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مقدمة في الطاقة المتجددة
Chapter 4 - Photovoltaic Solar Energy
The energy contained in sunlight, called solar energy, can be converted into heat and
electricity. If this energy is converted into electricity directly using devices based on
semiconductor materials, we call it photovoltaic (PV), because it is based on the photovoltaic
effect. The term photovoltaic consists of the Greek word ɸζω (phos), which means light, and
Volt, which refers to electricity. In general, the photovoltaic effect means the generation of a
potential difference at the junction of two different materials in response to visible or other
radiation. The whole field of solar energy conversion into electricity is therefore denoted as the
“ photovoltaic”. Photovoltaic literally means “light-electricity”. The solar energy conversion
into electricity takes place in a semiconductor device that is called a solar cell.
Solar Cell: A solar cell is an electronic device that delivers a certain amount of electrical
power that is characterized by an output voltage and current when light is applied on it. In order
to use solar electricity for practical devices, which require a particular voltage or current for
their operation, a number of solar cells are connected together to form a solar panel, also called
a PV module. For large scale generation of solar electricity the solar panels are connected
together into a solar array.
Advantages of the PV
The advantages of the PV solar energy, as seen today, are summarized:
1. Environmentally friendly.
2. No noise, no moving parts.
3. No emissions of warm gasses.
4. No use of fuels and water.
5. Minimal maintenance requirements.
6. Long lifetime, up to 30 year.
7. Electricity is generated wherever there is light, solar or artificial.
8. PV operates even in cloudy weather conditions.
9. Modular or “custom-made” energy, can be designed for any application from watch to a
multi-megawatt power plant.
Drawbacks of PV
1. PV operate with very low efficiency at low.
2. High initial costs that overshadow the low maintenance costs and lack of fuel costs.
3. large area needed for large scale applications.
4. PV generates direct current: special DC appliances or inverters are needed in off-grid
applications energy.
5. Storage is needed, such as batteries.
Semiconductor properties: Atomic structure: The atomic number of Si atom is 14; it means
there are 14 electrons orbiting the nucleus. In ground state configuration Si atom has four
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valence electrons. These valence electrons are most important because they form the bonds
with other Si atoms and responsible for physical, chemical and electronic properties of the
material. Two Si atoms are bonded together when they share each other’s valence electron.
This is the so called covalent bond that is formed by two electrons. Figure 2 shows the
crystalline Si atomic structure with no foreign atoms. In practice, a semiconductor sample
always contains some impurity atoms. When the concentration of impurity atoms in a
semiconductor is insignificant we refer to such semiconductor as an intrinsic semiconductor.

At practical operational conditions, for example room temperature, there are always some of
the covalent bonds broken. At 300°K there are approximately 1.5 × 1010 broken bonds per cm3
in the intrinsic c-Si. This concentration is called the intrinsic carrier concentration and is
denoted ni. The breaking of the bonds results in liberating the valence electrons from the bonds
and making them mobile through the crystal lattice. We refer to these electrons as free electrons
(simply referred as electrons). The position of a missing electron in a bond, which can be
regarded as positively charged, is referred to as a hole. This situation can be easily visualized
by using the bonding model shown in Figure before.
Doping
Figure here illustrate the doping process illustrated using the bonding model. (a) A P atom
(have five electrons in the outer shell) substitutes a Si atom in the lattice resulting in the
positively-ionized P atom and a free electron, (b) A B atom (have three electrons in the outer
shell) substitutes a Si atom resulting in the negatively ionized B atom and a hole.
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Donors & Acceptors
When introducing phosphorous atom (5 electrons) into the c-Si lattice, four of the five
phosphorous atom valence electrons will readily form bonds with the four neighboring Si
atoms. The impurity atoms that enhance the concentration of electrons are called donors. We
donate the concentration of donors ND.
An atom with three valence electrons such as boron cannot form all bonds with four
neighboring Si atoms when it substitutes a Si atom in the lattice. The impurity atoms that
enhance the concentration of holes are called acceptors. We denote the concentration of
accepter NA.
Carrier concentrations
Any operation of a semiconductor device depends on the carriers that carry charge inside the
semiconductor and cause electrical currents.
Valence electrons, which are involved in the
covalent bonds, have their allowed energies in
the valence band (VB) and the allowed energies
of electrons liberated from the covalent bonds
form the conduction band (CB). The valence

band is separated from the conduction
band by a band gap of forbidden energy
levels (EG).
Charge Neutrality
Under assumption that the semiconductor is uniformly doped and in equilibrium a simple
relationship between the carrier and dopant concentrations can be established. We assume that
at room temperature the dopant atoms are ionized. Inside a semiconductor the local
charge density is given by:

Where: q is the elementary charge (q = 1.602 × 10-19 C). This is the common form of the
charge neutrality equation.
Let’s consider now an n-type material. At room temperature almost all donor atoms ND are
ionized and donate an electron into the conduction band. Under the assumption that NA = 0:

In case of a p-type material almost all acceptor atoms NA are ionized at room temperature and
accept an electron and leaving a hole in the valence band. Under the assumption that ND = 0:

NA = NA+ = P and
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Optical properties
Absorption of light in a semiconductor material represents a complex interaction of light with
the semiconductor atomic structure. Only such interactions that lead to the generation of
free charge carriers in a semiconductor, electrons and holes, contribute to the
transformation of energy carried by light into electrical energy. The generation of charge
carriers is a result of breaking of the atomic bonds, when the electron-hole pairs are created.
The process of generating an electron-hole
pair can be visualized in the energy band
diagram as transferring an electron from the
valence energy band to the conduction
energy band. The light particles, photons,
have to carry at least the energy equal to the
band gap energy of a semiconductor in
order to free an electron from a covalent
bond. Photons with energy higher than
the band gap energy generate electronhole pairs.
The photon energy, Eph , depends on the
wavelength of light, The wavelength, λ is
related to the photon energy, hν as:
Where h is the Planck constant (h = 6.625 × 10-34 Js) , C is the speed of light (c~ 3* 108ms-1), λ
is the wavelength of light and ν is the frequency of photons. The entire spectrum of sunlight,
from infrared to ultraviolet, covers a range of about 0.5 eV to about 4.0 eV. Thus about 55% of
the energy of sunlight cannot be used by most solar cells because this energy is either
lower than the band gap or it is higher and the excess energy is lost by thermalization.
P-n junction formation
When a p-type and an n-type semiconductor are brought together: A very large difference in
electron concentration between n- and p-type regions causes a diffusion current of electrons
from the n-type material across the junction into the p-type material. Similarly, the
difference in hole concentration causes a diffusion current of holes from the p- to the n-type
material. Due to this diffusion process the region close to the junction becomes almost
completely depleted of mobile charge carriers. The gradual depletion of the charge carriers
gives rise to a space charge created by the charge of the ionized donor and acceptor atoms that
is not compensated by the mobile charges any more. It is called the depletion region or space
charge region and is schematically illustrated in Fig. below.
Regions outside the depletion region, in which the charge neutrality is conserved, are
denoted as the quasi-neutral regions.
The space charge around the metallurgical junction results in the formation of an internal
electric ﬁeld which forces the charge carriers to move in the opposite direction than the
concentration gradient. Due to the electric ﬁeld a difference in the electrostatic potential is
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created between the boundaries of the space-charge region. Across the depletion region the
changes in the carrier’s concentration are compensated by changes in the electrostatic potential.

The presence of the internal electric ﬁeld
inside the p-n junction means that there is
an electrostatic potential difference, ѱ0,
across the space-charge region. The spacecharge density, ρ, is zero in the quasineutral regions and it is fully determined by
the concentration of ionized dopants in the
depletion region (Fig below). Figure shows
the space-charge density ρ (x), the electric
ﬁeld ξ (x) and the electrostatic potential
ѱ(x) across the depletion region of a p-n
junction under equilibrium.

The space-charge density (ρ) is described by:
ρn(x) = e ND in n-side
ρp(x) = e NA in p-side
Where: ND and NA is the concentration of donor and acceptor atoms, respectively. Outside the
space-charge region the space-charge density is zero.
The electric ﬁeld can be calculated from the Poisson’s equation, in one dimension as:

Where ѱ is the electrostatic potential, ξ is the electric ﬁeld, ρ is the space-charge density, εr is
the semiconductor relative dielectric constant and εo is the vacuum permittivity, εo= 8.854 x
10-14 F/cm and for crystalline silicon εr = 11.7. Outside the space-charge region the material is
electrically neutral and therefore the electric ﬁeld is zero there.
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The proﬁle of the electrostatic potential (ѱ) is calculated by integrating the electric ﬁeld
throughout the space charge region and applying the boundary conditions, Remember that
under equilibrium a difference in electrostatic potential, ѱ0, develops across the spacecharge region, it is called also the built-in potential. the built-in potential is negative in the
p-type region with respect to the n-type region.

The electrostatic potential difference across the p-n junction is an important characteristic of
the junction and is denoted as the built-in voltage or diffusion potential of the p-n junction. We
can calculate ѱ0 and the maximum value of the internal electric ﬁeld (ξmax) as :

These equations allow us to determine the built-in potential and the maximum value of internal
electric field of a p-n junction from the standard semiconductor parameters, such as doping
concentrations and the intrinsic carrier concentration.
Example: A crystalline silicon wafer is doped with 1016cm-3 acceptor atoms. A 1 µm thick
emitter layer is formed at the surface of the wafer with a uniform concentration of 10 18 cm-3
donors. Assume a step p-n junction and that all doping atoms are ionized. The intrinsic carrier
concentration in silicon at 300 K is 1.5*1010cm-3. Let us calculate the electron and hole
concentrations in the p and n-type quasi-neutral regions at thermal equilibrium.
Solution:
The electron and hole concentrations in the p and n-type quasi-neutral regions at thermal
equilibrium can be calculated as:

Then the built-in voltage across the p-n junction is calculated:

The maximum electric ﬁeld is at the metallurgical junction and is calculated:
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The p-n junction under applied voltage
When an external voltage, Va , is applied to a p-n junction the potential difference between the
n- and p-type regions will change. Remember that under equilibrium the built-in potential is
negative in the p-type region with respect to the n-type region. and the electrostatic potential
across the space-charge region will become (ѱ + Va). When the applied external voltage is negative
with respect to the potential of the p-type region, the applied voltage will increase the potential
difference across the p-n junction. We refer to this situation as p-n junction under reverse-bias
voltage.
When the applied external voltage is positive with respect to the potential of the p-type region,
the applied voltage will decrease the potential difference across the p-n junction(ѱ - Va). We
refer to this situation as p-n junction under forward-bias voltage. This gradient in
concentration causes the diffusion of the minority carriers from the edge into the bulk of the
quasi-neutral region. The diffusion of minority carriers into the quasi-neutral region causes a
so-called recombination current, Jrec, since the diffusing minority carriers recombine with the
majority carriers in the bulk.
The recombination current is compensated by the so-called thermal generation current,
Jgen, which is caused by the drift of minority carriers, (electrons in the p-type region and holes
in the n-type region), across the junction. It is assumed that when a moderate forward-bias voltage is
applied to the junction the recombination current increases with the Boltzmann factor exp (eVa/kT),

This assumption is called the Boltzmann approximation. The generation current, on the other
hand, is almost independent of the potential barrier across the junction and is determined by
the availability of the thermally generated minority carriers in the doped regions. The external
net-current density can be expressed as:

Where J0 is the saturation-current density of the p-n junction. In this way the net current ﬂows
through the p-n junction under forward-bias voltage (Va). For high reverse-bias voltage, the
Boltzmann factor in Eq. above becomes very small and can be neglected. The net current
density is given by:
This current represents the ﬂux of thermally

generated minority carriers across the
junction. The current density-voltage (J-V)
characteristic of an ideal p-n junction is
schematically shown in Figure below.

Figure: J-V characteristic of a p-n junction; (a) linear plot and (b) semi-logarithmic plot.
The p-n junction under illumination: When a p-n junction is illuminated the additional
electron-hole pairs are generated in the semiconductor. The concentration of minority carriers
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(electrons in the p-type region and holes in the n-type region) strongly increases. This increase
in the concentration of minority carriers leads to the ﬂow of the minority carriers across the
depletion region into the quasi-neutral regions. Electrons ﬂow from the p-type into the n-type region
and holes from the n-type into the p-type region. The ﬂow of the photo-generated carriers causes
the so-called photo-generation current, Jph, which adds to the thermal-generation current, Jgen .
When no external contact between the n-type and the p-type regions is established, which
means that the junction is in the open-circuit condition, no net current can ﬂow inside the p-n
junction.
When a load is connected between the electrodes of the illuminated p-n junction, only a
fraction of the photogenerated current will ﬂow through the external circuit. In the
superposition approximation, the net current ﬂowing through the load is determined as the sum
of the photo and thermal generation currents and the recombination current. The behavior of
the junction under applied voltage, is included to describe the net current of the illuminated p-n
junction, as follow:

Both the dark and illuminated J-V
characteristics of the p-n junction are
represented in Fig below. Note, that in the
ﬁgure the superposition principle is reﬂected.

The illuminated J-V characteristic of the pn junction is the same as the dark J-V
characteristic, but it is shifted down by the
photo-generated current density Jph.
Solar cell structure
A solar cell is an electronic unit (pn junction) fabricated from semiconductor materials: that
delivers a certain amount of electrical power characterized by an output voltage and current
when it is exposed to solar radiation. In most of today solar cells the absorption of photons,
which results in the generation of the charge
example of a typical solar cell structure as
carriers, and the subsequent separation of
shown in the figure.
the photo-generated charge carriers take
place
in
semiconductor
materials.
Therefore, the semiconductor layers are the
most important parts of a solar cell; they
form the heart of the solar cell. The
crystalline silicon (c-Si) solar cell, which
dominates the PV market at present, has a
simple structure, and provides a good
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A crystalline silicon wafer with around 200-300 µm thickness is doped with acceptor atoms (p-type).
Around 1 µm thick emitter layer is formed at the surface of the wafer with a uniform concentration of
donor atoms(n-type). Top has several metallic contact fingers forming cell’s negative terminal. Back has
metal contact form the cell’s positive terminal. Antireflective coat usually deposited at the top side of
the cell.

Solar cell external parameters
The main parameters that are used to characterize the performance of solar cells are shown
before which are: The peak power, Pmax, The short-circuit current density, Jsc, The open-circuit
voltage, Voc, The fill factor, FF, And the efficiency η.
These parameters are determined from the illuminated J-V characteristic as illustrated before.
The conversion efficiency, η, and the fill factor FF are determined from these parameters.
Short-circuit current
The short-circuit current, Isc, is the current that flows through the external circuit when
the electrodes of the solar cell are short circuited. The short- circuit current of a solar cell
depends on the photon flux density incident on the solar cell that is determined by the spectrum
of the incident light. In other words, the maximum current that the solar cell can deliver
strongly depends on the optical properties (absorption in the absorber layer and total reflection)
of the solar cell. Also the material parameters that determine the Jsc are the diffusion lengths of
minority carriers.
Open circuit voltage (Voc)
The open-circuit voltage is the voltage at which no current flows through the external
circuit. It is the maximum voltage that a solar cell can deliver. The Voc corresponds to the
forward bias voltage, at which the dark current compensates the photo current and given as:

The above equation shows that Voc depends on the saturation current of the solar cell and the
photogenerated current. The key effect is the saturation current, since this may vary by orders
of magnitude. The saturation current density, J0, depends on the recombination in the solar cell.
Therefore, Voc is a measure of the amount of recombination in the device.
Fill factor (FF)
The fill factor is the ratio between the
maximum power (Pmax = Jmp* Vmp)
generated by a solar cell and the product of
Voc * Jsc
In case that the solar cell behaves as an ideal diode the fill factor can be expressed as a function
of open-circuit voltage:
And
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Conversion efficiency
The conversion efficiency (η) is calculated as the ratio between the generated maximum
power and the incident power. The irradiance value, Pin, of 1000 W/m2 of AM1.5 spectrum
has become a standard for measuring the conversion efficiency of solar cells.

Typical cSi- solar Cell parameters
The typical external parameters of a crystalline silicon solar cell (under the conditions given
before) are; Jsc of 35 mA/ cm2, Voc up to 0.65 V and FF in the range 0.75 to 0.80. The
conversion efficiency lies in the range of 17 to 25%.
EXAMPLE: A crystalline silicon solar cell generates a photo-current density Jph=35 mA/cm2
and saturation current density Jo = 2*10-9 A.m-2. The wafer is doped with 1*1017 cm-3 with
acceptor atoms and the emitter layer is formed with a concentration of 1*1019 cm-3 of donor
atoms. The intrinsic carrier concentration at 300 oK is 1.5*1010 cm-3. Calculate the built-in
voltage, open-circuit voltage and the conversion efficiency of the cell if the cell is exposed to
light characterized by 500 nm and 1000 W/m2 irradiance
Solution:
Jph=350A/m2, NA=1*1023m-3, ND=1*1025m-3.
We calculate the built-in voltage of the cell:
ψo = 0.0258 V × ln((1×1023 m-3 ×1×1025 m-3) / (1.5×1010)2 m-6) = 0.92 V
The open-circuit voltage:
Voc= 0.0258*ln{(350 / 2*10-9)+ 1}= 0.67 V
The fill factor of the cell can be calculated.
First we normalize the Voc:
υoc= Voc /(kT/q)=0.67 V/0.0258 V = 26.8

FF= [26.8 – ln(26.8+0.72)]/(26.8+1)= 0.84

The conversion efficiency is determined using

η =(350 Am-2 × 0.67 V × 0.84)/1000 W m-2 = 0.197 =19.7%
The equivalent circuit of solar cell
The J-V characteristic of illuminated solar cell that behaves as the ideal diode is given by Eq.
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This behavior can be described by a simple
equivalent circuit, illustrated in Fig. (a), in
which a diode and a current source are
connected in parallel. The diode is formed
by a p-n junction. The ﬁrst term in Eq.
describes the dark diode current density while
the second term describes the photo-generated
current density.

the solar cell can be studied using the
equivalent circuit presented in Fig. (b)
included a series resistance Rs, and a shunt
resistance Rp.
The contributions to the series resistance
come from.
• The bulk resistance Rb of the junction.
• The contact resistance between the
junction and electrodes.
• The resistance of the electrodes.
The contributions to the shunt resistance come from local defects in the junction or due to the
shunts at the edges of solar cells.
Conversion efficiency limiting factors- Reflection
In general, when light arrives on an interface between two media, a part of the light is
reflected from and the other part is transmitted through the interface. Reflectance is the
ratio of the energy reflected from the surface of the interface to the total incident energy.
There is a reflection of light at the interface between the first layer of a solar cell and the
incident medium, usually air, and there is also reflection at the interfaces between the
individual layers within the solar cell. All these processes result in a total reflectance between the
solar cell and air. This means that a part of the incident energy that can be converted into a
usable energy by the solar cell is lost by reflection. For reducing the reﬂection, anti-reﬂective
coatings (ARC) can be used.
Conversion efficiency limiting factors - Covered area
In most c-Si solar cells one of the metal electrodes is placed on the front side of the cell.
The metal-covered area does not allow the light to enter the solar cell because it totally
reflects the light in wavelength range of interest. The area is covered by the electrode
effectively decreases the active area of the solar cell through which the light enters the solar
cell. The design of the front electrode is therefore of great importance. In order to minimize the
losses due to the series resistance of the front electrode, it should be designed with sufficient
cross-section area. The optimal design of the front electrode is a trade-off between a high
coverage factor and a sufficiently low series resistance of the front electrode.
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EXAMPLE: A commercial multi-crystalline silicon solar cell with a so-called H-pattern as a

front contact design (see figure) has the following specifications: Voc= 605 mV, Isc= 5.0 A,
Vmpp= 500 mV, Impp= 4.6 A, size:156 cm2, 9% metallization coverage. Vmpp and Impp are the
voltage and current, respectively, at the maximum power point. Calculate the total area and
active area efficiency of the cell, respectively (irradiance: 100 mW/cm2). Calculate the fill
factor FF of the cell.

Solution: Total area and active area efficiency:

The fill factor is:
FF = Vmpp*Impp/(Voc* Isc)
= 0.5*4.6/(0.605*5)= 0.760.
Types of Solar Cells
Solar cells can be classified in three types or generations:
1. First generation based on crystalline silicon ( cSi).
2. Second generation based on thin film technology.
3. Third generation based on new emerge technology ( multiple junctions, organic, etc…)
The real development of solar cells as we know them today, started at the Bell Laboratories in
the United States. In 1954, their scientists Daryl M. Chapin, Calvin S. Fuller, and Gerald L.
Pearson, made a silicon-based solar cell with an efﬁciency of about 6%. In the mid and late
1950s several companies and laboratories started to develop silicon-based solar cells.
In the same year, Reynolds et al. reported on the photovoltaic effect for Thin films solar cells:
cadmium sulﬁde (CdS), II-VI semiconductor. In 1970, the Soviet physicist Zhores Alferov
developed solar cells based on a gallium arsenide heterojunction. This was the ﬁrst
demonstrator of a solar cell based on III-V semiconductor materials. In 1976, Dave E. Carlson
and Chris R. Wronski developed the ﬁrst thin ﬁlm photovoltaic devices based on amorphous
silicon at RCA Laboratories. In 1980 the ﬁrst thin ﬁlm solar cells based on a coppersulﬁde/cadmium-sulﬁde junction was demonstrated at the University of Delaware.
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In 1994, the U.S. National Renewable Energy Laboratory placed in Golden, Colorado,
demonstrated a concentrator solar cell based on III-V semiconductor materials. Their cell
based on an indium-gallium-phosphate /gallium-arsenide tandem junction exceeded the 30%
conversion limit.
Crystalline Silicon Solar Cells:
In such a lattice, the atoms are arranged in a certain pattern that repeats itself as shown in figure
below. When looking at the defect density in the bulk of silicon, we can differentiate between
two major types of silicon wafers: Monocrystalline silicon and multicrystalline silicon
(polycrystalline silicon).
Monocrystalline silicon, also known as called single crystalline silicon, is a crystalline solid.
in which the crystal lattice is continuous and unbroken without any grain boundaries over the
entire bulk, up to the edges.
Polycrystalline silicon, often simply
abbreviated with polysilicon, is a material
that consists of many small crystalline
grains, with random orientations. Between
these grains grain boundaries are present.
Figure below shows two pictures of
monocrystalline
and
multicrystalline
wafers. While a monocrystalline silicon
wafer has one uniform color, in
multicrystalline silicon, the various grains
are clearly visible for the human eye.
Fabricating solar cells
The most conventional type of c-Si solar
created within the diffusion length of the pcells is built from a p-type silicon wafer, as
n junction.
sketched in Figure below. However, the ntype layer on the top of the p-wafer is much
thinner than the wafer; it typically has a
thickness of around 1 µm. often, this layer
is called the emitter layer. As mentioned
before, the whole wafer has typically
thicknesses in between 200 and 300 µm. By
making the front emitter layer very thin, a
large fraction of the light excited charge
carriers generated by the incoming light are
By making the front emitter layer very thin, a large fraction of the light excited charge carriers
generated by the incoming light are created within the diffusion length of the p-n junction. The
crucial components that play a role in charge collection in a crystalline silicon solar cell are the:
Emitter layer, The metal front contacts, The metal back contact.
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Thin-ﬁlm solar cells
In this section we will look at an alternative family of technologies, namely thin ﬁlm
technologies also referred to as the second generation PV technology. These solar cells are
made from ﬁlm that are much thinner than the wafers that form the base for ﬁrst
generation PV. Thin ﬁlm is a ﬁlm that is created by the random nucleation process of
individually condensing /reacting atomic/ionic/ molecular species on a substrate. Thin ﬁlm
semiconductor materials usually are deposited with chemical vapour deposition (CVD)
processes. An advantage of thin-ﬁlm silicon solar cells is that they can be deposited on glass
substrates and even on ﬂexible substrates. Thin-ﬁlm solar cells were expected to become
cheaper than ﬁrst generation solar cells. In general thin-ﬁlm cells have a lower efficiency than
c-Si solar cells. GaAs is an exception to this rule of thumb.
Three types of thin film technology are familiar now:
1. Hydrogenated amorphous silicon (a-Si:H).
2. Cadmium telluride (CdTe) solar cells.
3. Copper indium gallium diselenide Cu(InxGa1-x)(Se)- (CIGS)
1. Hydrogenated amorphous silicon (a-Si:H)
We start with two alloys consisting of silicon and hydrogen. Hydrogenated means that some
of the valence electrons in the silicon lattice are Passivated by hydrogen, which is
indicated by the ‘:H’ in the abbreviation. The typical atomic hydrogen content of these alloys
is from 5% up to about 15%. The band gap of amorphous silicon is in the order of 1.6 up to
1.8 eV, which can be tuned by the amount of hydrogen incorporated in to the silicon
network. Hence, crystalline silicon is an indirect band gap material. This is not true for
amorphous silicon, which is a direct band gap material. Therefore the absorptivity of a-Si:H is
much higher than that of c-Si.
The amorphous ﬁlms can be crystallized after deposition, for example in a thermal annealing
step. Because of the low electrical quality of the defect-rich silicon ﬁlms, the maximally
achieved efficiency is 10.5%. The highest efficiencies are reached when the thin crystalline
layers are prepared in an epitaxial process, just as for the high-performance III-V solar cells.
The current record cell made with this method has an efficiency of 20.1% on a 43 µm thick
substrate.
2. Cadmium Telluride Solar Cells
The cadmium telluride (CdTe) technology, which currently is the thin-ﬁlm technology with the
lowest demonstrated cost per Wp. CdTe, which is a II-VI semiconductor because it consists of
the II valence electron element cadmium (Cd) and the VI valence electron element
tellurium (Te). The band gap of CdTe is 1.44 eV, a value which is close to the optimal band
gap for single junction solar cell. CdTe is a direct band gap material, consequently only a few
micrometers of CdTe are required to absorb all the photons with energy higher than the band
gap energy. If the light excited charge carriers should be efficiently collected at the contacts,
their diffusion length has to be in the order of the thickness.
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Figure (a) shows the structure of a typical
CdTe solar cell. First, transparent front
contact is deposited onto the glass substrate.
This can be tin oxide or cadmium stannite,
which is a Cd- Sn- oxide alloy. On top of
that the n-layer is deposited, which is a
cadmium sulfide CdS layer, similar to the nbuffer layer in CIGS solar cells. Then, the p-

type CdTe absorber layer is deposited with
a typical thickness of a few micrometers.

3. Chalcopyrite solar cells
The third classes of thin-ﬁlm solar cells that we discuss are the large class of chalcogenide solar
cells, Copper indium gallium diselenide [Cu(InxGa1-x)(Se)](CIGS).
Figure below illustrates a typical CIGS
solar cell structure deposited on glass,
which acts as a substrate. On top of the
glass a molybdenum layer (Mo) of typically
500 nm thick is deposited, which acts as the
electric back contact. Then p-type CIGS
absorber layer is deposited with thickness
up to 2 µm. Onto the p-CIGS layer, a thin
n-CIGS layer is deposited, for example an
indium/gallium rich Cu(InxGa1-x)3se5 alloy.
The pn-junction is formed by stacking a
thin cadmium sulﬁde (CdS) buffer layer of
around 50 nm thickness onto the CIGS
layers.
The p-type CIGS absorber layers used typically has a band gap of 1.1-1.2 eV. The n-type CdS
buffer layer has a band gap of 2.5 eV. The Japanese company Solar Frontier claims a 17.8%
aperture area efﬁciency on a small module of 900 cm size.
Third Generation Concepts
The term third generation photovoltaic refer to all novel approaches that aim to overcome the:
Single bandgap limit, Incident irradiance level of 1 sun, The energy of highly energetic photons
and the photons with energies below the bandgap could be utilized, and preferably at a low
cost. If these fundamental limitations could be solved, PV concepts with conversion efﬁciencies
exceeding the limit could be developed. Several third generation concepts had been discussed
and developed:
 Multi-junction solar cells.
 Concentrator photovoltaic.
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 Spectral up and down conversion.
 Multi- exciton generation.
 Intermediate band-gap solar cells.
 Hot carrier solar cells.
 Organic solar cells.
Note, that besides multi-junction and the concentrator approach, none of these concepts have
resulted in high efﬁciency solar cells or even been demonstrated yet. These other concepts are
still in fundamental research phase and it is not clear whether they will ever become a large
scale PV technology.
Multi-junction solar cell
The ﬁrst limitation discussed in the list above can be attacked by using multi-junction solar
cells. In multi-junction cells, several cell materials with different band gaps are combined in
order to maximize the amount of the sun light that can be converted into electricity. Two or
more cells are stacked onto each other. The top cell has the highest bandgap, in order to absorb
and convert the short wavelength (blue) light. Light with wavelengths longer than the bandgapwavelength can traverse the top cell and be absorbed in the cells below with lower band gaps.
The bottom cell has the lowest bandgap to absorb the long wavelength (red and near infrared)
light.
In order to optimize the performance of multi-junction solar cells with two electrical terminals,
matching the currents of all the sub cells (current matching) is crucial. Multi-junction cells with
more terminals do not have this restriction, but their production is more complicated.
The III-V PV technology
The III-V materials are based on the elements with three valence electrons like aluminum (Al),
gallium (Ga) or indium (In) and elements with ﬁve valence electrons like phosphorus (P) or
arsenic (As). III-V PV devices can reach very high efficiencies because they are often based on
the multi-junction concept, which means that more than one band gap, is used. However, if we
use more band gaps, the same amount of photons can be used but less energy is wasted as heat.
Thus, large parts of the solar spectrum and large part of the energy in the solar spectrum can be
utilized at the same time, if more than one p-n junction is used. A typical III-V triple junction
cell is illustrated below.
 Substrate of germanium (Ge) wafer is used.
 From this wafer, the bottom cell is created.
 Germanium has a band gap of 0.67 eV.
 The middle cell is based on GaAs and has a band gap of about 1.4 eV.
 The top cell is based on GaInP with a band gap in the order of 1.86 eV.
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Figure below shows the J-V curve of the
three single pn junctions. We observe p-n
junction 1 has the highest open circuit
voltage and the lowest short circuit
current density, which means that this pn junction has the highest band gap. In
contrast, p-n junction 3 has a low open
circuit voltage and a high current density;
consequently it has the lowest band gap. pn junction 2 has a band gap in between.
As the three junctions are stacked onto each other, they are connected to each other in series, as
illustrated in Fig. below. In a series connection, the voltages of the individual cell add up in the
triple junction cell. Further, the current density in a series connection is equal over the entire
solar cell; hence the current density is determined by the p-n junction generating the lowest
current. The voltages add up and the current is determined by the cell delivering the lowest
current.
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Photovoltaic Systems
A Photovoltaic (PV) system contains many different components besides the PV modules.
PV systems can be very simple, consisting of just a PV module and load, as in the direct
powering of a water pump motor, which only needs to operate when the sun shines. However,
when for example a whole house should be powered, the system must be operational day and
night. It also may have to feed both AC and DC loads, have reserve power and may even
include a back-up generator.
Components of a PV system
A solar cell can convert the energy contained in the solar radiation into electrical energy. Due
to the limited size of the solar cell it only delivers a limited amount of power under ﬁxed
current-voltage conditions that are not practical for most applications. In order to use solar
electricity for practical devices, which require a particular voltage and/or current for their
operation, a number of solar cells have to be connected together to form a solar panel, also
called a PV module. For large-scale generation of solar electricity solar panels are connected together
into a solar array. Although, the solar panels are the heart of a PV system, many other
components are required for a working system, that we already discussed very brieﬂy before.
Together, these components are called the Balance of System (BOS). Which components are
required depends on whether the system is connected to the electricity grid or whether it is
designed as a stand-alone system.
The most important components belonging to the BOS are:
• A mounting structure is used to ﬁx the modules and to direct them towards the sun.
• Energy storage is a vital part of stand-alone systems because it assures that the system can
deliver electricity during the night and in periods of bad weather. Usually, batteries are used
as energy storage units.
• DC-DC converters are used to convert the module output, which will have a variable voltage
depending on the time of the day and the weather conditions, to a ﬁxed voltage output that:
1. can be used to charge a battery
2. or used as input of inverter in a grid-connected system.

18

 Inverters or DC-AC converters are used in grid connected systems to convert the DC
electricity originating from the PV modules into AC electricity that can be fed into the
electricity grid.
 Cables are used to connect the different components of the PV system with each other and
to the electrical load. It is important to choose cables of sufficient thickness in order to
minimize resistive losses.
 Even though not a part of the PV system itself, the electric load, i.e. all the electric
appliances that are connected to it have to be taken into account during the planning phase.
Further, it has to be considered whether the loads are AC or DC loads.
The different components of a PV system are schematically presented in Fig. below:

PV modules
Figure (a) shows a crystalline solar cell. A PV module is a larger device in which many solar
cells are connected, as illustrated in Fig. (b).The names PV module and solar module are
often used interchangeably. A solar panel, as illustrated in Fig. (c), consists of several PV
modules that are electrically connected and mounted on a supporting structure.

Finally, a PV array consists of several solar panels. An example of such an array is shown in
Fig. (d). This array consists of two strings of two solar panels each, where string means that
these panels are connected in series.
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Series connections in PV modules
If we make a solar module out of an
ensemble of solar cells, we can connect the
solar cells in different ways: ﬁrst, we can
connect them in a series connection as
shown in Fig.(a). In a series connection
the voltages add up. For example, if the
open circuit voltage of one cell is equal to
0.6 V, a string of three cells will deliver an
open circuit voltage of 1.8 V.
a series connection can be established by
connecting the bus bars at the front side
with the back contact of the neighboring
cell, as illustrated in Fig. (b). For series
connected cells, the current does not add up
but is determined by the photocurrent in
each solar cell. Hence, the total current in a

string of solar cells is equal to the current
generated by one single solar cell.
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parallel connections in PV modules
Secondly, we can connect solar cells in
parallel as illustrated in Fig. (c), which
shows three solar cells connected in
parallel. If we connect e.g. three cells in
parallel, the current becomes three times
as large, while the voltage is the same as
for a single cell,
For solar cells with a classical front metal
grid, Figure (d) shows the I-V curve of
solar cells connected in series and parallel.
If we connect two solar cells in series, the
voltages add up while the current stays
the same. If cells are connected in parallel,
the voltage is the same over all solar cells,
while the currents of the solar cells add up.

For a total module, therefore the voltage and current output can be partially tuned via the
arrangements of the solar cell connections. Figure (a) shows a typical PV module that contains
36 solar cells connected in series. Fig. (b) illustrated two strings of 18 series-connected cells
are connected in parallel.

For Example:
If a single junction solar cell would have a short circuit current of 5 A, and an open
circuit voltage of 0.6 V:
If PV module that contains 36 solar cells connected in series; The total module would have
an output of: Voc = 36 x 0.6 V = 21.6 V and Isc = 5 A.
However, if two strings of 18 series-connected cells are connected in parallel, the output of
the module will be: Voc = 18 x 0.6 V = 10.8 V and Isc = 2 x 5 A = 10 A.
Types of PV Systems
Depending on the system conﬁguration, we can distinguish three main types of PV systems:
1. stand-alone, 2. grid-connected, 3. and hybrid.
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1. Stand-alone systems
Stand-alone systems rely on solar power only. These systems can consist of the PV modules
and a load only or they can include batteries for energy storage. When using batteries charge
regulators are included, which switch off the PV modules when batteries are fully charged, and
may switch off the load to prevent the batteries from being discharged below a certain limit.
The batteries must have enough capacity to store the energy produced during the day to be used
at night and during periods of poor weather.
Figure 1 shows schematically examples of stand-alone systems; (a) simple DC PV system
without a battery and, (b) a large PV system with both DC and AC loads.

2. Grid-connected systems
Grid-connected PV systems have become
increasingly popular for building integrated
applications. As illustrated in Fig. below,
they are connected to the grid via inverters,
which convert the DC power into AC
electricity. In small systems as they are
installed in residential homes, the inverter is
connected to the distribution board, from
where the PV-generated power is
transferred into the electricity grid or to AC
appliances in the house. These systems do
not require batteries, since they are
connected to the grid, which acts as a buffer
into that an oversupply of PV electricity is
transported while the grid also supplies the

house with electricity in times
insufficient PV power generation.
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Large PV ﬁelds
Large PV ﬁelds act as power stations from that all the generated PV electricity is directly
transported to the electricity grid. They can reach peak powers of up to several hundreds of
MWp. For example Kamuthi, Tamil Nadu, India. This solar farm in the southern state of
Tamil Nadu in India has a capacity of 648 megawatts and covers an area of 10km2. In 2016,
this project was deemed to be the largest solar power plant at a single location. The project
comprises 2.5 million individual solar modules
Hybrid solar systems
Hybrid solar systems generate power in the same way as a common grid-tie solar system but
use special hybrid inverters and batteries to store energy for later use. Traditionally the term
hybrid referred to two generation sources such as wind and solar. but more recently the term
'hybrid solar' refers to a combination of solar and energy storage which is connected to the
electricity grid.

In order to optimize the different methods of electricity generation, hybrid systems typically
require more sophisticated controls than stand-alone or grid-connected PV systems. For
example, in the case of a PV/diesel system, the diesel engine must be started when the battery
reaches a given discharge level and stopped again when battery reaches an adequate state of
charge. The back-up generator can be used to recharge batteries only or to supply the load as
well.
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