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Abstract

In this work two solar cells types were fabricated. The first
type is (FTO/CuO/ZnO/Al) and the second type is FTO/ ZnO/
CuO/Al. Six samples were prepared from each type. The
efficiency for each type was obtained. It was found that the
efficiency of FTO/ZnO/CuO/Al is in the range ~0.6x10, while
the efficiency of FTO/CuO/ZnO/Al is in the range ~2x107 the
difference may be attributed to the fact that FTO and CuO acts as
P-type semiconductor, while ZnO act and n-type semiconductor.

Thus the first type acts as PnP component that has a low
efficiency, while the second type acts as PPn component and has
relatively high efficiency.

The energy gaps for CuO and ZnO are obtained by using
optical absorption and transmittance spectra the optical absorption
for CuO and ZnO shows a peak corresponding to the energy gaps
in the ranges (1.3 — 2 eV) and (2.2-3.6eV) respectively. These
values are compatible with the observed values in other studies,
these values measure acceptor and donor levels For CuO and
ZnO, however the transmittance spectrum for CuO and ZnO,
shows band gaps about Eg~3.7eV and 3.6 E4eV. These values
measure the energy gap between conduction and valence band for
both, respectively.
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Chapter One
Introduction
1 Renewable energy

Solar cells are photovoltaic (PV) device that convert the
electromagnetic radiation (i.e. light, including infrared, visible, and
ultraviolet) from the sun in to utilizable electrical energy. The
conversion process can be considered as a sequence of the four
basic steps. The first step is the light absorption, which causes a
transition from a ground state to an excited state in a material (the
absorber of light). The second steps the conversion of the excited
state in to at least one free electron, hole pair (photo generation).
The third step is the presence of a force such that the produced free
electrons travel in one direction and the produced free hole travel
in the opposite direction. This causes charge separation. Then it is
important the last step requires completion of an external circuit by
the combination of returning electrons with hole to return the
absorber to the ground state (non-equilibrium open system).

1.1 Solar Radiation

Solar radiation is an electromagnetic wave emitted by the
sun's surface that originates in the bulk of the Sun where fusion
reactions convert hydrogen atoms into helium. Every second
3.89.10% J of nuclear energy is released by the Sun's core [1].
This nuclear energy flux is rapidly converted into thermal energy
and transported toward the surface of the star where it is released
in the form of electromagnetic radiation.

The power density emitted by the Sun is of the order of 64
MW/m? of which ~ 1370W/m? reaches the top of the atmosphere
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with no significant absorption in the space. The latter quantity is
called the solar constant.

The spectral range of the solar radiation is very large and
encompasses anemometric wavelengths of gamma-and X- rays
through metric wavelengths of radio waves. The energy flux is
divided unevenly among the three large spectral categories.

Ultraviolet (UV) radiation (1 < 400nm) accounts for less
than 9% of the total, visible light (VIS) (400nm< A < 700nm) for
39%, and infrared (IR) for about 52%.

Alpm]

53 2 1 0.78 0.5
T T 1

I I I

___ AMo, 1366.1 W/m> B

_— AML.5, 844 W/m2 -

\‘ - 5800K BLACK body
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hv|eV]

Fig (1.1).Extraterrestrial (AMy) and ground-level (AM1.5) spectra of the
solar radiation .The dashed line represents the emissionspectrum of a black
body at 5800K.



As shown in fig, (1.1), the pattern of the solar spectrum
resembles closely the radiation of a perfect black body at 500K. In
the figure, AMy indicates the Air Mass Zero reference spectrum
measured -and partially modeled -—outside the terrestrial
atmosphere [1].

Radiation reaching the Earth's surface is altered by a number
of factors, namely the inclination of the Earth's axis and the
atmosphere that causes both absorption and reflection (albedo) of
part of the incoming radiation.

The influence of all these elements on solar radiation is
visible in the ground-level spectrum, labeled AMI5 in fig.1,
where the light absorption by the molecular elements of the
atmosphere is particularly evident. Accounting for absorption by
the atmosphere, reflection from cloud tops, oceans, and terrestrial
surfaces, and rotation of the Earth (day/night cycles), the annual
mean of the solar radiation reaching the surface is 170W/m? for the
oceans and 180W/m? for the continents [2]. Of this, about 75% is
direct light, the balance of which is scattered by air molecules,
water, vapor, aerosols, and clouds.

Fig (1.2) solar radiation energy flow diagram units in TW
[3]. Shaded surfaces represent natural energy destruction; arrows
represent human use for energy services.
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Fig (1.2) solar radiation energy flow diagram (units in TW). Shaded surfaces
represent natural energy destruction; arrows represent human use for energy
services.

The diagram in fig (1.2) illustrates the flow of the work
potential, or energy, of the solar energy into the atmosphere and
the terrestrial ecosystem. This quantity represents the upper limit to
the work obtainable from solar radiation conversion, a limit that is
imposed by the 2" law of thermodynamics and is indepent of any
conceptual device.

Of the 162PW of solar radiation Earth, 86PW hit its surface
in the form of direct (75%) and diffused light (25%). The energy
quality of diffused radiation is lower (75.2% of energy content
instead of 93.2%for direct light [3], with consequences on the
amount of work that can be extracted from it. 38 PW hit the
continentals and a total energy of 0.01TW is estimated to be
destroyed during the collection and use of solar radiation for
energy services. This estimation includes the use of photovoltaic
and solar thermal plants for the production of electricity and hot
water. Similar estimates are shown for wind energy (0.06TW),
ocean thermal gradient (not yet exploited for energy production),
and hydroelectric energy (0.36TW) [3].
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1.2 Renewable Energy Sources

Fortunately, we have renewable energy sources which neither
run out nor have any significant harmful effects on our
environment. Naturally, power plants that use wind, the potential,
wave or tidal energy of water, the heat from the Earth’s crust or
direct solar radiation rely on the local supply of their primary
energy source. Thus, the amount of power they can supply over a
longer period often depends on geographical and weather
conditions.

It is important to recognize that the installation of these
power systems should always be preferred as long as they supply
more energy throughout their lifetime than they have consumed
during their fabrication, installation and maintenance. Although
this criterion is fulfilled for all of them their prices are not yet low
enough. Unless we can soon develop low cost technologies for
renewable energy sources we have to hope that the world’s
governments start to consider the “costs” of environmental hazards
of the majority of existing power sources in the planning of future
power plants [4].

1.3 Inorganic Solar Cells

At present, solar cells comprising an inorganic semiconductor
such as mono- and multi-crystalline silicon have found markets for
small scale devices such as solar panels on roofs, pocket
calculators and water pumps .These conventional solar cells can
harvest up to as much as 24% of the incoming solar energy which
is already close to the theoretically predicted upper limit of 30%.
This illustrates that technologies which allow low fabrication costs
- rather than somewhat higher conversion efficiencies - are now
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desired. One approach here would be to reduce the amount of
silicon by using thinner films on (cheap) glass substrates. Today,
the production of these solar cells still requires many energy
intensive processes at high temperatures (400-1400°C) and high
vacuum conditions with numerous lithographic steps leading to
relatively high manufacturing costs [4].

1.4 Organic Solar Cells

Considerably less effort and production energy is necessary if
organic semiconductors are used because of simpler processing at

much lower temperatures ( 20— 200°C ) than the above
mentioned inorganic cells.

For example, electro-chemical solar cells using titanium
dioxide in conjunction with an organic dye and liquid electrolyte
already exceeded 6% power conversion efficiencies and are about
to enter the commercial market thanks to their relatively low
production costs. Another interesting alternative to inorganic cells
Is given by the semiconducting polymers, which combine the
optoelectronic properties of conventional semiconductors with the
excellent mechanical and processing properties of polymeric i.e.
’plastic”” materials. These can be processed from solution at room-
temperature onto e.g. flexible substrates using simple and therefore
cheaper deposition methods like spin or blade coating. Since the
discovery of electro-luminescence in conjugated polymers, this
class of materials has been used to build efficient light emitting
diodes field, effect transistors, optically-pumped lasers and
photovoltaic diodes.

The advantage of polymeric photovoltaic cells when
compared to electro-chemical cells is predominantly the absence of

6



a liquid electrolyte, which generates problems with sealing against
air, but also the prospect of even cheaper production using large
area devices and the use of flexible substrates. Possible
applications may range from small disposable solar cells to power
smart plastic (credit, debit, phone or other) cards which can display
for example, the remaining amount, to photo detectors in large area
scanners or medical imaging and solar power applications on
uneven surfaces [4].

1.5 The Objective of the Study

The objective of this research is to develop low cost,
chemically stable easy manufactured solar cells.

Remedy the defects of conventional traditional solar cells, like
(Si0) solar cell which are very expensive, and not available, in
contrary to CuO and ZnO available not costly material.

— Contribution in the reduction of the consumption of fossil
fuel, and reeducation of pollution.

— The development of the solar cells, and their technologies, by
improving efficiency.

1.6 The Significance of the Study

Remote area in Sudan needs electricity. It is possible to
exploit the direct solar energy , in the generation of electricity. In
addition, the solar energy is free, clean and not —pollutant

1.7 The Problem of Study

— The solution of the problem of electricity, at root in all the
rural and urban areas, of the Sudan, which suffer from the
non-provision of electricity services.

7



— The increase of the demand of the solar cells, and their low
cost, makes it easy to reach all the individuals.

— The lesser levels of pollution, provides it with great
prospects, in future.

— The advancement of the remote areas, in which there is no
electricity, by the connection of educational and learning
aids.

1.8 Methodology

Literature review had made through consultation of relevant
references, journals and internet in the field of the solar cells “How
to fabricate FTO/ZnO/CuO/Al and FTO/CuO/zZnO/Al, in the
laboratory of Alnilaan university faculty of science.

Type of Study: Field study

Sources of Data: directly preparation of thin films CuO,
ZnO thin  film in laboratory,
Reference, web sites.

Equipment: CuO and ZnO thin films and FTO
substrata and Al substrate.

1.9 Thesis Scope

The thesis consists of four chapters. Chapter One is the
introduction, Chapter two is devoted for the theoretical
background, while chapter three is concerned with the literature
review. Results, Discussion and Conclusion are exhibited in
chapter four.



Chapter 2
Theoretical background
2 Introduction

For photovoltaic (PV) technology to be a serious contender
as an alternative energy source the electricity generated must be
reasonable cost — effective compared with current fossil fuel
sources [10, 11]. This requires that the efficiency of the PV cells be
increased and their manufacturing costs be reduced.

While photovoltaic cells based on bulk semiconductors can
provide very high efficiency (e.g. a conversion efficiency of >25%
for single junction GaAs solar cells), their high manufacturing cost
currently limits their use to primarily space — based application
[12].

Solution — process able solar cell technologies can enable the
realization of low - cost and high — through put photovoltaic
production [13]. While much work has previously focused on
organic semiconductors [14], organic solar cells can Dbe
manufactured at room temperature. Also have many advantages
such as a low cost, easy fabrication of thin film, and possible
manufactured to a large size. Because it can be made to be flexible,
a research and development on solar cells are actively in progress
for the next generation [15, 16], colloidal inorganic semiconductor
anon crystals (NCs) are starting to attract attention for photovoltaic
application [13]. NCs have the advantages of being solution-
processable capable of a absorbing a large fraction of the solar
spectrum, and tunable band — gab due to quantum — confinement
effects [13].

One of the most promising alternatives has been dye —
sensitized solar cells (DSCs) [17]. DSC; use dye molecules an
adsorbed on a wide band gab semiconducting material for light
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harvesting. The photo excited dye emits an electron to the
conducting substrate, connected to an external load, through the
semiconducting material [17].

2.1 Semiconductor

A semiconductor is a solid material that has electrical
conductivity in between that of a conductor and that of an
insulator; it can very over that wide range either permanently or
dynamically. Semiconductors are tremendously important in
technology. Semiconductor devices, electronic components made
of semiconductor materials, are essential in modern electrical
devices. Examples range from computers to cellular phones to
digital audio players.

Silicon is used to create most semiconductors commercially,
but dozens of other materials are used as well. Semiconductors are
very similar to insulators. The two categories of solids differ
primarily in that insulators have large band gaps- energies that
electrons must acquire to be free to move from atom to atom. In
semiconductors at room temperature, just as in insulators, very
few electrons gain enough thermal energy to leap the band gap
from the valence band to the conduction band, which is necessary
for electrons to be available for electric current conduction. For
this reason, pure semiconductors and insulators in the absence of
applied electric fields, have roughly similar resistance. The smaller
band gaps of semiconductors, however, allow for other means
besides temperature to control their electrical properties.

Semiconductors' intrinsic electrical properties are often
permanently modified by introducing impurities by a process
known as doping. Usually, it sufficient to approximate that each
impurity atom adds one electron or one "hole" that may flow
freely. Upon the addition of a sufficiently large proportion of
impurity dopants, semiconductors will conduct electricity nearly as
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well as metals. Depending on the kind of impurity, a doped region
of semiconductor can have more electrons or holes, and is named
n-type or p-type semiconductor material, respectively. Junctions
between regions of N- and P-type semiconductors create electric
fields, which cause electrons and holes to be available to move
away from them, and this effect is critical to semiconductor device
operation. Also, a density difference in the amount of impurities
produces a small electric field in the region which is used to
accelerate non-equilibrium electrons or holes. In addition to
permanent modification through doping, the resistance of
semiconductors is normally modified dynamically by applying
electric fields. The ability to control resistance/conductivity in
regions of semiconductor material dynamically through the
application of electric fields is the feature that makes
semiconductors useful. It has led to the development of a broad
range of semiconductor device, like transistors and diodes.
Semiconductor devices that have dynamically controllable
conductivity, such as transistors, are the building blocks of
integrated circuits devices like the microprocessor. These "active"
semiconductor devices (transistors) are combined with passive
components implemented from semiconductor material such as
capacitors and resistors, to produce complete electronic circuits.

In most semiconductors, when electrons lose enough energy
to fall from the conduction band to the valence band (the energy
levels above and below the band gap), they often emit light, a
quantum of energy in the visible electromagnetic spectrum. This
photoemission process underlies the light- emitting diode
(LED)and the semiconductor laser, both of which are very
important commercially. Conversely, semiconductor absorption of
light in photodetectors excites electrons to move from the valence
band to the higher energy conduction band, thus facilitating
detection of light and vary with its intensity. This is useful for fiber
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optic communications, and providing the basis for energy from
solar cells. Semiconductors may be elemental materials such as
silicon and germanium, or compound semiconductors such as
gallium arsenide and indium phosphide, or alloys such as silicon
germanium or aluminum gallium arsenide [46].

Electronic Band Structure

In solid state physics, the electronic band structure (or simply
band structure) of solid describes the range of energies that an
electron within the solid may have (called energy bands, allowed
bands, or simply bands) and ranges of energy that it may not have
(called band gaps or forbidden bands).

Band Theory

Devices these band and band gabs by examine the allowed
quantum mechanical wave's functions for an electron in a large,
periodic of atoms or molecules. Band theory has been successfully
used to explain many physical properties of solid, such as electrical
resistivity and optical absorption, and forms the foundation of the
understanding of all solid-state devices (transistors, solar cells,
etc).

Band Gaps

Are essentially leftover ranges of energy not covered by any
band, a result of the finite widths of the energy bands? The bands
have different widths, with the widths depending upon the degree
of overlap in the atomic orbital's from which they arise. Two a
adjacent bands may simply not be wide enough to fully cover the
range of energy. For example, the bands associated with core
orbital's (such as 14 electrons) are extremely narrow due to the
small overlap. As a result, there tend to be large band gaps between
the core bands. Higher bands involve larger and larger orbital with
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more overlap, becoming progressively wider and wider at high
energy so that there are no band gaps at high energy [47].

E

A i E vacuum

Conduction

band

Energy E,
Bandgab‘<

N—
—
Valence

band —

N—

Figure ( 2-1) A simplified energy band diagram

Used to describe semi-conductors. Shown are the valence and
conduction band as indicated by the valence band edge, E,, and the
conduction band edge, E., the vacuum level, E,,cuum, and the
electron affinity, X', and also indicated on the figure [48].

Doping

Doping means the introduction of impurities into a
semiconductor crystal to the defined modification of conductivity
tow of the most important materials silicon can be doped with, are
boron (3 valence electrons = 3 — valent) and phosphorus (5 valence
electrons = 5 — valent). Other materials are aluminum, indium (3 —
valet) and arsenic, antimony (5 — valent).
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The dopant is integrated into the lattice structure of the
semiconductor crystal, the number of outer electrons define the
type of doping — elements with 3 valence electrons are used for p-
type doping, 5 — valued elements for n — doping. The conductivity
of a deliberately contaminated silicon crystal can be increased by a
factor of 10° [49-50].

Energy

A

Donor energy level conduction band

S

SISISISISICISISASRS) @
SISISISISISISISISAS)

»
»

Acceptor energy level Valance band

@ Positively charged donor Atom.

= Negatively charged acceptor atom.
Figure (2.2) Doping in band structure

2.2 The different materials in a solar cell
2.2.1 Light absorber

The PV conversion process requires a number of materials
having suitable electrical, electronic and optical properties that are
fundamental to solar cell operation. The key material is the light
absorber that is capable of excited stated produced by photon
absorption with energies in the photon — rich range of the solar
spectrum.
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These excited states must be capable of being converted to
free electrons and holes that can be collected externally.
Commercial solar cells typically employ absorber materials that
and inorganic semiconductor.

The ability of an absorber to absorb light of different wave
lengths is defined of wavelengths is defined by its absorption
coefficient a that is a function of wavelengthsA . Beer — Lambert’s
law is applies to calculate the a absorbance A relative to the
incident flux intensity I (photons impinging per cm? per second),
some of which is reflected (R) off the material surface on which it
is incident (always referred to as the “front” end) and some
transmitted (T) so that light emerges from the opposite side
(always reflected to as “back’ end) of the material. [18]

Based on this low, the absorbance A as a function of A is
given by equation: [2-1].

A(A) =[1—-R].[1 —exp(—a(A)d] 2—-1)

Where d is the thickness of material traversed by the light
radiation.

It is seen from Eg-(2-1) that the absorption increases
exponentially with « of material thickness d. It is there for
desirable to use thick material layers and /or semiconductors that
have high absorption coefficients so that the value A can be
maximized. The absorption length L, is a quantity used to denote
absorption characteristics, and is defined as the thickness required
absorbing 63% of the potential /. available [18]. This value
corresponds to the a.d prodnct equaling | in the exponent maybe
defined as the reciprocal of absorption length, and vice versa.
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2.2.2 Schottky barrier

In addition to the absorber there are a number of other
material components in a solar cell structure. They may include
material layers that Plock on type of charge carrier while
supporting transport of the other to help promote motion of one
type of charge carriers in a different direction to the other. Such
layers when used in conjunction with the absorber create a build —
in electric field or chemical potential (on effective field) that
breaks symmetry and forces electrons in one direction and holes in
the other. This region is typically called a junction and forms the
building block or a PV device system. [18].

2.2.3 Ohmic contacts

Conducting materials are typically used at either ends of the
PV cell and provide the contacts of the cell electrodes and the grids
needed for carrying the current to the external load. These
materials must produce minimal electrical (voltage) and optical
loss, and my metals or transparent conductive oxides (TCOs).

Metal are excellent ohmic contacts because of their low
resistivity.

It is a general rule that one must use a large work function
metal as contact to P-type semiconductor materials (such as light
absorbers) [18].

2.3 Contact Materials
2.3.1 Metal Contacts

Metals are excellent for contact due to their low resistivity. As
a general “rule of thumb”, one wants to use a large work function
metal as the contact to p-type semiconductor materials, whether
inorganic or organic. If a metal with a work function less than that
of a given p-type material were used to contact the p-type
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semiconductor, dwm = @wp where @wm is the metal work
function and @mp is the p-type semiconductor work function.

This situation produces a dipole- oriented negative in the metal
and positive in the semiconductor, this large- work function case
produces an ohmic contact for holes in p-type materials. The
obvious corollary to this work function “rule of thumb” is that one
wants to use a low —work function metal as the contact to n-type
semiconductor materials, whether inorganic or organic [19].

2.3.2 transparent contacts

These materials are utilized to maximize light entry in to the
cell structure while still providing properly positioned electrodes
[18] they must have high transparencies, high conductivities and
suitable work function.

Since a absorption in these materials is achieved through
doping (alloying), there is a trade — off between conductivity and
light transmission.

Some commonly employed materials of such roles include
tin oxide, indium tin oxide (ITO) and fluorine — doped tin oxide
(FTO).

2.4 P-n Junction

It is important to realize that the entire semiconductor is a
single — crystal material in which one region is doped with
acceptor impurity atoms to form the p— region and the adjacent
region is depend with donor atoms to from the n- region. The
interface separating the n and p regions is referred to as the
metallurgical junction [20].

The impurity doping concentrations in the p and n regions
figure (2-1a) shows the p-n junction and (2-1b) shows the impurity
doping concentration in the p and n regions.
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Figure (2-3) (a) simplified geometry of a p n junction (b) doping profile of
an ideal uniformly doped p n junction
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the charged carriers
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For simplicity, we will consider a step junction in which the
doping concentration is uniform in each region and there is an
abrupt change in doping at the junction. Initially, at the
metallurgical junction, there is a very large density gradient in both
the electron and hole concentrations. Majority carrier electrons in
the n- region will begin diffusing into the p- region and majority
carrier holes in the p-region will begin diffusing into the n —
region. If we assume there are no external connections to the
semiconductor, then this diffusion process cannot continue
indefinitely.

As electrons diffuse from the n-region, positively charged
donor atoms are left behind. Similarly, as holes diffuse from the p-
region, they uncover negatively charged acceptor atoms. [20].

The net positive and negative charges in the n and p regions
induce and electric field in the region nears the metallurgical
junction, in the direction from the positive to the negative charge,
or from the n to the region.

The net positively and negatively charged regions are shown
in figure (2-2) these two regions are referred to as the space charge
region.

Essentially all electrons and holes are swept out of the space
charge region by the electric field. Since the space charge region is
depleted of any mobile charge, this region is also referred to as the
depletion region; these two terms will be used interchangeably.

Density gradients still exist in the majority carrier
concentration at each edge of the space charge region. We can
think of a density gradient as producing a “diffusion force” that
acts on the majority carriers. These diffusion forces, acting on the
electrons and holes at the edges of the space charge region. The
electric field in the space charge region produces another force on
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the electrons and holes which is in the opposite direction to the
diffusion force for each type of particle. In thermal equilibrium,
the diffusion force and the E- field force exactly balance each other
[20].

2.5 Silicon Solar Cells
(Crystalline and amorphous (C- Si and a — Si))

The Si — based p-n homojunction PV cells have been long
employed globally for producing electricity from solar energy. It is
the most well — Understood semiconductor technology in the
world, benefitting from decades of development by the integrated
circuit (IC) industry.

The advantages of Si — based PV include the availability
[21], of well — established the techniques for controlling and
manipulating the electronic and physical properties of doped
homojunctions and the crystal abundance of the element on the
earth’s surface [22].

Mutt crystalline silicon (Mc — Si) remains the global leader
of PV products with a 45% market share that has reduced in the
past few years with the rapid growth of the industry based on
commercialization of the monocrystalline variety and the CdTe
thin films [22].

The single crystal Si device (Sc — Si) have become
increasingly popular because of their higher cell (and module)
efficiencies (25 and 21% respectevtively) compared to mec-Si (20 —
5% and 17% respectively), attend that can be attributed to a
combination of superior properties such as low internal resistance
from defects and impurities and improvements in wire cutting
technology that has enable reductions in wafer thickness’s to about
180um at present [22]. It must be noted that ideal C-Si calls would
require only about 20 um of absorber material to absorb 95% of
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the incident radiation, based on their («) values that are typically
10° Cm™ [3].

2.6 The Efficiency of a solar cell

Figure (3.3) shows a plot of the possible J-V operating
points, called the “light” J-V characteristic of the PV cell. The
points labeled Ji. and V. represent, respectively the extreme cases
of no voltage produced between the opposite ends of the device (i-
e. the illuminated the cell is at short — circuit condition) and of no
current flowing between the two ends (i-e- illuminated cell is open
— circuit condition).

—
7]
(e}

Maximum power point

WithT = J, and V = Vi,

Voltage developed

Figure (2.5) typical (I-V characteristic of photovoltaic structure under
illumination)

It must be noted that the power output (defined) as J.V
product at any point) has its highest value at the maximum power
point corresponding to the values of J,,, and V, in figure (2.3).
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The definition of these quantities helps define the
thermodynamic efficiency n (eta) of the PV conversion process in
terms of the input power Pjq as:

n =]mp-Vmp/P (2-2)

It can be seen from figure (3.3) that’s an ideal shaped J-V
curve would be rectangular and would deliver a constant current
density I, up to the open — circuit voltage V.

A term called the fill factor FF is hence used to measure how
close a given characteristic is to conforming to this ideal
rectangular J-V shape the fill factor, by definition, is < 1.

The efficiency of a PV device can now be defined in terms of
the fill factor as:

n = FF.Jsc .V, /pinput (2 - 3)

It is evident that the two major parameters governing
efficiencies in solar cells are short — circuit current density Js. and
open — circuit V.. Consequently, improvements to PV conversion
efficiencies involve increasing Jg. of V. values or both [22].

2.7 Photovoltaic characterizations
2.7.1Real Solar Cells

For a real solar cell, the effect of parallel resistance Rg, (shunt
resistance due to leakage current, e.g. by local shorts of the solar
cell) and serial resistance R (due to ohmic loss) must be

considered.

I+1 V —IR
In( L_ S+1>

e
=— (¥ -1IR 2—4
I R s s) (2—4)
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The serial resistance affects the filling factor more strongly

than the shunt resistance (Fig (2-4).

I =1 lexp (%) — 1] — 1. (2-5)

In the example of Fig 2.4, a serial resistance of 5Q reduces

the filling factor by a factor of about four [34].

Current (mA)

Voeltage (V)

Fig (2.6) I-V characteristics of a solar cell considering shunt and series
resistances R and Ry, respectively. The efficiency of the real cell (shaded
power rectangle) is less than 30% of that of the ideal cell.

2.7.2 ideal conversion Efficiency

The conventional solar cells, typically a p-n Junction, have a
single band gap E4. When the cell is exposed to the solar spectrum,
a photon with energy greater than E; makes no contribution to the
cell output (neglecting phonon assisted absorption). A photon with

energy with energy greater than Eg contributes an electric charge to
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the cell output, and the excess energy over E, is wasted as heat. To

derive the ideal conversion efficiency.

We shall consider the energy band of the semiconductor
used. The solar cell is assumed to have ideal diode I-V

characteristics. The equivalent circuit is shown in fig (2.5)

< —

v C‘D v l

;
W
il

|s[eXp%'1]

I
A
«—

Fig. (2.7) Idealized equivalent circuit of solar cell under illumination.

Where a constant — current source of photo current is in
parallel with the Junction. The source I results from the excitation
of excess carriers by solar radiation, I is the diode saturation
current and Rq is the load resistance. To obtain the photocurrent I,

need to integrate the total area under the graph shown fig (2-8)
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Photon flus density, d $,,/d hv(10'7 em-2s-leV-1)

Photon 2nergy Av (2V)

Fig (2.8) Solar spectrum in photon flux density per photon energy for AMO
and AMI-5 radiation.

d ¢ ph

dhv
hv=Eg

That is, I, (E,) = Aq d(hv) (2—-6)

The result is show in fig (2.9) as a function of the band gap
of the semiconductor. For the photo current consideration, the

smaller band gap the better because more photons are collected.
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E; or Av (eV)

Fig (2.9) Total number of photons in the solar spectrum (of AMI-5) above
an energy value. Contributing to the maximum photo current for a solar cell

made with specific E,.

The total I-V characteristics of such a device under
illumination is simply a summation of the dark current and the

photocurrent, given as

I = I [exp(Z—?)—l]—]L 2-17)

From equation (2-7) We obtain the open — circuit voltage by

setting 1= 0:

26



KT /I, KT /I,
e = KT i (1) 2 KT (1) 2o
S

Hence for a given I, the open-circuit voltage increases
logarithmically with decreasing saturation current I. For a regular

p-n Junction, the ideal saturation current is given by:

I, =AqN, N i U expl_—Eg (2-9)
’ VN S Np |G KT

As seen, s decreases exponentially with Eg. So the obtain a

large V. a large Eg. Is required.

Qualitatively, we know the maximum V. is the built — in
potential of the Junction, and the maximum built- in potential is
close to the energy gap. A plot of equation (2-7) is given in
fig (2-12).
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A Dark

[lluminated

Fig (2-10) I-V Characteristics of solar cell under illumination. Determination

of illuminated power output is indicated

The curve passes through the fourth guardant and, therefore,
power can be extracted from the device to a load. By properly
choosing a load, close to 80% of the product I, Vo can be

extracted.

Here I, is the short- circuit current which is equal to the
photocurrent derived. The shaded area is the maximum power
output. We also define in Fig (2.10) the quantities 1., and V,, that
correspond to the current and voltage. For the maximum power
output Pr, (= Iy Vin).
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To derive the maximum-power operating point, the output power is

given by:
P=1V =1LV xp(2 ) 1] -1,V 2—-10
S [e KT ] L ( )

The condition for maximum power can be obtained when

dp/dv =0, 0r
1
Ly = [V exp(BVin) = [, (1 — —— (2—-11)
BVm
I /I + 1 1
v, = L[l 17 ——In(1+B8Y,) (2-12)

L1+ pBVn Yoc B
Where f=q/kT .the maximum power output P, is then

P, = L,V, = FFI, .V, ~ I, [Voo 1n(1 +/V)  (2-13)

B
Where the full factor FF measures the sharpness of the curve and is
defined as:
L.V
FF =11 (2.—14)
ISCI/OC

In practice a good fill factor as around 0.8.
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The ideal conversion efficiency is the ratio of the maximum power

output to the incident power Py,

P Il Vils (i) exp(@Vin/KT)

T’: e e

2—15
Pi Pin Pin ( )

Theoretically, the ideal efficiency can be calculated. We have
shown that the photocurrent increases with smaller E;. On the
other hand, the voltage increases with E; By having a small

saturation current.

So to maximize the power, there exists an optimum value
for the band gap E4 Furthermore, by using the ideal saturation
current of E.g. (2.8) in relation to Eg, the theoretical maximum

conversion efficiency can be calculated [35].
2.7.3 Nonideal Effects

For a practical solar cell, the ideal equivalent circuit, fig
(2.5) be modified to include the series resistance Rs from ohmic
loss in the front surface and the shunt resistance Ry, from leakage

currents.

The equivalent circuit should include Rs added in series
with the load R’ and Ry, added in parallel with the diode. The
diode I-V characteristics are found to be modified from Equation
(2-7) to:
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I+1 V — IR
ln( L_ S+1) q
KT

=—(V-IR 2—16
TR (V- 1Ry) (2-16)

In practice, the shunt resistance has much less affected them the
series resistance. The effect of Ry can be simply obtained by

replacing V with (V- IR;), and the main impact is on the fill factor.

For practical solar cells, the forward current can be dominated by
the recombination current in the depletion region. The efficiency is
recued with that of an ideal diode. The recombination current is in
the form.

e = I, [exp (%) — 1] 2 —17)

The energy conversion equation can again be put into closed form
yielding equations similar to E.q (2-7) through (2-13), with the
exception that I is replaced by I and the exponential factor is
divided by 2.

The efficiency for the case of recombination current is found to be
much less than the ideal — current case due to degradation of both
V.. and the fill factor. For solar cells having mixtures of diffusion
current and recombination current, or current due to other defects,

the forward current shows an exponential dependency on the

qv
forward voltage as (enkt), where n is celled the ideality factor and
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is generally between 1-2. The efficiency decreases with increasing

values of n.

As the device temperature increases, the diffusion lengths will
increase because the diffusion constant stays the same or increases
with temperature, and the minority carrier lifetime increases with

temperature.

The increases in mining- carrier diffusion length will increases the
photocurrent I,.. However, V. will rapidly decrease because of the

exponential dependence of the saturation current on temperature.

The degradation in the softness in the knee of the I-V curve as
temperature increases will also decrees the fill factor. Therefore,
the overall effect causes a reduction of efficiency as the
temperature increases. This presents a challenge for operation

under optical concentrators [2].
2.7.4 The Equivalent circuit diagram (ECD)

ECDs are frequently used to describe the electric behavior of more
complex semiconductor devices with a network of ideal electrical
components such as diodes, current of voltage sources and

resistors.

Fig (2.11) show as the ECD that the typically used for inorganic

solar cells.
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Fig (2.11): ECD of a solar cell.

The circuit consists of the following ideal components:

A current source I_ that considers the light-generated current, a
diode that accounts for the nonlinear voltage dependence and a

shunt as well as a series resistor.

Also shown are a load resistor R and its voltage drop and current.
The current arrows point into the direction the holes flow-
according to the standard in electronics. The current | is negative if

V >V, and it flows “into” the device- otherwise it is positive.

Although the specific physical processes in organic
semiconductors may by different and therefore lead to other
parameters, the principal loss mechanisms are the same and we
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may therefore apply the same circuit. suggest to associate the
following (more general) processes with the single components in
the ECD:

e The current source generates current I, upon illumination.
I, = number of dissociated exactions/ S = number of free
electron / hole pairs immediately after generation-before any
recombination can take place.

e The shunt resistor Ry, is due to recombination of charge
carriers near the dissociation sate (e.g D/A interface).
Provided the series resistor Rg is at least one order of
magnitude lower than Ry, it may also include recombination
further away from the dissociation site e.g. near the electrode.

Otherwise an extra shunt resistor R, has to be considered

Fig. (2.12)
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Fig. (2.12) Extended ECD of a solar cell.

The formation of a counter diode D, may sometimes need to be
considered as well as another shunt Ry, that connects the tow

electrodes dividedly.

The capacitor accounts for accumulation i.e storage effects of
charges and may be of particular interest for AC measurements i.e

photocurrent measurements with chopped light.

Rsn can be derived by taking the inverse slope around 0V:

Rshz(%>—1 (2 —18)
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This is because at very small voltages the diode D is not
conducting and the current driven by the external voltage (positive
of negative) is only determined by Ry, + Ry with Ry, ( typically)

being much larger.

e The series resistor Rs considers conductively i.e. mobility of
the specific charge carrier in the respective transport medium.
For example mobility of holes in a p- type conductor or
electron donor material. The mobility can be affected by
space charges and traps or other barriers (hopping). R; is also
increased with a longer traveling distance of the charges in e.g

thicker transport layers. Ry, can be estimated from the

(inverse) slope as appositive voltage > V,. where the IV
curves becomes liner :

-1

Rsz<%) (2-19)

This is because at high positive external voltages V the diode

D becomes much more conducting than Ry, so that Ry can
dominate the shape of the IV curve.

e Ideal diode D = voltage dependent resistor that takes into

account the asymmetry of conductivity due to the built in

field in D/A cell (difference between the acceptor LUMO and

the donor it (HOMO) or the nature of the semiconductor
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electrode interface (blocking contact) in single layer cells.
This diode is responsible for the nonlinear shape of the IV

Curves.

The diode characteristic is not necessarily Shockley type. Not that
the IV characteristic of ideal diode D is only equal to the IV

characteristic of the entire cell (circuit) if:
R,=0Q and Ry, =0

OSolar cell voltage V. the cell can great a voltage between 0 and
V,. depending on the size of the load resistor. In other to obtain IV
curve data in other voltage ranges (V< O and Vo < V) in IV
curve an external voltage source is required. We note that also the
voltage drop across a load resistor. The range between 0 and V.
can be simulated by the same voltage source so that the entire

range can be scanned by applying an external voltage.

Not that the current for V > V. and the extra current for V < 0V is
delivered from the external voltage source. The external voltage
source can then act as a current amplifier to boost the photo
sensitivity but the actual photon to current conversion efficiency

(EQE) of the solar cell or photo diode cannot really be increased.

These are the components of an ECD with which we can associate

the most important effects in solar cells of all types. However, a
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more comprehensive ECD for organic devices — see Fig (2.12)

may comprise the following extra components:

e Another diode D,. The formation of an extra blocking contact
(e.g for holes at the ITO electrode) can affect the IV curve in
the third quadrant or even lead to FF values < 0.25.

e Note that the normal blocking contact for electrons at ITO
and holes at AL allows charge injection into the electrodes if
sufficiently high negative voltage is applied.

e The capacitor C. the capacitor that takes into account
charging / discharging and other time dependent effects that
can be significant since the contact area A can be large and
the distance between the electrical is very small:

A
C = €7

e An extra shunt resistor Ry, . it considers shorts due to p in
holes or significant conductivity of the bulk material. It may
also account for recombination losses near the electrodes. The
effect of Ry, if Rs is considerably smaller than any of the tow

shunts.

We note that current and resistor values depend on the illuminated
area and need to be related to it, if comparisons between cells with

different illumination areas are desired.
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Note that the dark current depends on the actual device area —
regardless of the size of the light spot. Using the simple ECD in
fig. (2.11) and Kirchhoff's laws for current knotes and voltage
loops, we can formulate the following relation:

Ish

(I.-1;-DRg, =V + IR, (2 — 20)

Which can be transformed in to?

I(RS+1)—I [— 2—21
R =h~la=pm ( )

If we now assume that the Shockley diode equation describes the

voltage dependence of the current I, through the ideal diode D

V-IRg
KT
Id=10<e q —1) (2 —22)

And replace lg in Eg. (2.21) we obtain

V—-IRs
|4 Rqp, Rqp, “nKT
1=(1— ) 2 —> (e @ -1 2 —23
t Rsh Rsh+Rs ORsh+Rs( ) ( )
If we now use
R +RS 1+RS (2 —24)
h 5 - 5 -
* Rsh Rsh

We can write Eg. (2-19) as
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v U—IRs_

IL__ I nkT 1
J=—2 0 e (2 —25)
I+—= L+—=
Rsn Rsn

This equation will be used from the specific shapes of IV

characteristics.

Inorganic solar cells have Rg values between 0.3 Q and a few

ohms and Rg, larger than 1000 Q so that the ration ;—5 IS very
sh

small and the term 1+}f—5 is virtually 1 and can therefore be
sh

neglected in Eg. (2-21). However, even in silicon solar cells the
voltage drop across R represents an important loss factor and has
to be considered as well as the loss current through the shunt. Note
that both R; and Rg, still appear in Ej (2-21) even though

1 + RJ/Rg, can be neglected.
However the situation can be very different for organic cells.

Organic cells very often suffer from high series resistors and — in
addition — relatively small Ry, values. As a consequence not only
the losses due to both resistors are higher than in silicon cells but
also the term 1 + R/Ry, can become significantly different from 1
and has to be considered in Eg. (2.23)
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As a result, the shape of the IV curves and the absolute currents
are more affected by these resistor values in organic than in

inorganic cells [4].
2.8 Interpretation of IV Characteristics
2.8.1 Inorganic Solar Cell

The higher charge carrier mobility in inorganic
semiconductors leads to sufficiently long diffusion lengths which
allow most charge carriers to reach the electrodes before they
undergo intense recombination- even though the devices are about
1000 times thicker. In addition Ry, is typically more than 3 orders

of magnitude larger than Rs. This not only leads to a negligible

term | + ;—5 in Egn (2.23), but also makes it much easier to

sh

distinguish the effects of the tow resistors in the IV characteristics.

In addition the reverse saturation current |q is typically larger

than in organic devices.

However, clearly smaller Ry, values have enormous bad
effects on the I-V curve. However, the short circuit current is not
affected since the current through the shunt can be neglected if
Rs << Rq, [4].
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2.8.2 Design Refinements

In order to collect electrons most efficiently, a back surface
field is used (Fig. (2.11). A higher- doped region at the back
contact creates a potential barrier and reflects electrons back to the
front contact.

An important point for optimization is the management of the
reflection at the solar cell surface. First, dielectric antireflection
(AR) multilayer's can used. These layers should have a broad AR
spectrum. Additionally, a textured surface, as schematically shown
in Fig (2.12a), e.g. created by anisotropic etching of Si (001) (Fig.
2.12c¢), reduces reflection (Fig. 2.12b). The reflectivity of bare Si,
35%, can be reduced to 2%. An AMO efficiency of 15% was
reached using textured cells.

metall -front - bése S back 'metal
surface surface

Fig. (2.13). Increase of the carrier collection efficiency by a back surface
field.

During its course over the sky during the day, the sun
changes its angle towards a fixed solar cell. A tracking mechanism
can optimize the angle of incidence during the day and increase the
overall efficiency of the solar cell (Fig.2.15) [34].
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2.8.3 Solar-Cell Types

Silicon is the most frequently used material for solar cells. Cells
based on single-crystalline silicon (wafers) have the highest
efficiency hut are the most expensive (Fig. 2.16a). Polycrystalline
silicon (Fig. 2.16b) is cheaper but offers less performance material
design is oriented towards increasing the grain size. These solar
cells are also called ‘first-generation’ photovoltaic.

Thin sheets of crystalline silicon drawn from a melt between
two seed crystals in a modified CZ growth (sheet silicon or ribbon
silicon) allow cheaper

incident

reflected
A
|
1}
(b)
0.6 T T : —
1 AR, flat 4

T R R
0.3 0.5 0.7 0.9 14
Wavelength (um)

o
'S

Reflectivity

=
)

Fig.( 2.14 (a) Schematic surface topology of a textured solar cell. (b)
Exemplary light path. (c) SEM image of a textured surface (pyramid base:
5pm). (d) Reflectivity of antireflection-coated flat (dashed line) and textured
(solid line) surface).
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Power (scaled units)
o
(e}

/8 é 110 1|1 112 1|3 1|4 1‘5 16
Daytime (h)
Fig. (2.15). Power generation of a solar cell vs. time (in daytime hours) for a
stationary setup facing the sun at constant angle (solid line) and mounting

with tracking (dashed line) to optimize the angle towards the sun.

Production compared to cells based on ‘traditional’ polished
wafers cut from a large silicon rod.

Even cheaper are solar cells from amorphous silicon (Fig.
(2.16c). since silicon is an indirect semiconductor, a fairly thick
layer is needed for light absorption. If direct semiconductors are
used, a thin layer (d ~ 1 pm) is sufficient for complete light

absorption. Such cells are called thin-film solar cells. A typical
material class used in this type of cell are chalcopyrite's, such as
CulnSe2 (CIS). The band gap is around 1 eV, which is not optimal.
An improvement can be achieved by adding Ga and/or S that
increases the band gap, Cu (In,Ga)(Se,S), (CIGS), to 1.2—1.6 eV.
Using CIGS, an efficiency of 15% has been reported. Thin-film
solar cells can be fabricated on glass substrate or on flexible
polymer substrate such as Kapton (Fig. 2.17a,b).

Also here, optimization of the grain size is important (Fig.
2.17b). As the front contact, a transparent conductive oxide (TCO),
such as ITO (InSnO,) or ZnO:Al, is used. Thin-film and
amorphous silicon solar cells are also termed ‘second-generation’
photovoltaic.
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Fig.(2.16). Various types of solar cells: (a) monocrystalline silicon solar cell,
(b) polycrystalline solar cell, () amorphous silicon solar cell.

In order to cover a large area and supply certain values of
output voltage and current, several solar cells are connected into
modules. Arrays are built up from several modules (Fig. 2.18) if
solar cells are connected in parallel, the total current increases; if
they are connected in series, the output voltage increases.

“Third-generation’ photovoltaic attempt to go beyond the
30% limit and comprise of multifunction solar cells. concentration
of sunlight use of hot carrier excess energy as discussed above and
possibly other concepts including photon conversion.

Transparent contact

Antireflection coating

Window (n-type)

Junction

N

Absorber (p-type)

Ohmic contact

(a) substrate
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(b) F2

Fig.(2.17). (a) Schematic cross section of a polycrystalline thin-film solar
cell. (b) Rolled sheets of CIS thin film solar cell on flexible Capton foil. ()
SEM cross section of CIS thin-film solar cell [34].
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Fig.2.18. Schematic drawing of a solar cell (with contact grid), a module (36
cells) and an array of ten modules

2.9 Solar cell efficiency tables (version 37)

Since January 1993, ‘Progress in Photovoltaic’ has published
sis monthly listings of the highest confirmed efficiencies for a
range of photovoltaic cell and module technologies By providing
guidelines for the inclusion of results into these tables, this not
only provides an authoritative summary of the current state of the
art but also encourages researchers to seek independent
confirmation of results and to report results on a standardized
basis. In a recent version of these tables (Version 33).
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Results were updated to the new internationally accepted
reference spectrum (IEC 60904—3, Ed. 2.2008), where this was
possible.

The most important criterion for inclusion of results into the
tables is that they must have been measured by a recognized test
centre listed elsewhere. A distinction is made between three
different eligible areas: total area; aperture area and designated
illumination area. ‘Active area’ efficiencies are not included. There
are also certain minimum values of the area sought for the different
device types (above 0.05 cm?® for a concentrator cell, .1 cm? for a
one—sun cell and 8011cm? for a module).

Results are reported for cells and modules made from
different semiconductors and for subcategories within each
semiconductor  grouping (e.g. crystalline.  polycrystalline
and thin film). From Version 36 onwards, spectral response
information has been included when available in the Thon
of a plot of the external quantum efficiency (EQE) versus
wavelength, normalized to the peak measured value.

2.9.1 New Results

Highest confirmed “one-sun” cell and module results are
reported in Tables | and Il. Any changes in the tables from those
previously published are set in bold type. In most cases, a literature
reference is provided that describes either the result reported or a
similar result. Table I summarizes the best measurements for cells
and sub modules, while Table Il shows the best results for
modules.

Table Il contains what might be described as ‘notable
exceptions’. While not conforming to the requirements to be
recognized as a class record, the cells and modules in this Table
have notable characteristics that will be of interest to sections of
the photovoltaic community with entries based on their
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significance and timeliness, to ensure discrimination, Table IlI is
limited to nominally 10 entries with the present authors having.
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Table(2.1).confirmed terrestrial cell and submodule efficiencies measured under the global AM1.5 spectrum
(1000W/m®) at 25°C (IEC 60904-3: 2008, ASTM G-173 — 03 global).

o Effic.” Area® Voo  J,  FF°  Testcentre o
Classification ) ) Description
(%0) em’)  (cm? maem) (%)  (land Data)
Silicon
Si (crystalline) 25.0+0.5 4.00(da) 0.706 42.7" 82.8 Sandia(3/99) UNSW PERL
Si (multicrystalline) 204405 1.002(ap) 0.664 38.0 80.9 NREL (5/04)° FhG-ISE
. FhG- U. Stuttgart
Si (thin film transfer) 16.7+0.4 4.017(ap) 0.645 33.0 78.2 ISE7/01)°  (45m thick)
FhG-ISE CSG Solar(1-2
Si (thin film submodule) 10.5+0.3 94.0(ap) 0.492" 29.7" 721 (8107 pm on glass; 20

I1-V cells
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GaAs (thin film)
GaAs (multicrystalline)
InP (crystalline)

Thin Film Chalcogenide

CIGS (cell)

CIGS (submodule)

CdTe (cell)

CdTe (submodule)

27.61+0.8
18.4+0.5
22.1+0.7

19.61+0.6

16.7+0.4

16.7+0.5"

12.5+0.4

0.9989(ap) 1107  29.6
4.011(1) 0.994 23.2
4.02(t) 0.878 295

0.996(ap) 0.713 348

16.0(ap) 0.661" 33.6"

1.032(ap) 0.845 26.1

35.03(ap) 0.838 21.2
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84.1 NREL(11/10)
79.7 NREL (11/95)¢
85.4 NREL(4/90)°

79.2  NREL(4/09)
FhG-
™1 sE3I00)

75.5 NREL(9/01)°

70.5 NREL(9/10)

Alta Devices
RTI, Ge substrate

Spire, epitaxial

NREL, CIGS on
glass

U.Uppsala, 4
serial cells

NREL, mesa on
glass

ASP Hangzhou,
8 serial cells



Amorphous/nanocrystalline
Si

Si (amorphous)

Si (nanocrystalline)

Photochemical

Dye sensitized

Dye sensitized
(submodule)

Organic
Organic polymer

Organic (submodule)

10.1+0.3

10.1+0.2'

10.440.3"

9.940.4™

8.3+0.3"
3.540.3"

1.036(ap)

1.199(ap)

1.004(ap)

17.11(ap)

1.031(ap)
208.4(ap)

0.886

0.539

0.729

0.719
h

0.816
8.62

16.75'

24.4

22

19.4M

14.46
0.847

67

76.6

65.2

71.4

70.2
48.3

NREL (7/09)

JQA(12/97)

AIST (8/05)°

AIST(8/10)

NREL(11/10)
NREL (7/09)

Oerlikon solar
Lab, Neuchatel

Kaneka (2um on
glass)

Sharp
Sony, 8 parallel

cells

Konarka

Solarmer
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Multijunction devices

GalnP/GaAs/Ge 320415 3.989(t) 2622 1437 85 NREL (1/03) “Pectrolab
(monolithic)
GaAs/CIS (thin film) 25.8+1.3"  4.00(t) - ] - NREL (11/89) Kopin/Boeing (4

terminal) [30]

Oerlikon Solar
a-Si/uc-Si (thin filmcell)  11.9+0.8" 1.227 1.346 12.92' 685 NREL (8/10) Lab, Neuchatel

[8]
a-Si/uc-Si (thin film 11.740.4" Kaneka (thin
submodule)” o 14.23(ap) 5.462 299 71.3 AIST (9/04) fIm)[31]

: m . FhG-ISE .
Organic (2-cell tandem) 8.3+0.3" 1.087(ap) 1.733 8.03° 595 (10/10) Heliatek [9]

? CICS= CnInGaSe2; a-Si=amorphous silicon/hydrogen alloy.

" Effic.= efficiency

® (ap)= aperture area; (t)= total area; (da)=designated illumination area.
% FF= fill factor.
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® FhG-I1SE= Fraunhofer Institute fur Solar Energies system; JQA=Japan Quality Assurance; AlST=Japanese
National Institute of Advanced Industrial Science and Technology.

" Spectral response reported in Version 36 of these tables.

9 Recalibrated from original measurement.

" Recalibrated from original measurement.

' Not measured at an external laboratory.

I Spectral response reported in present version of these tables.

“ Light soaked at Oerlikon prior to resting at NREL (1000h, 1 sun, 50°C).
' Measured under IEC 60904-3 Ed. 1:1989 reference spectrum.

™ Stability not investigated.

" Stabilized by 1000h, 1 sun illumination at a sample temperature of 50°C.

° Stabilized by 174h, 1 sun illumination after 20h, 5 sun illumination at a sample temperature of 50°C.
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Table (2.2). Confirmed terrestrial module efficiencies measured under the global AM1.5 spectrum
(1000W/m2) at a cell temperature of 25°C (IEC 60904-3: 2008, ASTM G-173-03 global).

Test
o Effic.” Ve Jsc FF  centre o
Classification Area‘ (cm?) ) , Description
(%) (cm9)  (mA/cm?) (%) (and
Data)
: . Sandia
Si(crystalline) 22.9+0.6 778(da) 5.6 3.97 80.3 (9/96)° UNSW/Gochermann
: : NREL
Si (Large crystalline) 21.4+0.6 15780(ap) 68.6 6.293 78.4 (10/09) Sun Power

ESTI Schott Solar (60 serial

. . . f
Si (multicrystalline)  17.55+0.5 14701(ap) 38.31 8.94 75.3 (8/10)  cells)

Si(tin-film Sandia  Pacific Solar (1-2um on
oolycrystalling) 8.240.2 661(ap) 25 0.32 8 (7102 glass)[36]
f NREL :
CIGS 15.74+0.5 9703(ap)  28.24 7.254 72.5 (11/10) Miasole
NREL
CIGSS (Cd free) 13.54+0.7 3459(ap) 31.2 2.18 68.9 (8/02)° Showa Shell

CdTe 10.9+05  4874(ap)  26.21 3.24 623 NREL BP Solarex
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(4/00)°

a-Si/a-SiGe/a-SiGe gh NREL
(randem 10.440.5 905(ap) 4.353 3.285 66 (10/98)° USSC
® CICS=  CnInGaSSeg; a-Si=amorphous  silicon/hydrogen  alloy; a-SiGe=  amorphous

silicon/germanium/hydrogen alloy.

® Effic.= efficiency

° (ap)= aperture area; (da)=designated illumination area.

% FF= fill factor.

® Recalibrated from original measurement.

" Spectral response reported in present version of these tables.

9 Lightsoaked at NREL for 1000h at 50°C, nominally 1-sun illumination.
" Measured under IEC 60904-3 Ed. 1: 1989 reference spectrum.

Table (2.3). Notable Exceptions: Top ten confirmed cell and module results, not class records measured
under the global AM1.5 spectrum (1000 Wm™) at 25°C (IEC 60904-3: 2008, ASTM G-173-03 global).
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Test

- Effic.” Area’ Voe e FF!  centre o
Classification ) , , Description
(%) (cm?) (cm®  (mAlcm®) (%) (and
Data)
Cells (Silicon)
: : Sandia UNSW PERL, SHE
Si (MCZ crystalline) 24.7+0.5 4.0(da) 0.704 42 83.5 (7/99)'  MCZ substrate
. : e NREL Sun power n-type CZ
Si (large crystalline) 24.21+0.7 155.1(t) 0.721 40.5 82.9 (5/10) substrate
: i AIST  Sanyo HIT, n-type
Si (large crystalline) 23.01+0.6 100.4(t) 0.729 39.6 80 (2/09)  substrate
. . . £ AIST  Mitsubishi Electric
Si (large multicrystalline) 19.3+0.5 217.7(t) 0.651 38.8 76.4 (7/09)  honeycomb
Cells (Other)
GalnP/GaAs/GalnAs AIST i
(tandem) 35.8+1.5 0.880(ap)  3.012 13.9 85.3 (9/09) Sharp, monolithic
FhG- Zsw stuttgart ciGs
CIGS (thin film) 20.3+0.6  0.5015(ap) 0.740 35.4° 77.5 ISE g
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on glass [



a-Si/nc-Si/nc-Si (tandem)  12.54+0.7° 0.27(da) 2.01 9.11
Dye-sensitized 11.240.3" 0.219(ap) 0.736 21
Luminescent submodule ~ 7.1+0.2" 25(ap) 1.008 8.84

® CICS= CnInGaSSe,;

® Effic.= efficiency

“ (ap)= aperture area; (da)=designated illumination area.

9 Recalibrated from original measurement.

® Spectral response reported in present version of these tables.
"Spectral response reported in version 36 of these tables.

9 Light soaked under 100mW/cm?® white light at 50°C for 1000h.
" Stability not investigated.

68.4

2.2

79.5

NREL
(3/09)

AIST
(3/06)°

ESTI
(9/08)

United Solar stabilized

Sharp

ECN Petten, GaAs
cells

Table (2.4).Terrestrial concentrator cell and module efficiencies measured under the ASTM G-173-03 direct

beam AML1.5 spectrum at a cell temperature of 25°C
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Effic.? c Test centre
Classification Area® (cm?) Intensty Description
(%) (suns) (and Data)
Single cells
GaAs 29.1+1.3% 0.0505 (da) 117 FhG- Fraunhhofer ISE
e ' ISE(1/10)
. . FhG- Amonix Back-
Sl 276£10 1.00(ca) 92 ISE(11/04)  contact
Multifunction cells
InGaP/GaAs/InGaAs (2-terminal) 423425 0.9756(ap) 406 NREL(9/10) “Pire bi-facial
epigrowth
e Spectrolab, lattice-
GalnP/GalnAs/Ge 41.6+2.5 0.3174(da) 364 NREL(8/09)
matched
(2-terminal)
Submodules
_ i DuPone et al., split
GalnP/GaAs; GalnAsP/GalnAs 38.5+1.9 0.202(ap) 20 NREL(8/08)
spectrum [16]
GalnP/GaAs/Ge 27.0+1.5° 34(ap) 10 NREL(5/00) ENTECH [48]

Modules
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Si 20.5+0.8" 1875(ap)

Notable exceptions

GalnP/GaAs (2-terminal) 32.6+2.0° 0.010(da)

Si (large area) 21.7+0.7 20.0(da)

* Effic.=efficiency.

b (ap)= aperture area; (da)=designated illumination area.
“ One sun corresponds to direct irradiance of 1000W/m.
9 Not measured at an external laboratory.

® Spectral response reported in version 36 of these tables.

79

1026

11

Sandia/UNSW/

(Sjgg')i ENTECH (12 cells)
[49]
FhG- U. Polytecnica de
ISE(9/08)  Madrid [50]
n UNSW laser

Sandia(3/90)" - o ooved [51]

"Measured under a low aerosol optical depth spectrum similar to ASTM G-173-03 direct.

9 Measured under old ASTM E891-87 reference spectrum.

" Recalibrated from original measurement.

' Spectral response reported in the present version of these tables.
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Voted for their preferences for inclusion. Readers who have
suggestions of results for inclusion into this table are welcome to
contact any of the authors with full details.

Suggestions conforming to the guidelines will be included
on the voting list for a future issue.

Table (2.4) shows the best results for concentrator cells and
concentrator modules (a smaller number of “notable exceptions”
for concentrator cells and modules additionally is included in
table 2.4).

Fourteen new results are reported in the present version of
these Tables.

The first new result in Table | an outright record for solar
conversion by any single-junction photovoltaic device. An
efficiency of 27.6% has been measured at the National Renewable
Energy Laboratory (NREL) for s 1 cm? thin-film GaAs device
fabricated, by Alta Devices, Inc. Alto Devices is a Santa Clara
based ‘start-up” seeking to develop low-cost, 30% efficient solar
modules.

The second new result in Table | is an efficiency
improvement to 19.6% for a | cm2 single-junction copper—
indium—agallium—selenide (CIGS) cell fabricated by and
measured at NREL. Although CIGS efficiency of 20%
and (higher has been reported previously by two groups (see
Table II1), this has been for cells appreciably less than
t cm’® in area, the minimum considered reasonable for
efficiency comparisons in these Tables and for milestones
in most of the international programs.

A third new result in Table (2.1) is 12.5% efficiency for
an eight cell 35cm”® CdTe submodule fabricated by
Advanced Solar Power (ASP) Hangzhou, also measured by
NREL.
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A fourth new result in Table (2.1) is for a dye sensitized
submodule with efficiency of 9.9%.Reported for a 17 cm?
submodule fabricated by Sony and measured by the
Japanese National Institute of Advanced Industrial Science
and Technology (AIST). This is quite close to the record of
10.4% efficiency for the best individual dye sensitized
cell yet confirmed (of more than 1 cm? area).

Another outstanding new result is the measurement of
8.3% efficiency at NREL for a 1cm2 organic cell fabricated
by Konarka, representing a massive improvement over
the company’s previous 5.15% record entry. An inter
mediate result of 6.5% was measured in July 2010.
Another new result in Table (2.1) is for a double-junction
Amorphous /microcrystal line silicon cell with stabilized
efficiency of 11.9% reported for a 1.2 cm’ cell fabricated
by Oerlikon and Corning N and again measured by
NREL. After stabilization.
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Figure(2.19). (a) Normalized external quantum efficiency (EQE) for the
new organic and GaAs cell results in this issue and for the new
CdTe and dye-sensitized submodule results; (b) Normalized EQE for the
three new CIGS cell and module entries in this issue plus for the three new
silicon cell and module results; (c) EQE of the composite cells for the new
concentrator cell and submodule entries in the present issue.
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The final new result in Table (2.1) is for a double-junction
organic solar cell with 8.3% efficiency measured for a
| .1 cm® cell fabricated by Heliatek and measured by the
Fraunhofer Institute for Solar Energy Systems (FhG-ISE).
This represents rapid progress from the 6.1% result from
Heliatek measured in June last year and reported in the
previous version of these Tables. An intermediate result of
7.7% was measured in March 2010.

Following e similarly vigorous burst of activity in the
multicrystalline silicon module area reported in the two
previous versions of these Tables, where four groups
exceeded the previous record for module efficiency over
the two reporting periods, a fifth group has done even
helter. In Table (2.2), a new efficiency record of 17.55% is
reported for a large (1.5 m* aperture area) module
fabricated by Schott Solar and measured by the
European  Solar  ‘Pest  Installation, Ispra  (ESTI)).
Also reported in Table (2.2) is a record result for a thin-film
module, with a large improvement to 15.7% reported for a
| m® CIGS module fabricated by Miasole and
measured by NREL.

The first new result in Table (2.3) relates to an efficiency
increase to 24.2% for a large 155 m“ silicon cell fabricated
on an n-type Czochralski grown wafer, with the cell
fabricated by Sun Power and also measured by NREL.

Another new result in Table (2.3) is the further

improvement of a small area (0.5 cm?) CIGS cell fabricated
by Zentrum fur Sonnenenergie- und Wasserstoff- For
schung  (ZSW), Stuttgart to 20.3% efficiency as
measured by FhG-ISE. This cell is smaller than the 1 m?
size required for classification as an outright record, as
previously discussed.
The final new result in Table (2.3) is for a luminescent
concentrating submodule wusing high performance GaAs
cells placed along the edge of a Iluminescent plate to
convert the collected Iluminescent radiation. An efficiency
of 7.1% was confirmed for a 25cm’ test device fabricated
by ECN, Netherlands and measured by ESTI.
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Two more new results are reported in Table (2.4) for more
conventional concentrator cells and systems. The tirst is a
new efficiency record for any photovoltaic cell with 42.3%
efficiency measured by NREL at 406 suns concentration
(irradiance) fur an 1 cm?® cell fabricated by the Spire
Corporation. A new approach was used whereby a low
band gap In GaAs cell was grown on one side of a GaAs
wafer, with the wafer then flipped over and an intermediate
band gap GaAs followed by a high band gap In GaP cell
grown on the other side.

The final new result represents a new record for the
conversion of sunlight to electricity by any means. An
efficiency vi’ 38.5% was measured by NREL for a very small
area (0.2 cnt2) spectral-splitting submodule at about 20 suns
concentration as the result of a multi-institutional effort
headed by DuPont. This complete Ilens/cell assembly
uses a dichroic reflector to steer light to two different two-cell
stacks, one on a GaAs substrate and one on an InP substrate.

The external quantum efficiencies (EQE) normalized to
the peak EQF values for the new organic cell results of
Table Tare shown in Figure (1a) as well as the response for
the GaAs cell and CdTe and dye-sensitized submodules of
Table (2.1). Also shown is the decomposition into the top and
bottom cell response for the 8.3% 1-leliatek tandem cell of
Table (2.1). Interestingly, both cells in the stack have largely
overlapping spectral response range, although complement
In some aspects.

Figure (2.19b) shows the normalized EQE of the new
CIGS
and silicon results in the present issue of these tables, Quite
striking is the almost identical responses of the NREL and
ZSW CIGS cells with the higher current from the ZSW cell
attributed to a slightly lower band gap edge. The normal
ized responses of both cells in the COerliken/Corning
micro morph tandem cell are also shown.

Figure 2.19(c) shows the absolute EQE for the different
cells
contributing to the new concentrator cell and submodule
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results of Table IV. The much narrower response bandwidth
of the bottom InGaAs cell in the 42.3% Spire monolithic
stack compared to the response of the bottom Ge in the
41.6% Spectrolab device [3] reflects a higher band gap.

This gives a higher voltage output that contributes to the
improved performance. The EQE for the 38.5% submodule
differs slightly from results reported elsewhere due to
incorporation of the effect of the dichroic reflector used in
this system. Each of the four cells in this system is contacted
separately, removing the need for current matching [36].

Multifunction I1l1-V concentrator cells have the highest
energy conversion deficiency of any solar cell technology, with
several different types of cell architecture reaching over 40%
efficiency since 2006. Such cells represent the only third —
generation photovoltaic technology to enter commercial power
generation markets far, and continue to demonstrate what is
possible for other emerging solar cell technologies that divided
the sun’s spectrum into discrete slices for higher efficiency, such
as flat — plate multifunction polycrystalline semiconductor cells,
tandem organic solar cells, and spectral splitting optical
systems[51].
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Chapter Three
Literature Review
3. Introduction

In this chapter some attempts to fabricate ZnO and CuO
solar cells and their performance are investigated. The purpose of
the present works to fabricate Cu,0/Zn0O and ZnO/Cu,0 thin film
solar cells by electrodepositing, and to investigate the effect of
Cu,0O and ZnO layers on their electronic properties. Structural,
morphological and absorption measurement of CuO/ZnO
heterojunction were studied by using x-ray diffraction,
transmission electron microscopy, atomic force microscopy and
also the determination the energy levels. In the other hand CuO
and ZnO films were deposited using a galvanostatic method,
hetrojunction were studied by using also (XRD), and light
current- voltage characteristics.

The n-type ZnO/ p-type CuO heterojunction have been
fabricated by sol-gel dip-coating technique which is simple and
inexpensive.

3.1 Fabrication and characterization of copper oxide —zinc
oxide solar cells prepared by electrodeposition

In this paper the Cu,O and CuO layers were prepared on
pre-cleaned indium tin oxide (ITO) glass plate by electro
deposition using platinum counter electrode, Copper (11) sulfate
(CuS0,0.4 mol L™ \Wako 97.5%) and L-lactic acid (3 mol L™
,Wako) were dissolved into distilled water. Electrolyte pH was
adjusted to 12.5 by adding NaOH. The electrolyte temperature
was kept at 65 °C during electrodepositing. Preparation of Cu,0
layers were carried out at current density at 1.5 mA cm™ and
quantity of electric charge of 4.0 C cm™. ZnO layers were also
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galvanostatically pared at current density at 5 and 10 mAcm™
from 8mM aqueous solution of Zn (NOs3), on Cu,O layers.
Electric charge was adjusted 1.5 C cm™.Gold (Au) metal contacts
were vacuum deposited as top electrodes. Structures were denoted
as ITO or FTO/ZnO/Cu,0O or Cu,O/Au. Current density-voltage
(J-V) characteristics (Hokuto Denko, HSV-110)

Of the solar cells were measured both in the dark and under
illumination at 200mW cm™ by using an AM1.5 solar simulator
(San-ei Electric, XES-301S). The solar cells were illuminated
through the side of the ITO substrates, and the illuminated area
was 0.16 cm?Optical absorption of the solar cells was
investigated by means of UV visible spectroscopy (Jasco, V-670).
The incident photon to current conversion efficiency (IPCE) of
solar cells of investigated (Peccell technologies, PEC-S20). The
microstructures of the copper oxide were investigated by X-ray
diffract meter (XRD, Philips, X[ Pert-MPD System) with CuKa,
radiation operating at40KVand 40 mA, and scanning electron
microscope (SEM) operating at 15KV (Jeol, JEM-6380).

3.1.1 Results and Discussion

J-V  characteristics of ZnO/Cu,O structure under
illumination at 200mW cm™ by using an AM 1.5 solar simulator.
The photocurrent was observed under illumination and the
CuO/ZnO structure shoed characteristic curves with short-circuits
current and open-circuit voltage. A solar cell with
FTO/ZnO/Cu,0 structure provided power conversion efficiency
(n) of 0.25%, fill factor (FF) of 0.33, and short-circuit current
density (J) of 2.7 mA cm™ and open-circuit voltage (Vo) of
0.28V. Solar cells with 1TO/ZnO (mA cm™) /Cu,O structure
provided power conversion efficiency (n) 7.3x10°%, fill factor
(FF) 0.26, and short-circuit current density (Js) of 0.45mAcm’
2and  open-circuit voltage (0.063) V. Solar cell with
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ITO/ZnO(5mAcm™) /Cu,O also provided power conversion
efficiency (n) 6.9x10% %, fill factor (FF) 0.26, and (Js)
1.38mAcm™, and (V) 0.20V. Solar cell with ITO/ZnO (5mAcm’
%) also provided power conversion efficiency (1) 1.0x10°%,fill
factor (FF) of 0.25, and (Js.) of 2.4x10™ mAcm™, and open-circuit
voltage (Vo) 0.017 [5].

3.1.2 Fabrication and Evaluation of CuO/ZnO
Heterostructures for Photoelectric Conversion

Solar cell with cuprous oxide (CuO) and zinc oxide (ZnO)
heterojuntion fabricated on indium tin oxide —glass were studied.
CuO and ZnO films were deposited using a galvanostatic method.
Structural, morphological and optoelectronic properties of the
CuO/Zn0O heterojuntion were studied by using X-ray diffraction,
atomic force microscopy and light current-voltage characteristics.

Silicon is used as the semiconductor material for
conventional solar cells, but silicon is expensive and cost
reduction of the solar cells is one of the most important issues.
Oxide semiconductors are one of the alternatives to silicon solar
cells, and copper oxide such as CuO and Cu,O are one of the
candidate materials. The features of copper oxide semiconductors
are relatively higher optical absorption, low cost of raw materials
and non-toxic. CuO and Cu,O are p-type semiconductors with
band gap energies of 1.5 eV and 2.0 eV, respectively, which are
close to the ideal energy gap of 1.4 eV for solar cells and allows
for good solar spectral absorption. Zinc oxide (ZnO) is an n-type
semiconductor with a wide band gap of ~3.37 eV, which can be
applied to solar cells .The highest efficiency of ~2% for Cu,O
solar cells has been obtained by using the high temperature
annealing method.
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3.1.3 Experimental Procedures

The purpose of the present work is to fabricate and
characterize solar cells with CuO/ZnO structures. CuO layer were
prepared on pre-cleaned indium tin oxide (ITO) glass plate by
electro deposition using platinum as counter electrode. Copper
(11) sulfate (CuSQO,, 0.4 mol/L, Wako97.5%) and I-lactic acid (3
mol/L, wako) were dissolved into distilled water. PH of the
electrolyte solution was adjusted to 12.5 by adding NaHO. The
temperature of electrolyte solution was kept at 65°C during
electro deposition. Preparation of CuO layers were carried out at
voltage of +0.70Vand quantity of electric charge of 2.2C cm™.
After the deposition, the sample was rinsed with water and
transferred in to the ZnO electro deposition bath. ZnO layers were
galvanostatically electro-deposited from 0.025 M aqueous
solution of Zn (NOj) on the ITO/CuO substrate. The sample
thickness ranged between land 2um depending on the deposition
time and current. Finally, the substrates were rinsed with water,
dried with air and quickly transferred into a thermal evaporator
for the vacuum deposition of the aluminum (Al) back contact,
Structure of heterojunction solar cells were denoted as
ITO/CuO/ZnO/Al,

Current density- voltage (J-V) characteristics (Hokuto
Denko Corp., HSV-100) of the solar cells were measured using
potentiostat (Hokuto Denko,HSV-100) in the dark and under
illumination at 100 mW/cm® by using an AM 1.5 solar
simulator(San-ei Electric, XES-301S). The solar cells were
illuminated through the side of the ITO substrate, and the
illuminated area was 0.16 cm?. Optical absorption of the solar
cells was investigated by means of UV visible spectroscopy
(Hitachi, Ltd., U-4100). Microstructures of the copper oxide were
investigated by X-ray diffractometer (XRD, PHILIPS X' Pert-
MPD System) with CuKa radiation operating at 40 KV and
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40mA. Transmission electron microscopy (TEM, Hitachi H-8100,
200 kV operating voltage) was also carried out for nanostructure
analysis.

3.1.4 Results and Discussion

Thicknesses of CuO were ~1pm and ~2um for 5 min and
10min, respectively. A solar cell with a CuO/ZnO structure
provided power conversion efficiency (n) of 1.1x10™ %, fill
factor (FF) of 0.25, and short-circuit current density (Js) of
1.9mAcm™ and open-circuit voltage (Vo) of 2.8x10™
Thicknesses of CuO ~2um for 10min, solar cell structure
provided power conversion efficiency () 1.1x107, fill factor (FF)
0.25, and short-circuit current (Ji) 0.017 mA/cm™ and open —
circuit voltage (Vo) of 1.8 x10™ V. The ZnO/CuO (5 min)
structure provided power conversion efficiency 9.9x10 ® , fill
factor (FF) of 0.28, and short-circuit current density (Js) 0.43, and
open-circuit voltage (Vo) 8.2x10™V. The photocurrent was
observed under illumination and CuO/ZnO structure showed
characteristic curves with short-circuits current and open-circuit
voltage. The CuO and ZnO thin films show high optical
absorption in the range of 400nm and 700nm.

Transmittance spectrum of 100nm thick CuO film,
deposited on ITO, the optical absorption coefficients (a) of this
film was determined from the spectral transmittance using the

next equation o =§ .In(%). Where d is the film thickness and T is

the transmittance. For determination of the optical band gap
energy (Eg), the method based on the relation of
ohv = A (hu-Eg)“’2 was used, where n is a number that depends
on the nature of the transition. In this case, its value was found to
be 1, which corresponds to direct band to band transition.
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In this research we use a tauc plot, which shows (ahv)?
versus hv for the CuO film. The intersection of the straight line
with hvu-exis determines the optical band gap energy E,. It was
found to be ~ 2.1eV which is lower than the ideal band gap of the
CuO crystal. Because of the small band gap energy, the open-
circuit voltage would be low [6].

3.2 Current-Voltage Characteristics of P-CuO/n-ZnO :Sn
Solar Cell

In this study p-CuO/n-ZnO:Sn heterojunction solar cell has
been fabricated on glass substrate in steps using Edwards AUTO
306vacuum coater system. Copper oxide has energy band gap of
the range 1.21-2.1eV while tin doped zinc oxide (TZO) has good
transmittance properties. A solar cell with thickness of 250nm of
p-type copper oxide and thickness of 140nm of n-type TZO with
2% tin doping has been made. Current-Voltage (I-V)
measurement has been done on the solar cell using Keithley
2400sourcemeter interfaced with the computer running labview
program. Diode properties determined from I-V measurements
are open circuit voltage (V,.), short circuit current (ls.), fill factor
(FF), maximum current output (I,,), and maximum voltage output
(V), and conversion efficiency (). The solar cell had V. of 480
mV, Iy of 326.8mA, FF=0.63 and n=0.232%.

3.2.1 Experimental Procedure

The process of fabrication the solar cell was done in stages
using Edwards AUTO 306 vacuum coater system. Silver paste
acting as the back contact electrode was applies on a clean glass
substrate measuring 70mmx27mm. The glass slide was wrapped
with strips of aluminum foil 20mm from both ends so as to mask
the edges and parts of silver layer film deposition. The glass slide
was mounted on revolving substrate holder of the vacuum coater.
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Then 250nm thick CuO was deposited on the glass slide at room
temperature by reactive dc magnetron sputtering method at
oxygen flow of 5sccm. Argon was used as the sputtering gas and
oxygen as the reacting gas. CuO film was deposited at chamber
pressure of 9x10° mbars, argon flow of 20sccm and power of
200W.

Then a 140 nm thick TZO was deposited on CuO layer by
reactive evaporation technique at temperature of 750°C, oxygen
flow of 20sccm and base pressure of 3 x 10°mbars. Current
supplied to the molybdenum boat was 3.5A.The film deposited
was doped at 2% tin concentration. Temperature was monitored
using digital thermometer attached to the backside of
molybdenum boat. A P-N junction of CuO-ZnO:Sn was denoted
as Glass Substrate/Ag back contact/CuO/Zn0:Sn Solar Cell.

3.2.2 The Result and Discussion

The Diode characteristics investigated for the fabricated
solar cell are open —circuit voltage (V,.), short-circuit current (l.),
fill factor (FF), maximum-current output (I,,), maximum-voltage

output (V), and conversion (n). Fill factor and conversion
efficiency are obtained using the diode parameters as shown in
equations land 2 below.

[ Vin

FF = 3-1)
ISCV'OC
L.V,
n=—=x100 (3-2)
P;

Where V.. is open-circuit voltage, I short circuit-current,
FF is fill factor, I,, maximum current output, V, maximum

voltage output, mn conversion efficiency and Pj, is power of
photons incident on solar cell.
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Diode properties of the solar cells were determined from
measurements of current and voltage generated across the solar
cell using four point probe system by use of Keithley
2400sourcemeter interfaced with a computer running labview
program. The measurement was done with 100W bulb radiating
light at power of 640W/m? and temperature of 25°C. The power
of light from the bulb was measured by a pyranometer. The bulb-
solar cell separation distance was 15cm.The lab view program
was such that a voltage of 0.8VVwas sourced from Keithley source
meter to the solar cell and then current across it measured. The
appropriate formulas were fitted into the program enabling it to
automatically plot current versus voltage graph and determine V.

Ase v Im \Vm and n for the solar cell.
3.2.3 Conclusion

A solar cell with silver back contact, n-type TZO window
layer and p-type CuO absorber layer was fabricated in stages
using Edwards AUTO306 vacuum coater system. |-V
characteristics were measured using Keithley 2400sourcemeter
interfaced with computer running lab view program. The solar
cell had V. of 480mV, I of 0.182mA, FF of 0.63 and efficiency
of 0.232%.

The values of V. and fill factor obtained are higher than
those of other solar cells like CuSe,, CIGS and SIGS/ZnO whose
values of V.. and fill factor are 450mV and 0.62 respectively but
with higher efficiency of 11%. The low efficiency may be
attributed to surface reflections of incident photons leaving less
radiation for conversion to electricity. Heating also decreases
efficiency because at higher temperatures, conductivity decreases.
More so series resistance of the cell due to non-ohmic contacts
inhibits the flow of electrons. This decreases V,. and makes
current of the 1-V curve fall slowly. Even though the efficiency of
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the solar cell fabricated was low, the availability and low cost of
the materials makes it relatively affordable as compared to other
cell devices like CIGS based cells whose materials are very
expensive and not easily available [7].

3.3 Fabrication and Characterization of CuO/ZnO Solar Cells

In this study cuprous oxide (CuQ) and zinc oxide (ZnO)
heterojunction solar cells fabricated on indium tin oxide —coated
glass were studied. CuO and ZnO films were deposited using a
galvanostatic method. The purpose of the present work is to
fabricate and characterize solar cells with CuO/ZnO structures.
The band gab energy of CuO is ~1.5eV, which is closer to the
ideal band gap of 1.4eV. Zinc oxide (ZnO) is an n-type
semiconductor with a wide band gap of ~3.37eV, which can be
applied to solar cells. Structural, morphological and
optoelectronic properties of the CuO/ZnO heterojunction were
studied by using X-ray diffraction, atomic force microscopy and
light current-voltage characteristics.

3. 3.1Experimental Procedures

CuO layers were prepared on per-cleaned indium tin oxide
(ITO) glass plate by electro deposition using platinum as counter
electrode. Copper (I1) sulfate (CuSO,, 0.4 mol /L, Wako 97.5%)
and 1-lactic acid (3mol/, Wako) were dissolved into distilled
water. pH of the electrolyte solution was adjusted to 12.5 by
adding NaOH. The temperature of electrolyte solution was kept at
65°C during electro deposition. Preparation of CuO layers were
carried out at voltages of +0.70V and quantity of electric charge
of 2.2C cm™. After the deposition, the sample was rinsed with
water and transferred into the ZnO electro deposition bath. ZnO
layers were galvanostatically electro-deposited from 0.025 M
aqueous solution of Zn (NO3) on the ITO/CuO substrate. The
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sample thickness ranged between land 2 pm depending on the
deposition time and current. Finally, the substrates were rinsed
with water, dried with air and quickly transferred into a thermal
evaporator for the vacuum deposition of the aluminum (Al) back
contact. Structure of heterojunction solar cells were denoted as
ITO/CuO/ZnO/Al,

Current density- voltage (J-V) characteristics (Hokuto
Denko Corp, HSV-100) of the solar cells were measured both in
the dark and under illumination at 100 m\W/cm? by using an AM
1.5 solar simulator (San-ei Electric, XES-301S). The solar cells
were illuminated through the side of the ITO substrate, and
illuminated area was 0.16cm?. Optical absorption of the solar cells
was investigated by means of U V visible spectroscopy (Hitachi,
Ltd; U-4100). Microstructures of the copper oxides were
investigated by X-Ray diffractometer (XRD, PHILIPS X' P X
Pert-MPD System) with CuKa radiation operating at 40KV and
40mA.

3.3.2 Results and Discussion

Thicknesses of CuO were ~1um and~2um for 5min and10
min, respectively. A solar cell with a CuO/ZnO structure provided

power conversion efficiency () of 1.1x10™%, fill factor (FF) of
0.25, short-circuit current density (Js) of 1.6 mAcm™ and open-
circuit voltage (V) of 2.8x10™V. The photocurrent was observed
under illumination, and the CuO/ZnO structures showed
characteristic curves with short-circuit current and open-circuit
voltage. The CuO and ZnO thin films show high optical
absorption in the range of 400nm and 800nm. Also Thicknesses

of ~2um for 10 min (n) 1.1x107%, fill factor (FF) 0.25, short-
circuit current density (Jsc) 0.017mAcm?, and open-circuit voltage
(Vo) of 0.18mV.Transmittance spectrum of 100nm of thick CuO
film, deposited on ITO, is presented from this spectrum, the
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optical absorption coefficients (o) of this film was determined
from the spectral transmittance using the next equation a=1/d.In
(1/T). Where d is the film thickness and T is transmittance. For
determination of the optical band gap energy (Eg), the method

based on the relation of ahv=A (hv =Eg)”’2 was used, where nis a
number that depends on the nature of the transition. In this case,
its value was found to be 1, which corresponds to direct band to
band transition.

Use a Tauc plot, which shows (ahv)? versus hvfor the CuO

film. The intersection of the straight line with the hv-axis
determines the optical band gap energy E,. It was found to be
~2.1eV which is lower than the ideal band gap of the CuO crystal.
Because of the small band gap energy, the open-circuit voltage
would be low. Diffraction peaks corresponding to CuO and ZnO
are observed in thin film, which consisted of cupric phase with
monoclinic system (space group of C2/c and lattice parameter of
a=0.4653 nm, b=0.3410 nm, ¢=0.5018 nm, B=99.4810). The
particle size was estimated wusing Scherer’s equation;

D=0.9A/Bcos6, where A, B, and 6 represent the

Wavelength of the X-ray source, the full width at half
maximum (FWHM), and the Bragg angle, respectively. The
crystallite size of CuO and ZnO were determined to be 49.0nm
and 82.0nm, respectively. Lattice constant of CuO and ZnO were
obtains and comparing with reported value. From the lattice
constant, the crystal structures of CuO and ZnO have some crystal
distortions. To increase the efficiency of the CuO/ZnO solar cells,
small grain size of ZnO and higher crystalline of CuO would be
necessary [8].

Energy level diagram of the CuO/ZnO solar cell was
showed. Previously reported values were used for the energy
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levels. It has been reported that V. is nearly proportional to the
band gap of the semiconductors, and control of the energy level is
important to increase efficiency. Compared to silicon with an
indirect transition band structure, CuO with a direct transition
band structure is more suitable for the optical absorption property.
In addition, the ultrathin film of the CuO layers could provide
efficient charge injection because of the optical absorption. In the
present work, microstructures of CuO and ZnO thin film were
found to have some crystal distortion, which would result in the
reduction of electrical transport. If the crystal qualities of the CuO
and ZnO thin films are increased, V. would be improved.

3.3.3 Conclusion

ITO/CuO/ZnO/Al  solar cells were produced and

characterized which provided nof 1.1x10%%, FF of 0.25, Js, of
1.6 mAcm™? and V,. of 2.8x10™* V. The CuO/ZnO structure
showed high optical absorption in the range of 400 nm and 800
nm, and the E4 of CuO was found to be ~1.2 eV from the Tauc
plot which is smaller than that of the ideal band gap of the CuO
crystal and the open-circuit voltage would be decreased. A
crystallite size of CuO was determined to be 49.0 nm, and higher
crystalline of CuO would increase the efficiency of the CuO/ZnO
solar cells. The energy level of the present solar cell was
proposed, and separated holes could transfer from the valence
band of the CuO to the ITO, and separated electrons could
transfer from the conduction band of the CuO to the Al electrode,
respectively. Formation of the CuO/ZnO active layer with
homogeneous distributed CuO nanoparticles would improve the
efficiencies of the solar cells.
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3.4 Current Transport Mechanisms of n-ZnO/p-CuO
Heterojunctions

In this study n — ZnO/p —CuO heterojunction have been
fabricated by sol — gel dip — coating technique which is simple
and inexpensive. The structure of the p-CuO/n -ZnO was
analyzed by x-ray diffraction spectroscopy and UV-VIS
spectroscopy. The electrical junction properties were
characterized by temperature dependent current-voltage (I-V)
characteristics and at high frequency capacitance — voltage (C-V)
characteristic at room temperature. The structure showed non —
ideal behavior of I-V characteristics with an ideality factor of 3.5
at room temperature. Temperature dependent forward current-
voltage measurements suggest that trap-assisted multi-step
tunneling is the dominant current mechanism in this structure.

3.4.1 Experiments

In order to prepare ZnO solution, firstly, zinc acetate 2-
hydrate [Zn (CH;COO), 2H,0] was dissolved in ethanol
(CH3;COCH; , 99.9%, Merck) and then lactic acid was added as
hydrolysis catalyst in drops. Afterwards solution was thoroughly
mixed by a magnetic stirs for 2 hours, and homogeneous
transparent solution was obtained which had a concentration of
0.4M. Each coating on the ATO (Antimony Tin Oxide) substrate
was first dried at 250° C for 5min. This process of coating was
repeated for 10 times and then the final film was annealed at 250°
C for 15 min.

CuO layer was deposited on ZnO. The CuO sol was
prepared by adding copper 11 acetate ((CH; COQ), Cu, H,0) to
ethanol and mixing the both components. While sol was mixing,
the triethylamine was added in the sol. After the sol prepared, the
CuO film was deposited on the ZnO film dried at 250° C for 5
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min. This process of coating was repeated for 10 times and then
the p — n junction was annealed at 250° C for 30 min.

After 10 coating for the ZnO film, thickness of the film was
calculated ~70nm and after 10 coating for the CuO film, it was
calculated~212nm.

After ZnO/CuQO heterojunction was prepared, the contact
was composed between the coated film and Cu wire. To insure
good contact between the film and Cu wire. Ag paste was used.
The crystal structure of the n- ZnO/p- CuO heterojunction was
determined by XRD using Rikagu D-max 2200 X-Ray diffract
meter system with CuKa radiation (1 = 1.5405 )A? and by the
UV — VIS spectroscopy (350 — 1100nm) using Perkin Elmer UV
— VIS Spectrometer Lambda 2S. The current — voltage
characteristics of the heterojunctions were measured with a
system which consists of a DC voltage —current source Keithley
2420, a specially designed sample holder computer. Thin films
samples were mounted in the sample holder. To control the
temperature of the samples. Lake Shore 330 auto tuning
temperature controller is used.

3.4.2 Results and discussion

The lattice constants of ZnO calculated from the present
data are a=3.300 A° and c=5.131 A° which are agreement with
a=3.253 A’ and ¢=5.209 A° of ZnO known from the literature
(JCPDS Card No. 80-00075) and the lattice constants of CuO
calculated from the present data are a= 4.774 A°, b= 3.434 A° and
c=5.131 A’ which are in agreement with the values a= 4.68 A,
b=3.42 A’ and c=5.129 A° of CuO obtained by kimura et al.

The band gab of ZnO and CuO were determined from
measured transmittance spectra. We shows plot of the square of
the absorption coefficient (a?) of ZnO and CuO films fabricated
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onto glass substrate as a function of the energy of incident
radiation. For this, the fundamental absorption coefficient a was
evaluated using a = InT~1/d where d is the film thickness and T
is the transmittance. The optical band gap, E4 of the film was
calculated using the Tauc relation, which is given as a =
ay (hv — Eg)n where hv is the photon energy. a, is a constant and
n=0.5, 1.5, 2 or 3for allowed direct, forbidden direct, allowed
indirect and forbidden indirect electronic transitions, respectively.
In the present case the band -gap energy gap (E;) has been
estimated by assuming an allowed direct transition (n=1/2). The
factor (a?) varies linearly with hv in the high- energy region. In
the low — energy region, the absorption spectrum deviates from
the straight line. The band gap was obtained by extrapolating the
linear portion of the plot of (a)® against hv to (a)® =0. The
intercept on energy axis gives the value of the band gap energy
(Eg4) for the film. The band gap energy (E,) values of ZnO and
CuO are 3.3 and 1.8 eV respectively, which are in agreement with
what have been reported previously.

XRD and UV- VIS measurements showed that ZnO films
consisted of hexagonal wurtzite crystal grains with energy band
gap of 3.3eV. At ambient conditions. The thermodynamically
stable phase is hexagonal wurtzite, the cubic zinc blended ZnO
structure can be stabilized only by layer growth on cubic
substrates, and the cubic rock salt structure may be obtained at
relatively high pressures. In our heterojunctions, the ZnO films
were deposited onto the ATO substrates. The ATO films are a
tetragonal system because tin oxide is a tetragonal system and the
lattice parameters are not affected much the incorporation of the
dopants in the films, is hexagonal wurtzite system. The CuO layer
Is monoclinic system. Since all layers at our heterojunction are
different crystal systems, the lattice mismatch occur. To confirm
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the presence of the interface state. We calculate the lattice
mismatch given by the relation:
Aa  a; —ay

- 3 -3)
a a,

Where a; and a, are the lattice constant of the ZnO and CuO
respectively. The lattice mismatch between CuO and ZnO
calculated to be 32%, which is higher than the Cu,0/ZnO
heterojunction with mismatch of 7.1%, and Cu,O/ZnO/ITO p-i-n
heterojunction with the mismatch 27.1%. So the lattice mismatch
leads to an interface defect states. In order to determine the
dominant current transport mechanism through n-ZnO/p-CuO
heterojunctions, we measured the |-V characteristics at various
temperatures. The forward and reverse bias I-V graphics of
ZnO/CuO heterojunction samples at different temperature in the
range of 300-360 K. The sample was kept in the dark condition
during the measurement. It is obvious that the heterojunction are
rectifying in the nature with a turn on voltage of ~0.5Vand under
reverse voltage. The breakdown voltage for the sample is ~0.6 V
which is same as that of ZnO/Cu,O heterojunction prepared by
RF-magnetron sputtering and Cu,0/ZnO/ITO p-i-n heterojunction
prepared by electrochemical deposition method. The current at
real diode were given at equation (3-5):

I—Ioexp< )ll—exp( IC?;)] (3—4)

Where q is electronic charge, I, is the reverse saturation
current, V is the applied voltage, n is ideality, k is Boltzmann
constant and T is temperature. For V> 3KT /q .EQ. (2-5) can also
be shown as

|4
I =1, exp(iﬂ) (3-5)
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The ideality factor (n) is obtained from the slope of the plot
In | versus V. The forward bias In (I)-V characteristics of the
samples at different temperature in the range of 300-360 K. The
forward current can be classified into two regions. In the region
11, the forward currents behave linearly due to the serial
resistance effect on the system. In region 1, the forward current
can be expressed:

I = lyexp(AV) (3—-6)

There are three models for explaining the current through
heterojunctions: A is independent of the measuring temperature T
for a tunneling model, (2) A is temperature, n=1, A=qg/KT for the
diffusion model, (3) A is temperature dependent, n=2, A=q/2KT
for the recombination model. The ideality factor (n), the reverse
saturation current I, which is a function of temperature,
depending on the nature of dominant carrier transport
mechanisms in the heterojunction and the slope of In (1)-V
graphics A(is independent of the voltage ) of the samples are
calculated from the graphics. In table 1, the slope A of the In (I)-V
graphicstemperature insensitive. Therefore, the data are consistent
with Eq. (2.7). The ideality factor n is larger than 2.
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Table (3.1).The I,, A and n values for the sample of the n-ZnO/p-
CuO heterojunction

T(K) lo (A) AV N

300 1.36x10” 11.0 3.5
310 2.80x10” 10.1 3.7
320 2.80x10” 10.6 3.4
330 1.75%107 9.7 3.6
340 1.26%x107 10.1 3.4
350 1.37x107 10.0 3.3
360 1.84%x107 10.1 3.2

the temperature dependence of saturation current I,is expressed
as:

AEa> 3-7)

Iy = Iypexp (— KT

Where AE, is the thermal activation energy of carrier
conduction. Form the slope of In (I,) versus T graphics, the
activation energy was calculated to be 0.412eV. The data fits
almost on straight lines, which agrees with multi-step tunneling
model. The capacitance per unit area given by Anderson

C = { qgngpNaNd
Z(EnNd + spsd)

1
}(Vbi_V) 2 (3-8)
Where ¢, , &, are the dielectric constant and N N, are

ionized impurity density of ZnO and CuO respectively, Vy,; is the
built in potential and V is the applied voltage. The capacitance-
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voltage characteristics of n-ZnO/p-CuO heterojunction at MHz
frequency in dark and at room temperature.

3.4.3 Conclusion

n-ZnO/p-CuO heterojunction has been successfully
fabricated onto ATO substrates using sol-gel dip coating method.
The thickness of ZnO film prepared by 10-times coating is
~70nm while that of CuO film coated 10-times is ~212 nm. At
room temperature, the diode turn —on voltage is of ~0.5V. The
temperature dependent I-V characteristics of the n-ZnO/p-CuO
heterojuncion showed that the forward current transport can be
explained with a multi-step tunneling model between 300-360K.
While the activation energy of the saturation current is about
0.412, the built-in potential is about 1.5eV [31].

3.5 Characterization of Cu,O thin films prepared by
evaporation of CuO powder

Introduction

Among the potential photovoltaic devices based on
semiconductor oxides as active layer is cuprous oxide (Cu,0).
This oxide semiconductor shows many attractive characterizes
useful for solar cells production such as low cost, nontoxicity,
high mobility and diffusion length of minority carriers, high
absorption coefficient and direct energy gap. In this work we
report out results of optical and structural investigations of Cu,O
thin films fabricated by thermal vacuum evaporation of CuO
powder. The effects of the deposition velocity on structural and
optical properties of Cu,O films were investigated. The X-ray
investigations have shown that at low deposition velocity the
films consist only of Cu,O phase without any interstitial phase
and have a nano-grain structure. The grains have an average
dimensions about (25-30) nm and all these grains showed (200)
preferential crystallographic orientation. Optical investigations

84



have shown that the absorption edge of prepared films is due to a
direct allowed transition. The value of determined optical band
gap is 2.05 eV which corresponds to band gap of bulk Cu,0.

3.5.1 Experiments

Thin films of Cu,O were fabricated by continuous thermal
evaporation of CuO small particles. Schematic view of vacuum
evaporation setup presented in figure (3.1). CuO particles have
different size from 100 to 500 micrometers. These particles were
prepped by crush of pallet which was obtained by pressing
commercially available CuO powder (99.9% purity) and sintering
at 700°C in air 1 h. The vacuum chamber before evaporation was
pumped to a base pressure of 1.5x10° mm Hg. The thermal
evaporation was carried out by dosed supply of CuO particles to
the molybdenum boat heated to the temperature 1300°C. Process
of CuO particles evaporation occurred as follows. After contact to
boat the particles of CuO in process of their heating at first
convert to Cu,0O by the reaction:

4CuO - 2Cu,0 + O, (3-1)
And then convert to Cu by the reaction:
2Cu,0 — 4Cu + O, (3-2)

Since the temperature of boat was above the temperature of Cu
evaporation (1260°C) after thermal decomposition of Cu,O to Cu
and O, a full evaporation of Cu was occurred. This method of
evaporation provides in average the same flows of copper and
oxygen atoms due to different temperature of evaporating
particles.
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Figure (3-1): schematic representation of the experimental setup

The films were deposited on sapphire substrate. The
temperature of substrates was 700°C. During the evaporation
process the base pressure in vacuum chamber was changed from
base pressure 1.5x10° mm Hg to the partial pressure of oxygen
1.10* mm Hg. After the film deposition the substrate was cooled
to the room temperature during 1 hour with the chamber pressure
6.10"° mm Hg. The film thickness and duration of deposition were
typically 1-3 micrometer and 3 hours.

The structural properties of samples were studied by X-ray
diffract meter URD-6 in the 0-20 mode using Cu-Ka radiation as
well as by optical Olympus microscope with magnitude 500.
Transmittance and reflectance, over the wavelength from 300 to
1000 nm was measured using double beam Spectra M-50
Spectrophotometer.

3.5.2 Results and discussion
Phase formation

We have investigated the characteristics of films depend on
the deposition velocity at the temperature of substrate 700°C.
Figure (3-2) shows the photo of surface morphology of two films
series A and B which differ from each other by the velocity of
deposition. For low deposition velocity less than 5 nm/min the
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films of series A consist of smaller size grains than the films of
series B (figures (3-2) a and b).
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Figure (3-2): the photo of surface morphology of (a) films series A, and (b)
films series B (500)

Structural analysis (XRD)

Angler XRD patterns of films series A and B are shown
figure (3-3 ) For films series A, there is one strong XRD peak at
20=42.4° corresponding to the (200) crystal plane of Cu,O (figure
(3-3a). This XRD pattern indicates that films series A is single
phase Cu,O film with crystalline structure. These films consist of
nano-size grains and all these grains have identical orientation.
Full width of half maximum (FWHM) of the XRD peak was used
to estimate the grain size of the films series A. The values of the
grain size calculated using Scherer's formula:

B 0.94
" d.cos@

Where A is the x-ray wavelength, 6 is the Bragg diffraction angle,
and d is full- width at the half maximum (FWHM) of the peak
corresponding toé.

(3-3)

For the peak corresponding to the (200) plane of Cu,0, the
resultant grain size is 25 nm. The XRD pattern for films series B
presented in figure 3b contains one Cu,O — related diffraction
(111) peak (20-36.38°) and tow Cu- related diffraction peak (111)
(2 0 =42.9°) and (200) (2 6 = 49.8°).
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Figure (3-3): XRD patterns of (a) films series A, and (b) films series B

The composition of deposited layer formed due to reaction
between cupper and oxygen. Figure (3-4) shows the equilibrium
phase diagram of the Cu-O system. The partial pressure and
temperature of substrate corresponding to the films deposition
conditions are shown in figure (3-4) (point A). At low velocity of
deposition Cu atoms have enough time in order to completely
react to oxygen. This time determined by the time of Kinetic
reaction for formation Cu,O phase. In this case the composition of
deposited film determined by the equilibrium Cu-O phase
diagram. It is confirmed by XRD pattern of films series A where
observe only Cu,O- related diffraction peaks. We believe that at
high velocity of deposition Cu atoms have not enough time to
completely convert in Cu,O phase (figure (3-3b).
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Figure (3- 4): The cooper — oxygen equilibrium phase diagram

Optical properties

The transmission and absorbance spectra were taken to
obtain information on the optical properties of the copper oxide
thin film. In the fundamental absorption region, the optical
absorption coefficient ( « ) can be calculated from the
transmittance and reflectance data by the equation.

1 (1-R)

ly
d" T

a = (3—4)
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Where d is the thickness of the film.

Above the fundamental absorption edge the dependence of
the absorption coefficient on the incident photon energy is given
by Taue’s model:

a.hv = B(hv —E,)" (3-5)

Where hv is the photon energy, Eg is the optical band gap and B
IS a constant and n is an exponent that depends on the type of
optical transitions. As shown in figure (3-5) the best linear
relationship is obtained by plotting (. hv)? against photon energy
(hv), indicating that the absorption edge in this film is due to a
direct allowed transition. The linear portion of the curve is fitted
using linear regression analysis. The value of optical band gap
was determined from the value of intercept of the straight line at
a = 0 the value of determined optical band gap is 2.05 eV which
corresponds to the band gap of bulk Cu,0O.
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Figure (3-5): Variation of (ehv)? as a function of photon energy
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3.5.3 Conclusion

The films of copper oxide were deposited on sapphire
substrate by the continuous thermal evaporation of CuO small
particles. The effects of deposition velocity on the structural and
optical properties of Cu,O films were investigated. It was shown
that at deposition velocity less than ~5 nm/min the films
deposited on the 700°C substrate consist only of Cu,O phase.
These films have n nano-grain structure and all these nana-grains
have (200) preferential crystallographic orientation with average
dimensions about (25-30) nm.

It was found that the optical band gap of fabricated Cu,O
films is 2.05 eV which corresponds to the hand gap of bulk
Cu,0[32].

3.6 Characterization of Dye-Sensitized solar cell with ZnO
Nanorod multilayer electrode

3.6.1 Introduction

In this study, zinc oxide (ZnO) nonrods were synthesized on
indium-tin-oxide (ITO) glass substrates by a hydrothermal
process. The growth process was carried out o