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Abstract

This paper gives an overview of the materials and methods used for fabricating photovoltaic solar cell
devices. The technologies discussed include those based on the use of silicon (in the crystalline, multicrys-
talline, amorphous and micro-crystalline forms), the IIIeV compounds (e.g. gallium arsenide, indium
phosphide and gallium antimonide), the polycrystalline compounds (e.g. cadmium telluride, copper gal-
lium indium diselenide and copper indium disulphide), and organic materials (e.g. dyes, polymers and
fullerenes). The paper also discusses the important environmental and energy issues with regard to the
manufacture, use and disposal of the solar cells and modules.
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1. Introduction

The photovoltaic effect is the direct conversion of incident light into electricity by a pn
(or peien) semiconductor junction device. Although the phenomenon was known for almost
a century, the landmark achievement generally accepted to have heralded the modern era of
PV power generation was the production in 1954 of a 6% crystalline silicon solar cell by
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Chapin et al. [1]. It was rapidly realised that such solar cells were a convenient way of gener-
ating power in remote locations e.g. for powering communications equipment or weather mon-
itoring stations and ideal for supplying power for the satellites and vehicles being developed for
the rapidly expanding space industry. The technology has now also been deployed for a wide
range of applications including supplying power for consumer products e.g. electronic calcula-
tors and garden lights, and for supplying power in developing countries e.g. for water pumping
and street lighting [2]. Most PV products are now deployed in the large-scale power generation
market. The cells are connected together in modules and the modules are connected to form
either centralised power stations or used as part of built structures (BIPV, building integrated
photovoltaics). BIPV is particularly promising as it offsets production costs, minimises land
use and can significantly enhance the appearance of a building.

The principles of operation of solar cells are discussed in detail in the literature [2,3]. Pho-
tons with energies greater than the energy bandgap of the semiconductor are absorbed, promot-
ing electrons from the valence band to conduction band, leaving a corresponding number of
holes in the valence band. If the electronehole pairs are generated within the depletion region
of the pn junction (or within a minority carrier diffusion length from the edge of each depletion
region) the electric field present in the depletion region separates them and drives them through
an external load. Maximum power is delivered to the load when its impedance matches that of
illuminated device. The solar conversion efficiency h is given by:

h¼ VOCISCFF=P

where VOC is the open circuit voltage (the voltage generated when the load resistance is infinite),
ISC is the short circuit current (the current generated when the load resistance is zero) and FF is
the fill-factor (defined to be the ratio of the maximum power generated by the cell divided by
VOCISC). For comparison purposes the cell is usually illuminated with a simulated air mass
(AM) spectrum, AM0 for space applications and AM1.5 for terrestrial applications. The AM0
spectrum is that incident from the sun just outside the Earth’s atmosphere. The AM1.5 spectrum
is the global average incident at the surface of the Earth. It is the spectrum incident at the surface
of the Earth when the path length through the Earth’s atmosphere/height of the atmosphere,
sec q¼ 1.5. q is the angle between the elevation of the sun and the azimuth. The power of radi-
ation incident P is 1367 Wm�2 for the AM0 spectrum and 963 Wm�2 for the AM1.5 spectrum.

If gopt is the number of electronehole pairs generated per unit volume per second it follows
that the current generated ISC is given by:

ISC ¼ gopteA
�
wþ Ln þ Lp

�

where A[wþ Lnþ Lp] is the generation volume (A is the cross-sectional area, w is the depletion
region width and Ln and Lp are the minority carrier diffusion lengths in the p and n sides, re-
spectively). Bigger the value of ISC, smaller is the energy bandgap of semiconductor used to
absorb the light because a larger proportion of the spectrum incident from the sun will be ab-
sorbed. The generation volume increases with a decrease of doping on each side of the device
because w, Ln and Lp all increase with a decrease in doping concentration.

For an ideal solar cell:

VOC ¼ ½kT=e� ln ½ISC=Io�
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where Io is the reverse saturation current for an ideal solar cell and:

Iofexp½ �Eg=kT�

It follows that VOC increases as the energy bandgap of the semiconductor used to absorb the
light is increased.

The fill-factor FF and ISC are found to reduce rapidly with a modest increase in the series
resistance of the solar cell. In fact a series resistance of only 5 U will reduce the device effi-
ciency to less than 30% of what it would have been for zero series resistance [4]. The series
resistance mainly arises from the bulk resistances of the n- and p-type sides of the device
and the resistances of the contacts to the doped regions. Increasing the doping concentration
reduces the bulk resistance of a semiconductor; it also lowers the specific contact resistance
of the metal contact to the semiconductor by increasing the probability of quantum mechanical
tunnelling through the metalesemiconductor junction.

Because the efficiency depends on the product VOCISC there is an optimum energy bandgap
for producing maximum efficiency devices. A detailed analysis shows that for terrestrial power
generation (AM1.5 spectrum) the optimum energy bandgap is 1.5 eV i.e. close to the energy
bandgaps of the compound semiconductors, cadmium telluride (CdTe), indium phosphide
(InP), gallium arsenide (GaAs), and copper indium disulphide (CuInS2) [5,2,3]. In practice
semiconductors with energy bandgaps in the range 1.0e1.7 eV are used [6]. These include
monocrystalline and multicrystalline silicon (Si, Eg¼ 1.12 eV), copper indium diselenide
(CuInSe2, Eg¼ 1.05 eV), and amorphous silicon (aSi:H, Eg¼ 1.7 eV). Table 1 summarises
the highest efficiencies achieved using the different semiconductor materials [7]. The silicon
based devices are usually ‘‘homojunctions’’ i.e. junctions within the same material, whereas
many of the compound semiconductor devices are ‘‘heterojunctions’’ i.e. junctions between dis-
similar materials. These usually use an n-type wide energy bandgap ‘‘buffer layer’’ e.g. CdS to
form a junction with the p-type absorber layer. This structure is usually preferred because the

Table 1

Best efficiencies reported for the different types of solar cell

Cell type Highest reported efficiency for small

area cells produced in the laboratory

Highest reported module

efficiency

c-Si (crystalline Si) 24.7% (UNSW, PERL) 22.7% (UNSW/Gochermann)

Multi-c-Si 20.3% (FhG-ISE) 15.3% (Sandia/HEM)

aSi:H, amorphous Si 10.1% (Kaneka),

N.B. single junction

Triple junction. Stabilized

efficiency¼ 10.4%

mc-Si/aSi:H

(micro-morph cell)

11.7% (Kaneka),

N.B. minimodule

11.7% (Kaneka), N.B.

minimodule

HIT cell 21% (Sanyo) 18.4% (Sanyo)

GaAs cell 25.1% (Kopin) Not relevant

InP cell 21.9% (Spire) Not relevant

GaInP/GaAs/Ge

multijunction

32% (Spectolab), N.B. 37.3%

under concentration

Not relevant

CdTe 16.5% (NREL) 10.7% (BP Solarex)

CIGS 19.5% (NREL) 13.4% (Showa Shell),

N.B. for copper gallium indium

sulphur selenide

Dye sensitised cell 8.2% (ECN) 4.7% sub-module (INAP)

N.B. This data was taken from Ref. [7].
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minority diffusion length of electrons in a p-type semiconductor is much greater than that of
holes in an n-type semiconductor.

The purpose of this paper is to give an overview of the main methods of production of pho-
tovoltaic solar cells, and to give a critical appraisal of the environmental and energy related is-
sues associated with each technology.

2. Silicon solar cells

2.1. Monocrystalline silicon

Silicon has an indirect energy bandgap of approximately 1.1 eVat room temperature. The in-
direct energy bandgap results in a low optical absorption coefficient, az 100 cm�1 and this
means that the silicon needs to be several hundred microns thick ([1/a) to absorb most of the
incident light. The electronehole pairs generated by the light should be able to diffuse up to
that distance to reach the electric field in the depletion region of the junction if they are to contrib-
ute to the photocurrent. (Increasingw to more than a fewmicrons by lowering the doping concen-
trations is at the expense of increasing the device series resistance to the point where it severely
degrades device efficiency.) The ability of the carriers to diffuse to the junction region ismeasured
by the minority carrier diffusion length, L. Elementary semiconductor theory shows that:

Lf
ffiffiffiffiffiffi
mt

p

where m is the mobility and t is the lifetime of minority carriers in the light absorbing region
[7]. As both m and t are very sensitive to material purity and crystallinity efficient devices can
only be produced if the feedstock is pure enough and the densities of crystal defects minimised.
In practice it is found that the purity needed to make cells (‘‘solar grade silicon’’) is less strin-
gent than that needed for the microelectronic industry and in fact most PV cells manufactured
to date use silicon supplied by the larger microelectronics industry. The rapid expansion of PV
sales over the past 5 years means that manufacturers are now considering purifying silicon
themselves for use in producing PV solar cells [8].

A cross-sectional view of the conventional silicon solar cell structure that has dominated pro-
duction up to the present is given in Fig. 1 [8]. The boron doped p-type monocrystalline silicon
wafer is sawn from a boule of silicon grown using the Czochralski method and the pn junction

p-type silicon

Screen printed silver fingers
 of top contact grid

n+silicon

p+silicon

Aluminium back contact 

Fig. 1. Schematic cross-sectional view of a silicon solar cell with screen printed contacts.



5R.W. Miles et al. / Progress in Crystal Growth and Characterization of Materials

51 (2005) 1e42
formed by diffusing phosphorus impurities into the wafer. Screen printed silver contact fingers
are used on the n-type surface to make both electrical contact and to allow light to be transmitted
to the junction region [9]. Aluminium paste is used to make contact at the back p-type surface.
This is annealed to introduce a pþ doped region at the back of the cell, to lower the contact re-
sistance and to supply a back surface field that reflects minority carriers back towards the junc-
tion [10]. The cell surface is textured to minimise reflection and to refract light to high angles of
refraction to enhance the path length of the light within the silicon. An antireflection coating
(usually titanium dioxide) is deposited over the top contact fingers to complete the device.

Green and co-workers from the University of New South Wales (UNSW) have pointed out
that there is a high penalty for using screen printed contacts [11]. High shading losses, the high
resistivity of the screen printed silver grids compared to pure silver (3� as high), a high contact
resistance between the grid and silicon and poor aspect ratio all reduce device efficiencies to
approximately 14%. This has led them to develop solar cells in which the contacts are defined
either using photolithography or laser scribing [12]. A typical ‘‘UNSW cell structure’’ is shown
in Fig. 2. For the design shown the surface of the silicon has been oxidised to passivate the front
surface of the cell and grooves for contacting cut using laser scribing. In this buried contact
design the contact metals, nickel, copper and then silver, are deposited using electroless meth-
ods. The improved design permits shallower phosphorus doping at the surface of the device
without degrading the open circuit voltage, improving the short wavelength response of the

n+silicon

p+silicon

Aluminium back contact

p-type silicon

Layer of silicon
dioxide

or silicon nitride  
Buried top contact

grid fingers

Fig. 2. Schematic cross-sectional view of an UNSW solar cell with buried contacts.

p-type silicon

top contact grid

n+silicon

p+silicon

SiO2

Back contact

SiO2

Fig. 3. Schematic cross-sectional view of a PERL (‘‘passivated emitter rear locally diffused’’) solar cell.
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cell. The higher doping concentration of this nþ region also reduces the contact resistance to
the grid contact. This type of cell is used in the high efficiency PV modules produced by a range
of companies including the Saturn modules sold by BP Solar.

A more advanced design is that of the PERL (‘‘passivated emitter rear locally diffused’’) so-
lar cell shown in Fig. 3. In this device the back surface of the cell is oxidised and then the pþ
regions formed in localised areas of the device by opening windows in the oxide layers and then
diffusing dopant impurities into these regions. The silicon dioxide passivates the back surface
of the device and is also much more effective at reflecting light back into the device than the
aluminium back contact and pþ regions alone. The surface is also textured to produce a topol-
ogy of inverted pyramids that are very effective at refracting light to high angles of refraction.
This cell design has resulted in small area devices with efficiencies> 24% and foot square
modules with efficiencies> 20% which are currently the world records for crystalline silicon
[13]. A slightly modified design is the PERF (passivated emitter rear floating junction) cell.
This is commonly used for space applications [14].

In recent investigations of the factors limiting cell efficiency it has been found that doping
silicon with boron induces a defect that leads to a light induced degradation of the minority
carrier lifetime in p-type silicon and hence to a drop in efficiency of high performance cells
by approximately 1e2%. One way to avoid this problem is to use gallium instead of boron
to dope the Czochralski grown wafers p-type. Experiments have shown that there is no light
induced degradation in cells fabricated using the Ga-doped wafers confirming that gallium is
a highly promising alternative dopant to boron [21].

Crystalline silicon devices and modules have dominated production and sales from 1954 un-
til 2000. Although the sale of silicon solar cells has continued to grow rapidly the market share
of monocrystalline silicon products has actually reduced to approximately 40% of sales volume
due to increased competition from devices based on the use of multicrystalline silicon. The
cells sold usually have efficiencies in the range 10e16%, the more sophisticated designs result-
ing in the higher efficiency devices [8].

2.2. Multicrystalline silicon

With this technique molten silicon is poured into a container and then allowed to cool result-
ing in silicon ingots with large columnar grains (typically 0.3 mm diameter) growing from the
bottom of the container upwards [15]. The grains are so large that they extend through the wa-
fers cut from the solidified block. The incorporation of hydrogen during device processing
plays an important role in passivating the grain boundaries in the devices formed. This is
most conveniently introduced by using PECVD (plasma enhanced chemical vapour deposition)
to deposit silicon nitride as the top insulating layer, rather than silicon dioxide, as hydrogen is
used in this process. Advantages of using multicrystalline growth over the Czochralski method
include lower capital costs, higher throughput, less sensitivity to the quality of the silicon feed-
stock used and higher packing density of cells to make a module because of the square or rect-
angular shape of the cells. The best modules made using multicrystalline silicon generally have
efficiencies 2e3% less than those of crystalline silicon and cost approximately 80% of that of
crystalline silicon cells to produce. The market share of this product (55%) has continued to
increase over the past 5 years and is still increasing. Apart from reduced cost, it has pointed
out that the average efficiency of commercial multicrystalline silicon modules sold (12.6%)
is actually not very different from the average for commercial crystalline silicon cells sold
(12.8%) probably due to the manufacturers not fully exploiting the potential of crystalline
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silicon [8]. The aesthetic appearance of the multicrystalline silicon modules is also generally
considered by architects to be more appealing than the crystalline silicon counterparts.

2.3. Silicon ribbon

With the EFG (‘‘edge defined film fed growth’’) method a graphite dye is immersed into
molten silicon and the silicon rises into the space in the dye by capillary action; it is then pos-
sible to pull a self supporting 2-D sheet of silicon from the dye [16]. Although the method was
first developed by the US firm Mobil Solar it was sold in 1994 to Angewandte Solarenergie
GmbH, a subsidiary company of a major supplier of electricity in Germany.

Alternatively the ‘‘dendritic web growth process’’ may be used [17]. Two dendrites are
placed into molten silicon and when withdrawn quickly from the melt a thin sheet of silicon
is trapped between them and quickly solidifies. The latter method has more recently evolved
into the ‘‘string ribbon method’’ in which two graphite strings are used rather than the dendrites
as this makes process control much easier [18]. In all cases the silicon is multicrystalline with
a quality approaching that of the directionally solidified material. Solar modules made using
silicon sheets produced with these methods generally have efficiencies in the range 10e12%.

Despite initial optimism that silicon ribbon technologies would dominate production and
sales, the market share has remained small (approximately 1% of total sales).

2.4. Amorphous silicon

Thin films of amorphous silicon are produced using the CVD (chemical vapour deposition)
of gases containing silane (SiH4), usually ‘‘PECVD’’ [19] or ‘‘hot wire CVD’’[20]. The layers
may be deposited onto both rigid substrates e.g. glass and onto flexible substrates e.g. thin me-
tallic sheets and plastics, allowing for continuous production and diversity of use. The material
that is used in solar cells is actually hydrogenated amorphous silicon, aSi:H, an alloy of silicon
and hydrogen (5e20 atomic % hydrogen), in which the hydrogen plays the important role of
passivating the dangling bonds that result from the random arrangement of the silicon atoms.
The hydrogenated amorphous silicon is found to have a direct optical energy bandgap of
1.7 eV and an optical absorption coefficient a> 105 cm�1 for photons with energies greater
than the energy bandgap. This means that only a few microns of material are needed to absorb
most of the incident light, reducing materials usage and hence cost. Doping is found to severely
degrade the mobility and lifetime of minority carriers in amorphous silicon. It has been found

Glass Silicon dioxide

Textured
tin oxidep-layer

i-layer

n-layer

Aluminium back contact

Fig. 4. Schematic cross-sectional view of an amorphous silicon single junction solar cell.
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that this problem can be minimised by using a peien device structure where the light is ab-
sorbed, the electronehole pairs are generated and also move within the undoped i-layer, assis-
ted by the electric field across it. A cross-sectional view of a typical peien cell structure is
shown in Fig. 4. Although the initial efficiency of the cells made in the laboratory can be
>12%, commercial modules when exposed to sunlight over a period of months degrade to an ef-
ficiency of approximately 4e5%. This phenomenon is known as StaeblereWronski effect [19].

It is, however, possible to absorb the solar spectrum more efficiently and to improve cell sta-
bility by using multiple pin structures with different energy bandgap i-layers to produce ‘‘dou-
ble junction’’ or ‘‘triple junction’’ structures. Narrower energy bandgap layers are produced by
alloying the silicon with germanium and wider energy bandgap layers are produced by alloying
the silicon with carbon. A cross-sectional schematic view of a double junction cell is shown in
Fig. 5 and a triple junction cell in Fig. 6. The highest reported stabilised efficiency of a double
junction is now >9.5% and for a triple junction module >10% [19]. Currently amorphous sil-
icon modules account for less than 5% of the number sold for use in commercial systems.

glass substrate silicon dioxide

textured tin oxide 

upper p-i-n αSi:H
solar cell 

lower p-i-n αSiGe:H
solar cell

aluminium back contact

tunnel
junction

zinc oxide

light

Fig. 5. Schematic cross-sectional view of an amorphous silicon double junction solar cell.

glass substrate silicon dioxide

textured tin oxide
upper p-i-n αSiC:H
solar cell 
middle p-i-n αSi:H
solar cell 

lower p-i-n αSiGe:H
solar cell 

indium tin oxide silver back contact

tunnel
junctions 

light

Fig. 6. Schematic cross-sectional view of an amorphous silicon triple junction solar cell.
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2.5. Microcrystalline silicon

If the gases used for the deposition of amorphous silicon are diluted in hydrogen then the
microstructure of the deposit varies. In particular, for highly diluted gases the deposit consists
of regions of crystalline silicon immersed in an amorphous matrix [21]. This two-phase mate-
rial is known as ‘‘microcrystalline silicon’’. The physical properties of the material resemble
those of crystalline/multicrystalline silicon rather than amorphous silicon, especially with re-
gard to stability under intense illumination. Work is currently underway to develop hybrid
amorphous-silicon/microcrystalline-silicon tandem solar cells and modules (Fig. 7). Trials in-
dicate that these hybrid devices and modules rival triple junction amorphous silicon in terms
of efficiency and stability [22].

2.6. HIT solar cell

A novel device developed by Sanyo is the HIT cell [23]. In this device layers of amorphous sil-
icon are deposited onto both faces of a textured wafer of single crystal silicon as shown in Fig. 8.

glass substrate 

upper p-i-n α Si:H
solar cell 

lower p-i-n µSi:H
solar cell

back contact 

TCO
reflector

TCO layer 

light

Fig. 7. Schematic cross-sectional view of a ‘‘micro-morph’’ solar cell.

TCO

p-type αSi:H

i-layer αSi:H

n-type c-Si
(textured) 

i-layer αSi:H

n-type αSi:H

Grid contacts

TCO
Grid contacts

Fig. 8. Schematic cross-sectional view of the HIT solar cell produced by Sanyo. Note that the thickness of the crystalline

silicon substrate is 200 mm, while the total thickness of intrinsicþ p-type amorphous silicon layers on the top of the

substrate is 10 nm and the total thickness of the intrinsicþ n-type amorphous silicon on the underside of the substrate

is 20 nm.
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This results in (10 cm� 10 cm) multijunction devices with efficiencies> 21% and
80 cm� 120 cm modules with efficiencies up to 18.4%. The advantages of this structure include
potential for high efficiency, very good surface passivation, low temperature processing (all
steps< 200 �C, except for substrate production), reduced energy payback time and reduced
cost relative to conventional silicon devices.

2.7. Other thin film silicon concepts

Reducing the thickness of silicon used is desirable to minimise materials usage and alleviate
the fear that a lack of silicon feedstock may limit the rapid expansion of the PV market [8].
Much early work in this area was been done by the US Company, Astropower Inc. which dem-
onstrated that ‘‘advanced light trapping techniques’’ can be used to produce efficient devices
using multicrystalline layers as thin as 20 mm [24]. In a recent study Poortmanns et al. suggest
that the limit to the thickness of silicon that could be used may be as low as 2 mm [25,26]. The
thin film deposition processes being developed generally use substrate temperatures between
600 �C and 1420 �C (the melting point of silicon) and include CVD, LPE (liquid phase epi-
taxy) and ZMR (zone melting recrystallisation) methods. Work is underway in Europe to de-
velop thin film silicon technologies, either epitaxially on lower quality silicon substrates or
as thin films on foreign substrates e.g. ceramics [27,28].

Origin Solar Energy Pty Ltd in Adelaide, Australia, have developed a radically new way of
using crystalline silicon [29]. The ‘‘sliver solar cells’’ they produce are formed by microma-
chining parallel grooves perpendicular to the surface of the silicon wafer that extend almost
all the way through the slice to leave 60 mm thick ‘‘slivers’’ of silicon supported on the remain-
ing substrate. After processing of the slivers into solar cell devices the remaining silicon is cut
or etched to separate the cells from each other. The cells are incorporated into a novel module
design that incorporates a diffuse reflector at the back. A substantial gap is left between the
cells when they are included in the module such that light passing through the gaps is reflected
onto the back surface of the bifacial cells. Origin reports that individual cells with
efficiencies> 19% have been made and modules with 50% cell coverage have resulted in ef-
ficiencies up to 12.3%. They also report a significant reduction of cell production costs and en-
ergy payback time.

3. Solar cells based on the use of IIIeV compounds

3.1. Single junction IIIeV materials and devices

IIIeV Compounds such as gallium arsenide (GaAs), indium phosphide (InP) and gallium
antimonide (GaSb) have direct energy bandgaps, high optical absorption coefficients and
good values of minority carrier lifetimes and mobilities (in highly pure, single crystal material)
making them excellent materials for making high efficiency solar cells. Single crystals of these
materials can be produced using either the liquid encapsulated Czockralski method or using
a Bridgmann method. The two IIIeV materials most widely used for single junction solar cells
are GaAs and InP. Solar radiation with energy above that of the bandgap is absorbed efficiently
within a few micrometers of the surface because of their high absorption coefficients. Both ma-
terials have near optimum bandgap values for single-junction conversion of the solar spectrum.
The bandgap of GaAs is 1.424 eVand that of InP is 1.34 eV. InP has a minority carrier diffusion
length, Ln (for Zn doped p-InP wafers) in the range 2e30 mm depending on doping density.
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One of the first GaAs based solar cells with a reasonably high efficiency was a pn junction
device with an AM1 efficiency of 11% [30]. The first AlGaAs/n-GaAs device was reported by
Alferov et al. [31]. The first InP solar cells were homojunction devices produced by thermal
diffusion [32]; however, subsequently a range of device structures was produced using a range
of different of techniques. The first high-efficiency InP based devices were produced during the
second half of the 1970s [33]. The historical development of single junction InP based devices
was reviewed in the 1989 [34].

It should be noted that efficiency values quoted depend on the conditions under which they
are measured. For instance, early terrestrial cells tended to be measured under an AM1 spec-
trum, whereas the current standard spectrum is AM1.5 at 1000 Wm�2 and 25 �C. The standard
for space measurements is the AM0 spectrum (the solar spectrum, at the EartheSun distance,
without atmospheric absorption). The confirmed values quoted in the efficiency tables are those
measured under the relevant standard conditions and usually confirmed by at least one additional
recognised and independent test centre (see Ref. [7]). Therefore, when comparing values it is
important to compare measurements made under the same conditions or understand the impli-
cations of differences in those conditions.

The disadvantage of using IIIeV compounds in photovoltaic devices is the very high cost of
producing device quality substrates or epitaxial layers of these compounds. Crystal imperfec-
tions, including unwanted impurities, severely reduce device efficiencies and alternative lower
cost deposition methods cannot be used. These materials are also easily cleaved and are signif-
icantly weaker, mechanically, than Si. The high density of the materials is also a disadvantage,
in terms of weight, unless very thin cells can be produced to take advantage of their high ab-
sorption coefficients. These drawbacks led to them being considered as unpromising materials
for single junction, terrestrial, solar cells. It was primarily due to their potential for space ap-
plications that development of IIIeV based devices was undertaken. The potential for high con-
version efficiencies together with radiation resistance in the demanding environment of space
power generation mitigated against the high materials cost.

The success of Si solar cells for generating electrical power in space led to a demand for
higher performance devices and in the maintenance of performance during operation. An im-
portant factor that needed to be addressed was the degradation in performance due to radiation
damage from high energy electrons and protons. Reducing degradation reduces the weight at
launch. Radiation damage to the materials is most severe at the depth where the radiation stops
giving up the energy to the crystal lattice, i.e. at the end of the range of the charged particle. The
damage to the lattice results in the creation of recombination centres and loss of cell perfor-
mance. Depending on the environment the energy of the radiation varies and thus the stopping
depth varies. As an indirect bandgap semiconductor Si requires a greater volume to absorb the
convertible solar radiation and this volume makes it more susceptible to radiation damage. For
a given application, it is the end of life (EOL) performance that determines the size of the be-
ginning-of-life (BOL) array size. Direct bandgap, high performance cells based on IIIeV ma-
terials can be made significantly thinner than Si based devices. Most of the protons and
electrons pass through the thin active region and cause minimal lattice damage. The develop-
ment of the GaAs based cells and their testing in space flights and in radiation trials confirmed
the benefits of using these devices for space power generation. Weinberg et al. [35] concluded
that n/p GaAs homojunction cells were superior both in radiation resistance and efficiency to
conventional Si n/p devices. It was also found that InP based devices gave high performances
and resistance to radiation damage. InP based devices were shown to have a superior radiation
resistance to GaAs devices [36e38] and this was attributed to the electronic annealing
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enhancement of major defect centres. Annealing of defects produced from 1 MeV electrons, by
both current injection (by either forward biasing the cell or by illuminating the cell) and ther-
mally, resulted in improved post irradiation performance [39]. Space flight experiments con-
firmed the radiation resistance of InP based solar cells compared to both Si and GaAs based
devices. The superior radiation resistance was demonstrated for ITO/InP and n/p homojunction
cells during the first space flight test of InP devices on the LIPS III satellite [40,41] and in 1990,
1300 diffused homojunction InP cells, produced by Nippon Mining Company Ltd, with average
efficiencies of 16.5% were installed on the MUSES-A Lunar Orbiter [42]. The confirmed high-
est GaAs and InP single junction terrestrial (AM1.5) conversion efficiencies are 25.1 and 21.9%
for epitaxially grown homojunction cells produced by the Kopin and Spire corporations, respec-
tively, in the US [43].

The density of GaAs, at 300 K, is 5.32 g cm�3 and that of InP is 4.79 g cm�3, more than
twice that of Si (2.33 g cm�3). The high density and relative fragility of both InP and GaAs
compared to Si and the need to minimise weight and cost and to increase strength led to the
conclusion that these devices would ultimately need to be grown on alternative substrates,
with Si being the most studied candidate. It was recognised early in the development of InP
based devices that the cost of the substrate accounted for over 90% of the cell cost and that
this would need to be significantly reduced in order for InP cells to be able to compete with
Si and GaAs based devices. To overcome this, efforts were made to reduce the amount of
InP by growing thin layers on lower cost and lighter substrates or by use of high efficiency con-
centrator cells [44]. However, the large lattice mismatch has remained a major obstacle. Small
(<0.2 cm2) single junction concentrator devices of GaAs grown on Si substrates and InP devi-
ces on GaAs substrates have reached efficiencies of 21.3 and 21.0%, by Spire and the National
Renewable Energy Laboratory (NREL) in the US, respectively.

The best single junction GaAs and InP based devices were grown by epitaxial techniques
using liquid phase epitaxy (LPE) and metalorganic chemical vapour deposition (MOCVD) pro-
cessing. Compared to diffusion based technology this is a high cost processing route but it en-
ables close control over the growth parameters. The addition of an additional and expensive
process to grow the high quality epitaxial layers increases the cost per Watt. The increase in
device efficiency over that of non-epitaxial cells must be greater than the additional processing
cost if the devices are to be produced economically. The additional cost of growing monolithic
multijunctions compared to a single epitaxial junction is relatively small and the potential for
increasing device efficiency is much greater. Therefore, over the last 15 years the major effort
on IIIeV based devices has been on multijunction devices and the record single junction solar
cell efficiencies have remained unchanged since the early 1990s. Most work on IIIeV single
junction devices has been on structures that are intended as sub-cells within multijunction cells.
Single-junction, low bandgap, gallium antimonide (GaSb) and indium gallium arsenide (In-
GaAs) based devices have been used for thermophotovoltaic applications.

3.2. IIIeV Multijunction devices

A single junction device is able to convert solar radiation with energy above the bandgap value
of the absorber material. However, as the photon energy increases, the energy in excess of the
bandgap does not generate electronehole pairs, but is lost to the lattice as heat which limits
the efficiency of the cell. It has been shown theoretically that, by increasing the number of junc-
tions with a range of different bandgap values tailored to the range of photon energies available

in the solar spectrum, it is possible to significantly increase the conversion efficiency. There was
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an early report of the concept of multijunction (MJ) devices in the 1950s [45]. However, it was
the work of Loferski [46,47] that indicated a maximum theoretical efficiency ofw60% by stack-
ing N component cells. Henry gave an efficiency ofw72% for an MJ cell with 32 bandgaps [48].

The bandgap values selected for the MJ depend on the number of junctions used. Several
concepts for MJ cells have been investigated and they include optically splitting the spectrum
into bands that correspond to the bandgaps of discrete cells, mechanically stacking discrete
cells on top of one another and growing, monolithically, the cells in a stack where they are
physically, electrically and optically connected. For both the mechanically and monolithically
stacked cells the incident light must pass through the stack from highest bandgap sub-cell to the
lowest, they are sometimes called cascade cells. However, work has continued on mechanically
stacked devices which also yield high efficiencies. Mechanically stacked devices (denoted by
the ‘‘//’’ between materials) offer greater flexibility in terms of the sub-cells and electrical con-
nections that can be used. For instance, completely incompatible materials can be used to pro-
duce efficient devices. An example is the GaAs/CuInSe2 cell (Fig. 9) developed by Boeing
during the 1980s [49,50]. For many years the highest efficiency device was a gallium arsenide
upper cell in tandem with a gallium antimonide solar cell below GaAs//GaSb (1.42 eV//
0.72 eV, efficiency> 30%) [51]. Although the use of discrete cells is attractive because of
the freedom of design and choice of cells, in practice the technological difficulties of maintain-
ing the optical arrangement and electrical connections to the individual cells made it advanta-
geous to follow the monolithic approach. This structure has received the most attention and this
route has yielded the highest efficiency MJ cells.

It should be noted that efficiency values quoted for MJ devices can be for significantly dif-
ferent measurement conditions and care needs to be taken when comparisons are made. In ad-
dition to the terrestrial (AM1.5) and space (AM0) spectra, the devices may have been measured
under non-standard spectral or concentration ratios. The latter can vary from several hundred
times 1 suns (w200 suns) to over 1000 suns.

Two essential requirements for monolithic devices are a suitable materials system that ena-
bles the growth of efficient sub cells on top of one another and that the current produced by
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each should be matched since they are connected in series. The most successful materials cur-
rently used for MJ cells are the ternary IIIeV alloys based on the GaAs and InP materials sys-
tems. However, as the number of cells increases the complexity of the device also increases and
until relatively recently most MJ devices were either two or three junction cells (tandem or tri-
ple junction). The difficulties arise because there are several requirements for MJ devices to
operate. Materials with suitably different bandgap values must be available and the optical
characteristics of the cell must be such that the light not absorbed by one cell must be available
to the next cell, so requiring interfaces between cells that are transparent to the appropriate
wavelengths. However, the device must also be designed to enable electrical connections to
be made to the device and between sub-cells.

Epitaxially grown, high quality, single crystal layers have produced high performance devi-
ces. However, initially the growth technique used was LPE which was limited to production of
single junction devices because of the difficulty in growing multi-component systems using
this technique. With the development of metalorganic vapour phase epitaxy (MOVPE), also
known as MOCVD, and its application to the production of GaAs based space cells, the foun-
dation of monolithically grown MJs was laid. By selection of a suitable materials system, it
was possible to grow monolithic device structures that achieve high efficiencies and are
more easily integrated into an array. It is possible to grow complex device structures because
a number of different IIIeV materials compositions can be grown epitaxially and sequentially
and doped to produce high quality single crystal devices with different bandgaps. The devel-
opment of the GaInP2/GaAs materials system in the 1980s and the invention of the first two-
junction (cascade) cell at NREL in 1984 was a key development in IIIeV monolithic MJ
research. This latter work later yielded a high performance (21.8% AM1.5) GaInP2/GaAs, 2
junction, device [52]. By 1990 the efficiency had reached 27.3% (Fig. 10) and provided
a path to develop triple junction devices (GaInP/GaAs/Ge) (w1.9 eV/1.42 eV/0.67 eV) with
the GaInP2/GaAs grown on a diffused Ge junction. The current confirmed highest efficiency
device is a GaInP/GaAs/GaInAs triple junction device at 37.9% made by National Renewable
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Energy Laboratory (NREL) in the US. The previous world record was a 37.3% GaInP/GaAs/
Ge device produced by Spectrolab. Both devices were of small area< 0.3 cm2 and were mea-
sured under a low aerosol density direct beam spectrum and under concentration (10 suns and
175 suns, respectively) [43].

Spectrolab is the largest producer of commercial MJ devices and their latest triple junction
cells, Ultra Triple Junction (UTJ) solar cells, these have typical BOL cell efficiencies AM0
(135.3 mW cm�2, 28 �C) at load voltage of 28.3% with minimum EOL efficiencies at maxi-
mum power of 24.3% for 32 cm2 commercial devices. Yoon et al. [53] described recent advan-
ces in the UTJ IIIeV MJ space cells at Spectrolab Inc. The company also makes commercial
dual junction cells and has produced over 800 kWof MJ devices with over 225 kWon orbit and
claims the ability to produce nearly 1 MW of cells per year. Emcore is the other main US man-
ufacturer of MJ devices and has produced over 400,000 solar cells. The commercial MJ devices
they produce are the advanced triple junction (ATJ) and triple junction devices. Typical conver-
sion efficiencies of these are 27.6% average lot efficiency (AM0, 28 �C) for cell areas
of >26 cm2 [54]. The standard triple junction has an InGaP/GaAs/Ge structure whereas
the ATJ has an InGaP/InGaAs/Ge structure similar to that shown in Fig. 11.

The high cost of MJ cells means that they are not competitive for terrestrial applications
even with w30% conversion efficiency values. However, if used to convert concentrated solar
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radiation, the cost per Watt can be reduced by the concentration ratio, to between 100 and 1200
times lower. For this reason concentration systems have also seen a significant research effort
and IIIeV MJ devices have been produced to operate under high solar concentrations. However,
the requirements of working efficiently at high concentrations bring further engineering chal-
lenges. In particular the devices must be capable of operating at the correspondingly high cur-
rent levels, increasing from mA cm�2 to A cm�2. Concentrator systems require continuous
direct solar radiation and the optical arrangement makes them sensitive to the position of the
sun in the sky. The high cost of multijunction devices makes it necessary for them to be
used in concentrator systems. In addition, MJ cells are designed to operate under a particular
spectrum and if that spectrum changes the cell performance can be severely reduced. Generally,
concentrator systems are not able to be as widely used as flat plate systems and therefore, ter-
restrial multijunction devices are likely to be limited to locations where long periods of direct
sunlight are common. Suitable locations require minimal cloud cover and tracking systems to
follow the Sun across the sky.

Spectrolab also produces commercial triple junction terrestrial concentrator cells with a typ-
ical 350 suns efficiency of 30.5% (10.7 W cm�2) and 1000 suns efficiency of 28.6%
(28.6 W cm�2). The Spectrolab cells have an optimised GaInP2/GaAs/Ge structure similar to
that shown in Fig. 4. Emcore in the US and Sharp in Japan also produce terrestrial MJ concen-
trator cells.

In response to the increasing requirements for larger space power requirements, with satel-
lites of 30 kW being planned in the next few decades, there is an increasing demand for high
power cells. A recent review of MJ devices [54] provided a summary of the activity on these
devices over the last 50 years and gives some indication as to the future direction of research
and development in this field from one of the major MJ manufacturers. The cautious prediction
of the future for MJ devices included the introduction of a fourth junction into the GaInP2/
GaAs/Ge device and the viable development of mechanically stacked cells. Also suggested
is that the metamorphic or lattice mismatched approach will be used to optimise the bandgaps
of the GaInP2/GaAs/Ge cell and there will be development of a new materials system. Work in
the late 1990s on InGaAsN as a fourth junction identified a range of problems. However, nitride
based alloys of the IIIeV compounds are suggested as a future materials system for an MJ de-
vice if suitable substrates can be found, the growth rate can be increased and doping issues can
be resolved.

In Europe, the European Space Agency and the German Space Agency, together with the
Fraunhofer ISE and RWE Space Solar Power GmbH, are working on a number of routes to
achieve MJ cell efficiencies between 40 and 50% (AM0) with increased radiation resistance.
The work on IIIeV multijunction space solar cells includes the development of GaInP/GaInAs
two junction concentrator cells, GaInNAs single junction (1 eV) device and three junction de-
vices, all as part of the development of four and five junction devices and a planned six (six-
tuple) device that would include a GaInNAs junction (Fig. 12). Compared to the four-junction
device, if the GaInNAs junction is included in a six-junction cell it would need to generate sig-
nificantly less current (>8.5 mA cm�2). This was predicted as achievable by the trial single
junction [55]. Improvements in the three-junction devices included the use of a wider bandgap,
disordered GaInP top cell (1.88 eV) in place of the ordered material (1.78 eV). The planned six-
junction cell has a structure as shown in Fig. 13 [55]. A report of the first MJ cell with five
active junctions used the following materials: AlGaInP, GaInP, AlGaInAs, GaInAs grown on
an active Ge cell by MOVPE (see Fig. 14) [56]. This cell exhibited a Voc value of 4.83 V under
a three-source AM0 simulator. However, measurement of this five-junction device was
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challenging and a reliable value for conversion efficiency is difficult to achieve using their cur-
rent simulators.

In Japan the key initiative in multijunction cell development was the Super High Efficiency
Solar Cell Project which began in 1990. The aim of this project was to produce a cell with a con-
version efficiency of greater than 40%. The project has included development of two- and
three-junction devices and mechanically stacked (InGaP/GaAs//InGaAs, GaAs//InGaAs,
GaAs//InGaAsP) and monolithic (InGaP/InGaAs, AlGaAs/GaAs, AlGaAs/Si, InGaP/GaAs/
Ge) devices [57e59]. The highest efficiency mechanically stacked device was the InGaP/
GaAs//InGaAs cell produced by Japan Energy, with an efficiency of 33.3% AM1.5. The highest
efficiency measured for any of the cells in the project was reported as 37.4%, under 200 suns
concentrated AM1.5 (global) spectrum. Other companies involved in the MJ project include
Sumitomo Electric, NTT, and Hitachi Cable. An important development within this project
was the use of the double heterostructure InGaP tunnel junction with AlInP barriers which in-
creased the tunnel junction current from 5 mA cm�2 to 2 A cm�2 and reduced Zn diffusion
[60]. The project for the development of high efficiency solar cells was taken over by Sharp,
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the only Japanese commercial manufacturer of multijunction devices, together with Daido Steel
Co. and Daido Metal Co. A near term aim of this project is the demonstration of a 40% device,
under 500 suns concentration by April 2006. Work is also progressing on the use of AlInGaP
(1.96 eV) [58] to replace the lower bandgap GaInP top cell material. There is also an investi-
gation of the use of thin and alternative substrates (Ge and Si). Further into the future the so-
called third generation concepts such as intermediate bandgap and hot-carrier devices [61] may
become practical possibilities as advanced semiconductor materials are developed [62].

The greatest drive to develop devices with greater efficiencies remains the space industry
where specific power is at a premium. Far term space missions have a demand for arrays
with specific power values of w1000 W/kg. To meet this concentrator systems will be required
with MJ cell efficiencies above 48% [63]. The high material cost of substrates on which to grow
the MJ devices remains a barrier to cost reduction. This is the rationale for the drive to grow the
IIIeV materials on Si or other low cost substrates. During the development of the single junc-
tion IIIeV cells it was recognised that the high materials cost of single crystal wafers was a ma-
jor drawback to their future exploitation. The high efficiencies achieved by MJ cells have
reduced the effective cost per Watt; however, this could be further enhanced by using low
cost substrates. In addition the mechanical strength and specific power (Watt per kg) could
also be significantly improved. The lattice mismatch between Si and GaAs is approximately
4% and the thermal expansion mismatch is about 60% whilst the lattice mismatch between
InP and Si is twice that for GaAs although the thermal expansion mismatch is less. The lat-
tice-strain induced by these materials differences result in threading dislocations that can ex-
tend into the absorber layer and reduce the cell’s performance. The growth of single junction
IIIeV devices on foreign substrates was discussed earlier. However, the development of IIIe
V MJ devices on substrates such as Si has continued and the use of SiGe alloys has provided
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a promising route to achieve this. McConnell and Matson [64] identified the use of Si substrates
as part of the work on the next generation photovoltaic technology in the US. In particular there
are projects at the California Institute of Technology investigating InP/Si bonded template
films, and at Ohio State University considering IIIeV devices on Si substrates using SiGe buffer
layers. The latter project has resulted in devices with promising performance [65,66].

Both to optimise cell design through the selection of sub cells with optimum bandgaps and
to move towards higher efficiency devices it is necessary to use additional materials. As the
number of junctions increases the design and production of the cell becomes more challenging.
The thickness of each sub-cell needs to be controlled while also changing the composition to
achieve the correct bandgap value, minimising lattice mismatch and creating the highly doped
tunnel junctions between each sub-cell. The larger number of junctions increases the total
thickness and radiation damage may be more severe for any junction at a depth corresponding
to the end of range. The materials in this region and the junction’s contribution to the cell may
need special consideration that will depend on the intended radiation environment.

To achieve a larger number of junctions, an alternative materials system will be required that
enables a wider variation in bandgap through the variation in composition while also minimis-
ing lattice mismatch. One of the materials systems that has recently received attention is
the group III-Nitride alloys. The bandgap values of In1�xGaxN alloys range from 0.7 eV
to 3.4 eV and the materials have been shown to exhibit superior resistance to radiation com-
pared to conventional MJ solar cell materials [67]. The design of a high efficiency (w52%)
four-junction device was found to depend on a 1.0 eV bandgap junction, immediately above
the Ge. The material (GaIn)(NAs) can be lattice matched to Ge and a 1.0 eV cell based on
this has been produced with an efficiency of 4.3% AM1.5 [68]. Mg has been used to dope
GaN p-type and it may be possible to use SiC or ZnO substrates to grow the III-Nitrides
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[69]. The Nitride materials electronic properties, growth rate and p type doping are seen as the
main barrier to the exploitation of nitride materials at present [54].

3.3. Thermophotovoltaic devices

Nelson [70] gives a brief history of the development of thermophotovoltaics (TPV) up to
2002. An important source of information on all aspects of TPV are the proceedings of the
Thermophotovoltaic Generation of Electricity Conferences which have taken place between
1994 and 2004 (TPV1eTPV6), and are published by the American Institute of Physics. Gen-
erally, TPV systems involve the conversion of radiation from man-made radiant sources into
electricity using appropriate photovoltaic devices. The devices are required to convert longer
wavelength radiation from lower temperature radiators 1000 Ke2000 K, compared to the
Sun (w6000 K). At present the maximum radiator temperature is limited to about 1500 �C
(1770 K) because of the lack of suitable high temperature radiator materials and the need to
avoid combustion products containing the oxides of nitrogen. This means that most of the ra-
diation is in the infrared rather than the visible zone. The optimum bandgap of TPV devices lies
in the range 0.4e0.6 eV for cells to be used with grey body radiators operating in the range
1200e1500 �C. Another major difference between solar PV and TPV is that in the latter the
cells are in close proximity (a few centimetres) to the thermal source and in an ideal case
the unconvertible radiation is returned to the radiator or never leaves the radiator. The devices
operate at high energy densities similar to those in concentrator systems. Radiators can be grey
body (broad band) radiators that have a near Plank’s radiation law distribution or be selective
such that there is a narrow spectral output corresponding to the region at and slightly above the
bandgap energy of the cell. Generally some form of spectral control is required to optimise the
coupling of convertible radiant energy into the cell and minimise the below bandgap energy lost
from the radiator. Various theoretical estimates of the maximum performance of TPV systems
and devices have been made [71e73]. These range from 85% for a solar TPV concentrator sys-
tem with a two-junction cell [71], between 13 and 22% overall system efficiencies (including
combustion efficiency) for a combustion based system [72] to between 35 and 40% for single
and two bandgap cells converting blackbody like radiation [73].

The main IIIeV low bandgap materials include GaSb (Eg¼ 0.72 eV), InGaAs lattice
matched (w0.75 eV) and mismatched (0.5e0.6 eV) to InP, InAsSbP (0.3e0.5 eV) [74,75], In-
GaAsSb [76,77] and 0.52 eV, InGaAs/InPAs cells [78]. The demands for such devices include
the capability to operate at high current densities that are similar to those in concentrator de-
vices (several Amperes per square centimetre). The low bandgap generally results in low
VOC. The monolithic interconnected module (MIM) structure is used to reduce current and in-
crease voltage but at the cost of complexity and increased cost of processing. Currently most
widely commercially available TPV devices are diffused pn junction GaSb cells produced by
JX crystals in the US and used in their Midnight Sun TPV stoves [79]. Other IIIeV materials
are all epitaxially grown by MOCVD and the device structures used for TPV include quantum
well (QW) cells grown in InGaAs on InP wafers. These have been used to extend the absorption
edge of the InGaAs from 1.7 mm to beyond 2.0 mm which would be near optimum to convert
radiation from a 1500 K rare-earth, selective Holmia emitter with a peak emission at 1950 nm
[80]. InGaAs based MIM [81,82] and InGaAsP/InGaAs tandem devices are grown on semi-
insulating InP substrates with Si3N4/Au back surface reflectors [83e86]. The semi-insulating
InP is used to minimise free carrier absorption as the unconverted radiation passes through
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the substrate and is reflected back towards the radiator and the back surface reflector is used to
maximise the reflected radiation. GaAs/Ge devices have also been reported [87].

3.4. Quantum well cells and other device concepts

The growth processes used for IIIeV MJ cells give a high degree of materials control. The
materials and processes are well placed to investigate device concepts that require nanometer
scale changes in composition and properties. The quantum well (QW) solar cell is one of
the more developed concepts. QW devices consist of an insulating layer (i-layer) within a con-
ventional pn junction cell to extend the depletion region. Nanometer wide regions of lower
bandgap material (QWs) are grown within the higher Eg barrier material. The QWs act to ex-
tend the absorption below the bulk material Eg. The additional carriers are released at room
temperature if the field is maintained across the junction. The close control of material prop-
erties such as composition, abruptness of the QWs and doping, requires growth using MOCVD
or MBE. The materials quality, processing technology and expertise available within the IIIeV
community have resulted in QW devices being generally formed from IIIeV materials. A 50
well, strain balanced, QW solar cell was shown to have a higher efficiency than a pen
GaAs control cell. This device was grown by MOCVD [88].

Another approach that attempts to increase absorption within the depletion region of a cell is
the metallic intermediate band solar cell (MIBCELL) or intermediate band solar cell (IBSC).
Efforts to make these devices have included using MBE to produce InGaAs quantum dots within
a GaAs pn junction [89].

The hot carrier concept relies on absorber layers that slow the thermalisation of photogen-
erated hot carriers within the lattice. A range of IIIeV materials has shown behaviour that in-
dicates they may be used to investigate this phenomenon further, InGaAs multi-quantum wells,
GaAs and InN have all shown slowed carrier cooling [61,90]. If the hot carriers can be extracted
from the cell, then the efficiency of the cell can be increased because the energy normally lost
to the lattice as phonons can be collected. One approach is to use a suitable material in which
the phonons may not relax by the generation of acoustic modes. If this occurs the population of
‘‘hot’’ phonons increases and slows the carrier energy relaxation.

4. Solar cells based on the use of polycrystalline thin film compound semiconductors

4.1. Solar cells based on the use of CdTe

In 1956 Loferski showed that the optimum energy bandgap for photovoltaic solar energy
conversion is 1.5 eV [5]. This led him to suggest that CdTe, which has a direct energy bandgap
near to this value, and a high optical absorption coefficient for photons with energies greater
than the energy bandgap (a> 105 cm�1) is a promising PV material [46,47]. It was realised
that thin layers, a few microns thick, were all that would be needed to absorb most of the in-
cident light, minimising material costs. Also because a long minority carrier diffusion length
would not be required (as most of the light would be absorbed in the depletion region) poly-
crystalline layers deposited using low cost processing methods might be adequate for producing
efficient cells. The earliest cells to be developed were CdTe/Cu2Te devices [91]. These devices
were, however, found to be unstable. As the instability was identified with the use of Cu2Te
a novel device structure was developed that avoided its use, the CdS/CdTe heterojunction solar
cell [92]. CdS has an energy bandgap of 2.42 eV, which is sufficiently wide to transmit most of
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the solar spectrum to the device junction. It is also one of the few wide energy bandgap mate-
rials that can be strongly doped (n-type) minimising series resistance problems.

In 1972 Bonnet demonstrated the excellent potential of the CdS/CdTe cell by producing de-
vices with efficiencies of 5e6% [93]. A schematic cross-sectional view of this type of device
developed is shown in Fig. 15. For the device structure shown the layers were deposited in the
sequence: CdS buffer layer, CdTe absorber layer and finally the back contact layer. Such a de-
vice is referred to as a ‘‘superstrate configuration device’’. In this work both the CdS and CdTe
were deposited using the ‘‘close spaced sublimation’’ method. This is a thermal evaporation
method in which the sourceesubstrate distance is very small (typically a few millimetres)
and the layers deposited through an inert gas passed between the source and substrate. The
high deposition temperatures used in this method results in CdTe layers free from secondary
elemental phases method, and the production of dense, faceted grains. In common with other
workers high efficiency devices only result if the deposited layer is treated with CdCl2 or Cl2
and the device annealed in air at 400 �C for 30 min. The CdTe is then etched in a solution of
bromine in methanol, dipped into a solution containing orthophosphoric acid to introduce P
into the back of the device and then the back contact deposited. Further research by Bonnet
and co-workers and complementary work (mainly in the USA) led to the development of
CdS/CdTe devices with efficiencies> 10% and eventually to Bonnet setting up ANTEC
GmbH (in Germany) to manufacture commercial modules [94,95]. The other major manufac-
turer of CdTe based devices is First Solar in the USA; they also use a thermal sublimation pro-
cess to deposit the CdTe layers [96].

In parallel with the development of CSS based devices other methods have been used to pro-
duce CdS/CdTe solar cells. These include spray pyrolysis (Golden Photon [97]) electrodeposi-
tion (BP Solar [98]) and screen printing (Matsushita [99]). These companies have, however,
now ceased production. This is for a range of different reasons. These include lack of cell sta-
bility for cells manufactured using spray pyrolysis and the difficulty in scaling up the wet chem-
ical processes to achieve targeted production yields for the latter two processes. It is possible
that Matsushita may shift to using CSS in the near future [97]. Alternative methods with poten-
tial for producing low cost devices include sputtering [100] and stacked elemental layer (SEL)
processing [101]. A possible advantage of using these methods is that it is possible to deposit
and form CdTe from the constituent elements; this may result in lower densities of residual im-
purities than achieved with using the compound due to the ease of controllably purifying the
low melting point elements compared to the high temperature compound.

Glass
Tin oxide

CdS buffer
layer

Back contact

CdTe
absorber

layer

Fig. 15. Schematic cross-sectional view of a ‘‘superstrate configuration’’, CdS/CdTe device structure.
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The highest efficiency CdTe-based solar cell produced to date is that made by Wu and co-
workers at NREL [102]. This device was produced by depositing layers in the sequence
Cd2SnO4, Zn2SnO4, CdS, CdTe and finally the back contact. The improvement is due to the
Cd2SnO4 layer being both more transmissive and more conductive than SnO2:F, increasing
the amount of light reaching the interface and lowering lateral resistance losses. The inclusion
of a Zn2SnO4 layer between the Cd2SnO4 layer and the CdS buffer layer was introduced to im-
prove VOC and FF.

This type of structure has advantages when the technology is scaled up in that the Cd2SnO4,
Zn2SnO4 and CdS can be rf sputtered in argon at room temperature from hot pressed targets,
speeding up throughput by eliminating warm up and cool down times for the substrates and sour-
ces. The CdTe is deposited using CSS at 570e625 �C and the samples were then heat treated in
CdCl2 vapour at 40e420 �C for 15 min. It is mainly during the CdTe deposition that the Cd2SnO4,
Zn2SnO4 andCdS layers are recrystallised and interdiffusion promoted at the interfaces of thema-
terials. It is expected that the commercial CdTe cellmanufacturers i.e. ANTECand First Solarwill
incorporate the stannate layers into their production processes over the next few years.

Considerable effort has been made over the years to understand the role of the CdCl2 heat
treatment and back surface etching [8]. The CdCl2 treatment is known to recrystallise and den-
sify the grains, promote interdiffusion of the CdS and CdTe at the interface to relax stress at the
interface, to passivate the grain boundaries to a substantial extent and to remove interstitial Te
and Cd vacancies. In an XPS study the energy band profile of CdS/CdTe devices has been de-
termined [103]. Cl appears to dope the CdS more strongly n-type and to dope the CdTe n-type
at the CdS/CdTe interface while the back surface etching, the air anneal and the choice of back
contact material tends to dope the CdTe/back metal contact interface p-type The role of Cl as
a donor is also supported by photocapacitance measurements [104]. This means that the highly
efficient devices are probably a type of buried homojunction device.

4.2. Solar cells based on the use of the chalcopyrite compounds

The chalcopyrites are compounds based on the use of elements from groups I, III and VI of
the periodic table and include copper indium diselenide (CuInSe2) copper gallium indium dis-
elenide (CuGa1�xInxSe2) and copper indium disulphide (CuInS2). As with amorphous silicon
and cadmium telluride these materials have direct energy bandgaps and high optical absorption
coefficients for photons with energies greater than the energy bandgap making it possible for
a few microns of absorber layer material to absorb most of the incident light and reducing
the need for a long minority carrier diffusion length.

In 1974 Wagner et al. produced a CuInSe2/CdS solar cell with an efficiency of 12%, an out-
standing achievement at the time [105]. The device was produced by depositing a thin film of
CdS onto a wafer of single crystal CuInSe2. The promising result stimulated research into de-
veloping cells in which all the layers were deposited using thin film methods [106]. It was also
realised that incorporating Ga into the CuInSe2 to produce CuGa1�xInxSe2 (CIGS) resulted in
a widening of the energy bandgap towards to the optimum for photovoltaic solar energy con-
version, an improvement in crystallinity of the layers, and opened up the possibility for grading
the energy bandgap. CIGS has in fact proved to be the most successful chalcopyrite absorber
layer investigated to date [107,108]. It should be noted that adding too much gallium results in
the layers being too highly resistive for use in solar cell structures. An energy bandgap of
1.25 eV corresponds to the maximum widening achievable without loss of efficiency and hence
most CIGS devices are produced with such an energy bandgap. The other chalcopyrite
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semiconductor of interest is copper indium disulphide. This material has a direct energy
bandgap of 1.5 eV, near the optimum for solar energy conversion and it therefore has the po-
tential to be a strong candidate for producing efficient devices. Most of the work on this ma-
terial has been pioneered by the HahneMeitner Institute in Berlin who usually produce this
material by co-evaporating the elements onto heated Mo-coated glass substrates [109].

Although a wide range of methods has been used to produce chalcopyrite thin films three
methods have dominated both research and large scale production.

These are:

1. co-evaporation of elements,
2. selenisation/sulphidisation of elemental precursor layers, and
3. stacked elemental layer (SEL) processing.

The former method was used by Mickelson and Chen, in 1981 to produce the first 10% all
thin film cell based on the use of CuInSe2 [110]. It has also recently been used by NREL to
produce the highest efficiency thin film CIGS devices produced to date (efficiencies> 19%)
[107]. It is also the method commercialised by ZSW, Stuttgart and Wurth Solar in Germany
who produce modules with efficiencies up to 13 % [111].

The second method was initiated by Basol and Kapur in 1989 [112]. The third method was
developed at Newcastle Polytechnic, now Northumbria University by Knowles and co-workers
[113]. Up-to-date reviews of the development of thin film devices have been given by Ullal (and
co-workers) at IEEE Photovoltaic Specialist Conferences and European PV Solar Energy Con-
ferences [114,115].

Siemens Solar produce CuGa1�xInx(S1�ySey)2 (CIGSSE) rather than CIGS absorber layers
for use in their commercial modules. In their case they start by depositing a Cu/Ga/In/Se
precursor layer which they convert into CIGSSE by rapid thermal annealing in a sulphur
containing environment. They have achieved efficiencies up to 14.7 % for 10 cm� 10 cm
mini-modules [116].

It should be noted that most of chalcopyrite-based devices are usually deposited in the sub-
strate configuration i.e. in the order: back contact, absorber layer, buffer layer, TCO and then
a top contact grid. The back contact usually used is molybdenum, the buffer layer CdS and the
TCO, Al-doped ZnO. A typical substrate configuration structure is given in Fig. 16.

The passivation of grain boundaries and other surfaces in chalcopyrite semiconductors is at-
tributed to the presence of sodium ions and oxygen (from an air anneal) [109]. The sodium may
diffuse into the absorber layer from the soda lime glass substrates used, although it is now more
common to introduce them directly into the layer by adding an inorganic source of the ions to
the material to be evaporated or sputtered.

There has been much recent research interest into: (i) developing a Cd-free buffer layer to
replace the CdS layer currently used, (ii) replacing the Ga and In with elements that are more
abundant. Strong candidates to replace the CdS are ZnSe, ZnIn2Se4 and MgZnO [117,118]. Re-
placing the Ga in CIGS with Al is proving to be very promising [119]. Some workers have gone
further and replaced the Ga and In with Zn and Sn to produce Cu2ZnSnS2 solar cells [120].

At Northumbria we can produce high quality Cu/In precursor layers using rf sputtering and
we have experience of converting these into good quality CuInSe2 [121,122] and CuInS2, the
latter by a range of novel processes developed at Northumbria: high pressure sulphidisation,
low pressure sulphidisation using argon as a carrier gas to carry S vapour to the precursor layers
and using anodic sulphidisation [123]. We have also developed ZnS1�xSex layers for use as
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buffer layers to CuInS2, as this system creates the possibility of lattice matching across the
junction [124,125].

5. Dye sensitised and organic solar cells

5.1. Dye sensitised solar cells

An alternative to the all solid state solar cell is the use of a photo-electrochemical cell. To
date the most successful cells of this type are the dye sensitised cells developed by Gratzel and
co-workers, which are now commonly referred to as ‘‘Gratzel cells’’ [126,127]. With this de-
vice (Fig. 17) the top electrode is made by screen printing a layer of TiO2 onto fluorine doped
SnO2 coated glass and a dye applied to the TiO2. The surface of the TiO2 is very rough to in-
crease the surface area and to improve light absorption. The dye usually consists of a transition
metal complex based on ruthenium or osmonium. The bottom counter electrode is made by
screen printing a thin layer of pyrolithic platinum onto fluorine doped SnO2 coated glass.
The device is completed by adding a suitable electrolyte (usually an iodine based solution) be-
tween the electrodes and sealing the edges to prevent escape of the electrolyte. A detailed study
of long term stability of these devices has been made and the efficiency confirmed to be 8.2%

ZnO: Al

CdS buffer
layer

Molybdenum
back contact

CIGS
absorber

layer
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Fingers of grid top 

contact

Fig. 16. Schematic cross-sectional view of a ‘‘substrate configuration’’ chalcopyrite device structure.
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Fig. 17. Schematic cross-sectional view of a Gratzel electrochemical cell using an iodine ion based electrolyte and dye

sensitised TiO2 electrode to absorb the light.
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efficient for a cell area of 2.36 cm2 and 4.7% for a submodule of area 141.4 cm2. An efficiency
of 11% has also been reported for a 0.25 cm2 area device [128,129]. Although such cells are in
principle cheap to produce it is not yet clear where and how well they will compete with con-
ventional cell technologies.

5.2. Organic solar cells

The organic materials that are of most interest are molecular and polymeric semiconductors
and fullerene (C60) and its derivatives [130e137]. The former materials are well known for
their use in organic LEDs (now developed by companies such as Pioneer in Japan) and for mak-
ing thin film transistors for use in smart cards (as being developed by Philips, Holland) [130].
The potential advantages of using these materials include simplicity of deposition processes
that can be used, e.g. many of the materials are solution processible such that spin coating
of substrates is possible, and that all-polymer-devices should be flexible and hence easy to
use for a wide range of applications. The cell structure used for most of these devices starts
with an indium tin oxide coated glass substrate which also acts as the transparent top electrode
to the device. A layer (or layers) of light absorbing organic material (or materials) is deposited
onto indium tin oxide. The device is completed by depositing a back contact (usually a metal)
onto the organic material(s). Initial studies just used one absorbing material between the two
co-planar electrodes; however, carrier collection is poor resulting in low device efficiencies.
The strategies most commonly adopted to overcome this problem are to deposit two organic
layers such that they are in intimate contact e.g. PPV and C60, phthalocyanine/perylene deriv-
atives or CN-PPV/MEH-PPV. The idea is that one of the materials is an electron acceptor and
the other a hole acceptor; these materials are in such intimate contact that when the carriers are
generated they are extracted without the need to diffuse too far (z10 nm). Reported values for
cell efficiencies are currently< 5% and data on the important issues of cell stability, energy
payback times and ratios are not available as yet. This means that in the short term, successful
commercial developments of this type of technology are probably for in-door products rather
than for large scale power generation applications. Whether or not these types of devices
can be developed as the large scale power generation market is the major challenge for research
in this area in the future.

Note:

PPV is poly( p-phenylenevinylene),
MEH-PPV is poly(2-methoxy-5(2-ethyl-hexyloxy)-p-phenylenevinylene),
CN-PPV is cyano poly( p-phenylenevinylene).

6. Energy analysis

6.1. Introduction to energy analysis

Energy analysis is a technique used to determine the energy flows in industrial processes
and it has been widely utilised in the assessment of energy production technologies. Since
the mid-1970s, it has been used to assess various PV cell technologies and production methods
and remains an important assessment methodology today, allowing the calculation of the re-
quired energy input for unit output of product. Energy analysis was developed in the 1960s
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and became more widely used after the Oil Crisis of the 1970s. This had alerted people to the
potential of renewable energies. In order that energy analyses may be performed consistently
for different energy production technologies, a set of conventions was set up by the International
Federation of Institutes of Advanced Study (IFIAS), launched in 1972 which standardised the
parameters and definitions used [138]. The IFIAS convention embodies the concept of levels of
energy analysis, and usually three or four levels are used in the investigation for PV technol-
ogies. These are as follows:

Level 1 e direct or process energy requirement,
Level 2 e final materials manufacture,
Level 3 e raw materials and capital,
Level 4 e manufacturing equipment to produce materials in Level 3.

Higher levels do exist but require a large volume of information, whilst only adding minor
corrections to the totals of the other levels and thus are not usually included.

The production technology to be studied is usually broken down into individual process
steps, the energy requirement of each process step is calculated and these are summed to
give the energy requirement of the candidate technology. The energy requirement of each pro-
cess step comprises three quantities, which are summed together. These are materials, machine
and process energy requirement. The materials energy requirement is the amount of energy con-
sumed in manufacturing the materials that appear in the finished product. The amount of ma-
terial required is calculated from the film thickness allowing for material yield within the
deposition process and for the process yield. This is defined as the proportion of product
from that step which is of acceptable quality to go forward to the next processing step. The ma-
chine energy is the amount of energy consumed in the manufacture of the production equipment
used for the processing step. It is not generally possible to determine the energy input of pro-
duction machinery explicitly and it is an accepted practice to relate the energy content directly
to the capital cost of the equipment. Process energy is the amount of energy used to perform the
process step. The majority of this is in the form of electrical energy; however, this may also
include materials used in processing such as gases that do not appear in the finished product.

The energy payback time and energy ratio of a production technology can be calculated
from the energy requirement. The energy payback time is the time taken for the particular
type of module to pay back the energy required in its manufacture. This is dependent on the
solar insolation level, which is dependent on the location at which the module is operating.
The energy ratio is the ratio of the total amount of energy produced during the lifetime of
the module to the amount of energy taken in its production. This again is location dependent
and would vary with the expected lifetime of the module. Most studies have assumed a lifetime
of 25 years, and this is consistent with expectations of the PV companies. Many studies look at
a range of lifetimes, ranging from 10 to 30 years.

6.2. Energy analysis of PV cells/modules

Initial energy analysis studies were published in the mid-1970s with the majority consider-
ing IFIAS Level 4. Studies were published on various PV production technologies, and the re-
sults mainly given for 25 cm2 cells. Typical results were published as kWh/kg of silicon and
MJ/cell.
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Several studies were published on monocrystalline silicon cells, this being the most popular
technology at that time, and efforts were being made to reduce the energy requirement of the
processing, particularly in the production of the multicrystalline silicon. Hunt [139] investigated
the energy use in the production of silicon solar cells from raw materials to finished product,
detailing the energy requirement at the different processing stages of the silicon material. He
estimated the energy requirement for single crystal silicon cells to be 112.3 MJ/cell giving an
energy payback time of about 12 years for terrestrial cells and up to 24 years for those cells
used in space applications. Hunt’s work was readily accepted by the PV industry, due to the
fact that he worked for the Dow Corning Corporation, a major processor of silicon material,
and therefore his process data was reliable. Other early studies on silicon were published by
Lindmeyer [140], Fischer [141] and Wolf [142], giving total energy requirements in kWh/kg
of silicon as 801.4, 2290 and 2560, respectively. However, Lindmeyer’s work only considers
Level 1 inputs. Iles [143] looked at the energy requirements from Czochralski growth to the test-
ing of the cell. These studies were compared by Hay et al. [144] and broken down to show the
materials, machine and process energy. Fischer [141] also looked at the energy requirements for
the production of polycrystalline silicon cells by the three main methods used at the time and
concluded that casting the ingot and then producing a multicrystalline foil were the least energy
intensive processes, giving a cell energy requirement of 3.9 MJ.

Initial work on the energy requirement for amorphous silicon was published by Riddoch and
Wilson [145] as a continuation of the cell development work at Heriot Watt University in Scot-
land. It was calculated as 3.6 MJ/cell for an MIS cell with the amorphous silicon deposited by
the RF glow discharge of silane. Early energy analysis studies of thin film cells mainly concen-
trated on the CdS/Cu2S cells. Jenkins and Harrison [146] looked at sputtered CdS cells with an
energy requirement of 1.1 MJ/cell and Bloss et al. [147] looked at a technology based on ther-
mal evaporation of the CdS layer, giving an energy requirement/cell of 1.4 MJ/cell. Further
studies on thin film cells were undertaken by Hynes et al. [148] on CIS based cells using dif-
ferent production technologies based on thermal co-evaporation and electrodeposition. These
gave an energy requirement of 400 kWh (thermal)/m2 for the thermally evaporated cell and
250 kWh (thermal)/m2 for the electrodeposited cell. This work also investigated the effective
CO2 emissions for the technologies and looked at the sensitivity of the total energy requirement
to the various process parameters. Hynes et al. [149] also analysed the energy requirement of
two types of thin film CdTe modules based on vacuum and non-vacuum processing. This work
gives the energy requirement for the non-vacuum technology of 275.7 kWh (thermal)/m2 and
329.9 kWh (thermal)/m2 for the vacuum processing. This results in energy payback times of
0.6 years for a 10% module operating in southern Europe and an energy ratio of 24 for the
non-vacuum processed cell. For the vacuum processing this rises to an energy payback time
of 0.8 years with the energy ratio reduced to 20.

Hagedorn’s work [150] on the hidden energy in solar cells and power stations in 1989 was
the first on silicon cells and modules for about 10 years and his work has been used as the basis
for energy studies of silicon ever since. He calculates the energy payback times for monocrys-
talline, multicrystalline and amorphous silicon for two scenarios as between 1.7 and 6 years for
cells/modules and 7.3 and 2.6 years for power stations. This work was then extended by Palz
and Zibetta [151] to ascertain whether the energy payback time was a bottleneck for the further
implementation of PV. They concluded that energy payback times of this length are not prohib-
itive and further industrialisation of the processing technologies involved would reduce current
values. Also the current energy payback times were comparable to those of large scale electric-
ity production in fossil and nuclear power plants.
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Energy analysis studies have been undertaken at the University of Utrecht since the early
1990s and Alsema has published studies on several technologies including crystalline and
amorphous silicon and CdTe thin film cells. A comprehensive review of the terms involved
and the energy requirement and payback times of thin film modules can be found in
Ref. [152]. He was commissioned by the Netherlands Agency for Energy and the Environment
(NOVEM) to report on the Environmental Aspects of Solar Cell Modules in 1996 [153] and this
included a detailed study of the energy analysis of multicrystalline silicon, amorphous silicon,
cadmium telluride and copper indium diselenide including energy requirements and energy
payback time. Alsema also compares his results with and discusses the studies of Hagedorn
and Palz and Zibetta, mentioned earlier. For multicrystalline silicon, Alsema estimates
399 kWh (thermal)/m2 with an energy payback time of about 1.3 years. For amorphous silicon
modules he estimates 224 kWh (thermal)/m2 and an energy payback time of 1.2 years. For the
thin film materials, the energy requirement is 304 kWh (thermal)/m2 and an energy payback
time of 1.1 years.

In Ref. [154], Alsema et al. include values for single crystal silicon of between 47 and
109 MJ/Wp depending on the method of silicon feedstock production. This paper also discusses
the energy requirements of balance of system components and gives energy payback times for
different types of modules used in different applications for present day and expected future
technologies. More recent studies by Alsema and de Wild-Scholten have investigated multi-
crystalline silicon technologies and energy payback times of 1.2 years [155]. The most recent
results have been obtained in collaboration with several PV companies so that really accurate,
state-of-the-art data can be analysed for ribbon, multi- and single-crystal silicon. Energy pay-
back times of 1.5e2.5 years were found for southern European locations [156]. Reductions in
the energy requirement of up to 25% are expected due to improvements in the technology,
which will reduce the energy payback times further.

Knapp and Jester [157] have investigated the energy payback time of single crystal silicon
and copper indium diselenide thin film cells. Energy payback times of just under 2 years were
quoted for the copper indium diselenide cells and just over 3 years for the single crystal silicon
cells with energy ratios of between 9 and 17. This paper also discusses and compares the results
of several studies mentioned previously in this review.

The novel technology of sliver cells has also been investigated with regard to embodied en-
ergy [158]. The authors quote a reduction in the consumption of silicon by a factor of 5e12
compared to conventional crystalline silicon modules, thus decreasing the number of wafers
needing to be processed to produce a kW rated system by a factor of 15e30. A detailed break-
down of the comparison with conventional silicon processing is given. Energy payback times
for the sliver cells of 1.5 years have been estimated which are similar to those for crystalline
silicon [155,156].

6.3. Energy analysis of PV systems

Peharz and Dimroth [159] have investigated the embodied energy in a high concentration PV
system. Energy payback time has been calculated as 8e10 months for a system built in Ger-
many and operated in Spain, and 12e16 months for the system installed in Germany. They cal-
culated that the energy intensive material was the zinced steel used in the tracking unit. This
paper gives a detailed list of the individual components and their CED (cumulative energy de-
mand). Raugei et al. [160] have undertaken a study of cadmium telluride modules, obtaining
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production data from the company ANTEC Solar GmbH. An energy payback time of 0.9 years
has been estimated for the 2004 technology.

Energy analysis studies have also been undertaken for installed systems. Hynes et al. [161]
published an energy analysis of Northumberland Building in the UK, the first building integrated
PV system in the UK. This system is on the façade of an office block and is 39.5 kWp. The total
energy requirement of the system was 561,102 kWh (thermal), giving an energy payback time of
just over 4 years and energy ratio of about 7. Although the energy ratio is a little low, this study
shows that for a northern location and 1994 technology it is possible for a demonstration system
to have a relatively low energy payback time. Such studies are valuable since the energy inten-
sive parts of the system can be identified and improved upon. Kato et al. [162] investigated
a 3 kWp residential system and considered crystalline, polycrystalline and amorphous silicon
modules. Energy payback times of between 3.3 and 11 years were obtained for the crystalline
silicon, 1.5 and 2.4 years for the polycrystalline silicon and 1.1 and 2.1 for the amorphous silicon
cells.

7. Environmental issues

7.1. Introduction and historical background

As PV technology was developed, it was not until the 1980s that researchers began to con-
sider the environmental implications of this technology and pressure was being applied by parts
of the scientific community and administrators that all costs of energy systems, renewable and
traditional, should be taken into account. The oil crisis had demonstrated the need to reduce the
world’s dependence on imported oil whilst the Chernobyl accident had alerted the world to the
hazards of nuclear power. Other environmental problems such as global warming and acid rain
also reiterated the need to decrease dependence on fossil fuels.

A GermaneAmerican workshop was organised in Ladenburg, Germany in October 1990 to
discuss the ‘‘External Environmental Costs of Electric Power: Analysis and Internalization’’
[163]. Papers at this workshop considered environmental damage and ways in which environ-
mental costs may be internalised. PV was not discussed specifically at this workshop; however,
the impacts of external costs on wind energy were covered and this could be relevant for the PV
industry. Ottinger’s group at Pace University, Centre for Environmental and Legal Studies pub-
lished an extensive review of environmental costs/risks and covered all electricity generation
technologies, including photovoltaic installations [164]. Various environmental costing models
were also discussed and this has formed the basis of many of the studies on external/environmen-
tal costs that have been published. Sorensen [165] published an extensive report on life cycle
analysis with regard to energy systems. This report outlines the principles of life cycle assess-
ment and how it may be applied to energy systems, particularly renewable energy technologies.
The methodology developed was applied to multicrystalline and amorphous silicon cells [166]
and gives a comprehensive breakdown of the technologies involved and how the life cycle anal-
ysis is structured. The results are divided into environmental, social, economic and other impacts.

7.2. External costs

The ExternE project was introduced and funded by the European Commission in order to
develop a methodology to calculate the external costs caused by energy consumption and pro-
duction. External costs are defined as the monetary quantification of the socio-environmental
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damage, expressed in eurocents/kWh, with the possibility of providing a scientific basis for
policy decisions and legislative proposals such as subsidising cleaner technologies and energy
taxes to internalise the external costs. The ExternE project looks at all energy production tech-
nologies using one methodology developed for this project which allows the various fuel cycles
to be compared. An outline of the initial results for the PV fuel cycle is given in Refs.
[167,168]; however, the initial study was for a very small sample of PV systems and the results
are not consistent. There has been pressure from the PV industry for the PV fuel cycle to be
re-done using a larger sample of more representative systems. Full documentation on the
ExternE project can be found at http://europa.eu.int/comm/research/energy/pdf/externe_en.pdf.
One of the earliest publications from this project was by Baumann et al. [169]. In this paper the
author outlines the basic assumptions and requirements of the methodological framework for
the quantification of external costs and compares the environmental effects of different energy
technologies, including renewables and the conventional technologies, coal, oil, nuclear and
natural gas.

7.3. Life cycle analysis

As discussed earlier, life cycle analysis has been used as an analytical tool for PV cells. A
product’s life cycle starts when raw materials are extracted from the earth, followed by manu-
facture, transport and use and ends with waste management including recycling and final dis-
posal. It is often called a ‘‘cradle to grave’’ approach. At the present time, there are efforts to
find a common methodology to use that will provide a consensus amongst the groups working
in this area. The EC via its Joint Research Centre in Ispra, organised a Workshop in March 2004
[170] in order to gather together all experts in the field in two areas, Life Cycle Analysis and
Recycling issues and the proceedings of this workshop give a full review of the issues and
methods used within this area. The recycling issues will be discussed later in this section. There
have been several hundreds of publications in the area of Life Cycle Analysis and Assessment
and it would not be feasible to include every publication in this review. However, there are
a few key players in this area and their work will be included. Alsema and van Engelenberg
[171] studied CdTe and CIS thin film modules by means of a life cycle assessment of Cd,
Te, Se and In material flows. They also present energy analysis of these module types and in-
vestigates Cd and Se emissions. These emissions were found to be of the same order of mag-
nitude as those from a modern coal plant. Major environmental bottlenecks may arise from the
air emissions during roof fires and from uncontrolled module waste. Module design which re-
duces fire emissions and efficient waste collection and recycling schemes should be considered
to alleviate these bottlenecks. van Engelenberg and Alsema also studied the environmental risks
of amorphous silicon modules [172]. Again the life cycle assessment was done using material
and energy flows. They find no serious risks expected from amorphous silicon module produc-
tion, and use. However, significant environmental releases such as tin oxide, chloride and fluo-
ride are not specific to amorphous silicon modules and attention must be given to the safety
risks related to silane storage and handling. Hynes et al. [173] investigated the environmental
impacts of thin film cadmium telluride modules using life cycle assessment. With large scale
production it is likely that only Te would pose supply problems due to limited reserves. Possible
environmental and health impacts could occur at the production and disposal stages although
these should be reduced using normal safe working practices. An environmental life cycle as-
sessment of multicrystalline silicon solar cells was published by Phylipsen and Alsema [174].
This is an investigation by means of environmental life cycle analysis on multicrystalline

http://europa.eu.int/comm/research/energy/pdf/externe_en.pdf
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silicon cells concentrating mainly on energy and material flows. The main conclusions of this
study are as follows. The possibility of recycling silicon wafers both from production waste and
at end of life should be investigated. Methods should be investigated to reduce the emission of
fluorides in water, and the emissions of volatile solvents and alcohols should be avoided. The
use of silver for contacts should be reduced to avoid problems with resource availability. Al-
sema is currently working on the Crystal Clear Integrated Project funded by the EC and he
is performing life cycle analysis on crystalline silicon technologies, using detailed production
data supplied directly from the PV companies involved in the project. This will extend his re-
cent study of advanced silicon solar cell technologies [155]. These new technologies are ex-
pected to reduce greenhouse gas emissions of PV systems in southern Europe to about 30 g/
kWh. Frankl et al. have also published extensively in the field of life cycle assessment and
has been involved in the EC funded ECLIPSE project (Environmental and eCological Life cy-
cle Inventories for present and future Power Systems in Europe) [175]. The goal of this project
was to introduce harmonisation and transparency into life cycle analysis and to provide a data-
base for recent and emerging PV technologies. This has included four main technologies, single
crystal, multicrystalline and amorphous silicon and copper indium diselenide and several appli-
cations in buildings under different insolation conditions. More than 170 unit processes have
been described. These and further detailed information can be found at http://www.eclipse-eu.
org. Fthenakis et al. [176] also argue the case for an agreed system for life cycle analysis based
on an agreed framework. They outline the currently available information databases, including
ECLIPSE, and current studies which may develop the tools required.

An Expert workshop was held in Utrecht in June 1997, and addressed issues such as envi-
ronmental aspects of PV power systems, energy payback times, CO2 mitigation potential, life
cycle assessment, and health and safety assessment and control. Selected papers from this
workshop can be found in Ref. [177], and include prevention and control of accidental releases
of hazardous materials, health, safety and environmental risks from the operation of CdTe and
CIS thin film modules, life-cycle air emissions from PV power systems and life cycle analysis
of PV systems in buildings.

7.4. Environmental assessment

Scientists at Brookhaven National Laboratory in the USA, have been publishing health and
environmental information of interest to the PV industry since the 1970s mostly funded by the
United States Department of Energy. The work was started by Moskowitz and then continued
until the present day by Fthenakis. It was the early studies by Moskowitz that first alerted the
PV industry and environmental scientists to the possible hazards associated with the manufac-
ture, use and disposal of PV modules. Information on all types of PV cells and modules has
been published. In 1995, they published a comprehensive study of the health and environmen-
tal issues of the manufacture, use and disposal of thin film cells [178]. They examined the
hazards associated with producing and using Si, CdTe and CIS thin film modules. Focussing
on the potential of workers in manufacturing facilities to be exposed to chronic, low levels of
Cd. They also review regulations and control options that may minimise the risks to workers.
They also discuss recycling and disposal options for spend modules. The conclusions of this
study are that large scale manufacture of Si, CdTe and CIS thin film PV cells may present
health and safety hazards if adequate precautions are not taken. The most significant safety
hazards are related to the use of pyrophoric SiH4 in the manufacture of amorphous silicon
cells. Health effects are related mainly to Cd compounds, and as there is relatively little

http://www.eclipse-eu.org
http://www.eclipse-eu.org
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information available on the inhalation of such compounds then exposure to them must be
strictly controlled.

Hynes, Baumann and co-workers in the UK have published several papers on environmental
aspects of many thin film deposition processes. These include environmental risk assessment
and hazard assessment of the manufacture of CIGS based thin film PV cells [179], the chemical
bath deposition of CdS [180] and the deposition of alternative window materials to CdS for use
in thin film modules [181]. Steinberger from the Fraunhofer Institute in Munich has investigated
such risks of CdTe and CIS thin film modules in the operation phase [182], considering hazards
that may occur due to fire, weather influences or damage of the module due to mishandling.
Steinberger firstly identifies the amount of material in the modules and then investigates the
concentrations of selenium, cadmium and tellurium in the air due to a fire lasting about 1 h.
His results show that there is no acute danger posed by such fires, and that releases of cadmium
or selenium from a burning PV module are less than those given out by a coal fired power sta-
tion in normal operation. Fthenakis [183] has considered the cadmium emissions from cad-
mium telluride thin film cells. He has taken a cradle to grave approach and comes to some
interesting conclusions. The Cd present in a NieCd battery is elemental Cd and not CdTe,
a much more stable and insoluble form. Coal and oil burning power plants routinely produce
Cd emissions, whilst a PV cell does not produce any Cd emissions during its operation. Cd
is produced as a by-product of zinc production. It can either be used or discharged into the
environment, where it is normally cemented and buried or landfilled as hazardous waste.
Encapsulating it as CdTe in a PV module is a much more environmentally friendly method
of disposal.

The MUSIC-FM project, funded by the EC, was undertaken in the 1970s to look at the up-
scaling of PV towards 500 MWp/year. Part of this project was to investigate the health, safety
and environmental issues of thin film PV manufacturing. Factors such as energy requirement,
resource depletion, use and emissions of toxic materials and waste management were consid-
ered for CdTe, CIS and amorphous silicon technologies [184]. The conclusions of this
study were that for these thin film materials, there were no serious environmental bottlenecks
for upscaling to the higher production levels. Adequate methods were available for the treat-
ment of manufacturing waste. However, in the longer term issues regarding CdTe and CIS mod-
ule waste treatment and In and Te resource availability and module recycling should be
addressed.

Meijer et al. [185] have undertaken a life cycle assessment of higher efficiency modules,
stating that a higher efficiency does not necessarily mean a lower environmental impact.
They analysed the production and use phases of an indium gallium phosphide on multicrystal-
line silicon tandem module, a thin film indium gallium phosphide cell module and a multicrys-
talline silicon module. The evaluation of the indium gallium phosphide was for a limited
production scale and a fourfold reuse of the GaAs substrates is assumed. The environmental
impacts of the tandem module and the thin film indium gallium phosphide module are estimated
to be, respectively, 50 and 80% higher than those for the multicrystalline silicon module. The
energy payback times for the tandem module, the thin film indium gallium phosphide module
and the multicrystalline silicon module are estimated to be 5.3, 6.3 and 3.5 years, respectively.
Improvements in the environmental performance could be gained from improved materials
efficiency in production and reuse of the gallium arsenide wafer, as well as a higher energy
efficiency of the metalorganic chemical vapour deposition process. The higher energy payback
time for the multicrystalline module is higher than for other studies based on similar assump-
tions. This is due to the small production volume assumed.
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7.5. Recycling

Most PV companies now are actively moving towards recycling of their products, both for
manufacturing waste and end of life modules. The leaders in this area are Deutsche Solar in
Germany and First Solar in the USA. Deutsche Solar have developed a dedicated recycling so-
lution as a service to the PV industry. They have proposed a voluntary take back system capable
of growing to meet future waste recycling demands. The line will be capable of processing
crystalline silicon and thin film modules. Comprehensive details are given in Ref. [186]. The
silicon recycling is now at pilot stage and reuse of silicon material will be timely for the indus-
try [187].

Soltech in Belgium have developed a recycling process for silicon cells [188]. The reclaimed
silicon wafers preserved their quality, providing high efficiency recycled silicon cells. They per-
formed a life cycle analysis on the reclaimed wafer and that recycled wafer only consumed
2.17 kWh/wafer compared to 9.32 for the virgin material. This reduced the energy payback
time from 4.92 to 1.14 years, based on solar insolation in continental regions.

First Solar (formerly Solar Cells Inc.) manufactured CdTe thin film PV. They have been de-
veloping their recycling processes for nearly 10 years and were one of the first PV companies to
set up a recycling facility. They have developed two recycling technologies for CdTe modules
at end of life modules and as manufacturing scrap prior to lamination. A process for recycling
crystalline silicon material has also been developed. Full details of their processes can be found
in Ref. [189].

Drinkard Metalox from the USA, has developed a recycling process for recycling thin film
modules such as CdTe and CIS, which deals with end of life modules and manufacturing scrap.
Details of this process are given in Ref. [190]. Eberspacher from UNISUN reported on strate-
gies for recycling CdTe PV modules [191] in collaboration with Brookhaven National Labora-
tory. They looked at methods adopted by related industries such as the battery industry, and
include some cost information. InterPhases research in the USA developed a novel electro-
chemical approach to recycling CIS and related modules [192]. This process is capable of re-
cycling end of life and damaged modules and consists of a one loop closed system. The films
are dissolved from the substrates and then the semiconductors are separated and retrieved. Re-
search has also been undertaken into recycling of materials from specific parts of the production
process itself, rather than just the modules. Malinowska et al. [193] have recycled and reused
chemicals from the deposition bath for deposition for chemical bath deposition of CdS. The
baths were recycled up to three times and reagents replenished. The pH is adjusted with potas-
sium hydroxide and the process is easily controllable and relatively simple to upscale for indus-
trial use. Dhere et al. [194] have also investigated CdS bath recycling and toxic waste reduction
utilised in the production of CIS based cells. They were able to reuse the CBD solution without
affecting the CdS film properties and the amounts of materials added to the bath were optimised
to achieve required CdS thickness. Fthenakis [195] presented a feasibility study for recycling
thin film cells and manufacturing waste, based on the current collection/recycling infrastructure
and on current and emerging recycling technologies. Centralised and decentralised recycling
strategies are also discussed.

8. Conclusions

Most solar cells manufactured and sold are based on the use of multicrystalline silicon or
monocrystalline silicon with cell and module efficiencies typically in the range 10e16%. Higher
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efficiencies have been achieved in the laboratory, demonstrating that the upper end of the range
can be extended to >20%. Although these products have demonstrated excellent stability (>25
years under intense illumination) they are not cost competitive with other forms of power gen-
eration at present in the large scale power market. This has led to much work on reducing pro-
duction costs, e.g. by light trapping, which leads to the use of thinner silicon, reducing material
costs. Although significant cost reductions will be achieved by market growth (economy of
scale) it is generally realised that the development of thin film silicon based devices will be es-
sential to achieve the goal of cost competitiveness with other forms of power generation.

Amorphous silicon based devices are much cheaper to manufacture compared to the mono-
crystalline and multicrystalline devices but the stabilised efficiencies of commercial products
remain< 10%, even for double junction, triple junction and micro-morph devices. A very in-
teresting development is the HIT cell. This hybridises amorphous silicon and monocrystal-
line/multicrystalline silicon technologies to lower production costs and yet achieve high
efficiency devices.

The IIIeV compounds are excellent PV materials but are extremely expensive to produce
and contain either toxic or not very abundant elements. The costs can, however, be off-set
by using the IIIeV cells in concentrator systems. They also offer advantages for space appli-
cations, improved power/weight ratios and better radiation resistances compared to silicon de-
vices. Narrow gap IIIeV compounds e.g. GaSb have potential for use in TPV systems.

Excellent progress has been made in improving the efficiencies and production processes for
producing thin film solar cells based on the use of CdTe and CuGaInSe2. Although these only
account for <1% of sales at present they promise significant cost reductions compared to the
crystalline silicon technologies. There has, however, been continued debate over the market ac-
ceptability of CdTe and with respect to the lack of abundance of the Ga and In in CuGaInSe2
which may limit large scale use of these materials. The results do demonstrate that polycrys-
talline thin films have excellent potential for making solar cells and it may be that other com-
pound semiconductors that do not have these problems can be developed.

The future may include the development of solar cell structures that use organic materials
such as dyes, semiconductor polymers and fullerenes or devices that incorporate nano-technol-
ogy into their design. A most likely further development is that of tandem/multijunction devices
as these more fully use the solar spectrum to generate power [196]. By using a stack of cells,
wide bandgap at the top to progressively narrower energy bandgap at the bottom it is possible to
minimise both thermal and transmission losses. These result in the loss of 54% of the available
power in a single junction silicon solar cell. Although so far most successfully demonstrated
with GaAs and GaSb cells (efficiency> 36%) there is particularly good potential for using
the tandem concept with thin film devices.

When developing new energy technologies, it is important that they produce low levels of
greenhouse gases and have a low environmental impact. As the technology develops, analysis
of the processes used and identification of potential problem areas ensure that this is achieved.
It has been shown in this review that environmental assessment has been carried out within the
PV industry for many years and has been undertaken alongside the development of the technol-
ogies. Published work shows that PV cells and modules show low energy payback times, with
most being less than 2 years. Energy ratios are also good, with the majority being over 10,
which is the usual benchmark for an energy producing technology. The possible environmental
hazards associated with the technologies have been identified in the various studies and are an
important part of PV research. These studies have been readily accepted by the industry. The
commitment of the PV industry to recycling also increases the environmental benefits.
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