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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 eco-
nomic 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

According to numerous international panels [20,28,35,166]
three key parameters for commercial success of solar ene
harvesting are: efficiency, reliability, and cost. Significant 

hancement in efficiency and reliability are warranted to lower
cost of producing a kWh, and make it competitive to fossil fu
Manufacturing solar cells is the art of creating large scale
functional surfaces and interfaces; surfaces for incoming light 

interfaces for the separation of the majority load carriers. 

efficiency enhancement of solar cells is currently being pursued
the dual means of: (i) trapping more light and (ii) producing m
electricity from a unit of energy contained in the trapped li
These two characteristics are primarily realized by suita
material choices in photovoltaic (PV) devices and by enginee
the surface morphology to trap a greater fraction of incident li
Unfortunately, the conversion of photonic energy to electricit
associated with a waste stream of heat. Production of hea
photovoltaic devices can degrade their energy conversion effic
cy and damage the interfaces between cell layers, thereby lowe
life expectancy. Thus, reliability enhancement in photovoltaic c
hinges on the effective management of heat production as we
making interfaces robust against thermal cycling under fi
service conditions.

This paper starts with a schematic of a photovoltaic cell and
operations. This is followed by discussion of current avenues 

are being pursued for efficiency enhancement. Issues of reliab
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Solar cells gained significant interest recently due to the rapid increase in fossil fuel costs and rene

attention to sustainability. The effectiveness of a solar cell in energy harvesting hinges on three

characteristics: efficiency of energy conversion, reliability and life expectancy, and cost. All t

attributes are critically influenced by surface and interface properties inherent in the design 

manufacture of these devices. This paper starts with an exposition of solar cell manufacturing, followe

discussion of efficiency enhancement, reliability issues, and cost and energy footprint reduction. The

of surface and interface modifications in realizing such improvements is assessed.

� 2014 C

Contents lists available at ScienceDirect

CIRP Annals - Manufacturing Technology

journal homepage: http: / /ees.elsevier.com/cirp/default .asp
 are
ues
oth
lost
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.
des
 be
ent* Corresponding author.

http://dx.doi.org/10.1016/j.cirp.2014.05.008

0007-8506/� 2014 CIRP.
and life expectancy of surfaces and interfaces within solar cells
considered, and testing protocols as well as analytical techniq
for life prediction are discussed. Next, cost related aspects – b
short term capital costs and long term operational as well as 

opportunity costs – are considered. Finally, the paper conclu
with a discussion of possible futuristic endeavors that can
pursued to combine the strengths of efficiency enhancem
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ues with measures for reliability improvement, while avoid-
their weaknesses. In all these aspects, surface and interfaces

 an essential role.

ypes of solar cells

he premise of photovoltaic cells is based on the photovoltaic
t, discovered by Edward Becquerel in 1839 while experimenting

 an electrolytic cell. He found that certain materials generated a
ll current when exposed to light [165,167]. However, there was
xplanation as to why only certain wavelengths of light can
rate an emission of electrons from an irradiated metal; blue light

 little intensity can produce a current of emitted electrons, but
 intensity red light cannot. In 1905, Einstein discovered the

toelectric effect, which used the viewpoint of light as a particle
allowed light to be classified as individual photons. Red photons
ot have enough energy to knock electrons out of metal atoms, but

 photons do if the energy is higher than hc0/l (h is Planck’s
tant, c0 is the velocity of light, l is the wavelength of blue light
00 nm) [127,167]. The internal photoelectric effect used in solar

 takes place only in semiconductors and describes the process of
rption of the photons in order to excite electrons from the
nce to the conduction band. The counterpart of the electron in
conduction band is the electron hole in the valence band. This
nces the conductivity of the material.

 p-n junction is needed in semiconductors to make them a
r cell. This p-n junction is created through dopants. One side of
semiconductor is doped with another material at a ratio of
t 1 dopant to 1 million original atoms [153]. The ‘n-type’ side
e semiconductor has dopants with one electron in the valence

 that it wants to shed, and the ‘p-type’ side of the
iconductor has dopants that want to incorporate an electron.
‘n-type’ dopant can be a V or VI column material in the periodic
e, and the ‘p-type’ dopant is usually a II or III column material.
e ‘n’ region, the conductivity of electrons is strongly increased,

le in the ‘p’ region, the conductivity of electron holes is
alent. This leads to an electrochemical potential (Fig. 2.1) that

es electrons from the ‘p-type’ region to the ‘n-type’ region and
 versa for the holes in the ‘p-type’ region.

hen light hits the semiconductor, photons add energy for an
tron to pass from the ‘p’ side to the ‘n’ side and allow a hole to

 in the opposite direction. With an external current path, the
tron flows outside the cell, generates electricity, and then

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.

2.1. Crystalline silicon

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 microelec-
tronics. 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 de-
fect 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

ig. 2.1. Operation of the semiconductor in a photovoltaic cell [141,153].
rns to the ‘p’ side, completing the circuit and refilling the hole.
minimum amount of energy required to bump the electron

 the ‘p’ side to the ‘n’ side of the semiconductor (known as the
gap) corresponds to the depletion zone [141]. A photon

ing the same or more energy than the bandgap does not excite
lectron. A photon with more energy than the bandgap excites
lectron, and the rest of the energy turns into heat. This, along

 the absorption of light in all other layers of the cell, is the
ary loss mechanism in a photovoltaic cell.

n photovoltaics, the cell is made from one contacted wafer,
le the module is a panel containing a number of cells wired
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 single-
and multi-crystalline silicon. The highest overall panel efficiency
achieved is 23.5% [24].

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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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

changing the material from classical a-Si to hydrogena
amorphous silicon (a-Si:H), which is suitable for doping 

alloying with other materials and fabrication of junction devi
Fig. 2.4 shows the relationship between the optical absorp

coefficient and the photon energy for different photovol
materials. The minimum thickness of the absorbing layer form
by the photovoltaic material in a solar cell is of the order of
inverse of the optical absorption coefficient. Thus, a la
absorption coefficient results in a thinner minimum thicknes
the absorbing layer. For incident light with photon energy
1.25 eV, which corresponds to a wavelength of 1 mm, 

absorption coefficient of c-Si is approximately 100 cm�1. T
means that 63% of the light energy is absorbed by c-Si when
light has propagated 1/100 cm (100 mm) into the material. 

other 37% of light energy will pass through the material and is l
Thus, the thickness of the crystal silicon substrate used in a 

solar cell ranges from 150 to 300 mm, without taking reflec
from the rear into account [142]. On the other hand, the absorp
coefficients of the materials used for thin film solar cells are ten
hundred times larger than that of c-Si, reducing the absorbing la
thickness of the thin film solar cell to less than 10 mm with
sacrificing light energy absorption. This is a significant advant

Fig. 2.2. Previous and estimated future PV module production capacity (MW) until

2017 [150].

Fig. 2.3. Configurations of single junction amorphous silicon solar cell.
Fig. 2.4. The relationship between the absorption coefficient and the photon energy

for different PV materials [142].
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
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 the material consumption and solar cell manufacturing cost
point, however, thin film cells have lower efficiency than c-Si
. In addition to the large absorption coefficient, the photovol-
material of a thin solar cell should have the characteristics of

 quantum efficiency of excited carriers, long diffusion length
low recombination velocity.

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

Because the optical absorption coefficient is 105 cm�1 (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 semicon-
ductor 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 environ-
mental 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 permeabil-
ity 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 heterodyne-
junction 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 n-
type 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
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Fig. 2.5. Schematic of a CdTe thin film solar cell [90].
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Fig. 2.6. Schematic of a CIGS thin film solar cell [90].
.7. Theoretical energy conversion efficiencies of commercial thin film solar

les [2,7].
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



The
 be

heir
ese

ugh
me

and

the
into
ting

 the
ass

ates
 For
t be
oth
ells
lls),
86].
ing
fter
f PV

 by
ring
ins
i or

 is a
uch
cks,
and
ells.
ring

 to

ped
ype

A. Chandra et al. / CIRP Annals - Manufacturing Technology 63 (2014) 797–819 801
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].

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.

a current [85]. Quantum dot cells use a similar approach. 

quantum dots are made of semiconductor materials and can
grown to any size. The size of the quantum dots determines t
bandgap, which allows the cells to be easily tunable [173]. Th
cells are relatively cheap, but their efficiency is not yet high eno
to be competitive. However, they have the potential to beco
more efficient than silicon cells through better light trapping 

material selection.

3. Manufacturing

Manufacturing of solar modules requires controlling 

physical effects active in the conversion of light energy 

electric energy with the least possible losses. The key to preven
these losses is to create cohesive surfaces and interfaces within
cells. Manufacturing techniques also need to be amenable to m
production. A 30 GWp production per year worldwide necessit
the manufacturing of 150–200 square kilometers of PV panels.
encapsulation, both the front and back sides of the panels mus
manufactured and processed with care because they b
contribute to the efficiency of energy conversion [80]. Solar c
made in labs can achieve 45% efficiencies (for multijunction ce
but mass produced cells have efficiencies of only 24% or less [
This implies that scale-up plays an important role in transition
the efficiency gained in the lab to commercial products. A
design and structure are determined, the relevant properties o
cells – namely efficiency and life expectancy – are influenced
the manufacturing process chain. The generic manufactu
process chain is shown in Fig. 3.1. In c-Si cells, this chain beg
with the wafering and slicing of mono or polycrystalline CZ S
UMG Si ingots into wafers. Creation of surfaces and interfaces
key ingredient in solar cell manufacturing process chain. S
process elements naturally introduce defects, e.g. scratches, cra
and dislocation pile ups that degrade the surface integrity 

ultimately affect both performance and reliability of the c
Accordingly, care must be taken in the solar cell manufactu
process chain to minimize such defects and their propagation
larger (from micro- to macro-) scales.

The emitter in a solar cell is typically formed by a heavily do
layer of opposite polarity, n doped in p-type Si and p doped in n-t

Fig. 2.8. Energy conversion efficiencies of various solar cell types and their

respective modules [85].

Fig. 3.1. Manufacturing process chain.
 the
ace
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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 light-
absorbing dye is spread over the TiO2, and the excited electrons
from the semiconductor crystals flow through the TiO2, resulting in
Si, separated by an area of neutral polarity. On both sides of
metallurgical junction (which has neutral polarity) there is the sp
charge area, which is characterized by depletion of mobile cha
carriers and only contains fixed charges due to the ionized dop
atoms P+ and B�, which exert an electric field and counterbala
the diffusive force on the mobile charge carriers. The cel
completed by using metallic fingers as contacts on the sun face of
cell (front) and a metallic surface on the dark face (back) of the 

which needs to be attached with lowest possible ohmic resista
(Fig. 3.2). Back and front contacts need to reduce leakage of trap
light, since long wavelength light has a long absorption length 
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s multiple reflections internally. The number of reflections
in the cell increases as the cell gets thinner [31].
he silicon used in the emitter is typically produced by slicing
esses, which tend to have high material loss. The wafering step
ificantly impacts the surface and subsurface integrity of the
on substrate. Recent research is aiming to enhance the surface
grity while reducing material loss due to wafering. These
lopments include lower kerf width, reduced influenced zone

th, and enhanced surface integrity by optimizing cutting
meters. The disturbed zone must be removed by etching,

ch is done after a cleaning step to remove residues of the
ing fluid and debris. Average etching processes start with

 mm (after wire sawing) and are reduced in thickness by
m. The etching process increases the four point bending

ngth by removing cracks that create stress concentrations
81,120,164,168,126,129,135,147].
are Si surfaces reflect more than 30% of the light spectrum with
gies higher than the bandgap of Si [145]. During removal of
scratches and chip remnants left by the saw, the surface is
ed to create a light trapping surface structure. Etching agents
 be acidic or alkaline. The front 5 mm is etched to generate a
mid or inverse pyramid structure by either self-masking for
ocrystalline cells or printed masking as in [160]. The pyramids
ce the overall reflectivity of external light by generating

tiple reflections on the pyramidal surfaces and trapping the
t that already entered the cell. This allows longer wavelengths
0–2000 nm) to be absorbed by the cell. Structuring can also
rate a porous surface layer through anodic HF etching.
ous techniques like RIE plasma may soon replace wet
nology [38], thus reducing handling efforts. Etching of random
ano tips has been reported to reduce reflectivity to 1%
ctance losses for a wavelength regime between 200 and

0 nm [86]. Besides geometrical enhancement of reflection
erties, physical–chemical reduction of reflection (antireflec-

) on the surface is necessary (see Section 4.1).
he next step after texturing is the formation of the most
ortant functional layer, the emitter, of which the principle is

n in Fig. 3.3. There are a number of very different possibilities
mitter formations available in industry. The most commonly
ied formation involves the diffusion of dopant atoms into the
t surface. Diffusion of phosphorus into the surface of p-type Si

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 P-
diffusion, the diffusivity changes with concentration at different
transition points, which gives a distribution profile that is non-
Gaussian and provokes dead layer formation [70]. Multi plateau
time temperature curves are used in [52] to manipulate the P-
profile. 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.

Diffusion of boron into n-type Si is performed in a similar

.2. Principle of a solar cell showing essential interfaces and surfaces. The front

ct is made of metallic ‘‘fingers’’ across the cell [31].

Fig. 3.3. Principle of the emitter.

Fig. 3.4. Inline phosphorous emitter junction formation with sprayed phosphorus

deposition and diffusion in a belt furnace [38].
00–900 8C is the dominant industrial doping process. If the
entration of the dopant becomes so high that the chemical P-
entration is higher than the electrically active concentration,

minority charge carrier lifetimes will be greatly reduced. This
 lead to dead layers that can severely deteriorate cell
ormance. Dead layers are removed by etching or avoided by
cing the dopant source strength or by diffusion through a
ier layer. As high concentrations of P distort the Si-lattice, the
tter may act as a sink for impurities. This gettering effect may
nce the cell performance if the emitter recombination is

nly governed by Auger recombination [70].
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 n-
type 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). Heterojunc-
tion 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.

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

as it is a source of additional defects. Passivation of PEC
deposition of amorphous Si and SiO2 has been successful for r
side passivation. The double layer antireflection coating S
SiNx is manufactured by first oxidizing the Si surface, then usin
PECVD coating of SiNx. The quality of SiNx is better if deposited
high frequency PECVD. The final coating with SiNx introdu
problems for the contacting step, as it hinders etching for 

local contacts. SiNx contains hydrogen from the precursor 

The hydrogen can be released during firing and diffuse into
bulk, thus passivating recombination sites in the bulk. Fut
research involves seeking AR coatings with less than 

reflectivity. Today, screen printed contacts cannot be fi
through those AR coatings.

The final interface to be manufactured is the contact. In m
cases, the contact is manufactured by screen printing pastes 

are fired to create a metallization layer. The pastes contain orga
compounds and a glass frit (small shattered glass particles) sys
that enables contacting on the Si, which allows the printed 

created after firing to be porous and limits conductivity. Challen
include low contact resistivity, achieving a high aspect ratio
reduce the shaded region, and creating high electrode conduct
ty. Choosing a material presents another challenge, as the p
firing in low temperature processes requires a high silver cont
which is rare and expensive [36].

A two-step process from [36] applies a seed layer through 

line printing. In a second step, this printed line is reinforced
electroplating of highly conductive and dense metal to achieve
desired conductivity in the contact. The seed’s main tasks ar
allow low contact resistance and to form a very thin contact w
conducting electricity for the plating process. The utilization
plated copper is possible if nickel, a diffusion inhibitor, is used 

seed.
Fine line printing by contact formation was originally made

structured photolithography, which, on an industrial scale
expensive and error prone. On the industrial scale, fine lines
realized by fine line screen printing or thick film stencil print
followed by a firing process. Besides printing, electroless ni
plating and high-rate inline evaporation processes of differ

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

Fig. 3.6. Simulated relative reflectance for antireflection coatings.
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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
metals may be used for manufacturing contacts, but both req
an additional step for structuring, which is done by laser abla
or ink jet masking [8].

For electroplating of the second step, which is the ac
electrode, the deposition rate is of major importance. Deposi
rates that are too high create dendrite growth and porous mate
(Fig. 3.7), which limits the production speed. Shown in Fig. 3.8
cell architecture, where the contact with high aspect ratio is bu
within a groove made by laser ablation after SiO2 passivation
the grooves, deep diffusion is utilized to generate a selec
emitter, where SiO2 is used as a mask.
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 manufacturing technology that is gaining significant atten-
 is roll-to-roll processing. This process involves a long flexible
trate that moves over rollers and into machines that etch,

[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 opera-
tions 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

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 tin-
doped 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,

.7. Electrical contacts after different 2-step metallization and growth rates for

roplating [36].

Fig. 3.8. LGBC cell with contacts buried in laser groove [8].
t, dispense solvent, compress, and do many other functions
nding on the type of solar cell and how it is being made. One
ple of this is the ESSENCIAL process, which allows evapora-

 of solvent through surface encapsulation and induced
ment. The process involves a solvent dispensed on the
trate, the active layer pressed onto the solvent, a thermal
ng time, and then electrode deposition. This process created a
mer cell with 3.5% power conversion efficiency [108].
oll-to-roll manufacturing allows cells to be fabricated with a

 high throughput and a small number of workers. It can also
 easily be customized to the type of cell that is needed
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 nðlÞ � ikðlÞð Þ2 ¼ e1 �
ilag

ffiffiffiffiffiffi

e1
p

2p
� il
e0rðlÞ2pc0

(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 Burstein-
Moss 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 Drude-
theory [103] as following:

rðlÞ ¼ ð2pc0Þ2g þ ið1=2pc0lÞ
e0 21l p

(2)

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:

g ¼ e

meffm
(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 concentra-
tion 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 irradi-
ance, the coating should have a refractive index of HnSi � 2.02,

doping concentration that keeps the plasma frequency outside
solar spectrum.

Once the process parameters are optimized for giving 

proper doping concentration and desired film thickness, and
mobility approaches its theoretical maximum, the optimal TCO
been reached; as is the case for coatings available from commer
manufacturers. Further optimization for solar cells is only poss
by either modifying the upper layer to increase its antireflec
properties, especially for non-normal irradiance [53] (see the n
section), or combining these TCO coatings with other coati
Alternative TCO materials are currently being investigated w
higher maximum electron mobility being the most des
property. Improvements are still necessary, as the future 

and availability of indium is unknown.

4.1.2. Antireflective materials and surface texturing

Black silicon is a state of the art antireflection technol
currently being used to reduce light reflection in solar cells. T
process uses a coating that is catalyzed on the cell to create a sm
layer of gradually changing index of refraction (Fig. 4.1
According to [45], reflection can be strongly suppressed if 

nanostructure is comprised of structures smaller than 

wavelength of incident light and the Si density is graded ac
a thickness more than half the wavelength of light. This technol
helps to increase light absorption. This is because very sm
changes in refractive indices keep light moving further into the
instead of being reflected away [9].

A process used extensively today is pyramidal texturing, wh
etches away material on top of the solar cell to create very sm
pyramids. When a photon hits these pyramids, it is either absorbe
reflected to another pyramid, creating another possibility for 

photon to be absorbed. This process effectively doubles the cha
that a photon can be absorbed. [57] uses TMAH, or tetrame
ammonium hydroxide, to create reliable pyramidal structures
various silicon surfaces. This technique of creating pyram
texturing achieved 13% reflectance without the use of 

antireflective coatings such as black silicon. Combining technolo

Fig. 4.1.1. Cross-sectional SEM images of multi-scaled black silicon etching, 

the white bar representing 500 nm. This etch was achieved by [9] after 1.5 m
 on
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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
creates reflectance of 2–3%. [93] utilize low density SiO2 deposited
silicon throughplasmaenhanced chemical vapor deposition (PECV
The SiO2 acts as a mask that solutions such as TMAH or KOH e
around and create inverted pyramids on the silicon, allow
incoming light to achieve 3–4 reflections. This method achie
14% reflectance, similar to that of the TMAH chemical etching.

Combining black silicon and pyramidal texturing enhan
absorption of the solar cell even more. In 2011, [46] found 

combining black silicon with pyramidal texturing greatly decrea
the amount of blue light recombination as well as creating even be
antireflection. The combination allows light that is not absorbed w
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k silicon to be reflected by pyramids, or vice versa. This cell
eved 17.1% efficiency using 100 nm compared to 250 nm thick
on wafers. Two weaknesses of this process are passivation and
difficulty with large scale application to solar cells.
ther antireflection techniques being researched include moth-
texturing and spiral light trapping. Moth-eye texturing, as
n in Fig. 4.1.2, uses the idea of very narrow pillars seen in moth

, which may be arranged to have a similar gradually changing
ctive index effect on light as black silicon. Moth-eye texturing
greatly reduce reflection, and new techniques for etching a

ace could create a cheap method of production. However, it is
ently a costly process, pillars with high aspect ratios are difficult
eate, and, according to [29], aligning pillars to fit on thin film
trates is a difficult process. The second process – known as spiral
iral etching – creates a fractal pattern that polarizes light and
les it to the cell. This method is currently experimental, but may
me practical as cheaper nanoimprinting techniques that are
le for thin films are discovered.

 different approach to antireflection involves growing thin
on triacetate polymers over bump- and sponge- like

ostructures. The SiO2 theoretically boosts performance while
iding a protective layer to the nanostructures. The perfor-
ce of bump-like nanostructures was less than ideal, but the
sited SiO2 film decreased reflectance as its thickness

eased, seen in Fig. 4.1.3. The sponge-like nanostructures by

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.

.1.2. (a) SEM image of an example of moth-eye texturing, with the white bar 1

meter. (b) Example of a silicon moth-eye array, with both d and h equaling

m [29].

Fig. 4.1.4. A schematic of light trapping by the SnO2 film [117].
.1.3. The average reflection of bump like nanostructures for cells without any

eflection method, cells with bump structures, and cells with the bump

ture 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. Technolo-
gies 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.

permittivity, which is a better insulator and absorber. In solar c
the higher permittivity dielectric must be the semiconduc
Some benefits of using this first method include:

� Scattering light at the surface of the cell allows the cell to ha
higher optical path length, allowing more time for light to
absorbed.
� Repeated scattering by the nanoparticles allows light to m

several passes through the absorbing (active) layer.
� The need for antireflection methods is eliminated, as nanop

ticles greatly reduce electron hole recombination [6,98].

The second method of incorporating nanoparticles in solar c

Fig. 4.2.2. Depiction of the physics behind a surface plasmon wave for propag

(a) and localized (b) waves. Solar cell research involve localized surface plasm

which use nanoparticles much smaller than the incident wavelength of light [

Fig. 4.2.3. Example of the first method of incorporating nanoparticles onto thin

solar cells. ITO = Indium Tin Oxide [6].
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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 sub-
wavelength 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
involves placing them in the active semiconductor. Sma
nanoparticles are used in this case because of their very str
electric fields that attract electrons. This property constitutes 

the semiconductor must have a bandgap corresponding to 

wavelength of light the nanoparticles attract. This method all
solar cells to be very thin, as the nanoparticles must dire
interact with light. However, these cells have lower efficien
because of the small bandgap being used, and the semicondu
cannot absorb all of the excited electrons.

The third and final method involves placing nanoparticles on
metallic back contact of the solar cell and is shown in Fig. 4.2.4. T
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ngement creates surface plasmons on the back of the cell that,
n excited, become polaritons, or plasmon waves. These waves
el parallel to the back contact until they dissipate or are absorbed
he semiconductor. Because the waves run parallel to the back
act, there is a greater opportunity for the photons to be
rbed. Also, the metallic back contact can reflect dissipating

tons back into the cell for a chance to be re-absorbed. Typically in
structure, green and blue light is already absorbed by the

iconductor, but red light is not. Therefore, plasmonic rear
acts focus on red light so as to achieve better absorption at those
elengths. This arrangement does not create any shadowing
ts, which may occur in the former two methods [27,43,84].
or photovoltaics, the metals best suited for nanoparticles are
e gas compounds because they resonate in the infrared and
le frequencies. The size of these particles determines the

tering and absorption seen in the cell. A smaller particle (<60 nm)
absorb more, but a particle that is too small will act as a point
ct in the silicon. A large particle (>300 nm) will create multiple
llations across the nanoparticle, thus reducing scattering and
rption [43]. Also, particle size determines what wavelength of
 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 nanopar-
ticles 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 nanopar-
ticles [149]. A method of implanting the nanoparticles involves a 3-
D 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.

The NIM device proposed in [39] is an improvement to the

.2.4. Ag nanoparticles are formed on the ZnO:Al/Ag back contact within a

crystalline silicon (mc-Si:H) solar cell (a) Cross section of the entire cell. (b)

image of nanoparticles on a back contact in relation to the location of the

rate [43].

Fig. 4.3.1. Difference between positive and negative refractive index [1].
4.2.5. Schematic showing which size of nanoparticles absorbs certain

lengths of light. Smaller nanoparticles couple light with higher energy

) and thus, a higher bandgap, while larger nanoparticles couple red light (lower

y and bandgap) [105].
‘‘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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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 dual-
band 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.

Other experiments [26,30] use an NIM structure to abs
visible rather than microwave and infrared light. A hexagonal ar
of subwavelength coaxial waveguide structures is used to cre
the NIM of Fig. 4.3.4. Out of the two waveguide modes, one cre
a positive refractive index while the other creates an index from
to 1 over 1.5 to 3.0 eV. This structure creates an NIM insensitiv
incidence angles (�50 to 50 degrees) and polarization, and m
also be used with visible frequencies. NIM structures are extrem
sensitive to geometry, as a small change will cause the refrac
index to become positive. However, with appropriate protec
layers, these structures can help thin film cells achieve m
efficient light trapping and higher efficiencies.

4.4. Multijunctions

A major problem of the single junction a-Si:H solar cell is l
induced degradation of material properties when the cel
exposed to illumination due to the Staebler-Wronski effect [
This causes a decrease of energy conversion efficiency for the s
cell during the initial stage of operation. The solar cell t
stabilizes at a lower efficiency after the initial degradation pe
of one to three months. The stabilized efficiency typically ran
from 70% to 90% of initial efficiency. The stabilized efficiency 

commercial single junction a-Si:H solar cell is typically 6–7%
A possible solution to the problem of light induced degrada

is to use a thinner intrinsic layer for generating a higher inte
electric field and lower sensitivity to distortions, which ca
degradation of material properties. On the other hand, the thin
intrinsic layer will cause a reduction of light absorption in the s
cell, resulting in a decrease in the amount of absorbed ene
Although the decreased efficiency can be compensated to so
extent by the multiple p-i-n structures composed of sev
amorphous silicon layers shown in Fig. 4.4.0, a better solution i
employ the heterodyne junction, in which two different 

materials are used to form the p-i or i-n junction [112].

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

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].

Fig. 4.3.3. The current densities, strengths, and directions in the metallic ring and

embodied plate negative index structure [122].

Fig. 4.4.0. A multi-layered a-Si solar cell [112].
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]. Fig. 4.4.1. a-SiC:H/a-Si:H heterodyne junction solar cell [113,143].



the 

high
whi
wav
sche
whe
that
nece
with
conv

H
com
hete
junc
Si/m
hete
betw
as il
28.9

S
in t
sem
band
ener
sing
band
How
the 

cal l
top 

usin

A. Chandra et al. / CIRP Annals - Manufacturing Technology 63 (2014) 797–819810
presence of amorphous components. More important, it has a
 absorption coefficient in the red and infrared wavelengths,

ch can compensate the low absorption coefficient of a-Si in this
elength range, as shown in Fig. 4.4.2. Fig. 4.4.3 shows a
matic of a heterodyne junction composed of a-Si and mc-Si,
re mc-Si acts as the light absorbing material. It should be noted

 a relatively thick layer of mc-Si, on the order of 1.5–2 mm is
ssary for absorbing a sufficient amount of photons. A solar cell
 a single heterodyne junction of a-Si/mc-Si can reach a
ersion efficiency of 9–10%.

igher energy conversion efficiencies can be reached by
bining the multi-layer structure shown in Fig. 4.4.0 with the
rodyne junction shown in Fig. 4.4.3, which is called the multi-
tion or tandem structure. Fig. 4.4.4 shows a schematic of an a-
c-Si tandem structure [136]. In addition to the a-Si/mc-Si
rodyne junction, a TCO intermediate layer can be placed
een the top and bottom cells for trapping light in the structure

lustrated in Fig. 4.4.5. A conversion efficiency of higher than
% has been reported with this type of solar cell.
ingle bandgap solar cells have two power-loss mechanisms

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

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

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

Fig. 4.4.5. Schematic of the interlayer [136].
Fig. 4.4.6. Quantum (collection) efficiency (QE) spectrum of a triplejunction tandem

solar cell [143].
hat they cannot absorb photons with energy below the
iconductor’s bandgap, and photons with energy above the
gap of the cell turns into heat. Almost half the incident light

gy is lost because of this. Most solar cells are in the category of
le bandgap cells, and they overcome this problem by using low
gap semiconductors and various antireflection methods.
ever, exploiting more than one energy level (bandgap) avoids

Shockley-Quessier limit of 33.7% efficiency [65]. The theoreti-
imit using multijunction cells, which consist of cells stacked on
of one another, is 67% without concentrated light, or 86.8%
g concentrated light.
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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, Si1�xCx: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 triple-
junction, which allows higher voltages and generates less heat. Light
easily travels from one sub-cell to another without scattering
because of the AlxGa1�xAs 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].

Higher junction (4, 5, or 6 layer) cells are currently be
explored to create the highest efficiencies possible. The idea
junction cell can theoretically reach 59% efficiency while 5 an
junction cells can reach over 60%. However, due to real w
effects like shadowing and series resistance, the maximum
junction cell efficiency is 47% [23].

Wafer-bonding and layer transfer processes are poss
methods of connecting multijunctions. The method of w
bonding is described in Fig. 4.4.8. Wafer bonding requires the 

materials being bonded to be atomically flat. They are then pres
together and heated, and, because of their planarity, atoms 

allowed to diffuse between the materials, thus bonding th
together [47]. Current easily passes through wafer bonded lay
which increases efficiency and lowers heat-generating curr
resistance. The created interfaces are seamless and very difficu
break, but the process is expensive. Layer transfer processes al
crystalline films to be grown on a typically expensive substrate 

then moved to the multijunction. This allows the expen
substrate to be used again instead of trying to build 

multijunction on the substrate.

The most applicable area for multijunctions is in concentr
solar plants, where there are not many clouds and the maxim
absorbance of light is critical. If material and production costs
lowered, multijunctions can be used in a variety of applicati
because of their high efficiencies. Commercialization of such h
efficiency tandem a-Si thin film solar cells is expected
improving material properties, film qualities, and high-rate 

low-cost deposition technologies.

4.5. Combinations

Opportunities are available for creating solar cells that comb
the new technologies described above. An example explai
earlier is combining black silicon with pyramidal texturing. Th
is a greater capability of expanding this combination idea with n
technologies presenting themselves as potential enhancers
efficiency. The most feasible combinations typically invo
multijunctions. Plasmonics may be used in tandem cells as l
trapping devices to improve absorption and efficiency. Nanop
ticles capable of trapping certain wavelengths of light can

Fig. 4.4.8. The process of wafer bonding [47].
uld
s of
uld
ith

low
dex
 to
ally
olar

ithFig. 4.4.7. The various layers of a triple-junction cell [139].
inserted in each sub-cell. The appropriate particle sizes wo
assist each sub-cell in absorbing their respective wavelength
light [100]. Antireflection and negative index metamaterials co
also be used in multijunctions instead of plasmonics to assist w
light trapping.

Consumers generally dismiss solar cells because of the 

efficiency combined with high costs. Plasmonics, negative in
metamaterials, and multijunctions are excellent methods
improve efficiencies while avoiding expensive materials typic
used in solar cells. New technologies that can assist the s
industry will continue to emerge. They will create better cells w
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er productivity and lower cost. Other issues to be addressed
high reliability and high life expectancy.

eliability

eliability and thus longevity are key parameters in determin-
break-even characteristics of PV modules. As solar panels are
ect to substantial thermal changes and because PV modules as

 as the cells consist of multiple layers and interfaces, reliability
es need to be traced back to the manufacturing of the surfaces
interfaces. Cracks already initiated by the wafering process

 lead to catastrophic failure if the subsequent etching step fails
move them. All the designed and manufactured interfaces are

 prone to spallation and delamination from thermal cycling
ng actual operations. Reliability testing of solar modules

ines the behavior of modules in environmental conditions.
radation of system performance cannot be entirely eliminated,
use heat generation at the cell level is a by-product of photonic
gy conversion. This type of degradation occurs mostly in solar
interfaces, which leads to decreased performance and a shorter
life. For cells to become more reliable, the interfaces must be
e robust against thermal cycling. To create a more reliable
rface, the knowledge of failure modes, gained from rigorous
ng and modeling, is needed. This will enable innovative
tions to enhance cell life and prevent catastrophic failure.

Failure modes

ollowing [42], the criteria that the U.S. National Renewable
gy Laboratory (NREL) uses to define cell failure are:

ss of 50% of initial power output (x-Si).
ower output less than 50% of the manufacturer’s rating (a-Si,
dTe, CIGS).
rcing in module circuitry or junction box.
ilure of dielectric to withstand insulation resistance tests at
d of test segment.
akage current greater than 50 mA during biased DH exposure.

pen-circuit fault during forward-biased TC.
evelopment of major visual defects.

hese guidelines give researchers and maintenance workers
rences to determine how well a cell is performing. Many of the
res are caused by overheating or large thermal variations
ween night and day) mixed with high humidity (Fig. 5.1) [71].
mal cycling and excess mechanical movement caused by
llation, transportation, or severe weather can sever electrical
ections to the cell, junction box, and leads coming out of the
ule. Moisture seepage caused by rain and dew can get into any
t cracks, percolate into the cells, and cause delamination of

rfaces, which decreases light absorption, increases moisture
rption, and critically damages the cell. In thin films, constant
p heat increases series resistance due to the ingress of moisture

 a cell [169]. Silicon cracking or fracturing can lead to severed

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, under-
standing 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 character-
ized 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 intensi-
ties 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
.1. Infrared scan after 1000 dynamic loading cycles and 25 thermal cycles. It is

rent from the dark spots that large areas of the cell are disconnected from the

le [71].
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].

identical at times. Also, the testing used for LEDs would defini
test the capabilities of multijunctions because LEDs operate
higher stress conditions. It has been found that LEDs that wor
higher temperatures have less room to dissipate heat and w
with higher current densities than multijunctions [11]. Howe
multijunctions do have more degradation in the cell than LE
which would necessitate more rigorous testing for that parame
Because the LED industry is almost as large as the solar 

industry, there is a large amount of experience and methods to 

reliability.

5.3. Modeling of life expectancy

Solar cells have a multitude of layered materials in t
electronic package, and they all might delaminate at various st
levels. The maximum stresses in the materials are typically fo
at the junction between the two materials.

In [56], a thermal stress model gives the peeling and sh
stress caused by thermal expansion. The interfacial shear stres

tinterfacial ¼ sthermale
ð�jxÞ

where the peeling stress is given as

speeling ¼ zsthermals0ðxÞ 

with

sthermal ¼
Ga

haj
½ð1 þ y1Þa1 � ð1 þ y2Þa2�DT 

where x denotes the spatial coordinate, x and z are n
dimensional material parameters, E is Young’s modulus, G is
shear modulus, y is Poisson’s ratio, a is the coefficient of ther
expansion, and DT denotes the thermal cycling amplitude. Vari

Fig. 5.2. The vapor pressure in a cell over a period of time. The saturated v

pressure is reached around the 12 hour mark, eventually causing the cell lay

rupture [169].
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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 semiconduc-
tors 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
temperatures can be used in this model to determine the effec
changing temperature has on the stresses in solar cells.

An initial defect density is assumed in the model. This 

simply be the resolution limit of the metrology or inspection 

that allows defects below a threshold to exist without detect
Based on multi-mode damage evolution and fatigue cr
propagation characteristics, it is envisioned that a micro-crac
nucleated when neighboring defects (or voids) coalesce (v = 1
form a line defect (Figs. 5.3 and 5.4). In Fig. 5.3, tensile and sh
stresses work the interfacial layer, causing voids to form and g
until they combine (v = 1). Fig. 5.4 shows this process in a step
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 manner. Finally, the number of cycles of DT needed to extend
 line defects into an unstable crack is estimated. The number of

es then determines the expected life of the interface in the PV
 It is observed and shown in Fig. 5.5 that the thermal cycling
litude DT exerts a very strong influence on the number of
es to failure (v = 1). An increase in DT from 20 8C to 40 8C leads

 drop in cycles-to-failure by more than three orders of
nitude for surface mount assemblies [56].

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

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 impor-
tantly, 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 experi-
ment 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.

.3. Schematic diagram of a solar cell interface with an isothermal and porous

genous interfacial layer.

Fig. 5.4. Process of crack nucleation.
.5. Effect of thermal cycling amplitude DT on the number of cycles to failure.

 coalesce when v = 1. v is the ratio of porosity length over total length across

art [56].
ost

he efficiency and reliability sections are both governed by the
 of creating solar cells. The cost can be divided into two
rent categories – short term and long term. The short term cost
lves everything that goes into buying the materials needed for
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 tech-
niques 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.

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 condi-
tions may significantly influence cell degradation during service. A
degrading cell can lose efficiency over a period of years and

requirements warrant worst-case analyses and extreme condi
testing. Results from such worst-case testing must be tempe
with a risk assessment of their statistical significance 

likelihood of occurring.

6.3. Energy balance and environmental foot print

A major argument against the growth of solar cell produc
and use is that more energy is required to manufacture a solar
than the cell produces in its lifetime. Another argument criticiz
solar cell manufacturing is that it creates pollution just 

burning fossil fuels. These arguments could not be refuted 

years ago because there was not enough data describing the ene
intake of solar cell manufacturers or the effects this product ha
the environment. Finding such data is also very difficult, as m
companies consider such information to be proprietary. Howe
in recent years, there have been a few public domain studies

The European Union funded CrystalClear project is an exampl
a large integrated project focusing on crystalline silicon solar cel
product of this project was a group of scientists and PV compa
who authored a paper describing the energy payback of solar cel
Life Cycle Assessment (LCA) study was performed on ribbon
multi-Si, and mono-Si solar cells [14]. Cell and module s
installation location, and the lamination type were all standardi
and both framed and unframed modules were analyzed. Fig.
shows the energy requirements for different process chains
manufacturing solar cells and reveals that ribbon silicon used
least amount of energy and mono-Si production used the m
while multi-Si was in the middle. The environmental impact of th
three cells is also depicted in Fig. 6.1. Ribbon Si has about half
environmental impact as mono-Si, with multi-Si somewhere
between. The energy payback varies depending on the locatio
solar cell installation. Southern Europe had an energy paybac
1.7–2.7 years (with solar insolation of 1700 kWh/m2/yr) w
middle Europe had an energy payback of 2.8–4.6 years (with s
insolation of 1000 kWh/m2/yr) [174]. However, the huge ben
from solar cells is the amount of CO2 saved in their life cy
Compared to coal combustion, and even combined cycle 

combustion, the CO2 produced by solar cells is negligible 

concentrated on the manufacturing phase [15]. To reduce their 

footprint, cells must be reliable and last as long as possible.
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.
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
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n [174], the emissions created by solar cell production are more
ely examined. These emissions greatly depend on where the

 were manufactured. Using the electricity data from the
talClear project (from Europe) yields less than half the

ssions that would be produced if the American electricity data
e used. The amount of heavy metal pollutants emitted by
gy sources is also greater in America than Europe, which

eases the environmental impact of solar cell production. Also,
article finds that certain emissions are very source specific.

ium is almost exclusively produced by burning oil, as the rest
e cadmium producing energy sources combined produce less

 a third of the cadmium released from burning oil. According
5], at least 89% of air emissions associated with electricity
ration could be prevented if electricity from photovoltaics

laces electricity from the grid. The energy cost of producing a
r cell might seem high, but studies have examined the energy
 of extracting oil, coal, and natural gas as well as the cost of
ufacturing power plants that create energy from these sources.
rding to a study from California [44], over a period from 1955

005, the ratio of energy produced from burning oil per MJ of
gy used to extract the oil was reduced from 6.5 to 3.5. Thus,
r cells are a green technology that also has a much better
gy produced to energy used ratio than oil.

 technology that has been discussed at great length is energy
age. Energy is currently not stored because coal, oil, and natural
power plants produce energy at a constant rate or on demand.
ng as there is enough energy to fulfill customers’ needs, power
panies do not care if the rest is wasted. Because solar energy
uction depends on the weather, it is an intermittent source

 can be very strong one day and almost gone the next.
pressed air storage systems, such as those in Alabama in the
ed States and in Germany, allow unused energy to go through a
or driving a compressor, which forces air into underground
rns. When more energy is needed, the released air drives a
rator that produces the needed electricity. Other possible

age options include batteries or pumping water up a hill to
te potential energy [60].

 PV breeder that allows solar cells to create the energy needed
anufacturing plants to create more solar cells has also been

ored [15]. Combining this system with energy storage and
inually allowing it to expand would allow solar cell
ufacturers to quickly become energy independent from coal
create a system that uses renewable energy to produce more
wable energy sources. Energy storage can stabilize solar
gy production and make it a more viable system to generate a

e portion of a country’s energy needs.
nergy payback is a very difficult metric to calculate because of
nderlying variance in data. The energy payback can greatly vary
een different solar cell types, installation location, reliability,
manufacturing processes. Also, in order to compare different
s of solar cells, the whole process must be standardized. The
ronmental effects of solar cell manufacturing depend on how
nergy was made. Energy produced by wind has much less of an

ronmental impact than that produced by coal [15]. Another
ortant caveat exists when examining energy payback. In order to
inate the largest sources of CO2 and other hazardous pollutants,
r renewable energy sources must be produced. Farther along in
future, once solar cells are installed and unclean energy is
inated, more solar cells can be produced using clean energy,

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.
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 creating a sustainable energy system.

onclusion

olar cells still have not reached their enormous potential for
ming a large producer of energy for the world. Because the

al investment in solar cell research did not match the
mous potential of the solar cell industry, significant progress
in the research and development of solar cells has only been
eved the past two decades. Solar cell manufacturing is the
ufacturing of surfaces and interfaces on a very large scale. No
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