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Chapter Five- Types of Solar Cells
Introduction
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 same year, Reynolds et al.
reported on the photovoltaic effect for cadmium sulﬁde (CdS), II-VI semiconductor. In the mid
and late 1950s several companies and laboratories started to develop silicon-based solar cells. In
order to power satellites orbiting the Earth. Among these was RCA Corporation, Hoffman
Electronics Corporation but also the Unites States Army Signal Corps. In these days, research on
PV technology was mainly driven by supplying space applications with energy.
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 copper-sulﬁde/cadmium-sulﬁde junction was demonstrated. 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 indiumgallium-phosphate /gallium-arsenide tandem junction solar cells.
Starting from about 2000, environmental issues and economic issues started to become more and
more important in the public discussion, which renewed the public interest in solar energy. Since
about 2008, the Chinese government has been heavily investing in their PV industry. As a result,
China has been the dominant PV module manufacturer for several years now.
Types of Solar Cells
First generation: Crystalline Silicon Solar Cells
monocrystalline silicon and multicrystalline silicon, which is also called polycrystalline silicon.
Second generation: Thin-ﬁlm PN junction solar cells
1. Thin-ﬁlm silicon solar cell
2. Chalcogenide solar cells -copper indium gallium diselenide [Cu(InxGa1-x)(Se)](CIGS)
3. And cadmium telluride (CdTe) solar cells.
Third generation solar cells
1. Tandem solar cells: The III-V PV (GaAS) solar cells.
2. Organic solar cells.
3. New emerging technologies.
The electronic band dispersion diagram:
The electronic band dispersion diagram for silicon is shown in Fig below. On the vertical axis, the
energy position of the valence and conduction bands is shown. The horizontal axis shows the
crystal momentum, i.e. the momentum of the charge carriers. The white area represents the energy
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levels in the forbidden band gap. The band gap of silicon is determined by the lowest energy
point of the conduction band at X, and the highest energy value of the valence band, at Γ. The
band gap energy is the difference between those two levels and is equal 1.12 eV, or 1107 nm,
when expressed in wavelengths. 1107 nm is in the infrared part of the spectrum of light.
This bandgap is an indirect bandgap, because
the charge carriers must change in energy
and momentum to be excited from the
valence to the conduction band. As we can
see, crystalline silicon has a direct transition
as well. This transition has energy of 3.4 eV,
which is equivalent to a wavelength of 364
nm, which is in the blue spectral part.
Because of the required change in
momentum, for an indirect band gap
material. It is less likely that a photon with an
energy exceeding the bandgap can excite the
electron,
Let us now take another look at the design rules for solar cells:
1. we look at spectral utilization. The c-Si band gap of 1.12 eV means that in theory we can
2. let us now consider light trapping.
First, we look at a wavelength around 800 nm, where c-Si has an absorption coefﬁcients of 1000
cm-1. Using the Lambert-Beer law, we easily can calculate that for realizing absorption of 90% of
the incident light at 800 nm, the required absorption path length is 23 µm.
Second, we look at 970 nm wavelength, where c-Si has an absorption coefﬁcients of 100 cm-1.
Hence, an absorption path length of 230 µm is required to absorb 90% of the light. 230 µm is a
typical thickness for silicon wafers. This calculation demonstrates that the light trapping
techniques become important for crystalline silicon absorber layers above wavelength of about
900 nm.
3. Let us now consider the bandgap utilization, which is the recombination rate of the charge
carriers, is related to the electrons trapped at defect states. 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, which is also called 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. At the grain boundaries we ﬁnd lattice mismatches, resulting in many defects at these
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boundaries. As a consequence, the charge carrier lifetime for polycrystalline silicon is shorter than
for monocrystalline silicon. The more grain boundaries in the material, the shorter the lifetime of
the charge carriers is. Hence, the grain size plays an important role in the recombination rate.
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 c- Si solar cells
The most conventional type of c-Si solar
cells is built from a p-type silicon wafer, as
sketched in Fig below. However, the n-type
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 100 and 300 µm.
Because of the Lambert-Beer law, the intensity of light inside the silicon bulk decays
exponentially with the depth. Hence also the generation proﬁle will show an exponential decay
and shown in Fig. below.
Therefore, the largest fraction of the light is
absorbed close to the front surface of the
solar cell. In the ﬁrst 10 µm by far the most
charge carriers are generated. 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.
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The crucial components that play a role in charge collection in a crystalline silicon solar cell are
the: Emitter layer, the metal front contacts and the metal back contact.
First, the emitter layer: At the p-n junction the minority charge carriers, which are excited by
the light, are separated at the p-n junction: the minority electrons in the p-layer drift to the n-layer,
where they have to be collected.
Second: The metal front contact: Since the silicon n-emitter is not sufficiently conductive we
have to use the much more conductive metal contacts, which are placed on top of the emitter layer.
Very often, the metal contacts are made of the cheap metal aluminum. This means that the
electrons have to diffuse laterally through the emitter layer to the electric front contact to be
collected. Which factors are important for a good transport of the electrons to the contact?
1. The lifetime of the charge carriers needs to be high. A high lifetime guarantees large open
circuit voltages, or in other words the optimal utilization of the band gap energy. For increasing
the lifetime, recombination losses must be reduced as much as possible. Recombination not only
reduces the Voc, it also limits the collected current.
A bare c-Si surface contains many defects, because the surface silicon atoms have some
valence electrons that cannot make molecular orbitals due to the absence of neighboring atoms.
These valence orbitals containing only one electron at the surface act like defects. They are also
called dangling bonds. Since a large fraction of the charge carriers are generated close to the front
surface, a high surface recombination velocity at the emitter front surface will lead to signiﬁcantly
charge carriers losses and consequently lower short-circuit current densities. In order to reduce the
surface recombination two approaches are used.
1. The defect concentration on the surface is reduced by depositing a thin layer of a different

material on top of the surface. This material partially restores the bonding environment of the
silicon atoms. In addition, the material must be an insulator, it must force the electrons to remain
in and move through the emitter layer.
2. A second approach for reducing the surface recombination velocity is to reduce the minority
charge carrier density near the surface. By increasing the doping of the emitter layer, the
density of the minority charge carriers can be reduced.
In order to minimize the recombination at the interface defects as much as possible,
1. The area of the metal-semiconductor interface must be minimized.
2. The emitter directly below the interface should be heavily doped, which is indicated with n++.
3. The sides of the metal contacts are buried in the insulting passivation layer.
4. The area below the contact has been heavily doped.
The solar cell shown in Figure before (page 3) has a classic metal grid pattern on top. We see two
high ways for the electrons in the middle of top surface of the solar cell. They are called bus bars.
The small stripes going from the bus bars to the edges of the solar cell are called the ﬁngers.
Let now R be the resistance of such a ﬁnger.
If L, W, and H are the length, width and
height of the ﬁngers, respectively, and ρ is
the resistivity of the metal, R is given by:
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This equation shows that the longer the path length for an electron, the larger the resistance the
electrons experience. Further, the smaller the cross-section (W x H) of the ﬁnger, the smaller the
resistance will be. Note that the resistance of the contacts will act as a series resistance in the
equivalent electric circuit. Larger series resistance will result in lower ﬁll factors of the solar cell.
Hence, electrically large cross- sections of the ﬁngers are desirable.
As the metal contacts are at the front surface, they act as unwelcome shading objects, or in
other words light incident on the metallic front contact area cannot be absorbed in the PV-active
layers. Therefore, the contact area should be kept as small as possible, which is in competition
with the fact that the ﬁnger cross section should be maximized. So basically, the ﬁnger height
should be as high as possible while the ﬁnger width a small as possible
Third: Designing the metal back contact
We ﬁnd similar issues. Just as the electrons are to be collected in the front n type layer, the holes
are to be collected at the back contact. Electrons are the only charge carriers that exist in metal.
Therefore the holes have to recombine with the electrons at the back semiconductor-metal
interface. If the distance between the p-n interface and the back contact is smaller than the typical
diffusion length of the minority electrons, the minority electrons can be lost at the defects of the
back contact interface because recombination. Several methods can be used to reduce this loss.
1. The area between the metal contact and the semiconductor can be reduced, just as for the front
contact. To do this, point contacts can be used, while the rest of the rear surface is Passivated by
an insulating passivation layer, similar as we already discussed for the emitter front surface.
2. The recombination loss of electrons at the
back contact can be further reduced by a
introducing a back surface ﬁeld. Above the
point contacts a highly doped p-doped region
is placed, which is indicated by p+. The
interface between the normally doped pregion and the highly doped p+ region acts
like an n-p junction. Here, these junctions
act as a barrier that prevents minority
electrons in the p-region from diffusing to the
back surface. The interface between the
normally doped p-region and the highly
doped p+ region acts like an n-p junction.
Here, these junctions act as a barrier that
prevents minority electrons in the p-region
from diffusing to the back surface.
High-efficiency concepts: As already discussed earlier, different types of silicon wafers with
different qualities can be used. Naturally, for achieving the highest efficiencies, the bulk
recombination must be as small as possible. Therefore the high efficiency concepts are based
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on monocrystalline wafers. We discuss three examples of high-efficiency concepts based on
crystalline silicon technology.
1. The Passivated Emitter Rear Locally (PERL) solar cell.
2. The interdigitated back contact (IBC) solar cell.
3. Hetero junction (HIT) solar cell.
The Passivated Emitter Rear Locally (PERL) solar cell
This abbreviation indicates two important concepts that have been integrated in three techniques:
The optical losses of the PERL solar cell at the front side are minimized using:
1. The top surface of the solar cell is textured with inverted-pyramid structures. This
microscopic texture allows a fraction of the reﬂected light to be incident on the front surface for a
second time, which enhances the total amount of light coupled in to the solar cell.
2. The inverted pyramid structure is covered with a double-layer anti- reﬂection coating
(ARC), which results in an extremely low top surface reﬂection. Often a double layer coating of
magnesium ﬂuoride (MgF2) and zinc-sulﬁde (ZnS) is used as an antireﬂection coating.
3. The contact area at the front side has to
be as small as possible, to reduce the
shading losses. In the PERL concept the
very thin and ﬁne metal ﬁngers are processed
using photolithography technology.
Figure below shows an illustration of the
PERL concept, which uses a p-type ﬂoat
zone silicon wafer. With this concept,
conversion efficiencies of 25% were
achieved.
Second: The interdigitated back contact (IBC) solar cell.
A second successful cell concept is the interdigitated back contact (IBC) solar cell. The main idea
of the IBC concept is to have no shading losses at the front metal contact grid at all. All the
contacts responsible for collecting of charge carriers at the n- and p-side are positioned at the back
of the crystalline wafer solar cell. A sketch of such a solar cell is shown in Fig. (a). An advantage of the
IBC concept is that monocrystalline ﬂoat-zone n-type wafers can be used. Since both electric contacts
are on the back side, it contains two metal grids, as illustrated in Fig. (b).
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This is interesting because n-type wafers have some interesting advantages with respect to p-type
wafers.
1. The n-type wafers do not suffer from light induced degradation.
2. The second advantage is that n-type silicon is not that sensitive for impurities like for
example iron impurities.
As a result, less effort has to be made to fabricate high quality n-type silicon, and thus high quality
n-type silicon can be processed cheaper than p-type silicon. Besides that IBC cells are made from
n-type wafers, they lack one large p-n junction. Instead, IBC cells have many localized junctions.
The holes are separated at a junction between the p+ silicon and the n-type silicon, whereas the
electrons are collected using n+-type silicon. The semiconductor-metal interfaces are kept as small
as possible in order to reduce the undesired recombination.
Another advantage is that the cross section of the metal ﬁngers can be made much larger, because
they are at the back and therefore do not cause any shading losses. Thus, resistive losses at the
metallic contacts can be reduced. Since both electric contacts are on the back side, it contains two
metal grids, as illustrated in Fig. (b). The passivation layer should be made from a low-refractiveindex material such that it operates like a backside mirror. It will reﬂects the light above 900 nm,
which is not absorbed during the ﬁrst pass back in to the absorber layer. Thus, this layer enhances
the absorption path length.
Third: Hetero junction (HIT) solar cells
The third high-efficiency concept is heterojunction with intrinsic thin layer (HIT) solar cells. A
junction consisting of a p-doped semiconductor material and an n-doped semiconductor made
from another material is called a heterojunction. In HIT cells, the heterojunction is formed in
between two different silicon-based semiconductor materials:
 In one hand, we use an n-type ﬂoat zone mono crystalline silicon wafer.
 The other material is hydrogenated amorphous silicon (a-Si:H).
This type of solar cell can be classified as
thin film solar cell. For the moment we only
must keep in mind that a-Si:H has a band
gap of around 1.7 eV which is considerably
higher than that of c-Si (1.12 eV). A band
diagram of a heterojunction in dark between
n-doped crystalline silicon and p-doped
amorphous silicon is shown in figure below.
Because of the space charge region, some local energy steps are introduced. These steps are
caused by the two different band gaps for the p and n regions. The valence band is higher
positioned in the p-type amorphous silicon than in the n-type crystalline silicon. This will allow
the minority charge carriers in the n-type cSi, the holes, to drift to the p-type silicon.
The HIT cell conﬁguration shown in fig below has two junctions: The junction at the front side
and the junction at the rear side. The junction at the front side is formed using a thin layer of only
5 nanometers of intrinsic amorphous silicon which is indicated by the color red. A thin layer of p7

doped amorphous silicon is deposited on top
and here indicated with the color blue. The
heterojunction forces the holes to drift to the
p-layer. At the rear surface a similar junction
is made:
1. First, a thin layer of intrinsic amorphous
silicon is deposited on the wafer surface,
indicated by red color.
2. On top of the intrinsic layer n-doped
amorphous silicon is deposited, which Is
indicated by the yellow color.
The advantage of the HIT concept is that the amorphous silicon acts as a very good passivation
layer. With this approach the highest possible charge carrier lifetimes are accomplished. Thus, cSi wafer based heterojunction solar cells have the highest achieved open circuit voltage among the
different crystalline silicon technologies. The current record cell has an open circuit voltage of
0.74 V and efficiency of 25.6%.
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. The structural, chemical, metallurgical and
physical properties of such a material are strongly dependent on a large number of deposition
parameters and may also be thickness dependent.
Depending on the used precursors and other deposition parameters such as the gas ﬂow rate,
pressure, Thickness and deposition temperature, various different alloys with different
electrical and optical parameters can be deposited.
Thin-ﬁlm solar cells were expected to become cheaper than ﬁrst generation solar cells.
However, due to the current price decline in wafer based solar cells thin-ﬁlm solar cells have not
yet become interesting from an economic point of view yet. In general thin-ﬁlm cells have a lower
efficiency than c-Si solar cells. GaAs is an exception to this rule of thumb. In contrast to wafer
based silicon solar cells that are self-supporting, thin ﬁlm solar cells require a carrier that gives
them mechanical stability. Usual carrier materials are glass, stainless steel or polymer foils. It
is thus possible to produce ﬂexible thin-ﬁlm solar cells. In thin-ﬁlm solar cells the active
semiconductor layers are sandwiched between a transparent conductive oxide (TCO) layer and the
electric back contact. Often a back reﬂector is introduced at the back of the cell in order to
minimize transmissivity solar cell losses. Many different semiconductor materials are used for
thin-ﬁlm solar cells.
Transparent conducting oxides (TCO): The TCO layer acts as electric front contact of the solar
cell. Furthermore, it guides the incident light to the active layers. It therefore should be both
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highly conductive and highly transparent in the active wavelength range. Of all TCO materials
currently available, the tradeoff between transparency and conductivity is best for indium tin
oxide which is a mixture of about 90% indium oxide (In2O3) and 10% tin oxide (SnO2).
Light management is crucial for designing solar cells. Very often, the TCO layers in thin-ﬁlm
solar cells have Nano-textured surfaces. The incident light is scattered at these interfaces such that
the average photon path length in the absorber layer is enhanced. Thus, more light can be absorbed
and the photocurrent density can be increased. However, the texture may also inﬂuenced the
growth of layers that are deposited onto the TCO, and thus alter the electrical properties, which
may lead to a reduction in Voc and the ﬁll factor. Further, the increased interface area due to the
texture may lead to more surface recombination and also reduce the voltage.
Types of thin film solar cells:
Three types of thin film technology are familiar now:
1. Hydrogenated amorphous silicon (a-Si:H)
2. Copper indium gallium diselenide Cu(InxGa1-x)(Se)- (CIGS)
3. Cadmium telluride (CdTe) solar cells.
Hydrogenated amorphous silicon (a-Si:H)
Thin-ﬁlm silicon technology
An advantage of thin-ﬁlm silicon solar cells is that they can be deposited on glass substrates
and even on ﬂexible substrates. Thin-ﬁlm silicon materials usually are deposited with chemical
vapour deposition (CVD) processes. Due to chemical reactions, layer is formed on the substrate.
We start with two alloys consisting of silicon and hydrogen:
1. Hydrogenated amorphous silicon (a-Si:H).
2. Hydrogenated Nanocrystalline silicon (nc-Si:H), which is also known as microcrystalline
silicon.
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 hydrogen Passivated most defects in the material,
resulting in a defect density around 1016cm-3, which is suitable for PV applications. These alloys
can be doped; usually boron is used as a p dopant while phosphorus is the most common n dopant.
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. It is larger than that of crystalline
silicon because of the distortions in bond angles and bond lengths. An important consequence of a
disordered amorphous lattice is that the electron momentum is poorly deﬁned in contrast to
crystalline silicon.
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, as see in Fig below. We see that the absorption coefﬁcient for amorphous silicon in the
visible spectrum is much larger than that of crystalline silicon. In some wavelength regions it is
about two orders of magnitude larger, which means that much thinner silicon ﬁlms can be used in
reference to the typical wafers in crystalline silicon solar cells.
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Also data for amorphous silicon-germanium
are shown. a-SiGe:H has lower band gap and
even higher absorption coefﬁcient in the
visible. Its band gaps are in the range of 1.4
up to 1.6 eV. Amorphous silicon carbide
alloys have band gaps of 1.9 eV and larger.
Finally, Nanocrystalline silicon oxides have
band gaps exceeding 2 eV.
The design of thin-ﬁlm silicon solar cells
When compared to c-Si, hydrogenated amorphous and Nanocrystalline silicon ﬁlms have a
relatively high defect density of around 1016cm-3. Because of the high defect density the diffusion
length of charge carriers in hydrogenated amorphous silicon is only 100 nm up to 300 nm.
Hence, the transport of charge carriers in a
thick absorber cannot rely on diffusion.
Therefore, amorphous silicon solar cells are
not based on a p-n junction like wafer based
c-Si solar cells. Instead, they are based on a
p-i-n junction, which means that an
intrinsic (undoped) layer is sandwiched
between thin p-doped and n-doped layers,
as illustrated in Fig. (a). While the i-layer is
several hundreds of nanometers thick, the
doped layers are only about 10 nm thick.
If the layers are not connected to each other, the Fermi level in the p and n layers is closer to the
valence and the conduction bands, respectively.
When the p, i, and n layers are connected to
each other, the Fermi level has to be the same
throughout the junction, if it is in the dark
and under thermal equilibrium. This creates a
slope over the electronic band in the intrinsic
ﬁlm as we can see in the illustration. This
slope reﬂects the built-in electric ﬁeld. For
the intrinsic layer between, the Fermi level is
in the middle of the band gap. This is
illustrated in the electronic band diagram
shown in Fig. (b).
Usually, thin-ﬁlm silicon solar cells have no ﬂat interfaces, as shown in Fig. (a), but Nanotextured interfaces, as illustrated in Fig. (c). These textured interfaces scatter the incident light and
hence prolong the average path length of the light through the absorber layer. where the
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advantages of crystalline silicon technology
and thin-ﬁlm silicon technology should be
combined. This means, that high-quality
crystalline ﬁlms of only several tenths of
micrometers that are positioned on a
substrate or a superstrate are used as
absorbers.
Films of large-grain Nano
crystalline silicon or amorphous silicon can
be deposited. The amorphous ﬁlms can be
crystallized after deposition, for example in a
thermal annealing step. The epitaxial ﬁlms
then are transferred on glass.
The band gap of hydrogenated amorphous silicon is in the order of 1.75 eV, hence it is only
absorptive for wavelength shorter than 700 nm. The highest current densities achieved in single
junction amorphous silicon solar cell are 17 up to 18 mA/cm2, whereas the maximum theoretical
current that could be achieved up to 700 nm is in the order of 23 mA/cm2. The current record cell
made with this method has an efficiency of 20.1% on a 43 µm thick substrate. Thus, the EQE
averaged over the spectrum is in the order of 74 to 77%.
Chalcogenide solar cells
The Second class of thin-ﬁlm solar cells that we discuss are the large class of chalcogenide solar
cells, Where our focus mainly will be on two groups :
1.copper indium gallium diselenide [Cu(InxGa1-x)(Se)](CIGS)
2. And cadmium telluride (CdTe) solar cells.
1. Chalcopyrite solar cells [: copper indium
gallium diselenide [Cu(InxGa1-x)(Se)](CIGS)
The ﬁrst groups of chalcogenide solar cells
that we discuss are chalcopyrite solar cells.
Its forms tetragonal crystals, as illustrated in
Fig below. The colors indicate copper (red),
selenium (yellow) and indium (blue). For
copper gallium diselenide the In atoms are
Figure: The crystal structure of copper
replaced by Ga atoms.
indium diselenide, a typical chalcopyrite.
Figure (a) 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.
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eV or even higher, which minimizes the
The pn-junction is formed by stacking a
parasitic absorption losses in this device.
thin cadmium sulﬁde (CdS) buffer layer of
around 50 nm thickness onto the CIGS
layers. The n-type region is extended with
the TCO layer that also is of n type: First an
intrinsic zinc oxide (ZnO) layer deposited
followed by a layer of Al doped ZnO. The ntype TCO acts as the transparent front
contact for the solar cell.
Figure (b) shows the electronic band diagram
of a CIGS solar cell. The light enters the
cell from the left, via the ZnO. The band
gap of ZnO is very large with values of 3.2
The band gaps of the n- and p-type materials are different, which means that such CIGS cells can
be considered as heterojunction. For making CIGS modules, the interconnection is done similar as
for other thin-ﬁlm technologies. The p-type CIGS absorber layers used in industrial modules
typically has a band gap of 1.1-1.2 eV, which is achieved using Cu (InxGa1-x)Se2 with x = 0.3.
The n-type CdS buffer layer has a band gap of 2.5 eV.
As generally true for the different PV technologies, the record efficiencies of modules are
signiﬁcantly lower than that of lab- scale cells. The record efficiencies of 1 m2 modules are in
the order of 13%, whereas the aperture-area efficiencies are just above 14% as conﬁrmed by
NREL. The German manufacturer Manz AG has presented 15.9% aperture area efﬁciency and
a total area efﬁciency of 14.6%. The Japanese company Solar Frontier claims a 17.8% aperture
area efﬁciency on a small module of 900 cm size.
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). Like the III-V semiconductors. 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.
Figure (a) shows the structure of a typical CdTe solar cell. First, transparent front contact is
deposited onto the glass superstrate. This can be tin oxide or cadmium stannate, which is a Cd-Snoxide alloy. On top of that the n-layer is deposited, which is a cadmium sulfide CdS layer, similar to the
n-buffer layer in CIGS solar cells. Then, the p-type CdTe absorber layer is deposited with a typical
thickness of a few micrometers. The band diagram of a CdTe solar cell is shown on Fig.20 (b). the ptype semiconductor CdTe has a band gap of 1.44 eV whereas the n-type CdS has a band gap of 2.4 eV.
Consequently, the junction is a heterojunction, similar to what we have seen for CIGS PV devices.
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The light excited minority electrons in the p-layer are separated at the heterojunction and collected
at the TCO based front contact. The holes are collected at the back contact.

Third Generation Concepts
The term third generation photovoltaic refer to all novel approaches that aim to overcome
the single bandgap limit, preferably at a low cost. The limit is a thermodynamic approach to
estimate the maximum efﬁciency of a single junction solar cell in dependence of the bandgap of
its semiconductor material. For its derivation we assumed that the AM1.5 spectrum is incident on
a solar cell. Further, we do not allow the solar cell to increase in temperature but we force it to
keep the ambient temperature of 300 K. This means that all energy absorbed by the solar cell can
escape the solar cell by either the generated current density or by radiative recombination of
charge carriers. Under these assumptions the efﬁciency limit is around 33% in the band gap range
from 1.0 eV up to 1.8 eV. Now we are going to look at some very fundamental limitations of
classical single-junction solar cells.
1. In single-junction solar cells only one band gap material is used.
2. Hence, a large fraction of the energy of the most energetic photons is lost as heat.
3. Most solar cells concepts are based on an incident irradiance level of 1 sun.
4. However, higher irradiance means more current generation and also higher voltage levels,
resulting in a higher overall efﬁciency. Every photon only excites one electron in the conduction
band creating only one electron-hole pair.
 The energy of highly energetic photons could be utilized better if they would create more
than one excited electron in the conduction band.
 The photons with energies below the bandgap are not used. Hence, they do not result in
charge carrier excitation.
If these fundamental limitations could be solved, PV concepts with conversion efﬁciencies
exceeding the limit could be developed. We will discuss several third generation concepts:
 Multi-junction solar cells.
 Organic solar cells.
 Concentrator photovoltaic.
 Spectral up and down conversion.
 Multi- exciton generation.
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Intermediate band-gap solar cells.
Hot carrier 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 bandgap-wavelength 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. Multijunction cells with more terminals do not have this restriction, but their production is more
complicated.
The III-V PV technology (GaAS)
Of all the thin-ﬁlm technologies, the III-V (speak three ﬁve) PV technology results in the highest
conversion efficiencies under both one sun standard test conditions and concentrated sun
conditions. Therefore, it is mainly used in space technology and in solar concentrator 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).
Various different semiconductor materials
such as gallium arsenide (GaAs), gallium
phosphate (GaP), indium phosphate (InP),
indium arsenide (InAs), and more complex
alloys like GaInAs, GaInP, AlGaInAs and
AlGaInP have been explored. We now will
take a closer look on GaAs, which is the IIIV semiconductor most used for solar cells.
The GaAs has a zinc blend crystal structure,
illustrated in Figure here,
It is very similar to the diamond cubic crystal structure with the difference that it has atoms of
alternating elements at its lattice sites. In contrast to c-Si, where every Si atom has four neighbors
of the same kind, in GaAs, every Ga has four As neighbors, while every As atom has four Ga
neighbors. When compared to silicon, GaAs has a slightly larger lattice constant of 565.35 pm,
and signiﬁcantly denser than silicon with a density of 5.3176 g/cm3 (Si: 543.07 pm, 2.3290 g/cm3).
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Figure below shows the electronic band
dispersion diagram of gallium arsenide.
1. GaAs is a direct band gap material, i.e.,
the highest energy level in the valence band
is vertically aligned with the lowest energy
level in the conduction band. Hence, only
transfer of energy is required to excite an
electron from the valence to the conduction
band, but no transfer of momentum is
required. The band gap of GaAs is 1.424 eV.
2. Here we look again at the absorption coefﬁcients versus the wavelength. The absorption
coefﬁcient of GaAs is signiﬁcantly larger than that of silicon. The same is true for InP, another IIIV material. Because of the high absorption coefﬁcient, the same amount of light can be
absorbed in a ﬁlm more than one order of magnitude as thin when compared to silicon.
Another advantage of the direct III-V semiconductor materials is their sharp band gap. Above Eg ,
the absorption coefﬁcient increases quickly.
3. Let us now take a look at the utilization of the band gap energy. Since GaAs is a direct band
gap material, radiative recombination processes become important.
4. On the other hand, other recombination can be kept at a low level because III-V ﬁlm can be
deposited by epitaxial processes that result in high purity ﬁlm. 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. In Figure
a typical III-V triple junction cell is illustrated.
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A typical III-V triple junction cell is illustrated.
1. Substrate of germanium (Ge) wafer is used. From this wafer, the bottom cell is created.
Germanium has a band gap of 0.67 eV.
2. The middle cell is based on GaAs and has a band gap of about 1.4 eV.
3. The top cell is based on GaInP with a band gap in the order of 1.86 eV.
Let now take a closer look on how a multi-junction solar cell works. Light will enter the device
from the top. As the spectral part with the most energetic photons like blue light has the smallest
penetration depth in materials, the junction with the highest band gap always acts as the top cell.
On the other hand, as the near infrared light outside the visible spectrum has the longest
penetration depth, the bottom cell is the cell with the lowest band gap.
Figure below shows the J-V curve of the
cell and junction 3 will act as the bottom
three single pn junctions. We observe p-n
cell.
junction 1 has the highest open circuit
voltage and the lowest short circuit current
density, which means that this p-n 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. p-n junction 2 has a
band gap in between. Hence, if we are
designing a triple-junction cell out of these
three junctions, junction 1 will act as the
top cell, junction 2 will act as the middle
For understanding how the J-V curve of the
triple junction looks like, we take a look at
the equivalent circuit. Every p-n junction in
the Multijunction cell can be represented by
the circuit of a single-junction cell. 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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Organic Photovoltaic
In this section we will take a look at organic photovoltaic. The used absorber materials are
either conductive organic polymers or organic molecules that are based on carbon, which
may form a cyclic, linear or mixed compound structure. That means carbon atoms in the
chain have an alternating single or a double bond and every atom in the chain has a porbital available. In such conjugated compounds, the p-orbitals are delocalized, which means that
they can form one big mixed orbital. Hence, the valence electron of the original p-orbital is shared
over all the orbitals.
1. At room temperature, most electrons are in the bonding state, which is also called the highest
occupied molecular orbital (HUMO).
2. The anti-bonding state can be considered as the lowest unoccupied molecular orbital
(LUMO).
As the conjugated molecules are getting longer, the HOMO and LUMO will broaden and act
similar to valence and conduction band in conventional semiconductors. The energy difference
between the HOMO and LUMO levels can be considered as the band gap of the polymer
material. When a material has a low ionization potential, it can release an electron out of the
material relatively easy in the HOMO, i.e. it can act as an electron donor. On the other hand, when
a material has a high electron affinity, it an easily accept an additional electron in the LUMO or
conduction band; it thus acts as an electron acceptor. If an electron donor and an electron acceptor
material are brought together, an interface is formed between those two. When a material has a
low ionization potential, it can release an electron out of the material relatively easy in the
HOMO, i.e. it can act as an electron donor. On the other hand, when a material has a high electron
affinity, it an easily accept an additional electron in the LUMO or conduction band; it thus acts as
an electron acceptor. If an electron donor and an electron acceptor material are brought together,
an interface is formed between those two.
LUMO or conduction band; it thus acts as an
The HOMO and LUMO of both polymers
electron acceptor.
can be aligned considering their energy
If an electron donor and an electron acceptor
levels with reference to the vacuum level, as
material are brought together, an interface is
illustrated in Fig. (a). At the interface we see
formed between those two.
a difference in the HOMO and LUMO levels.
Because of this difference, an electrostatic
force exists between the two materials. When
a material has a low ionization potential, it
can release an electron out of the material
relatively easy in the HOMO, i.e. it can act as
an electron donor. On the other hand, when
a material has a high electron affinity, it an
easily accept an additional electron in the
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If the materials are chosen such that the difference is large enough, these local electric ﬁelds can
break up the exciton. The electron then can be injected into the electron acceptor and a hole
remains in the electron donor material. Here, we consider a solar cell consisting of both organic
acceptor-type and donor-type materials. Similar as for semiconductor materials, a heterojunction
based on two different materials or conjugated compounds can be constructed. The typical
diffusion length in the organic materials is only about 10 nm. Hence, the thickness of the solar cell
in principle is strongly limited by the diffusion length, while it has to be at least 100 nm to absorb
a sufficient fraction of the light.
The record organic solar cells are based on double junctions. Heliatek achieved a 12.0% solar cell
efﬁciency on lab-scale, with unknown stability. An advantage of organic solar cells is that they
have low production costs. With chemical engineering the band gap can be tuned. Organic solar
cell can be integrated into ﬂexible substrates as shown in figure below. Important disadvantages
are a low efﬁciency, low stability and low strength compared to inorganic PV cells.
Figure : Illustrating (a) the layer structure of
organic solar cells and (b) an organic solar
cell with a bulk heterojunction.

Spectral conversions
Single-junction solar cells have the limitation that every photon can only generate one collected
electron at a maximum. In theory, this limitation can be tackled by spectral conversion. The main
idea of spectral conversion is to use an additional layer consisting of a “magical” material
such that the incident spectrum can be altered. Materials that are investigated for spectral
conversion are organic dyes, quantum dots, lanthanide ions, and transition metal ion systems.
In spectral upconversion, two or more lowenergy photons excite electron-hole pairs in
several steps, as illustrated in Fig below. If
these
electron-hole
pairs
recombine
radiatively, they emit a photon with a higher
energy. As a result, two or more low-energy
photons are converted in one high-energy
photon, which can be absorbed in the PVactive material.
The idea of spectral downconversion is to split one high energy photon in multiple lower
energetic photons, as illustrated in Figure below. A high-energy photon is absorbed at the front of
the solar cell and converted into at least two photons with lower energies. However, in difference
to conventional semiconductors photons with energies below the bandgap can excite an electron
from the valence band in to the intermediate band. A second low-energy photon is required to
excite the electron from the intermediate band into the conduction band. As illustrated in (b),
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therefore two photons with small energies can result in quasi-Fermi level splitting larger than the
energy of each of these photons

If the energy of the initial photon is Eph>2Eg and the energy the resulting two photons is still
larger than that of the band gap of the absorber material, both photons can be absorbed and used
for exciting charge carriers. As a result, a high energetic photon, for example in the blue, can
result in two excited electrons in the blue part. In other words, the maximum theoretical EQE of
100% at the wavelength of the blue photon can be increased to 200%. If the photon had sufficient
energy to be split into three photons with energy higher than the band gap, a theoretical EQE of
300% could be obtained.
Intermediate band solar cells
The concept of intermediate band solar cells
(IB) tries to tackle the problem photons with
energies below the bandgap cannot be
utilized for current generation. As shown in
Fig. (a), in intermediate band cells energy
levels are created artiﬁcially in the bandgap
of the absorber material. As in conventional
single-junction solar cells, photons with a
sufficient energy can excite an electron from
the valence band in to the conduction band.
However, in difference to conventional
semiconductors photons with energies below
the bandgap can excite an electron from the
valence band in to the intermediate band. A
second low-energy photon is required to
excite the electron from the intermediate
band into the conduction. As illustrated in
(b), therefore two photons with small
energies can result in quasi-Fermi level
splitting larger than the energy of each of
these photons.
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Hot carrier solar cells
The idea of hot carrier solar cells is to reduce the energy losses due to relaxation and hence
thermalization. As illustrated in Fig in the next page this should be achieved by collect electronhole pairs of high energy photons just after light excitation before they have a chance to relax back
to the edges of the electronic bands. The population of the charge carrier levels reﬂects the
situation just after the excitation by the absorption of a photon.

Figure Illustrating the working principle of a hot carrier solar cell.
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