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Solar cells gained signiﬁcant interest recently due to the rapid increase in fossil fuel costs and renewed
attention to sustainability. The effectiveness of a solar cell in energy harvesting hinges on three key
characteristics: efﬁciency of energy conversion, reliability and life expectancy, and cost. All three
attributes are critically inﬂuenced by surface and interface properties inherent in the design and
manufacture of these devices. This paper starts with an exposition of solar cell manufacturing, followed by
discussion of efﬁciency enhancement, reliability issues, and cost and energy footprint reduction. The role
of surface and interface modiﬁcations in realizing such improvements is assessed.
ß 2014 CIRP.

1. Introduction
Solar energy is abundantly available. The amount of solar energy
that hits the earth in 40 min is equivalent to the global energy
consumed in one year. Also, converting just 2.5% of the sunlight that
hits land available for solar installation in the southwestern United
States could produce the nation’s total energy consumption in 2006
[95]. However, collecting this energy requires a large number of solar
panels, which have been too expensive to produce and deploy.
Ongoing efforts are attempting to reduce this cost.
With carbon dioxide levels rising and renewable sources of
energy receiving more attention, the solar industry has expanded
dramatically over the past 10 years. Wind energy, hydroelectric
power, and solar cells have all received signiﬁcant attention as
potential modes of producing sustainable energy. Current economic advantages of fossil fuels are limited in many ways. Coal and
oil produce toxins that harm the environment, the public fears
nuclear power and its dangers, and extraction of natural gas can
harm the environment through fracking and additional heating of
the atmosphere caused by pipe leaks and ventilation of shale gas
wells [123]. Even though solar is currently one of the more
expensive energy sources according to 2010 data (nuclear and coal
cost 4 US cents/kWh, hydroelectric costs 3 cents/kWh, natural gas
and oil cost 10 cents/kWh, and solar costs 8.3 cents/kWh in
favorable environments [82,88,89,118,125,83,159]), it also has the
most potential. Unlike fossil fuel reserves, solar energy is not
projected to run out anytime soon. Scale-up in solar energy is
further facilitated by the vast supply of landmass currently
available for solar installations.
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According to numerous international panels [20,28,35,166] the
three key parameters for commercial success of solar energy
harvesting are: efﬁciency, reliability, and cost. Signiﬁcant enhancement in efﬁciency and reliability are warranted to lower the
cost of producing a kWh, and make it competitive to fossil fuels.
Manufacturing solar cells is the art of creating large scales of
functional surfaces and interfaces; surfaces for incoming light and
interfaces for the separation of the majority load carriers. The
efﬁciency enhancement of solar cells is currently being pursued via
the dual means of: (i) trapping more light and (ii) producing more
electricity from a unit of energy contained in the trapped light.
These two characteristics are primarily realized by suitable
material choices in photovoltaic (PV) devices and by engineering
the surface morphology to trap a greater fraction of incident light.
Unfortunately, the conversion of photonic energy to electricity is
associated with a waste stream of heat. Production of heat in
photovoltaic devices can degrade their energy conversion efﬁciency and damage the interfaces between cell layers, thereby lowering
life expectancy. Thus, reliability enhancement in photovoltaic cells
hinges on the effective management of heat production as well as
making interfaces robust against thermal cycling under ﬁeld
service conditions.
This paper starts with a schematic of a photovoltaic cell and its
operations. This is followed by discussion of current avenues that
are being pursued for efﬁciency enhancement. Issues of reliability
and life expectancy of surfaces and interfaces within solar cells are
considered, and testing protocols as well as analytical techniques
for life prediction are discussed. Next, cost related aspects – both
short term capital costs and long term operational as well as lost
opportunity costs – are considered. Finally, the paper concludes
with a discussion of possible futuristic endeavors that can be
pursued to combine the strengths of efﬁciency enhancement
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avenues with measures for reliability improvement, while avoiding their weaknesses. In all these aspects, surface and interfaces
play an essential role.

with each other in an array. These cells are covered and protected
by glass panes. Thus, modules consist of the cells, electrical
contacts and wiring between cells and to other modules, and
protective coverings, with numerous interfaces.

2. Types of solar cells

2.1. Crystalline silicon

The premise of photovoltaic cells is based on the photovoltaic
effect, discovered by Edward Becquerel in 1839 while experimenting
with an electrolytic cell. He found that certain materials generated a
small current when exposed to light [165,167]. However, there was
no explanation as to why only certain wavelengths of light can
generate an emission of electrons from an irradiated metal; blue light
with little intensity can produce a current of emitted electrons, but
high intensity red light cannot. In 1905, Einstein discovered the
photoelectric effect, which used the viewpoint of light as a particle
and allowed light to be classiﬁed as individual photons. Red photons
do not have enough energy to knock electrons out of metal atoms, but
blue photons do if the energy is higher than hc0/l (h is Planck’s
constant, c0 is the velocity of light, l is the wavelength of blue light
e.g. 600 nm) [127,167]. The internal photoelectric effect used in solar
cells takes place only in semiconductors and describes the process of
absorption of the photons in order to excite electrons from the
valence to the conduction band. The counterpart of the electron in
the conduction band is the electron hole in the valence band. This
enhances the conductivity of the material.
A p-n junction is needed in semiconductors to make them a
solar cell. This p-n junction is created through dopants. One side of
the semiconductor is doped with another material at a ratio of
about 1 dopant to 1 million original atoms [153]. The ‘n-type’ side
of the semiconductor has dopants with one electron in the valence
band that it wants to shed, and the ‘p-type’ side of the
semiconductor has dopants that want to incorporate an electron.
The ‘n-type’ dopant can be a V or VI column material in the periodic
table, and the ‘p-type’ dopant is usually a II or III column material.
In the ‘n’ region, the conductivity of electrons is strongly increased,
while in the ‘p’ region, the conductivity of electron holes is
prevalent. This leads to an electrochemical potential (Fig. 2.1) that
forces electrons from the ‘p-type’ region to the ‘n-type’ region and
vice versa for the holes in the ‘p-type’ region.

The most common type of solar cell is made of crystalline
silicon. This is because silicon is abundant, non-toxic, has an
appropriate bandgap of 1.1 eV, and respective process technology
has been intensively investigated and developed for microelectronics. The major bottleneck of silicon is its relatively weak
absorption of light, forcing silicon to be used in a relatively high
thickness in order to absorb sufﬁciently. Silicon is generally doped
with boron or phosphorus, but this must be done in a clean
environment to control impurities. Also, silicon is a brittle material,
which limits the lower bound on its thickness. Because of these
thickness limitations, the material cost of silicon solar cells is high
and can be lowered only to a certain extent.
Both single crystal and multicrystalline silicon materials are
used for silicon based solar cells. Single crystal silicon (sc-Si),
usually boron-doped p-type silicon, is grown using the Czochralski
(CZ) crystal growing approach. Single crystal silicon based solar
cells typically have 5–6% higher energy conversion efﬁciencies
than thin ﬁlm or multicrystalline Si cells due to their inherently
low defect density [85]. However, the cylindrical sc-Si ingots are
ground to have pseudo-square cross sections and are then sliced
into pseudo-square wafers with a wire sawing technique, which
results in material loss and increases defect density [41,157,158].
The material loss is the kerf width plus 20 mm that are etched. In
addition, p-type sc-Si solar cells also suffer from light-induced
degradation of efﬁciency, leading to further reduction in cost
effectiveness [138].
Compared to sc-Si, multicrystalline silicon (mc-Si) is less
expensive. However, mc-Si based solar cells typically have lower
efﬁciencies compared to sc-Si based devices due to defect
structures that develop during directional solidiﬁcation or ingot
casting used for crystal growth [97,131]. The structural defects
lead to premature recombination of electrons and holes (minority
carrier recombination) and consequent efﬁciency loss at these
defect sites (e.g., dislocations, grain boundaries, metallic impurity
precipitates [22,64,98,99,130,132,133,140,148,175]). Though defect engineering has been successful in reducing the number of
defects, multi-crystallinity still limits efﬁciency since the most
effective low cost texturing method can only effectively be applied
on sc-Si silicon wafers.
To eliminate waste during wafer slicing, continuous ribbon
growth technologies such as Edge-deﬁned Film-fed Growth (EFG)
and String Ribbon processes were developed as alternative mc-Si
wafer production methods. The EFG technique is based on the
growth of octagonal mc-Si tubes from silicon melt. The tubes are
grown continuously and silicon wafers are cut from the faces of the
tube with less than 10% material loss [33,66,133,134,115]. Ribbon
materials generally contain more point defects and higher
dislocation density due to larger temperature gradients during
growth compared to CZ and ingot casting approaches [115,152].
Thus, while these silicon wafer production techniques have a cost
advantage over traditional approaches, the efﬁciency of solar cells
made from these materials is compromised by high process
induced defect density. Efﬁciencies of 18.2% for EFG and 17.8% for
string ribbon based solar cells have been reported for speciﬁc
processes [137], much lower than the highest efﬁciencies of singleand multi-crystalline silicon. The highest overall panel efﬁciency
achieved is 23.5% [24].

Fig. 2.1. Operation of the semiconductor in a photovoltaic cell [141,153].

When light hits the semiconductor, photons add energy for an
electron to pass from the ‘p’ side to the ‘n’ side and allow a hole to
pass in the opposite direction. With an external current path, the
electron ﬂows outside the cell, generates electricity, and then
returns to the ‘p’ side, completing the circuit and reﬁlling the hole.
The minimum amount of energy required to bump the electron
from the ‘p’ side to the ‘n’ side of the semiconductor (known as the
bandgap) corresponds to the depletion zone [141]. A photon
lacking the same or more energy than the bandgap does not excite
an electron. A photon with more energy than the bandgap excites
an electron, and the rest of the energy turns into heat. This, along
with the absorption of light in all other layers of the cell, is the
primary loss mechanism in a photovoltaic cell.
In photovoltaics, the cell is made from one contacted wafer,
while the module is a panel containing a number of cells wired

2.2. Thin ﬁlm cells
Thin ﬁlms are typically classiﬁed as the next generation of solar
cells that will replace expensive crystalline silicon cells. Fig. 2.2
shows a clear trend of increasing shipments of both crystalline
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Fig. 2.3. Conﬁgurations of single junction amorphous silicon solar cell.

Fig. 2.2. Previous and estimated future PV module production capacity (MW) until
2017 [150].

silicon cells/modules and thin ﬁlm cells/modules in recent years
and into the future. The total market share of c-Si cells/modules,
including single or monocrystalline, multicrystalline, and ribbon
Si, has decreased from a peak of 95% in 2004 and 2005 to 87% in
2010. However, in the near future, crystalline cells are projected to
keep a market share of about 80% due to their mature
infrastructure and growth in China and other countries (Fig.
2.2). On the other hand, the growth of newer thin ﬁlm technologies
as well as their decrease in cost will continue to shape the future of
photovoltaics [150].
Thin ﬁlm solar cells are made of materials such as amorphous
silicon, Cadmium Telluride (CdTe), and Copper Indium Gallium
Selenide (CIGS), but there are many more combinations of
semiconductors that have been made and are still being
experimented with. These cells are typically deposited on glass
substrates, but can vary depending on the type of thin ﬁlm cell. The
small amount of material used in the semiconductors and electrical
contacts in thin ﬁlm cells make them cost effective.
A thin ﬁlm solar cell is composed of several layers of different
elements. In addition to the absorbing layer there is a transparent
conducting oxide (TCO) layer, a window layer, and rear metal
contact layer, etc. The properties of each of these layers, the
structure of the solar cell and the properties of the interfaces
between different layers are important factors that inﬂuence the
actual efﬁciency of the thin ﬁlm cell. The physics and properties of
the TCO layers are treated separately in Section 4.1.
Fig. 2.3 shows the conﬁgurations of a single junction
amorphous silicon (a-Si) solar cell, which is the most widely used
thin ﬁlm solar cell. There are two types of conﬁgurations – the
superstrate and the substrate. The main difference between these
is the substrate, which provides a layer of support to the thin ﬁlm
cell. The superstrate type employs a transparent glass substrate
and the substrate type employs a non-transparent substrate,
which can be a metal or metallic coating on a glass/plastic.
In recent years, the conversion efﬁciency of thin ﬁlm a-Si solar
cells has been improved by a number of technologies. The earliest
amorphous silicon solar cells were used in calculators and digital
watches. Practical power PV modules were then made possible by

changing the material from classical a-Si to hydrogenated
amorphous silicon (a-Si:H), which is suitable for doping and
alloying with other materials and fabrication of junction devices.
Fig. 2.4 shows the relationship between the optical absorption
coefﬁcient and the photon energy for different photovoltaic
materials. The minimum thickness of the absorbing layer formed
by the photovoltaic material in a solar cell is of the order of the
inverse of the optical absorption coefﬁcient. Thus, a larger
absorption coefﬁcient results in a thinner minimum thickness of
the absorbing layer. For incident light with photon energy of
1.25 eV, which corresponds to a wavelength of 1 mm, the
absorption coefﬁcient of c-Si is approximately 100 cm1. This
means that 63% of the light energy is absorbed by c-Si when the
light has propagated 1/100 cm (100 mm) into the material. The
other 37% of light energy will pass through the material and is lost.
Thus, the thickness of the crystal silicon substrate used in a c-Si
solar cell ranges from 150 to 300 mm, without taking reﬂection
from the rear into account [142]. On the other hand, the absorption
coefﬁcients of the materials used for thin ﬁlm solar cells are ten to a
hundred times larger than that of c-Si, reducing the absorbing layer
thickness of the thin ﬁlm solar cell to less than 10 mm without
sacriﬁcing light energy absorption. This is a signiﬁcant advantage

Fig. 2.4. The relationship between the absorption coefﬁcient and the photon energy
for different PV materials [142].
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from the material consumption and solar cell manufacturing cost
viewpoint, however, thin ﬁlm cells have lower efﬁciency than c-Si
cells. In addition to the large absorption coefﬁcient, the photovoltaic material of a thin solar cell should have the characteristics of
high quantum efﬁciency of excited carriers, long diffusion length
and low recombination velocity.

Reﬂected photon
Absorbed photons

Glass Superstrate
Front Contact (ITO/ZnO)
CdS (Cadmium Sulﬁde) n-type layer
CdTe p-type layer
Back Contact
Fig. 2.5. Schematic of a CdTe thin ﬁlm solar cell [90].

Reﬂected photon
Absorbed photons

ZnO transparent oxide
CdS buﬀer layer (or Indium Sulﬁde (InS))
CIGS (absorber)
Mo contact layer
Glass
Fig. 2.6. Schematic of a CIGS thin ﬁlm solar cell [90].

CdTe and CIGS solar cells are types of commercialized thin ﬁlm
solar cells. Fig. 2.5 shows a schematic of the structure of a CdTe thin
ﬁlm solar cell. CdTe has an excellent theoretical energy conversion
efﬁciency of 29% (seen in Fig. 2.7) due to its bandgap of 1.5 eV [90].

Fig. 2.7. Theoretical energy conversion efﬁciencies of commercial thin ﬁlm solar
modules [2,7].

Because the optical absorption coefﬁcient is 105 cm1 (Fig. 2.5), a
CdTe layer with a thickness of several mm can absorb 90% of
incident photons, making it attractive for use in a thin ﬁlm solar
cell. The superstrate conﬁguration and heterodyne-junction
structure are typically employed in the CdTe thin ﬁlm solar cell.
It consists of a soda lime glass superstrate as the supporting
material, a TCO layer, a cadmium sulphide (CdS) window layer
with a thickness of 100 nm, a CdTe absorber layer with a thickness
of several mm, and a back contact. The polycrystalline semiconductor materials of CdS and CdTe have the advantage of high
chemical stability. Up to 16.5% energy conversion efﬁciency has
been achieved for a laboratory CdTe thin ﬁlm solar cell [90]. The
efﬁciencies of commercial CdTe thin ﬁlm modules are typically 10–
11%. A major advantage of the CdTe thin ﬁlm solar cell over the a-Si
and CIGS cells is the simple and low cost deposition process
required for fabrication of the cell elements. The main issue of the
CdTe cell is the toxicity of cadmium, which can cause environmental problems.
As seen in Fig. 2.4, Copper Indium di-Selenide (CuInSe2) or
Copper Indium Gallium di-Selenide (CIGS) has the best optical
absorption coefﬁcient spectrum. Due to its large absorption
coefﬁcient of up to 105 cm–1 and wide bandwidth, a CIS or CIGS
layer with a thickness of 1 or 2 mm can absorb most of the photons
over almost the entire sun light spectrum. Fig. 2.6 shows a
schematic of a CIS/CIGS thin ﬁlm solar cell. Differing from the a-Si
and CdTe cells, the CIS/CIGS cell employs a substrate conﬁguration.
This provides CIS/CIGS cells with ﬂexibility in selection of substrate
materials because there is no requirement on the light permeability of the substrate. For this reason, low-cost substrates can be
employed for CIS/CIGS cells, which contribute to cost effectiveness
of the CIS/CIGS cell. The CIS/CIGS cell also employs the heterodynejunction structure, which consists of a substrate, a molybdenum
(Mo) back contact ﬁlm, a CIS/CIGS absorber p-type layer with a
thickness of 1 mm, a CdS n-type layer with a thickness of 50 nm,
and a TCO layer. The CIS/CIGS absorber p-type layer and a CdS ntype layer form the heterodyne junction. Soda-lime glass is often
used as the substrate for the CIS/CIGS cell. In addition to its cost
effectiveness, the sodium atoms in the soda-lime glass diffusing
from the glass into the CIS/CIGS layer improve the doping
concentration in the CIS/CIGS absorber layer during the fabrication
process. The best energy conversion efﬁciency of a CIGS cell is
reported to be 20.8%, and that of a CIGS module is 17.4% [2]. Since
the CIS/CIGS cell is composed of much more material elements
than a-Si and CdTe cells, more attention toward process control is
necessary during their fabrication. Another drawback for CIS/CIGS
cells is the limited amount of Indium and Gallium available on
Earth.
The energy conversion efﬁciency of a solar cell is mainly
determined by the properties of the PV material. Fig. 2.7 shows the
theoretical maximum energy conversion efﬁciencies of a number
of PV materials. Among the thin ﬁlm PV materials mentioned, CdTe
has the highest efﬁciency of about 29%, followed by a-Si (about
26%) and CIS (about 25%) [2]. It can be seen that a large portion of
the overall light energy is lost instead of being converted to
electrical energy. There are several reasons for such energy loss. As
seen in Fig. 2.4, each of the PV materials is suited only for a speciﬁc
spectral bandwidth. The photons with energy outside the
absorption band pass through the PV material and cannot be
absorbed. Such radiant energy is converted into heat rather than
electric current, resulting in a loss of up to 25% of the incident light
energy. Recombination and resistive heating are the main factors
for further drop in the energy conversion coefﬁcient of a solar cell
[163].
The rest of the losses in the cell are due to module inefﬁciencies.
The largest portion of this loss, about 35% of the incident light
energy, is caused by optical reasons, such as scattering and
reﬂection at the surface of the solar cell. Other major losses include
electrical resistance losses in the PV material and the electrical
interconnects, as well as losses due to shadowing of bus bars and
ﬁngers, which all together account for about 15% of the loss. As a
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result, only about 25% of the incident light energy can be converted
into electrical energy.
Although thin ﬁlm PV materials have theoretical conversion
coefﬁcients comparable to crystalline silicon, thin ﬁlm solar cells
tend to have lower actual conversion efﬁciencies because of the
thinner layer of light absorbing PV material in thin ﬁlm solar cells.
As seen in Fig. 2.8, the energy conversion efﬁciencies of commercial
thin ﬁlm solar modules range from 10% to 13% while those of
commercial crystal silicon solar modules typically range from 17%
to 22% [85].
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a current [85]. Quantum dot cells use a similar approach. The
quantum dots are made of semiconductor materials and can be
grown to any size. The size of the quantum dots determines their
bandgap, which allows the cells to be easily tunable [173]. These
cells are relatively cheap, but their efﬁciency is not yet high enough
to be competitive. However, they have the potential to become
more efﬁcient than silicon cells through better light trapping and
material selection.

3. Manufacturing

Fig. 2.8. Energy conversion efﬁciencies of various solar cell types and their
respective modules [85].

Projected worldwide thin ﬁlm solar cell production through the
year 2013 is seen in Fig. 2.9. Although the amount of thin ﬁlm cells
is growing, there is a downside to the growth of some of the cells.
The materials used in some thin ﬁlm solar cells, such as Gallium,
Indium, and Tellurium, are rare-earth materials and therefore
expensive. If these cells become popular, the prices will rapidly
increase because of the diminishing amounts of these rare
materials. Continuing research on using more common materials
in thin ﬁlm cells and improving their conversion efﬁciencies will
allow these cells to become more efﬁcient and less expensive.

Manufacturing of solar modules requires controlling the
physical effects active in the conversion of light energy into
electric energy with the least possible losses. The key to preventing
these losses is to create cohesive surfaces and interfaces within the
cells. Manufacturing techniques also need to be amenable to mass
production. A 30 GWp production per year worldwide necessitates
the manufacturing of 150–200 square kilometers of PV panels. For
encapsulation, both the front and back sides of the panels must be
manufactured and processed with care because they both
contribute to the efﬁciency of energy conversion [80]. Solar cells
made in labs can achieve 45% efﬁciencies (for multijunction cells),
but mass produced cells have efﬁciencies of only 24% or less [86].
This implies that scale-up plays an important role in transitioning
the efﬁciency gained in the lab to commercial products. After
design and structure are determined, the relevant properties of PV
cells – namely efﬁciency and life expectancy – are inﬂuenced by
the manufacturing process chain. The generic manufacturing
process chain is shown in Fig. 3.1. In c-Si cells, this chain begins
with the wafering and slicing of mono or polycrystalline CZ Si or
UMG Si ingots into wafers. Creation of surfaces and interfaces is a
key ingredient in solar cell manufacturing process chain. Such
process elements naturally introduce defects, e.g. scratches, cracks,
and dislocation pile ups that degrade the surface integrity and
ultimately affect both performance and reliability of the cells.
Accordingly, care must be taken in the solar cell manufacturing
process chain to minimize such defects and their propagation to
larger (from micro- to macro-) scales.

Fig. 3.1. Manufacturing process chain.

Fig. 2.9. Major types of thin ﬁlm PV cells/modules [24].

Other types of photovoltaics include dye-sensitized and
quantum dot solar cells. Dye-sensitized cells utilize semiconductor
crystals over a thin layer of titanium dioxide (TiO2). A lightabsorbing dye is spread over the TiO2, and the excited electrons
from the semiconductor crystals ﬂow through the TiO2, resulting in

The emitter in a solar cell is typically formed by a heavily doped
layer of opposite polarity, n doped in p-type Si and p doped in n-type
Si, separated by an area of neutral polarity. On both sides of the
metallurgical junction (which has neutral polarity) there is the space
charge area, which is characterized by depletion of mobile charge
carriers and only contains ﬁxed charges due to the ionized doping
atoms P+ and B, which exert an electric ﬁeld and counterbalance
the diffusive force on the mobile charge carriers. The cell is
completed by using metallic ﬁngers as contacts on the sun face of the
cell (front) and a metallic surface on the dark face (back) of the cell,
which needs to be attached with lowest possible ohmic resistance
(Fig. 3.2). Back and front contacts need to reduce leakage of trapped
light, since long wavelength light has a long absorption length and
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Fig. 3.2. Principle of a solar cell showing essential interfaces and surfaces. The front
contact is made of metallic ‘‘ﬁngers’’ across the cell [31].

needs multiple reﬂections internally. The number of reﬂections
within the cell increases as the cell gets thinner [31].
The silicon used in the emitter is typically produced by slicing
processes, which tend to have high material loss. The wafering step
signiﬁcantly impacts the surface and subsurface integrity of the
silicon substrate. Recent research is aiming to enhance the surface
integrity while reducing material loss due to wafering. These
developments include lower kerf width, reduced inﬂuenced zone
width, and enhanced surface integrity by optimizing cutting
parameters. The disturbed zone must be removed by etching,
which is done after a cleaning step to remove residues of the
cutting ﬂuid and debris. Average etching processes start with
180 mm (after wire sawing) and are reduced in thickness by
20 mm. The etching process increases the four point bending
strength by removing cracks that create stress concentrations
[51,81,120,164,168,126,129,135,147].
Bare Si surfaces reﬂect more than 30% of the light spectrum with
energies higher than the bandgap of Si [145]. During removal of
any scratches and chip remnants left by the saw, the surface is
etched to create a light trapping surface structure. Etching agents
may be acidic or alkaline. The front 5 mm is etched to generate a
pyramid or inverse pyramid structure by either self-masking for
monocrystalline cells or printed masking as in [160]. The pyramids
reduce the overall reﬂectivity of external light by generating
multiple reﬂections on the pyramidal surfaces and trapping the
light that already entered the cell. This allows longer wavelengths
(1000–2000 nm) to be absorbed by the cell. Structuring can also
generate a porous surface layer through anodic HF etching.
Gaseous techniques like RIE plasma may soon replace wet
technology [38], thus reducing handling efforts. Etching of random
Si nano tips has been reported to reduce reﬂectivity to 1%
reﬂectance losses for a wavelength regime between 200 and
2500 nm [86]. Besides geometrical enhancement of reﬂection
properties, physical–chemical reduction of reﬂection (antireﬂection) on the surface is necessary (see Section 4.1).
The next step after texturing is the formation of the most
important functional layer, the emitter, of which the principle is
shown in Fig. 3.3. There are a number of very different possibilities
of emitter formations available in industry. The most commonly
applied formation involves the diffusion of dopant atoms into the
front surface. Diffusion of phosphorus into the surface of p-type Si
at 800–900 8C is the dominant industrial doping process. If the
concentration of the dopant becomes so high that the chemical Pconcentration is higher than the electrically active concentration,
the minority charge carrier lifetimes will be greatly reduced. This
may lead to dead layers that can severely deteriorate cell
performance. Dead layers are removed by etching or avoided by
reducing the dopant source strength or by diffusion through a
barrier layer. As high concentrations of P distort the Si-lattice, the
emitter may act as a sink for impurities. This gettering effect may
enhance the cell performance if the emitter recombination is
mainly governed by Auger recombination [70].

Fig. 3.3. Principle of the emitter.

At diffusion temperatures all simple P-donors are gaseous,
which is the reason why phosphosilicate glass (PSG) is used as a
precursor for dopant inﬁltration. It is formed by a chemical vapor
deposition and surface reaction process, where part of the silicon is
consumed in the oxygen and phosphorous rich atmosphere. In Pdiffusion, the diffusivity changes with concentration at different
transition points, which gives a distribution proﬁle that is nonGaussian and provokes dead layer formation [70]. Multi plateau
time temperature curves are used in [52] to manipulate the Pproﬁle. However, liquid based phosphorus sources like sol–gel or
diluted phosphoric acid may be spun onto the surface. PSG is
formed by baking after coating. Typically the doping is performed
through a batch process in a quartz tube furnace to avoid metallic
contamination, but research is directed toward inline emitter
junction formation as shown in Fig. 3.4. P doping allows very
heavily doped surfaces to be exploited because lower resistivity
contacting of metallic ﬁngers is possible. This is the basis for
selective emitter formation, where stronger doping is applied
underneath the ﬁngers but not on the front surface to avoid
increased recombination losses.

Fig. 3.4. Inline phosphorous emitter junction formation with sprayed phosphorus
deposition and diffusion in a belt furnace [38].

Diffusion of boron into n-type Si is performed in a similar
manner to phosphorus doping. The diffusion temperature is 100 8C
higher than P-diffusion. No inactive B-atoms are present, so no
dead layer exists. Gettering is also much weaker than with P, so a
higher quality material with less contamination in the diffusion
process is required. PSG and BSG must be removed by a cleaning
step involving HF or KCN-Clean [132].
Other methods of creating a p-n junction in Si include ion
implantation, epitaxial growth, layer inversion, and PECVD coating.
Ion implantation is performed by accelerating a kV ion beam of the
dopant onto the substrate surface, which generates a delta proﬁle
with very high ion concentration at the surface. Co-diffusion can be
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used with ion implantation to uniformly distribute the implanted
dopant and avoid dead layers, which indicate a total separation of
the deposition and drive-in process. Advantages of ion implantation
include excellent controllability and repeatability along with the
possibility of creating selective emitters by directing the ion beam. A
main disadvantage is the necessity to anneal surface defects due to
implantation, which can be made within a co-diffusion oxidation
process. Because of high temperature annealing and the absence of
gettering, implantation is not used with multicrystalline material.
Epitaxial growth of the emitter onto the surface of the Si
substrate has an advantage of very fast growth in high temperature
CVD. The dopant gas is directly added to the Si precursor. Normally,
epitaxially grown emitters are used for epitaxially grown thin ﬁlm
base material. The epitaxial growth also allows for a sequence
change, as shown by [171], one of the ﬁrst groups to grow an
epitaxial emitter, texture the surface, and grow a highly doped
epitaxial top layer.
The upcoming heterojunction technology is based on PECVD
deposition of an amorphous p-type silicon layer on a typically ntype monocrystalline Si substrate. Utilization of an intrinsic
(undoped) amorphous Si layer has been introduced by [66] with
enhanced passivation as well as open circuit voltage and cell
efﬁciency. HIT cells (Fig. 3.5) combine heterojunction and intrinsic
layers together into one cell. HIT cells are completed by a PECVD
grown intrinsic layer and amorphous n-type layer on the back side,
which serves as a back surface ﬁeld (BSF) to reduce surface
recombination velocity [154]. Transparent conductive oxide layers
(TCO), also PECVD deposited, cover the front and back side to
enhance conductance to the electrode grid. The TCO layers have
excellent antireﬂection properties (see Section 4.1). Heterojunction technology advantageously requires only low temperature
processes, as no more than 300 8C is required throughout the
whole process. They also have low temperature coefﬁcients of
voltage, which perform well at high ambient temperatures. Bifacial
cell design is possible, which reduces stress on the wafer and
allows for bifacial modules. Disadvantages introduced through
temperature processing involve very careful surface preparation
and low temperature contacting, which today requires higher
silver content [146]. Current research is investigating copper
substitutes for silver in contact printing pastes.

Fig. 3.5. HIT cell with TCO and BSF [154].

As indicated before and as already discussed for HIT cells,
antireﬂection coatings are essential for efﬁcient solar cells.
Monolayer and double layer antireﬂection coatings on the basis
of quarter wavelength coatings to reduce reﬂectivity only work in a
limited bandwidth region. The task of the top layer is to increase
conductivity to ﬁngers, reduce reﬂectivity, and reduce surface
recombination by contact formation. These requirements create a
tradeoff between the different material properties.
Fig. 3.6 shows the results of a PC1D simulation, which is used to
simulate new device performance. The effectiveness of different
antireﬂection coatings on SiN, SiO2, SiN/SiO2, and SiN/MgF is
demonstrated in the ﬁgure. The superiority of double layer
coatings in comparison to single layer coatings can easily be seen.
Adjustment of the optimal thickness of both layers can be used to
achieve broad band absorption. SiNx has the lowest reﬂectivity, but
only within a small bandwidth. SiO2 can be easily manufactured by
ﬁring in an oxidizing atmosphere, but it needs a high temperature
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Fig. 3.6. Simulated relative reﬂectance for antireﬂection coatings.

as it is a source of additional defects. Passivation of PECVD
deposition of amorphous Si and SiO2 has been successful for rear
side passivation. The double layer antireﬂection coating SiO2/
SiNx is manufactured by ﬁrst oxidizing the Si surface, then using a
PECVD coating of SiNx. The quality of SiNx is better if deposited by
high frequency PECVD. The ﬁnal coating with SiNx introduces
problems for the contacting step, as it hinders etching for the
local contacts. SiNx contains hydrogen from the precursor gas.
The hydrogen can be released during ﬁring and diffuse into the
bulk, thus passivating recombination sites in the bulk. Future
research involves seeking AR coatings with less than 1%
reﬂectivity. Today, screen printed contacts cannot be ﬁred
through those AR coatings.
The ﬁnal interface to be manufactured is the contact. In most
cases, the contact is manufactured by screen printing pastes that
are ﬁred to create a metallization layer. The pastes contain organic
compounds and a glass frit (small shattered glass particles) system
that enables contacting on the Si, which allows the printed line
created after ﬁring to be porous and limits conductivity. Challenges
include low contact resistivity, achieving a high aspect ratio to
reduce the shaded region, and creating high electrode conductivity. Choosing a material presents another challenge, as the paste
ﬁring in low temperature processes requires a high silver content,
which is rare and expensive [36].
A two-step process from [36] applies a seed layer through ﬁne
line printing. In a second step, this printed line is reinforced by
electroplating of highly conductive and dense metal to achieve the
desired conductivity in the contact. The seed’s main tasks are to
allow low contact resistance and to form a very thin contact while
conducting electricity for the plating process. The utilization of
plated copper is possible if nickel, a diffusion inhibitor, is used as a
seed.
Fine line printing by contact formation was originally made by
structured photolithography, which, on an industrial scale, is
expensive and error prone. On the industrial scale, ﬁne lines are
realized by ﬁne line screen printing or thick ﬁlm stencil printing,
followed by a ﬁring process. Besides printing, electroless nickel
plating and high-rate inline evaporation processes of different
metals may be used for manufacturing contacts, but both require
an additional step for structuring, which is done by laser ablation
or ink jet masking [8].
For electroplating of the second step, which is the actual
electrode, the deposition rate is of major importance. Deposition
rates that are too high create dendrite growth and porous material
(Fig. 3.7), which limits the production speed. Shown in Fig. 3.8 is a
cell architecture, where the contact with high aspect ratio is buried
within a groove made by laser ablation after SiO2 passivation. In
the grooves, deep diffusion is utilized to generate a selective
emitter, where SiO2 is used as a mask.
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[16,18,79]. Roll-to-roll fabrication is geared toward cells that are
fabricated on ﬂexible substrates because they can easily be pulled
around rollers and moved with a lower chance of breaking.
Microcrystalline and amorphous silicon are both materials used in
roll-to-roll cells because they are very thin, making the cost lower,
they are much more ﬂexible than crystalline silicon wafers, and
they still contain the beneﬁts of using silicon, such as high
absorption [16]. Also, roll-to-roll techniques that do not use any
rare materials exist, such as the one presented in [144].
It is not possible for grown cells to be exactly identical to each
other. However, this is possible for roll-to-roll fabrication
techniques, since the process induced errors are minimized via
computer control. Thus, cells created through roll-to-roll operations are almost always identical. This allows for easier reliability
testing, as the test results on a few cells will almost certainly be
replicated for all the cells.

4. Efﬁciency drivers: minimizing defects and associated
recombination losses
The ﬁrst step toward making solar cells more viable energy
producers is by improving the knowledge and technology associated
with increasing efﬁciency while keeping costs down, thus mastering
the manufacturing of surfaces on the basis of understanding the
physics. This efﬁciency section gives an overview of the previous and
current antireﬂection methods used to improve efﬁciency in solar
cells, and then describes three new technologies–plasmonics,
negative index metamaterials, and multijunctions – that can be
very helpful in pursuing more efﬁcient and cost effective cells.
4.1. Antireﬂection

Fig. 3.7. Electrical contacts after different 2-step metallization and growth rates for
electroplating [36].

Fig. 3.8. LGBC cell with contacts buried in laser groove [8].

A manufacturing technology that is gaining signiﬁcant attention is roll-to-roll processing. This process involves a long ﬂexible
substrate that moves over rollers and into machines that etch,
print, dispense solvent, compress, and do many other functions
depending on the type of solar cell and how it is being made. One
example of this is the ESSENCIAL process, which allows evaporation of solvent through surface encapsulation and induced
alignment. The process involves a solvent dispensed on the
substrate, the active layer pressed onto the solvent, a thermal
baking time, and then electrode deposition. This process created a
polymer cell with 3.5% power conversion efﬁciency [108].
Roll-to-roll manufacturing allows cells to be fabricated with a
very high throughput and a small number of workers. It can also
very easily be customized to the type of cell that is needed

The purpose of antireﬂection techniques is to trap more light
than the cell originally would so that more electricity can be
generated. The surface of the solar cell generally reﬂects some of
the light that hits it, eliminating some electricity that could be
produced. Etching or changing the material of the surface can allow
more light to be trapped in the cell. Most of these light trapping
methods are used for crystalline silicon cells, but there is ongoing
research on antireﬂection technology in thin ﬁlm cells.
4.1.1. Transparent conductive oxide coatings (TCO’s)
Next to the photon-absorbing material that creates voltage
based on the photoelectric effect, transparent conducting coatings
(TCO’s) play an important role in certain kinds of solar cells. For this
reason they are separately discussed in this section. Dominant
markets for TCO’s are in architectural applications and ﬂat-panel
displays [104]. Next to these, TCO’s are essential for PV
applications, as they can simultaneously act as antireﬂection
coatings or as conductive electrodes that cover a solar cell.
The application of transparent conducting coatings in solar cells
is dominated by just a few materials–doped tin oxide, indium
oxide, and zinc oxide. These are wide bandgap, insulating
materials–and therefore transparent for visible light – that become
conductive by natural impurities, and especially by doping that
gives them conductive properties. Most commonly known is tindoped indium oxide (ITO), which can be conveniently produced at
moderate temperatures. Next to this, ﬂuorine-doped tin oxide and
Al-doped ZnO are most common. Furthermore, CdO, Cd2SnO4,
MgIn2O4, CdSb2O6:Y and GaInO3 are examples of materials under
investigation that exhibit these properties as stated by [48].
In order to illustrate some basic concepts of the transparent and
conductive properties of these materials, a model that is roughly
valid for the three major coating types mentioned is given. Their
complex electric permittivity e(l) as a function of the wavelength l
can be approximated according to [52,70] as:

eðlÞ ¼ ðnðlÞ  ikðlÞÞ2 ¼ e1 

pﬃﬃﬃﬃﬃﬃ
ilag e1
il

e0 rðlÞ2pc0
2p

(1)
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Here, n and k are real and complex parts of the refractive index,
respectively, e1 is the limit of the electric permittivity, ag is the
bandgap absorption coefﬁcient, c0 is the speed of light, and r(l) is
the complex conductivity. Eq. (1) gives the relevant terms for the
visible/NIR optical region and the conductivity. Their relevance can
be summarized as follows:
 e1: This is the valence electron contribution that determines the
refractive index in the visible region. It is a material constant
dependent on the crystal structure, and slightly dependent on a
somewhat smaller density when prepared as a coating. Its typical
value is 4 for TCO’s, giving a refractive index of about 2.
 ag: This is the bandgap absorption coefﬁcient that accounts for
the photon’s absorption near the bandgap energy of 4 eV,
corresponding to l = 320 nm. When the material is doped, this
bandgap may shift to 4.5 eV (l = 285 nm) due to the BursteinMoss shift [109]. As there is hardly any energy in the solar
spectrum in this region, this term will not be discussed further.
 r(l): This is the complex conductivity that makes the coating
conductive from an electronic point of view and causes a
transition from transparent to reﬂective near the plasma
wavelength lp to which it is related according to the Drudetheory [103] as following:

rðlÞ ¼

ð2pc0 Þ2 g þ ið1=2pc0 lÞ
e0 2 1 l p

(2)
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doping concentration that keeps the plasma frequency outside the
solar spectrum.
Once the process parameters are optimized for giving the
proper doping concentration and desired ﬁlm thickness, and the
mobility approaches its theoretical maximum, the optimal TCO has
been reached; as is the case for coatings available from commercial
manufacturers. Further optimization for solar cells is only possible
by either modifying the upper layer to increase its antireﬂecting
properties, especially for non-normal irradiance [53] (see the next
section), or combining these TCO coatings with other coatings.
Alternative TCO materials are currently being investigated with
higher maximum electron mobility being the most desired
property. Improvements are still necessary, as the future cost
and availability of indium is unknown.
4.1.2. Antireﬂective materials and surface texturing
Black silicon is a state of the art antireﬂection technology
currently being used to reduce light reﬂection in solar cells. This
process uses a coating that is catalyzed on the cell to create a small
layer of gradually changing index of refraction (Fig. 4.1.1).
According to [45], reﬂection can be strongly suppressed if the
nanostructure is comprised of structures smaller than the
wavelength of incident light and the Si density is graded across
a thickness more than half the wavelength of light. This technology
helps to increase light absorption. This is because very small
changes in refractive indices keep light moving further into the cell
instead of being reﬂected away [9].

The real part of r(l) for l = 21 is the DC-resistivity that can also
be deﬁned as r = (n_  e  m), with n_ being the electron density,
e the elementary charge and m the electrical mobility. g is a
relaxation frequency that is related to the mobility m by:

g¼

e
meff m

(3)

Here e is the elementary charge, and meff is the effective
electron mass, in the 0.2–0.3 me range where me is the electron
mass, for TCO materials [48,103]. For controlling conductive and
transparent properties, the doping concentration determines the
free electron density, and the other process dependent parameter,
the mobility m, is determined by various scattering mechanisms
and a proper crystal structure of the coating.
For having optimum conductive properties, both the doping
concentration and mobility should be as high as possible. However,
if doping is increased, the plasma frequency may become close to
the visible spectrum, and the coating might absorb solar radiation
instead of transmitting it into silicon. Once the doping concentration is ﬁxed, the mobility would ideally be as high as possible. It has
been shown by [110] that in optimum conditions, ionized impurity
scattering is the mechanism that limits conductivity with a
temperature dependent scattering by acoustic phonons as another
important factor. Incomplete crystallization and grain boundaries
may further reduce the mobility, especially at low electron
densities where mobility is more sensitive to grain boundaries
due to a lower Fermi-energy [25]. Further, the layer conductance is
proportional to coating thickness, so the coating should be as thick
as possible for the electrical properties.
To obtain optimum antireﬂective properties at normal irradiance, the coating should have a refractive index of HnSi  2.02,
with the silicon refractive index nSi approximately equal to 4.09,
and a thickness t of a quarter wavelength at the solar maximum at
l = 550 nm; making t = 80 nm. The refractive index of TCO’s, about
1.9 at l = 550 nm, is close to the ideal value for silicon. In practice, a
thickness t = 80 nm is often too thin to obtain reasonable
conductivity, and used coatings are in the range of 300–
1000 nm. However, coatings in this thickness range have been
prepared [121] and, in these cases, the TCO still forms a reasonable
antireﬂective coating with a refractive index of approximately 2
[32]. For minimum solar absorbance in the coating it remains
important to have a maximum electron mobility combined with a

Fig. 4.1.1. Cross-sectional SEM images of multi-scaled black silicon etching, with
the white bar representing 500 nm. This etch was achieved by [9] after 1.5 min.

A process used extensively today is pyramidal texturing, which
etches away material on top of the solar cell to create very small
pyramids. When a photon hits these pyramids, it is either absorbed or
reﬂected to another pyramid, creating another possibility for the
photon to be absorbed. This process effectively doubles the chance
that a photon can be absorbed. [57] uses TMAH, or tetramethyl
ammonium hydroxide, to create reliable pyramidal structures on
various silicon surfaces. This technique of creating pyramidal
texturing achieved 13% reﬂectance without the use of any
antireﬂective coatings such as black silicon. Combining technologies
creates reﬂectance of 2–3%. [93] utilize low density SiO2 deposited on
silicon through plasma enhanced chemical vapor deposition (PECVD).
The SiO2 acts as a mask that solutions such as TMAH or KOH etch
around and create inverted pyramids on the silicon, allowing
incoming light to achieve 3–4 reﬂections. This method achieved
14% reﬂectance, similar to that of the TMAH chemical etching.
Combining black silicon and pyramidal texturing enhances
absorption of the solar cell even more. In 2011, [46] found that
combining black silicon with pyramidal texturing greatly decreased
the amount of blue light recombination as well as creating even better
antireﬂection. The combination allows light that is not absorbed with
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black silicon to be reﬂected by pyramids, or vice versa. This cell
achieved 17.1% efﬁciency using 100 nm compared to 250 nm thick
silicon wafers. Two weaknesses of this process are passivation and
the difﬁculty with large scale application to solar cells.
Other antireﬂection techniques being researched include motheye texturing and spiral light trapping. Moth-eye texturing, as
shown in Fig. 4.1.2, uses the idea of very narrow pillars seen in moth
eyes, which may be arranged to have a similar gradually changing
refractive index effect on light as black silicon. Moth-eye texturing
can greatly reduce reﬂection, and new techniques for etching a
surface could create a cheap method of production. However, it is
currently a costly process, pillars with high aspect ratios are difﬁcult
to create, and, according to [29], aligning pillars to ﬁt on thin ﬁlm
substrates is a difﬁcult process. The second process – known as spiral
or chiral etching – creates a fractal pattern that polarizes light and
couples it to the cell. This method is currently experimental, but may
become practical as cheaper nanoimprinting techniques that are
viable for thin ﬁlms are discovered.

themselves suppressed reﬂection to 1%, but adding the SiO2 layer
did not improve performance. Abrasion resistance of the SiO2 layer
was not changed in the bump structures, but it was improved in
the sponge-like nanostructures [91]. This is a cheap method of
improving antireﬂection in polymer cells, but more research must
be done to discover more polymer cell antireﬂection methods.
A method that has contributed to efﬁciency improvement of a thin
ﬁlm a-Si solar cell is using a large grain size SnO2 ﬁlm instead of the
early ITO ﬁlm. The SnO2 ﬁlm has a rough surface texture, which is
effective in trapping light in the solar cell. Fig. 4.1.4 shows a schematic
of light trapping by the SnO2 ﬁlm. Fig. 4.1.5(a) shows an SEM image
of the SnO2 surface deposited on a glass plate by CVD. Fig. 4.1.5(b)
shows a transmission electron microscopy (TEM) image of the
interface of the SnO2 layer and the a-Si layer fabricated on the SnO2
layer by capacitively-coupled RF glow discharge decomposition.

Fig. 4.1.4. A schematic of light trapping by the SnO2 ﬁlm [117].

Fig. 4.1.2. (a) SEM image of an example of moth-eye texturing, with the white bar 1
micrometer. (b) Example of a silicon moth-eye array, with both d and h equaling
200 nm [29].

A different approach to antireﬂection involves growing thin
SiO2 on triacetate polymers over bump- and sponge- like
nanostructures. The SiO2 theoretically boosts performance while
providing a protective layer to the nanostructures. The performance of bump-like nanostructures was less than ideal, but the
deposited SiO2 ﬁlm decreased reﬂectance as its thickness
increased, seen in Fig. 4.1.3. The sponge-like nanostructures by

Fig. 4.1.3. The average reﬂection of bump like nanostructures for cells without any
antireﬂection method, cells with bump structures, and cells with the bump
structure and various SiO2 thicknesses. SEM images are also given [91].

Fig. 4.1.5. Images of the SnO2 surface and a-Si/SnO2 interface [111].
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Polygonal-shaped textures formed on the base shapes of the SnO2
grain can be observed at the interface between the two layers,
changing the directions of the light rays [111,117].
There are multiple techniques toward achieving very good
antireﬂection, as described above and in [63], but many also have
signiﬁcant weaknesses such as material waste, high cost, or
complexity. These antireﬂection techniques are geared toward
assisting light trapping in crystalline silicon solar cells. Technologies with the potential to reduce reﬂectivity are currently an active
area of research and one of the most important approaches for
improving efﬁciency.
4.2. Plasmonics
Thin ﬁlm solar cells are capable of being the dominant solar cell in
the future because they do not consume high quantities of silicon
and will continue to get cheaper. Plasmonics presents a solution to
one of the major problems with thin ﬁlms – light trapping.
Plasmonics are the collective oscillation of free electrons between a
metal and a dielectric which create a resonant frequency.
A plasmon can be caused by the interaction of a metallic surface
(non-localized) or metallic nanoparticles (localized) with light as
shown in Fig. 4.2.1. This can also be described as the interaction of
charges (conduction electrons) with electromagnetic waves [12].
This oscillation, or ‘‘wave’’, that is created has a wavelength, and
when the wavelength of incoming light converges to the
wavelength of the plasmon, more photons are absorbed. Plasmons
act as miniature dipoles that have free charge carriers; as the
radiation is scattered, the carriers pick up charge and carry it to
modes in the semiconductor beneath the nanoparticles. Fig. 4.2.2
shows this ‘‘wave’’ as the oscillation of nanoparticles due to charge
interaction. The surface plasmon wave depends on the size, shape,
and dielectric properties of the medium. The ideal plasmon
waveguide does not have nodes in the semiconductor. The
semiconductor must then be very thin, making thin ﬁlm solar
cells an ideal application for plasmonics [6,27,170]. Also, a thinner
cell creates a greater voltage and less recombination, which also
bodes well for thin ﬁlms.

Fig. 4.2.2. Depiction of the physics behind a surface plasmon wave for propagating
(a) and localized (b) waves. Solar cell research involve localized surface plasmons,
which use nanoparticles much smaller than the incident wavelength of light [170].

Fig. 4.2.3. Example of the ﬁrst method of incorporating nanoparticles onto thin ﬁlm
solar cells. ITO = Indium Tin Oxide [6].

permittivity, which is a better insulator and absorber. In solar cells,
the higher permittivity dielectric must be the semiconductor.
Some beneﬁts of using this ﬁrst method include:
 Scattering light at the surface of the cell allows the cell to have a
higher optical path length, allowing more time for light to be
absorbed.
 Repeated scattering by the nanoparticles allows light to make
several passes through the absorbing (active) layer.
 The need for antireﬂection methods is eliminated, as nanoparticles greatly reduce electron hole recombination [6,98].

Fig. 4.2.1. Analogy of a plasmon. Inherently positive metallic nanoparticles interact
with electron clouds, creating an oscillation that produces an electromagnetic wave
[12].

Three methods are possible for incorporating plasmonic
nanoparticles into solar cells. The ﬁrst involves placing the
nanoparticles on the surface of the cell (Fig. 4.2.3). These
nanoparticles must be relatively larger, because they act as subwavelength scattering elements. The light scatters normally
around the nanoparticles, and when the nanoparticles are close
to dielectric media, they scatter toward the dielectric with higher

The second method of incorporating nanoparticles in solar cells
involves placing them in the active semiconductor. Smaller
nanoparticles are used in this case because of their very strong
electric ﬁelds that attract electrons. This property constitutes that
the semiconductor must have a bandgap corresponding to the
wavelength of light the nanoparticles attract. This method allows
solar cells to be very thin, as the nanoparticles must directly
interact with light. However, these cells have lower efﬁciencies
because of the small bandgap being used, and the semiconductor
cannot absorb all of the excited electrons.
The third and ﬁnal method involves placing nanoparticles on the
metallic back contact of the solar cell and is shown in Fig. 4.2.4. This
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Fig. 4.2.4. Ag nanoparticles are formed on the ZnO:Al/Ag back contact within a
microcrystalline silicon (mc-Si:H) solar cell (a) Cross section of the entire cell. (b)
SEM image of nanoparticles on a back contact in relation to the location of the
substrate [43].

arrangement creates surface plasmons on the back of the cell that,
when excited, become polaritons, or plasmon waves. These waves
travel parallel to the back contact until they dissipate or are absorbed
by the semiconductor. Because the waves run parallel to the back
contact, there is a greater opportunity for the photons to be
absorbed. Also, the metallic back contact can reﬂect dissipating
photons back into the cell for a chance to be re-absorbed. Typically in
this structure, green and blue light is already absorbed by the
semiconductor, but red light is not. Therefore, plasmonic rear
contacts focus on red light so as to achieve better absorption at those
wavelengths. This arrangement does not create any shadowing
effects, which may occur in the former two methods [27,43,84].
For photovoltaics, the metals best suited for nanoparticles are
noble gas compounds because they resonate in the infrared and
visible frequencies. The size of these particles determines the
scattering and absorption seen in the cell. A smaller particle (<60 nm)
will absorb more, but a particle that is too small will act as a point
defect in the silicon. A large particle (>300 nm) will create multiple
oscillations across the nanoparticle, thus reducing scattering and
absorption [43]. Also, particle size determines what wavelength of
light will be absorbed, as depicted in Fig. 4.2.5. Increasing

nanoparticle size changes the absorbed wavelength of light from
blue (700 nm) to red (400 nm).
Two problems with nanoparticles involve their fabrication and
implementation in solar cells. One method of creating nanoparticles is by using laser ablation. This process utilizes extremely
short laser bursts of the order of pico- or femtoseconds to shape the
nanoparticles out of sheets of metal [34]. This technique provides
the possibility of generating various sizes of defect-free nanoparticles [149]. A method of implanting the nanoparticles involves a 3D ultra-low energy ion implantation (ULE-II). In the ULE-II process,
thin silicon nitride membranes are fabricated onto silicon wafers
by a soft lithography method. This ‘‘mask’’ controls where the
nanoparticles are placed in the wafer. The amount of charge
applied to the ions dictates the depth where ions will be implanted,
and the mask controls whether they are implanted or placed on the
surface of the cell [37].
Another important property of plasmonics is that they have a
very strong electromagnetic near ﬁeld. This capability allows a
plasmon to individually excite an electron so that it releases a
photon. However, the near ﬁeld only reaches a distance of a few
tens of nanometers, so the solar cell must be compact, similar to
the second method of incorporating plasmonics discussed earlier.
However, this property is not fully understood and requires testing
to determine its capabilities. Overall, plasmonics is an effective
method for improving the surfaces and interfaces of a cell to create
a more efﬁcient solar cell.
4.3. Negative-index metamaterials
The negative index metamaterial (NIM) is an artiﬁcial material
that demonstrates properties not seen in nature. It refracts light on
the same side of the normal to the surface (Fig. 4.3.1). When
applied to solar cells, more light could be absorbed rather than
reﬂected by the solar cell. Other properties unique to NIMs include
backwards Cerenkov radiation (the electromagnetic radiation
produced when an electron passes through a dielectric medium
faster than the phase velocity of light), a reversed Doppler shift,
and sub-wavelength diffraction [61]. Accordingly, Snell’s Law
predicts that light rays will be refracted on the same side of the
normal for this class of materials. NIMs can be used on the surfaces
of solar cells to improve light absorption and direct light toward
the center of the cell. This section will discuss various NIM
structures and their possible uses.

Fig. 4.3.1. Difference between positive and negative refractive index [1].

Fig. 4.2.5. Schematic showing which size of nanoparticles absorbs certain
wavelengths of light. Smaller nanoparticles couple light with higher energy
(blue) and thus, a higher bandgap, while larger nanoparticles couple red light (lower
energy and bandgap) [105].

The NIM device proposed in [39] is an improvement to the
‘‘ﬁshnet’’ structure, which, as seen in Fig. 4.3.2, is a mixture of a
cross and a circle that works for arbitrary linear polarizations. The
‘‘ﬁshnet’’ can be seen to the far left of the picture as many of the
cross-circles in an array. The current density is very high on the
structure, creating a high magnetic resonance. This structure
achieves a large NIM bandwidth of 2.9 GHz with a negative
refractive index around 1. The structure was fabricated using a
simple etching technique, and it created 20  20 unit cells with
total dimensions of 10 cm  10 cm. There are other experiments
that vary the ﬁshnet structure to achieve better absorption on the
edges of the visible or infrared spectrum or to achieve stronger
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Other experiments [26,30] use an NIM structure to absorb
visible rather than microwave and infrared light. A hexagonal array
of subwavelength coaxial waveguide structures is used to create
the NIM of Fig. 4.3.4. Out of the two waveguide modes, one creates
a positive refractive index while the other creates an index from 9
to 1 over 1.5 to 3.0 eV. This structure creates an NIM insensitive to
incidence angles (50 to 50 degrees) and polarization, and may
also be used with visible frequencies. NIM structures are extremely
sensitive to geometry, as a small change will cause the refractive
index to become positive. However, with appropriate protective
layers, these structures can help thin ﬁlm cells achieve more
efﬁcient light trapping and higher efﬁciencies.
Fig. 4.3.2. A proposed negative index metamaterial that is a ﬁshnet structure. The
dimensions are t = 790 mm, s = 17.5 mm, w = 1.5 mm, R = 2 mm, a (period) = 5 mm
[39].

negative indexes [59,62,128]. This speciﬁc ﬁshnet structure on a
solar cell could potentially improve absorption of infrared and part
of the visible light spectrum.
A possible NIM structure constructed by [122] creates a dualband negative refractive index. This is achieved by magnetic
resonances of two frequencies introduced via a metallic ring and an
embodied round plate (Fig. 4.3.3). If the dimensions of the
metamaterial are in a precise range, both an electric and a
magnetic ﬁeld are created. The top of the structure achieves a
bandwidth of 11.1 GHz while the bottom is at 14.6 GHz. The cell is
very sensitive to geometry, as the refractive index becomes
positive if the dimensions are slightly mismatched.

4.4. Multijunctions
A major problem of the single junction a-Si:H solar cell is light
induced degradation of material properties when the cell is
exposed to illumination due to the Staebler-Wronski effect [94].
This causes a decrease of energy conversion efﬁciency for the solar
cell during the initial stage of operation. The solar cell then
stabilizes at a lower efﬁciency after the initial degradation period
of one to three months. The stabilized efﬁciency typically ranges
from 70% to 90% of initial efﬁciency. The stabilized efﬁciency of a
commercial single junction a-Si:H solar cell is typically 6–7%.
A possible solution to the problem of light induced degradation
is to use a thinner intrinsic layer for generating a higher internal
electric ﬁeld and lower sensitivity to distortions, which cause
degradation of material properties. On the other hand, the thinner
intrinsic layer will cause a reduction of light absorption in the solar
cell, resulting in a decrease in the amount of absorbed energy.
Although the decreased efﬁciency can be compensated to some
extent by the multiple p-i-n structures composed of several
amorphous silicon layers shown in Fig. 4.4.0, a better solution is to
employ the heterodyne junction, in which two different PV
materials are used to form the p-i or i-n junction [112].

Fig. 4.4.0. A multi-layered a-Si solar cell [112].

Fig. 4.3.3. The current densities, strengths, and directions in the metallic ring and
embodied plate negative index structure [122].

Fig. 4.3.4. A single layer NIM slab that consists of a close-packed hexagonal array of
Ag/GaP/Ag coaxial waveguides. r2 = 75 nm, r1 = 70 nm, and p = 165 nm [26].

An early attempt at making a heterodyne cell was to use a-SiC:H
as the window layer instead of a-Si:H, as shown in Fig. 4.4.1. aSiC:H has the advantages of good light transmittance and high
built-in potential, which is suited for the window layer [113]. A
more effective technology combines a-Si:H with microcrystalline
Si (mc-Si) in the heterodyne junction. mc-Si is a form of porous
silicon with an amorphous phase that is similar to amorphous
silicon. mc-Si differs from a-Si by small grains of crystalline silicon
within the amorphous phase. Compared with a-Si, mc-Si has higher
electron mobility due to the presence of silicon crystallites. mc-Si
also has a higher absorption coefﬁcient than single-crystal Si due to

Fig. 4.4.1. a-SiC:H/a-Si:H heterodyne junction solar cell [113,143].
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the presence of amorphous components. More important, it has a
high absorption coefﬁcient in the red and infrared wavelengths,
which can compensate the low absorption coefﬁcient of a-Si in this
wavelength range, as shown in Fig. 4.4.2. Fig. 4.4.3 shows a
schematic of a heterodyne junction composed of a-Si and mc-Si,
where mc-Si acts as the light absorbing material. It should be noted
that a relatively thick layer of mc-Si, on the order of 1.5–2 mm is
necessary for absorbing a sufﬁcient amount of photons. A solar cell
with a single heterodyne junction of a-Si/mc-Si can reach a
conversion efﬁciency of 9–10%.

Fig. 4.4.4. A tandem a-Si/mc-Si solar cell [143].

Fig. 4.4.2. Bandwidths of a-Si and mc-Si [136].

Fig. 4.4.5. Schematic of the interlayer [136].

Fig. 4.4.3. A heterodyne junction composed of a-Si and mc-Si [136].

Higher energy conversion efﬁciencies can be reached by
combining the multi-layer structure shown in Fig. 4.4.0 with the
heterodyne junction shown in Fig. 4.4.3, which is called the multijunction or tandem structure. Fig. 4.4.4 shows a schematic of an aSi/mc-Si tandem structure [136]. In addition to the a-Si/mc-Si
heterodyne junction, a TCO intermediate layer can be placed
between the top and bottom cells for trapping light in the structure
as illustrated in Fig. 4.4.5. A conversion efﬁciency of higher than
28.9% has been reported with this type of solar cell.
Single bandgap solar cells have two power-loss mechanisms
in that they cannot absorb photons with energy below the
semiconductor’s bandgap, and photons with energy above the
bandgap of the cell turns into heat. Almost half the incident light
energy is lost because of this. Most solar cells are in the category of
single bandgap cells, and they overcome this problem by using low
bandgap semiconductors and various antireﬂection methods.
However, exploiting more than one energy level (bandgap) avoids
the Shockley-Quessier limit of 33.7% efﬁciency [65]. The theoretical limit using multijunction cells, which consist of cells stacked on
top of one another, is 67% without concentrated light, or 86.8%
using concentrated light.

In spite of the technologies shown, the best achievable efﬁciency
of commercial a-Si thin ﬁlm solar cells was less than 10% (until
recent improvements), which is too low for residential solar power
systems. The main approach to further improve conversion
efﬁciency is the development of a triple junction tandem a-Si thin
ﬁlm solar cell. a-Si, mc-Si, and mc-Si/Ge are typical material
combinations in triple junction structures. Fig. 4.4.6 shows the
collection efﬁciency (ratio of electron carriers received to total
available carriers) of a laboratory triple junction tandem solar cell,

Fig. 4.4.6. Quantum (collection) efﬁciency (QE) spectrum of a triplejunction tandem
solar cell [143].
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which achieved a 16% energy conversion efﬁciency [106,143]. Such a
multijunction cell works by using cells layered on top of each other
to capture the maximum possible light. The top sub-cell captures
blue light, and the next sub-cell captures a slightly lower energy light
that passes through the ﬁrst sub-cell because its energy is lower than
the top sub-cell bandgap. This process could go on for many more
cells, although as more sub-cells are added to a multijunction, each
increase in efﬁciency provided by the new sub-cell will be less than
the efﬁciency bump gained by the previous sub-cell. Thus, an
economic limit exists for the number of sub-cells that have optimal
efﬁciency compared to cost.
One method of creating a multijunction cell is explained by [114].
A 2.0 eV silicon top layer and an intermediate layer were used, which
greatly improved many properties of the cell, such as light trapping
within the multijunction. By further optimizing the bandgap and
thickness combinations used in the cell, Si1xCx:H can be considered
a possible top layer to a dual or triple junction solar cell. Other
experiments, such as [55], have found the intermediate layer can
also be applied to organic tandem cells, which use conductive
organic polymers or molecules for light absorption and charge
transport. Organic cells are receiving attention because they consist
entirely of environmentally friendly materials and they have unique
properties. These unique properties include ﬂexibility, transparency
for use on windows in tall buildings, and they can be made from
solutions coated on glass, allowing easy production.
An example of a triple-junction cell is shown in Fig. 4.4.7. This cell
consists of three sub-cells: 1.87 eV AlGaAs/1.65 eV AlGaAs/1.42 eV
GaAs, and it achieves an efﬁciency of over 30%, which is similar to
that of the most efﬁcient dual-junction cell. The triple-junction also
has 2.25 times less power loss than the highest efﬁciency triplejunction, which allows higher voltages and generates less heat. Light
easily travels from one sub-cell to another without scattering
because of the AlxGa1xAs family of semiconductors. These
semiconductors have bandgaps ranging from 1.87 to 1.42 eV,
antireﬂection coatings can easily be applied, and they can be grown
on GaAs wafers using metal organic vapor phase epitaxy (MOVPE)
without any extra steps. This cell is a viable option to be
commercially made because it is much cheaper than a maximum
efﬁciency cell, it has low losses, and it is fairly simple to make [139].
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Higher junction (4, 5, or 6 layer) cells are currently being
explored to create the highest efﬁciencies possible. The ideal 4junction cell can theoretically reach 59% efﬁciency while 5 and 6
junction cells can reach over 60%. However, due to real world
effects like shadowing and series resistance, the maximum 4junction cell efﬁciency is 47% [23].
Wafer-bonding and layer transfer processes are possible
methods of connecting multijunctions. The method of wafer
bonding is described in Fig. 4.4.8. Wafer bonding requires the two
materials being bonded to be atomically ﬂat. They are then pressed
together and heated, and, because of their planarity, atoms are
allowed to diffuse between the materials, thus bonding them
together [47]. Current easily passes through wafer bonded layers,
which increases efﬁciency and lowers heat-generating current
resistance. The created interfaces are seamless and very difﬁcult to
break, but the process is expensive. Layer transfer processes allow
crystalline ﬁlms to be grown on a typically expensive substrate and
then moved to the multijunction. This allows the expensive
substrate to be used again instead of trying to build the
multijunction on the substrate.

Fig. 4.4.8. The process of wafer bonding [47].

The most applicable area for multijunctions is in concentrator
solar plants, where there are not many clouds and the maximum
absorbance of light is critical. If material and production costs are
lowered, multijunctions can be used in a variety of applications
because of their high efﬁciencies. Commercialization of such highefﬁciency tandem a-Si thin ﬁlm solar cells is expected by
improving material properties, ﬁlm qualities, and high-rate and
low-cost deposition technologies.
4.5. Combinations

Fig. 4.4.7. The various layers of a triple-junction cell [139].

Opportunities are available for creating solar cells that combine
the new technologies described above. An example explained
earlier is combining black silicon with pyramidal texturing. There
is a greater capability of expanding this combination idea with new
technologies presenting themselves as potential enhancers of
efﬁciency. The most feasible combinations typically involve
multijunctions. Plasmonics may be used in tandem cells as light
trapping devices to improve absorption and efﬁciency. Nanoparticles capable of trapping certain wavelengths of light can be
inserted in each sub-cell. The appropriate particle sizes would
assist each sub-cell in absorbing their respective wavelengths of
light [100]. Antireﬂection and negative index metamaterials could
also be used in multijunctions instead of plasmonics to assist with
light trapping.
Consumers generally dismiss solar cells because of the low
efﬁciency combined with high costs. Plasmonics, negative index
metamaterials, and multijunctions are excellent methods to
improve efﬁciencies while avoiding expensive materials typically
used in solar cells. New technologies that can assist the solar
industry will continue to emerge. They will create better cells with
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higher productivity and lower cost. Other issues to be addressed
are high reliability and high life expectancy.
5. Reliability
Reliability and thus longevity are key parameters in determining break-even characteristics of PV modules. As solar panels are
subject to substantial thermal changes and because PV modules as
well as the cells consist of multiple layers and interfaces, reliability
issues need to be traced back to the manufacturing of the surfaces
and interfaces. Cracks already initiated by the wafering process
may lead to catastrophic failure if the subsequent etching step fails
to remove them. All the designed and manufactured interfaces are
also prone to spallation and delamination from thermal cycling
during actual operations. Reliability testing of solar modules
examines the behavior of modules in environmental conditions.
Degradation of system performance cannot be entirely eliminated,
because heat generation at the cell level is a by-product of photonic
energy conversion. This type of degradation occurs mostly in solar
cell interfaces, which leads to decreased performance and a shorter
cell life. For cells to become more reliable, the interfaces must be
more robust against thermal cycling. To create a more reliable
interface, the knowledge of failure modes, gained from rigorous
testing and modeling, is needed. This will enable innovative
solutions to enhance cell life and prevent catastrophic failure.
5.1. Failure modes
Following [42], the criteria that the U.S. National Renewable
Energy Laboratory (NREL) uses to deﬁne cell failure are:
1. Loss of 50% of initial power output (x-Si).
2. Power output less than 50% of the manufacturer’s rating (a-Si,
CdTe, CIGS).
3. Arcing in module circuitry or junction box.
4. Failure of dielectric to withstand insulation resistance tests at
end of test segment.
5. Leakage current greater than 50 mA during biased DH exposure.
6. Open-circuit fault during forward-biased TC.
7. Development of major visual defects.
These guidelines give researchers and maintenance workers
references to determine how well a cell is performing. Many of the
failures are caused by overheating or large thermal variations
(between night and day) mixed with high humidity (Fig. 5.1) [71].
Thermal cycling and excess mechanical movement caused by
installation, transportation, or severe weather can sever electrical
connections to the cell, junction box, and leads coming out of the
module. Moisture seepage caused by rain and dew can get into any
slight cracks, percolate into the cells, and cause delamination of
interfaces, which decreases light absorption, increases moisture
absorption, and critically damages the cell. In thin ﬁlms, constant
damp heat increases series resistance due to the ingress of moisture
into a cell [169]. Silicon cracking or fracturing can lead to severed

Fig. 5.1. Infrared scan after 1000 dynamic loading cycles and 25 thermal cycles. It is
apparent from the dark spots that large areas of the cell are disconnected from the
module [71].

electrical connections or hot spots (places of high resistance,
creating large amounts of heat) [69]. Multijunctions used in
concentrator systems are exposed to large amounts of heat and
UV radiation, which may decrease the lifetime of these cells. All of
these cell failures can be avoided through the use of durable, heat
and water resistant materials, and ensuring that precautions are
taken to protect these materials during production. Also, understanding the ﬂexibility of a material, how thin that material can be
until it cracks and how to address a cell when it is cracked are areas
that must be further researched to determine how basic material
properties affect cell performance.
5.1.1. Effect of stresses and cracks
A signiﬁcant portion (30–40%) of solar cell cost is attributable to
the production of silicon wafers [102]. The mechanical integrity of
Si wafers is of considerable importance in the solar cell production
process because fracture during processing can signiﬁcantly raise
costs [76]. With the use of thinner wafers to decrease material
costs, wafer breakage due to fracture during handling and
fabrication of solar cells is a major issue. Fundamentally, breakage
of Si wafers is due to microcracks and residual stresses in the wafer
and applied stresses arising from wafer handling/processing
operations that exceed a critical value necessary for fracture
failure. Knowledge of the microcrack population, location and
geometry as well as the distribution of applied stresses is required
to predict and/or prevent wafer breakage. Monte Carlo simulation
was employed in [161] to study the fracture strength of Si wafers
with surface, edge, and bulk ﬂaws. In [49] and [50], computational
ﬂuid dynamics and the ﬁnite element method are used to analyze
the effects of wafer handling stress caused by a Bernoulli wafer
handling device on the breakage of Si wafers. Also, the inﬂuence of
microcrack length and geometry on the fracture behavior of wafers
was examined.
The effect of residual stresses and cracks on the mechanical
failure strength of Si wafers and solar cells is typically characterized via different types of bending tests, including four-line
bending and bi-axial ﬂexure [21,50,77,78]. Knowledge of the
limiting stress level for failure is useful in optimizing the solar cell
manufacturing process.
Residual stresses generated by crystallization, wafer slicing,
and solar cell processing, especially tensile residual stresses, can
compromise the mechanical strength of the wafer or cell. A near
infrared polariscope technique has been successfully applied to the
analysis of maximum principal stresses in thin silicon wafers [73–
75]. The polariscope method determines the stress induced
birefringence through measurement of transmitted light intensities in which the birefringence is manifested in the form of fringes.
Residual stress is obtained from the light intensity equations by
applying the stress optic law [73]. It has also been shown that there
is a correlation between the stress, photoluminescence and
electron-hole lifetime of the Si wafer [75].
5.2. Basis for measurements and testing protocol
There are many different ways in which solar cells can fail.
Attempts have been made to determine the effect of a micro-defect
or micro-failure on overall cell life based on its magnitude and
location. A root-cause analysis is carried out to identify the
underlying mechanism and its relation to macro-scale failure
phenomena. New generation solar cells then avoid common
problems that previous cells have encountered.
There are two reliability tests that can be applied to all solar
cells. These methods are P-spice electric circuit simulations and
real time degradation tests. The P-spice tests are very simple
computer programs that simulate a current running through a
solar cell design and determine if there are any kinks or inﬂection
points where there is current loss [155]. This can be an early sign
that something is wrong with the cell. Another similar method
uses a heat sensor to ﬁnd any places in the cell where there is no
current ﬂow. Real time degradation tests use solar cells placed
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directly under the sun to work in a natural environment. The effect
of naturally occurring rain, hail, changing temperatures, and
humidity on the cells is monitored to determine if cells or modules
have any signiﬁcant negative effects or are damaged in any way.
These tests are the most accurate out of any reliability tests
because cells are submitted to real world stresses at real world
levels. However, these tests also take the most time because solar
cells are made to last for 30–40 years without being damaged by
the environment around them.
Although the real world tests generate the best results, it is
impractical to test a cell in real time for 30 or 40 years. Accelerated
life testing is the most common and diverse form of testing. This
saves time and money, but also forces the tests to be highly
accurate and precise. Previous weather patterns, future predictions
on climate change, and potential city/pollution growth all must be
accounted for in determining what the conditions will be like for
solar cells over the next three decades. Typically, more rigorous
testing than necessary is used to ensure that cells will not fail.
Several rules of thumb are practiced in industry. An example of this
is called the 10 8C rule, and it applies to both crystalline and thin
ﬁlm cells. It states that for every 10 8C increase in temperature, the
time to failure is cut in half [10].
The various measurements taken during the accelerated tests
are compiled together and used to predict the lifetime of a solar cell
or module and which failure in the cell will occur ﬁrst. Each test
gives a data point telling how long a cell will last until there is a
failure. Altogether, these various data points come together to give
an overall estimate of the lifetime of that cell.
Some examples of the measurements taken from these tests are
according to [156]:
 Mechanical loading tests ﬁnd how the cell(s) cope with large
amounts of quickly changing stress.
 Damp heat exposure examines the effect of high moisture levels
mixed with a large amount of heat.
 Thermal cycling determines how well the cell(s) withstand
continuously changing temperatures.
 Humidity-freeze cycling determines how well the cell(s)
withstand going from an environment with a high amount of
water vapor to one that is very cold, resembling the day and night
conditions of the desert.
 The UV plus heat test simulates ultraviolet radiation and excess
heat.
Moisture barrier performance of thin ﬁlm cells is a critical
parameter. If water ﬁnds a crack in a cell, multiple failures can
occur. One of these failures is known as hygroscopic swelling,
which is caused by water pooling into small bubbles inside of the
cell. The cell heats up when it is exposed to light, evaporating the
water and giving it more energy. If the cell gets hot enough, the
bubbles will burst because of this hot vapor (Fig. 5.2).
The methodology in testing moisture barrier performance
involves placing an aluminum layer underneath the barrier, and if
water gets through, the aluminum degrades and may be seen
under a microscope. Thin ﬁlm solar cells need to have very thin
materials that still protect all the electronics of the cells. To
decrease the chances of failure, a moisture barrier should not only
prevent moisture from entering the cell, but also be semi-ﬂexible
and prevent bursting from hygroscopic swelling [169].
Multijunctions have very good absorption capabilities and
efﬁciencies and are typically used for concentrator systems, where
mirrors direct the light to an array of solar cells on a tower. This
arrangement creates much higher temperatures than in typical
solar cells. Also, multijunctions incorporate multiple semiconductors into each cell. Both of these indicate that a somewhat different
method of reliability testing than for crystalline or thin ﬁlm cells is
needed. One way to test reliability in multijunctions that could
potentially reduce costs is to use existing infrastructure from Light
Emitting Diode (LED) manufacturers and researchers. LEDs and
solar cells both use semiconductors that are similar or even
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Fig. 5.2. The vapor pressure in a cell over a period of time. The saturated vapor
pressure is reached around the 12 hour mark, eventually causing the cell layer to
rupture [169].

identical at times. Also, the testing used for LEDs would deﬁnitely
test the capabilities of multijunctions because LEDs operate at
higher stress conditions. It has been found that LEDs that work at
higher temperatures have less room to dissipate heat and work
with higher current densities than multijunctions [11]. However,
multijunctions do have more degradation in the cell than LEDs,
which would necessitate more rigorous testing for that parameter.
Because the LED industry is almost as large as the solar cell
industry, there is a large amount of experience and methods to test
reliability.
5.3. Modeling of life expectancy
Solar cells have a multitude of layered materials in their
electronic package, and they all might delaminate at various stress
levels. The maximum stresses in the materials are typically found
at the junction between the two materials.
In [56], a thermal stress model gives the peeling and shear
stress caused by thermal expansion. The interfacial shear stress is

t interfacial ¼ s thermal eðjxÞ

(4)

where the peeling stress is given as

s peeling ¼ zs thermal s 0 ðxÞ

(5)

with

s thermal ¼

Ga
½ð1 þ y1 Þa1  ð1 þ y2 Þa2 DT
ha j

(6)

where x denotes the spatial coordinate, x and z are nondimensional material parameters, E is Young’s modulus, G is the
shear modulus, y is Poisson’s ratio, a is the coefﬁcient of thermal
expansion, and DT denotes the thermal cycling amplitude. Various
temperatures can be used in this model to determine the effects a
changing temperature has on the stresses in solar cells.
An initial defect density is assumed in the model. This can
simply be the resolution limit of the metrology or inspection tool
that allows defects below a threshold to exist without detection.
Based on multi-mode damage evolution and fatigue crack
propagation characteristics, it is envisioned that a micro-crack is
nucleated when neighboring defects (or voids) coalesce (v = 1) to
form a line defect (Figs. 5.3 and 5.4). In Fig. 5.3, tensile and shear
stresses work the interfacial layer, causing voids to form and grow
until they combine (v = 1). Fig. 5.4 shows this process in a step by
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the cells, manufacturing, reliability testing, transportation, and
installation of cells. The long term cost of solar cells is based on life
expectancy – it involves the cost of replacing the cells or
performing maintenance. Determining the lowest cost for solar
cells without sacriﬁcing efﬁciency or reliability is the key issue in
the solar cell industry. The roles that efﬁciency and reliability play
in determining the short and long term costs of creating solar cells
are discussed in this section.
6.1. Short term cost

Fig. 5.3. Schematic diagram of a solar cell interface with an isothermal and porous
homogenous interfacial layer.

Fig. 5.4. Process of crack nucleation.

step manner. Finally, the number of cycles of DT needed to extend
such line defects into an unstable crack is estimated. The number of
cycles then determines the expected life of the interface in the PV
cell. It is observed and shown in Fig. 5.5 that the thermal cycling
amplitude DT exerts a very strong inﬂuence on the number of
cycles to failure (v = 1). An increase in DT from 20 8C to 40 8C leads
to a drop in cycles-to-failure by more than three orders of
magnitude for surface mount assemblies [56].

Fig. 5.5. Effect of thermal cycling amplitude DT on the number of cycles to failure.
Voids coalesce when v = 1. v is the ratio of porosity length over total length across
the part [56].

6. Cost
The efﬁciency and reliability sections are both governed by the
cost of creating solar cells. The cost can be divided into two
different categories – short term and long term. The short term cost
involves everything that goes into buying the materials needed for

6.1.1. Materials
There is a general trend that higher efﬁciency results in a higher
cost per cell. Silicon has been the main material used in solar cells
for the past two decades, but as the efﬁciency of these cells rise, the
price ﬂuctuates up and down. It has decreased since 2008 [96] but
is still volatile, as the price has doubled and halved again all in the
past 10 years.c-Si cells have reached efﬁciencies of 25% [87,92], and
multicrystalline has reached an efﬁciency of 20.4% [87,100].
However, these efﬁciency peaks occurred years ago, while other
new cell types involving Si have grown. Microcrystalline Si has
reached an efﬁciency of 10.8% [87,124], and thin ﬁlms that use a-Si
have attained 13.4% efﬁciency [4,87]. Other thin ﬁlm cells that use
cadmium, tellurium, gallium, indium, silver, and gold have all been
tested and achieved efﬁciencies up to 28.8% [87,119,162].
However, these cells are generally expensive and, more importantly, they cannot be a long term solution because the materials
used in them are too rare [19,151]. According to [13], cadmium is
too toxic and tellurium and indium are too rare to make signiﬁcant
contributions to the total energy production of the world.
However, a material such as copper zinc tin sulﬁde (CZTS) is
made entirely out of cheap, non-toxic elements, has a favorable
bandgap (1.45 eV), and a large absorption coefﬁcient. An experiment eliminated the H2S anneal step from the growing process to
create a reactively sputtered CZTS thin ﬁlm, which saves time and
money [58]. Other papers synthesized CZTS nanocrystals or inks
for use in low cost thin ﬁlms [3,5,107]. A new efﬁciency of 12% has
been reached using CZTSS (selenium added to CZTS) [67,87]. New
efﬁciencies have recently been achieved with CIGS cells (19.8%),
dye-sensitized minimodules (8.8%), and organic minimodules
(8.5%) [68,87,101,116].
New efﬁciencies are continuously being achieved for various
cell types each year. However, the PV cell designer and
manufacturer must face a trade-off that balances the three
pronged performance metrics of efﬁciency, reliability and cost.
The ecologic footprint of the cells must also be considered with
each of these metrics, as cells produced with environmentally
harmful processes may harm more than help the environment.
6.1.2. Manufacturing
Manufacturing process chain selection for a solar cell can
signiﬁcantly inﬂuence its cost [77]. Different solar cells typically
use different manufacturing techniques. If the cells contain rare
metals, a vacuum chamber is needed, especially for silicon because
of the very high purity and ease at which it collects impurities. For
large scale manufacturing, that is not an easy task because of the
difﬁculty in keeping very large rooms extremely clean. However, if
these measures are not taken, then the efﬁciency of the solar cells is
critically compromised.
The method used to create silicon cells was described earlier in
Section 3. The silicon manufacturing process has been used
extensively because of the popularity of crystalline silicon cells
(they make up 90% of the current market [172]), however, it also
remains quite expensive due to the larger number of sequences in
the process chain, as well as the sensitivity of each processing step to
external variations and disturbances. Roll-to-roll fabrication techniques have been introduced in a small percentage of the market,
however, the cell efﬁciencies reached via roll-to-roll processing
remains much lower compared to other batch processing techniques
[18]. Manufacturing multijunction cells takes more time and money,
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although they have unparalleled efﬁciencies, such as the 38.8%
efﬁcient 5-junction made by [40,87].
6.1.3. Reliability testing
Finding materials that yield high efﬁciency at low cost is
important, but the reliability of the solar module must also be
accounted for. Even if cells have very high efﬁciency, it is
impractical to install them if they do not have the reliability
needed to last many years. Crystalline silicon requires special care
in terms of reliability. However, thin ﬁlm cells are also subject to
ﬁlm delamination and spallation defects.
The equipment needed to test reliability is very large and
expensive. There are thermal generators, humidiﬁers, pressure
chambers, and many more large pieces of equipment that are
necessary to generate data that helps in discovering failure modes.
While such equipment may be affordable for a large corporation,
many PV cell manufacturing start-ups (typically small businesses)
ﬁnd it difﬁcult to gain access to such testing facilities. Developing
countries have recently attempted to resolve this dilemma by
providing a central facility that rents testing platforms, on demand,
to small businesses [72].
6.1.4. Transportation and installation
Transportation costs are simple to calculate; the more that
needs to be transported, the higher the cost. If an installer is using
thin ﬁlm cells, but wants to produce the same amount of electricity
as crystalline silicon cells, then more solar cells must be installed
(and transported) to make up the difference in efﬁciencies, thus
increasing transportation costs. However, the thickness and
weights of cells can differ, allowing thin, lightweight cells to have
the same or lower transportation costs than higher efﬁciency,
thicker crystalline cells. Installing these thin, lightweight cells
costs more than crystalline cells because of the much larger
number and greater area covered.
The materials, manufacturing, transportation and installation of
solar cells all add up to create the short term cost. The materials
and manufacturing inﬂuence each other; if a company is set on
using a certain material, there are a limited number of
manufacturing methods to choose from. Also, the material choice
is often dictated by the chosen manufacturing process, and vice
versa. These short term costs are all initially very important, but
they are not the only costs to examine.
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requirements warrant worst-case analyses and extreme condition
testing. Results from such worst-case testing must be tempered
with a risk assessment of their statistical signiﬁcance and
likelihood of occurring.
6.3. Energy balance and environmental foot print
A major argument against the growth of solar cell production
and use is that more energy is required to manufacture a solar cell
than the cell produces in its lifetime. Another argument criticizing
solar cell manufacturing is that it creates pollution just like
burning fossil fuels. These arguments could not be refuted ten
years ago because there was not enough data describing the energy
intake of solar cell manufacturers or the effects this product has on
the environment. Finding such data is also very difﬁcult, as most
companies consider such information to be proprietary. However,
in recent years, there have been a few public domain studies.
The European Union funded CrystalClear project is an example of
a large integrated project focusing on crystalline silicon solar cells. A
product of this project was a group of scientists and PV companies
who authored a paper describing the energy payback of solar cells. A
Life Cycle Assessment (LCA) study was performed on ribbon Si,
multi-Si, and mono-Si solar cells [14]. Cell and module size,
installation location, and the lamination type were all standardized,
and both framed and unframed modules were analyzed. Fig. 6.1
shows the energy requirements for different process chains for
manufacturing solar cells and reveals that ribbon silicon used the
least amount of energy and mono-Si production used the most,
while multi-Si was in the middle. The environmental impact of these
three cells is also depicted in Fig. 6.1. Ribbon Si has about half the
environmental impact as mono-Si, with multi-Si somewhere in
between. The energy payback varies depending on the location of
solar cell installation. Southern Europe had an energy payback of
1.7–2.7 years (with solar insolation of 1700 kWh/m2/yr) while
middle Europe had an energy payback of 2.8–4.6 years (with solar
insolation of 1000 kWh/m2/yr) [174]. However, the huge beneﬁt
from solar cells is the amount of CO2 saved in their life cycle.
Compared to coal combustion, and even combined cycle gas
combustion, the CO2 produced by solar cells is negligible and
concentrated on the manufacturing phase [15]. To reduce their CO2
footprint, cells must be reliable and last as long as possible.

6.2. Long term cost
Depending on the application, solar cells are expected to last
anywhere from 20 to 40 years [54]. However, there are multiple
reliability issues that can create problems and add on to the short
term cost to create a very large overall cost. These issues need to be
examined and addressed in the near term so that they do not create
long term liabilities.
The main factor that signiﬁcantly affects the long term cost is
the life expectancy of the solar cell. Accelerated testing and
associated modeling efforts (Section 5.2) allow projections on the
life expectancy of a cell under ideal or desired conditions. However,
service conditions, due to natural or man-made effects, may differ
signiﬁcantly from designed or expected conditions. Such conditions may signiﬁcantly inﬂuence cell degradation during service. A
degrading cell can lose efﬁciency over a period of years and
sometimes act as a current resistor to other less degraded cells in
the module [15]. This is a problem that may be difﬁcult to avoid, as
reliability testing methods cannot effectively determine if a cell is
going to degrade over a long period of time, and if so, how much.
Extra heat, particularly ampliﬁed thermal cycling amplitude is one
of the commonly cited root causes of accelerated degradation
[69,156], and radiation caused by the intensity of the sun can cause
photodegradation [11]. This failure is difﬁcult to combat, but
accelerated tests can simulate the effects of a large amount of
sunlight over a period of time to acquire an estimate of how much
the cell will degrade and how long it will take before it starts. Such

Fig. 6.1. Top: Energy input for different silicon PV modules. The majority of energy
usage is in creating and wafering Si, while creating the cell is not energy intensive.
Bottom: Energy Pay-Back time (yr) for silicon PV modules tested in European
sunlight. The laminate can be seen as the most energy intensive operation. BOS –
Balance of System.
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In [174], the emissions created by solar cell production are more
closely examined. These emissions greatly depend on where the
cells were manufactured. Using the electricity data from the
CrystalClear project (from Europe) yields less than half the
emissions that would be produced if the American electricity data
were used. The amount of heavy metal pollutants emitted by
energy sources is also greater in America than Europe, which
increases the environmental impact of solar cell production. Also,
this article ﬁnds that certain emissions are very source speciﬁc.
Cadmium is almost exclusively produced by burning oil, as the rest
of the cadmium producing energy sources combined produce less
than a third of the cadmium released from burning oil. According
to [15], at least 89% of air emissions associated with electricity
generation could be prevented if electricity from photovoltaics
displaces electricity from the grid. The energy cost of producing a
solar cell might seem high, but studies have examined the energy
cost of extracting oil, coal, and natural gas as well as the cost of
manufacturing power plants that create energy from these sources.
According to a study from California [44], over a period from 1955
to 2005, the ratio of energy produced from burning oil per MJ of
energy used to extract the oil was reduced from 6.5 to 3.5. Thus,
solar cells are a green technology that also has a much better
energy produced to energy used ratio than oil.
A technology that has been discussed at great length is energy
storage. Energy is currently not stored because coal, oil, and natural
gas power plants produce energy at a constant rate or on demand.
As long as there is enough energy to fulﬁll customers’ needs, power
companies do not care if the rest is wasted. Because solar energy
production depends on the weather, it is an intermittent source
that can be very strong one day and almost gone the next.
Compressed air storage systems, such as those in Alabama in the
United States and in Germany, allow unused energy to go through a
motor driving a compressor, which forces air into underground
caverns. When more energy is needed, the released air drives a
generator that produces the needed electricity. Other possible
storage options include batteries or pumping water up a hill to
create potential energy [60].
A PV breeder that allows solar cells to create the energy needed
for manufacturing plants to create more solar cells has also been
explored [15]. Combining this system with energy storage and
continually allowing it to expand would allow solar cell
manufacturers to quickly become energy independent from coal
and create a system that uses renewable energy to produce more
renewable energy sources. Energy storage can stabilize solar
energy production and make it a more viable system to generate a
large portion of a country’s energy needs.
Energy payback is a very difﬁcult metric to calculate because of
the underlying variance in data. The energy payback can greatly vary
between different solar cell types, installation location, reliability,
and manufacturing processes. Also, in order to compare different
types of solar cells, the whole process must be standardized. The
environmental effects of solar cell manufacturing depend on how
the energy was made. Energy produced by wind has much less of an
environmental impact than that produced by coal [15]. Another
important caveat exists when examining energy payback. In order to
eliminate the largest sources of CO2 and other hazardous pollutants,
other renewable energy sources must be produced. Farther along in
the future, once solar cells are installed and unclean energy is
eliminated, more solar cells can be produced using clean energy,
thus creating a sustainable energy system.

technical product is as much deﬁned by surfaces and interfaces as the
PV panel. This begins with the initial creation of surfaces by wafering,
where unwanted properties are ﬁrst induced and must be dealt with
in subsequent process steps. The process chain is thus determined by
creating surfaces step by step. The physics and therefore physical
limits are known theoretically and experimentally explored under
ideal laboratory conditions. These ideal limits currently lie far ahead
of what has been industrially achieved. Transferring the physical
understanding of large scale surface and interface creation
technology to mass production is of crucial importance in
approaching these ideal performance limits for PV cells. However,
the efﬁciency of solar cells is continuously rising; one to two
percentage points are gained every year. This is due to advanced
architectures of solar cells, and more innovative usage of surfaces
and interfaces in layered electronic circuits. Newly developed
heterojunction technology, presented in 2011 [17], which is at the
threshold of commercialization today, improved heterojunction
efﬁciency by 2%. Other new technologies in the development
pipeline include black silicon, plasmonics, and multijunction solar
cells. Continual improvements build upon the architecture, driven by
new surface structuring and coating technology, and aided by new
materials and processes. Introduction of innovative surface and
interface creation technologies via new materials and processes are
making solar cells more efﬁcient, reliable, cost effective and
environmentally benign. Reliability continues to critically inﬂuence
payback characteristics and ecological footprint. A 30 year cell
lifetime is the standard assumption today, and indications tend
toward 40 year lifetimes, which strongly impact ecologic as well as
economic balances. As life expectancy and efﬁciency improve,
continual maintenance techniques must also improve to keep aging
cells efﬁcient, even after 30 years of service. Further, such
maintenance needs to be anticipated and accounted for during
design and manufacturing of these cells. Introduction of predictive
modeling techniques can aid in this endeavor to reduce expensive
testing and predict cell behavior under severe loading. Accelerated
life testing, moisture barrier performance, and hygroscopic swelling
tests discover what materials and solar cells are strongest and ﬁnd
ways to improve cell performance and reliability under severe
operating environments. Failure modes can be discovered in
advance, and remedied. Continuing to utilize new technologies that
can make the manufacturing of photovoltaic cell surfaces and
interfaces more efﬁcient, reliable, economic and ecologic will create a
more favorable public perception of solar cells, which will lead to a
favorable reception of solar technology by the community and,
ultimately, a greener, solar driven world.

7. Conclusion
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