used to
calculate the applied force (Section 2.3.2). They are therefore often referred to
as force curves. In preparation for the I-V measurements the chosen sample is
attached to a sample holder, the type of tip to be used is chosen and mounted
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on the tip holder and lastly the positioning of the tip on top of the sample
is determined with the help of an optical microscope. The main parameters
that can be controlled while measuring the I-V curves with the AFM are; the
DFL, the applied voltage, acquisition time and whether the light source is on or
off. To study how these parameters affect the shape of the I-V curves multiple
measurements are done while varying one of them and trying to keep the rest of
them constant. The light source in these measurements was a SOLIS-1C High
powered LED from Thorlabs and/or a small white LED.

4

Results

In this section the result from the numerical simulations and the experimental
measurements are presented. The I-V characteristics are presented as so called
I-V curves where the current through the sample is plotted as a function of the
applied voltage.

4.1
4.1.1

Simulation results
Dynamic response of the p-n junction

The result of the systems step response for a step small voltage step (0.01 V)
starting at -1V is shown Fig. 13. The response shows that right after a step
in voltage is made there is a short period of time before the system settles
onto a steady value. The current is initially lower than the steady value for a
negative step and initially higher for a positive step. This steady value depends
on whether the system is conducting or not. When a bigger step is taken (0.5
V) the value of the current that the system returns to is different for a positive
and negative step (Fig. 14). After the first step the current settles at a non-zero
current value after a small overshoot, however, when the second step is made
the overshoot is huge before the current returns to zero. The settling time
does not change considerably when changing the size of the voltage step. The
effect of different voltage ramping speeds on I-V curve acquisition was studied
on sample 1 under dark conditions with a metal work function of φm = 6.0 eV.
During these simulations the voltage was change from 2 V to -2 V and back again
with a different speeds. The results shown in Fig. 15 shows that after reaching
the minimum value of -2 V, when the voltage starts to increase, the shape of
the I-V curve changes. The junction starts to conduct in the opposite direction
before returning back to zero and the magnitude of the current increases with
increasing ramping speed. This could be explained by the results obtained from
the study of the step response. Sampling soon after a step in the voltage will
give different contributions depending on the direction of the step.
4.1.2

Light generation effect

Simulated I-V curves on sample 4 under both dark and illuminated conditions
are presented in Fig. 16. The work function of the metal in contact with the
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Figure 13: Time resolved response of the current through the system from a
rectangular shaped voltage input. At 0.01 s is the response of a negative step
with magnitude 0.01 V and at 0.02 s is the response of a positive step with
magnitude 0.01 V.
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Figure 14: Time resolved response of the current through the system from a
rectangular shaped voltage input. At 0.01 s is the response of a negative step
with magnitude 0.5 V and at 0.02 s is the response of a positive step with
magnitude 0.5 V. The y-axis has been cut in order to see the first step. The
spike at 0.02 s keeps going up to 1800 µA.
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Figure 15: I-V curves showing the effect of changing the ramping speed of the
voltage. The voltage is changed from 2 V down to -2 V and back again. When
the voltage is decreased the current follows the lower part of the loop and on
the way back (dashed) the current overshoots the zero value before returning.
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Figure 16: Simulated I-V curve for a Cu2 O/ZnO junction giving a comparison
between dark and illuminated conditions.
Cu2 O was set to φm = 5.3 eV which corresponds to that of gold [34]. For the
simulation under illuminated conditions the photogeneration is enabled which
is supposed to simulate light with the same spectral distribution of the sun
with an irradiance H of 1 W/m2 illuminating the surface of the Cu2 O. The
results show that there is a light effect of the kind explained in section 2.2.5.
Fig. 17 shows the effect of light with different values for the irradiance H
for the same model setup as in Fig. 16. In this figure one can observe that
the implemented generation effect behaves as expected according to the theory
described in section 2.2.5 as increasing the irradiance leads to a higher short
circuit current. The effect of illuminating the ZnO instead of the Cu2 O was
made. A comparison between the two cases is shown in Fig. 18 where both
simulations are made on sample 4 with φ = 5.3 eV and an irradiance H = 1
W/m2 .
4.1.3

Effect of metal work function

The effect of varying the work functions of the metal was studied by changing
the work in the interval 4.5 eV ≤ φm ≤ 6.4 eV by steps of 0.4 eV. According to
the theory described in Section 2.2.4 there will be a barrier between the Cu2 O
and the metal when φm < φs . Assuming that the Fermi level of the Cu2 O lie
somewhere close to the top of the valance band at E = χ+Eg = 5.37 eV the two
lowest values of the metal work function will lead to the formation of a barrier
and the value 5.3 eV is close to the value of the work function of Cu2 O. In dark
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Figure 17: Simulated I-V curves for a Cu2 O/ZnO junction showing the effect of
changing the irradiance.

Figure 18: Comparison between illuminating the Cu2 O side and illuminating
the ZnO side of sample 4.
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Figure 19: I-V curves in dark conditions for different metal work functions. All
of the curves lie on top of each other except for the φ = 4.5 eV curve.
conditions (Fig. 19) there is almost no difference between the I-V curves for
different work functions with the exception that for φ = 4.5 eV the current is
much lower than the others. Under illuminated conditions (Fig. 20) the effect of
changing the work function becomes more apparent and some of the I-V curves
have different shapes.

4.2
4.2.1

Experimental results
Macro-electrical measurements

Results from macro I-V measurements on sample 4 in dark and illuminated
conditions are presented in Fig. 21. A light effect is observed as I-V curve taken
in light is offset from the origin.
4.2.2

Conductive-AFM measurements

Local I-V curves were produced with an NTEGRA AFM (NT-MDT) in ambient conditions on the physical versions of samples 1-3 in dark using a DCP20
(NT-MDT) tip with a radius of ∼100 nm and an approximate cantilever spring
constant k ≈ 48 N/m. A force curve was produced in order to determine the applied force. The raw data of photodetector signal as function of z-piezo position
is shown in Fig. 22. This curve is calibrated and the applied force is calculated
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Figure 20: I-V curves under illuminated conditions for different metal work
functions.

Figure 21: Results from a macro I-V measurements on sample 4 in dark and
illuminated conditions.
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Figure 22: The raw data of photodetector signal as function of z-piezo position
produced during measurements on sample 1.
according to Eq. (2.44) yielding the relativley high nominal tip/sample force of
∼ 1 µN for these measurements. During the measurements 100 consecutive I-V
curves with an acquisition time of 0.1s were taken to ensure that the contact
is stable. Fig. 23 shows the average of the 100 curves taken on sample 2. The
result shows that an almost symmetrical curve displaced from the origin. The
reason for this displacement is probably that the current is so small the noise
contributes a significant amount to the average value. An average of 100 I-V
curves taken on sample 3 is shown in Fig. 24. A small rectifying behavior can
be observed for negative voltages. This behavior is likely to come from a barrier
forming between either one of the contacts. A similar behavior is observed if
Fig. 25 where the average of 100 curves taken on the heterojunction (sample 1)
is shown. A comparison between the I-V curves of sample 1 measured in dark
and illuminated conditions is shown in Fig. 26. The light source during these
measurements was a SOLIS-1C high powered LED from Thorlabs operating at
10% brightness illuminating the Cu2 O side of the sample. The results show no
remarkable difference between the two curves and the conclusion is that sample
1 is not a working solar cell.
Local I-V curves from sample 4 under dark and illuminated conditions are produced using the same AFM setup as explained above with nominal force of 0.7
µN. The results are shown in Fig. 27. The light source during these measurements is simple white LED shining from the bottom of the sample. The results
show a noticeable light effect.
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Figure 23: The average of 100 I-V curves for a 100nm ZnO layer on FTO in
dark conditions.

Figure 24: The average of 100 I-V curves for a 100 nm Cu2 O layer on FTO in
dark conditions.
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Figure 25: The average of 100 I-V curves for the Cu2 O/ZnO junction on FTO
in dark conditions.

Figure 26: Comparison between experimentally obtained local I-V curves in
dark and illuminated conditions for sample 1.
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Figure 27: Comparison between experimentally obtained local I-V curves in
dark and illuminated conditions for sample 4.

4.3

Comparison between simulation and experiment

To be able to compare the experimental results from the macro measurements a
simulation model was set up with as many parameters as possible matching the
experimental setup i.e. a 100 nm ZnO layer on ITO under a 240 nm Cu2 O layer
with light illuminating the ZnO side. The voltage was applied to the ITO side
ranging from 1.0 V to -1.0 V. A few different values for the irradiance was tested
since the effect of the light was significantly greater in the simulations than in the
experiment. Comparing the simulated I-V curves in Fig. 28 with the I-V curves
obtained in the macro measurements Fig.21 it can be seen that the simulated
I-V curve in light has a higher Voc than the experimental curve and does not
go below zero current within the voltage range used in the experiment (±0.7).
Both curves in the experimental measurements are slightly tilted compared to
the simulated curves and the irradiance of the light has to be lowered in the
simulations by a factor ≈ 10−5 in order to have the same approximate magnitude
of the current.
When comparing the results from the C-AFM measurements to the results from
the simulations it is enough to look at the separate plots to realize they do not
agree with each other.
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Figure 28: Simulated I-V curves under dark and illuminated conditions with
parameters matching the macro-electrical measurements.

5
5.1

Discussion
Numerical results

As have been shown during this thesis work there are lot of physical effects
governing the current through a p-n heterojunction a lot of which have been
considered in the simulations but a lot of which have not. When simulating the
local I-V curves usually measured by C-AFM there are probably more effects
that needs to be considered like tunneling currents, charge accumulation and
local defects in the samples crystal structures.
It has been discovered during the process of making the model that the result
from this model is heavily dependent on the parameters of the involved materials. To get the best possible results from the simulations one should therefore
measure the parameters of the involved materials before simulating the I-V characteristics. The results in section 4.1.1 have not been observed experimentally
and there are multiple possible reasons for this. The effect might be a strictly
numerical occurrence, a 1D model might be to simple to properly predict the
real behavior or the lifetimes and diffusion lengths of the carriers might be much
shorter in a real sample due to impurities not taken into account in this model
making them recombine faster. When the nature of the systems step response
is known one can account for it and let the system stay at the certain voltage
longer in order for it to have time to settle, however, this raises the question if
this is the real behavior or if in reality the p-n junction never settles during the
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experiments due to temperature fluctuations and other such effects. The time
scale of these events might also be different from the one in the simulations.
In the simulated I-V curves in Fig. 20 a "step"-effect is observed that is not
observed in any of the experimental measurements. The effect is most apparent for the two lowest values of the metal work function although it can still
be observed for the higher values. One explanation for this behavior could be
that the sample becomes temporarily saturated until further lowering of the
barriers/heightening of the Fermi level results in access to further carriers. The
theory that it could be a saturation effect is strengthened by the fact that increasing the irradiance of the light will make the steps appear for a work function
that did not show this behavior previously for a lower value of the irradiance.
The model seems to exaggerate the photocurrent produced by illumination with
light of a certain irradiance. One reason for this is that the implemented photogeneration model assumes that all light entering the sample will generate a
electron-hole pair. This is most certainly not the case in a real sample.

5.2

Experimental results

The I-V curves taken with the AFM on sample 1 does not behave as expected
and does not appear to be a working solar cell. Since both layers of this sample
was deposited by sputtering which is a technique that often results in relatively
big grain sizes it is possible that no good junction has formed. The fact that the
sample was annealed only after both layers had been deposited might imply that
the ZnO layer is still isolating and the current is therefore taking an unexpected
way through the sample.
The local I-V curves obtained from measurements on sample 4 does show a light
effect. Here the fact that the Cu2 O in contact with the ZnO was deposited using
ALD might mean that a better junction has formed.

6

Conclusion

This thesis work have shown that it is possible to simulate some of the physical
effect governing the I-V characteristics of a p-n heterojunction using a 1D model
and make it predict the macro-electrical behavior in a qualitative way. The final
model is able to study the dynamic behavior, photovoltaic effects and the effects
of different metal contacts. Predicting the local behavior measured by C-AFM
is proven more difficult and a more involved model is needed. On this scale
some of the effects governing the I-V characteristics lies within or close to world
of quantum mechanics and are therefore overlooked in this work. The effect of
changing the work function does not seem to have a big impact on the result if
there are no big barriers forming, however, there are visible effects on the shape
of the I-V curves and the material of the contact has to be chosen carefully if
the goal is to study only the behavior of the junction itself. Implementing a
time dependent voltage adds the possibility to study a wide variety of effects
that would be missed by a steady state simulation. Some of these effects are not
noticeable in experimental measurements but could play a roll in the search for
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deeper understanding of the physical behavior of the p-n heterojunction. The
model overestimates the photocurrent produced by a light of a certain irradiance
and will therefore have to be improved upon. Expanding the model into 2 spacial
dimensions would make it possible to implement a physically described model of
the lights propagation. Another application for the model would be to simulate
more complex geometries in order to study nanostructured solar cells i.e. solar
cells with embedded NWs.
The last sample (sample 4) is a promising candidate for being a working solar
cell, however, exactly why or how it works has still not been explained.
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