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FISHING FOR POLLUTANTS

position is then calculated by 
circle-crossing interception, or 
measuring where and when 
these signals overlap (see 
diagram).  Once computed, a 
serial link in the fish sends the 
position data to the AI module, 
and to the shore station and 
the other fish by acoustic 
communication link. 

UNDERWATER 
SENSING
The chemical sensing system 
was the final piece of the 
puzzle.  The Tyndall group 
refined its chemical sensors, 
with miniaturisation being a big 
challenge. Traditionally, divers 
would take samples to labs, 
where very large equipment 
would analyse samples.  
For SHOAL, Tyndall used 
microfabrication to develop 
a scaled-down sensor system 
containing an array of sensors 
and instrumentation to fit inside 
the fish.  When this was done, 

BMT incorporated into the 
system’s AI the timings needed 
to collect data from these 
sensors, and to communicate 
this data to the base station in 
the other fish. 

Tyndall’s miniaturised sensor-
on-chip environment includes 
electrochemical cells which 
use voltometric techniques 
to measure the amounts of 
pollutants in a given sample 
of water.  Each cell contains 
three electrodes: a working 
electrode, a counter electrode 
and a reference electrode.  The 
system applies a potential to a 
counter electrode to examine 
the currents formed at the 
interface between the working 
electrode and the solution.  
There are three cells inside 
each SHOAL robot: one to 
detect heavy metals, including 
copper and lead; one to detect 
phenol chemicals and one  
to detect dissolved oxygen 
and conductivity.  The sensor 
system also contains oxidation 

reduction sensors to give a 
representation of overall 
water quality.  

The sensing system in the fish 
is directly exposed to sea water, 
so chemical fouling could cover 
the sensor surfaces and render 
them useless.  Tyndall designed 
a self-cleaning mechanism that 
applied voltage at the centre of a 
sensor to ‘blow off’ any chemical 
fouling that might occur.

When the partners were 
satisfied that they had achieved 
the optimal balance of weight, 
power and size restrictions, they 
developed SHOAL II.  This final 
prototype housed all of the 
sensors, IT and communications 
equipment the fish required. 

TESTING TIMES
Between SHOAL I and SHOAL II, 
Strathclyde University carried out 
computational fluid dynamics 
and tank tests to measure 
the hydrodynamic efficiency 
of the fish and recommend 
improvements.  The shape of 
SHOAL II is now longer, at 1.5 m, 
so that it can accommodate 
the acoustic communication 
module. The body is also 
much more streamlined and 
hydrodynamic than its stub-
nosed predecessor, reducing 
drag.  At this stage, all of the 
individual components were 

incorporated into the SHOAL II 
protoype, which the teams then 
tested in the port. 

The SHOAL project finished 
its test runs in June 2012.  It has 
already demonstrated  that it 
offers a solution for pollution 
monitoring in ports. There is 
scope for the model to be 
adopted by other ports, and 
the SHOAL partners are now 
looking to develop further 
commercial applications for the 
technologies they developed 
for the project. 

Tyndall’s miniaturised 
chemical sensors can be used 
for in situ underwater sensing, 
and may have uses in medical 
and diagnostic testing.  Thales 
plans to integrate its underwater 
communications system with 
its underwater telephones 
to add a capacity of data 
transmission in shallow water 
and noisy conditions.  And in 
the future, Thales may apply the 
technology to its autonomous 
underwater vehicle CALAS, 
used for sonar operator training. 
Meanwhile BMT will continue to 
develop AUVs and AI systems.  
SHOAL itself may have further 
incarnations in the future. 

For more about the 
SHOAL project, visit 
www.roboshoal.com 

Diagram showing how the robots use the overlapping signals from the four 
underwater beacons to determine their position 
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The most commercially available solar cells 
are not the most efficient or flexible.  Thin-
film photovoltaics are now challenging the 
market leader made from crystalline silicon 
and now account for around a sixth of the 
world market. Dr Richard Stevenson, editor 
of Compound Semiconductor magazine, 
considers the efficacy of thin-film PVs and 
how research is seeking to improve them.

Most solar cells manufactured 
today are made from crystalline 
silicon.  They have been used 
to convert the sun’s energy 
into electricity since the 1950s 
when they powered the first 
satellites.  Since then, silicon 
cells have been used for many 
different applications.  Smaller 
versions are fitted to calculators, 
while panels are emerging on 
streets to power road warning 
signs and parking meters.  The 
most visible are the arrays of 
solar panels used to limit the 
carbon footprints of homes and 
businesses and on solar farms 
to generate ‘clean’ energy for 
national grids.

Although the commercial 
success of photovoltaics based 
on crystalline silicon has been 

significant, these devices have 
some fundamental flaws.  
Their manufacture takes a full 
day, and the devices are not 
particularly efficient.  In the 
lab, the best cells convert one 
quarter of the energy that 
they receive from the sun into 
electricity, while the efficiency 
of modules shipped today is 
significantly lower, typically 
just 15%.  What’s more, these 
silicon cells are a hundred 
times thicker than they need 
to be to absorb sunlight, so 
a large amount of material 
used in their manufacture is 
surplus to requirements.  In 
addition, they cannot bend 
or flex, which prevents them 
from being wrapped or shaped 
around items.

SLIMMER SOLAR CELLS

Manufacturers of concentrating photovoltaic systems, such 
as SolFocus, use mirrors to focus sunlight by factors of 
several hundred onto triple-junction solar cells © SolFocus
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Some of these weaknesses can 
be addressed with thin-film 
photovoltaics.  These are made 
by depositing several layers 
of photovoltaic material on a 
substrate.  The resultant modules 
can be used for building solar 
farms and powering homes and 
businesses, and can also make 
smaller, flexible solar sheets that 
can be folded into pockets and 
offer portable power generation 
for electrical gadgets.  While 
these thin-film cells can be 
made with silicon, the material 
is no longer crystalline, and this 
lack of crystallinity drives down 
cell efficiency.  

Slightly higher efficiencies 
are possible with cadmium 
telluride panels that can be 
produced very quickly and 
far higher efficiencies result 
from using a stack of thin films 
deposited on germanium or 
gallium arsenide substrates.  
It is also possible to make 
cells that are flexible by using 
semiconducting plastics or 
a family of alloys based on 
copper, indium and gallium.

THIN FILM 
MARKET LEADER
The device that has made by 
far the biggest commercial 
thin-film impact to date is the 
cadmium telluride solar cell.  
This started to grab a significant 
share of the solar market 
towards the end of the previous 
decade, when prices for silicon 
photovoltaics were fluctuating 
between about $3 and $4 per 
watt.  Back then, the leading 
manufacturer of cadmium 
telluride photovoltaics, First 
Solar of Tempe, Arizona, could 
produce its panels for just 
over $1 per watt, so it could 
price them competitively 
and generate a healthy profit.  
Recently, however, the price of 

silicon panels undercuts that 
of cadmium telluride, following 
a rapid rise in the number of 
Chinese manufacturers of the 
incumbent technology.

First Solar has produced 
millions of panels at its 
manufacturing lines in the 
US, Germany and Malaysia.  
Manufacture of a cadmium 
telluride panel on these lines, 
which takes just two and a half 
hours, begins by feeding large 
glass sheets onto rollers that 
transport the substrates through 
four chambers.  The first heats the 
glass to 600 °C, before this sheet is 
transferred to a second chamber 
filled with cadmium sulphide 
vapour, which has been created 
by heating solid cadmium 
sulphide to 700 °C.  Some of this 
vapour condenses to form a thin 
film on the glass sheet before it 
enters a third chamber, where 
a similar process leads to the 
deposition of a cadmium telluride 
layer.  Together, the cadmium 
telluride and cadmium sulphide 
layers form a p-n junction – see 
the panel The inner workings of a 
solar cell.  A gust of nitrogen in 

the fourth chamber then cools 
the coated substrates to 300 °C, 
a step that also strengthens 
them so that they can 
withstand high winds.

Subsequent heating in a 
chloride-based environment 
increases the efficiency of the 
photovoltaics before a laser 
patterns the coated glass sheets 
to form an array of cells that are 
connected in series.  The output 
of an individual cell is less than 
1 V but, by stringing them 
together in series, it is possible 
to produce an output of about 
70 V.  The current produced by 
these modules can reach just 
over 1 A, and the power output 
is up to 80 W.

Although these modules 
take just a few hours to produce, 
and use far less semiconductor 
material than their crystalline 
silicon counterparts, they have 
two weaknesses.  According to 
some industry insiders, there 
are concerns over long-term 
availability of tellurium and, 
secondly, the efficiencies of 
these devices are inferior to 
those of conventional silicon 

THE INNER WORKINGS OF A SOLAR CELL
Solar cells work by absorbing light and converting its energy into an electrical current.  To do 
this, they use a semiconducting film to capture photons emanating from the sun.  Every photon 
that is absorbed creates an electron, and the movement of billions of these electrons in the same 
direction under an internal electric field creates a current.  The internal field is formed by a p-n 
junction, the combination of a material with positive charges (p-type) right next to another with 
negative charges (n-type). The technique for forming this junction in a conventional cell is to add 
very small amounts of other materials into the crystalline silicon lattice, a process known as doping.

  In the absence of these ‘foreign impurities’, every silicon atom, which has four electrons in its 
outer shell, bonds in a covalent manner with four neighbours.  When a tiny amount of phosphorous 
is added, these interlopers sit at some of the sites in a lattice that would be otherwise occupied by 
silicon.  Phosphorous is markedly different from silicon, with five atoms in its outer shell: four are used 
for bonding to the four silicon neighbours, while the fifth is free to go and moves through the crystal, 
creating an n-type layer. 

In contrast, adding tiny amounts of boron to silicon creates bonding deficiencies that are key to 
the formation of p-type material.  Boron has just three electrons in its outer shell, so it cannot form 
four covalent bonds with four silicon neighbours.  Instead, electrons continuously move about to try 
and fill this deficiency, which is called a hole and behaves as a positive particle.

When p-type and n-type layers are brought together to form a p-n junction, the positively charged 
holes are attracted to the electrons.  This electrostatic attraction pulls the electrons and holes together, 
and they meet at the interface between the p-type and n-type layers.  This displacement of electrons 
and holes holds the key to the formation of the in-built electric field: electrons exiting the n-type 
material leave it with a positive charge, and holes leaving the p-type material cause it to be negatively 
charged.  A positively charged region next to a negatively charged one creates an electric field.  This 
sweeps all the electrons created when light hits the solar cell, out of the device in the same direction.

Cells based on arsenides and phosphides also use doping to create p-type and n-type layers, but 
doping is not needed for making cells from cadmium telluride or alloys of copper, indium, gallium, 
sulphur and selenium – a family of materials known as CIS.  In both of these types of solar cell, there is 
a cadmium sulphide layer with fractionally more sulphur than cadmium, which causes the material to 
be n-type.  Similar deviations in the makeup of alloys also cause the cadmium telluride and CIS layers 
to be p-type.  

Solar cells made from another class of materials, a form of plastics known as conjugated polymers, 
do not use a p-n junction to create an electric field.  Instead this field results from sandwiching the 
polymer film between a metal and indium tin oxide.  The efficiency of a cell built from a polymer film 
is generally less than 1%, because most of the light that is absorbed is subsequently emitted, rather 
than creating a current.  But it is possible to quash this unwanted emission by blending together 
two dissimilar organic semiconductors – typically a polymer and a derivative of a football-shaped 
molecule based on 60 carbon atoms.  This increases cell efficiency to about 10%.
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Cross-section of thin-film polycrystalline solar cell.  The transparent conducting 
coating contacts the n-type semiconductor to draw current © Wikipedia/DOE
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Sputter deposition: an inert sputtering gas, such as argon, is led through an 
opening in a metal and subjected to a negative electrical potential, forming a 
plasma.  The plasma knocks ions out of the target which are deposited on the 
substrate where a film develops 

London-based start up company Solar Press is working with partners to 
develop manufacturing equipment and processes for roll-to-roll deposition of 
plastic semiconducting materials on flexible substrates © Solar Press

devices.  First Solar holds the 
record for for cell efficiencies at 
17.3% and module efficiencies at 
14.4%.  However, the efficiency 
of a typical module produced 
by the company is several 
percent lower, and the rate of 
improvement is slow.

CIS MODULES
Higher efficiencies are possible 
with other types of thin films, 

such as those based on alloys 
of copper, indium, gallium, 
sulphur and selenium – a family 
of materials that should be 
available for many years and 
is commonly referred to as CIS 
(copper indium selenide).  In 
the labs, cells based on this 
collection of elements can 
produce efficiencies of just over 
20%, and in production panels 
have hit 13.4% efficiency.  The 
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superior efficiencies compared 
to cadmium telluride cells and 
panels are thought to be a result 
of fewer defects and a higher 
degree of crystallinity in the 
CIS layer. 

The CIS industry is smaller 
and vastly different from that 
associated with cadmium 
telluride photovoltaic 
production: instead of being 
dominated by one company, 
many rivals are competing 
for success with proprietary 
deposition technologies, 
bespoke production tools and 
different types of substrate.  Not 
all will succeed, and some have 
already changed hands while 
others have failed spectacularly.  
Californian CIS manufacturer 
Solyndra falls into the latter 
category – despite receiving a 
government loan of $535 million 
in spring 2009, it was unable to 
generate profits and in autumn 
2011 filed for bankruptcy, laying 
off its 1,100 employees.

Most CIS modules are 
made by sputtering, a process 
involving the collision of ions 
onto materials to create atoms 
that are subsequently deposited 
on a substrate.  Switching to a 
flexible substrate helps, because 
it opens up the possibility of the 
very high throughput, roll-to-roll 
processes that promise to slash 
production costs to just $0.60 per 
watt by 2014 – although after 
a decade of development, the 
biggest companies trying this 
method are only producing tens 
of megawatts of panels a year.

Forming photovoltaics with 
printing processes may be easier 
when CIS materials are replaced 
with a class of plastics known 
as conjugated polymers, which 
have a backbone of alternating 
single and double carbon-
carbon bonds that give rise to 
semiconducting properties.  A 
start up company based in 
London, Solar Press, is working 

with partners to do just this.  The 
team is developing processes, 
materials and manufacturing 
equipment to print soluble 
polymers on large transparent, 
flexible plastics.  These substrates 
are briefly heated to moderate 
temperatures, causing the 
solvent to rapidly evaporate and 
leave behind a polymer film. 

BOOSTING 
EFFICIENCIES
All the solar cells described so 
far have efficiencies well below 
30%.  At first glance, it appears 
that this can be addressed 
by building a solar cell from 
a material such as mercury 
cadmium telluride, which will 
absorb nearly all the light from 
the sun.  However, although 
such a cell will generate lots of 
current, its voltage will be very 
small.  And voltage is just as 
important as current, because it 
is the product of these two that 
determines the power produced 
by the cell.

It may seem counterintuitive, 
but more power is often 
possible by selecting a material 
that does not use all the sunlight 
and lets some infrared photons 
pass through the cell.  But even 
a perfect version of this kind of 
device would only produce an 
efficiency of 33%.  The key to 
far higher efficiencies is to stack 
different p-n junctions on top on 
one another.

Devices combining three 
different cells in electrical series 
have been built for powering 
satellites.  They feature a bottom 
cell made from germanium, a 
middle cell of gallium arsenide 
and a top cell of gallium indium 
phosphide.  This combination 
can deliver efficiencies above 
30%, which are significantly 
higher than those produced 
by silicon cells.

These triple-junction cells 

are formed on substrates up to 
150 mm in diameter by either 
molecular beam epitaxy, an 
evaporation technique in a 
very high vacuum, or a growth 
process known as metal-organic 
chemical vapour deposition.  
The latter process, which is 
more widely used for triple-
junction device manufacture, 
involves directing gases through 
a nozzle to a substrate.  This 
is heated, and when the 
gases hit the substrate they 
decompose.  Elements that 
result include metals, arsenic 
and phosphorous, which all 
adhere to the substrates to form 
the likes of gallium arsenide and 
indium phosphide.  By carefully 
controlling the rates that gases 
are injected through nozzles 
and the temperature profile 
within the growth chamber, it is 

possible to form crystalline alloys 
with very high material quality.  
However, it takes many hours to 
grow all the layers required to 
form a triple-junction cell, so the 
manufacturing costs for making 
these devices are very high.

On multi-billion dollar 
satellites, high prices are not a 
major impediment, and these 
triple junction cells are greatly 
valued for their high efficiency 
and their ability to withstand 
the harsh space environment.  
However, high costs prohibit 
the deployment of photovoltaic 
systems on earth that mimic 
those found on satellites.  But it 
is possible to build photovoltaic 
systems with triple-junction 
cells that promise to offer the 
lowest electrical generation 
costs of any solar technology 
in sunny climes.  The trick is 

The company  First Solar manufactures its cadmium telluride modules on 
1.2 m by 0.6 m glass sheets © First Solar

to turn to a radically different 
approach, which uses lenses or 
mirrors to focus sunlight by a 
factor of several hundred onto 
the devices.  This has the added 
benefit of increasing the voltage 
produced by the device, which 
in turn propels efficiencies to 
40% or more.

ABSORBING 
INFRARED
Reaching the very highest 
efficiencies requires significant 
modifications to the design 
of the photovoltaic cells.  
One option is to replace the 
traditional germanium bottom 
cell with one built from a 
dilute nitride, which is an alloy 

SIMPLIFYING CIS MANUFACTURE
Evaporation and sputtering are the most common methods for the 
manufacture of photovoltaics based on copper, indium, gallium, 
selenium and sulphur.  These deposition technologies require 
film growth in evacuated chambers, and pumping them down 
to low vacuum levels takes time, increases expenditure on capital 
equipment and prevents manufacture with high throughput, roll-
to-roll processes.

It is possible to deposit thin films in a non-vacuum environment 
with a process developed by Innovative Materials Processing 
Technologies (IMPT), based in Nottingham Science and 
Technology Park.  This company has developed a process known 
as electrostatic spray-assisted vapour deposition (ESAVD), which 
can produce a wide range of high-quality films at comparable 
growth rates to the incumbent deposition technologies.  A liquid 
containing the various constituents for film growth is directed 
through a proprietary spray atomiser, leading to the injection of 
atomised droplets that are directed in the presence of an electric 
field towards a heated substrate.  When these droplets hit the 
substrate, which has been heated to several hundred degrees 
Celsius, they decompose, and the elements that will form the thin 
film bind to the surface.

One of the attractions of this process is its simplicity.  For 
example, when evaporation is used to produce an alloy with four 
constituents, such as copper indium gallium selenide, four separate 
materials must be independently heated, and their evaporation 
rates carefully controlled, in order to produce a film with the 
desired composition.  In contrast, with ESAVD, the mixing of 
materials occurs prior to growth, and one liquid injected through 
an atomiser within a spray assembly unit contains all the materials 
needed to form the film.

IMPT has used its deposition technology to form metal-oxide films 
on 6” by 6” substrates.  These oxides, which are ideal for forming the 
top electrical contact in CIS solar cells, combine very high levels of 
optical transmission and low sheet resistances. 

The company is now participating in a €10 million project 
funded by the European Commission to reduce the manufacturing 
costs of thin-film photovoltaics.  Three of its goals are: to increase 
the deposition areas of these transparent, conducting oxides; to 
create an absorption layer that is free from indium, which may 
have long-term supply concerns; and to develop processes for 
deposition of the CIS absorber and the buffer layer that sits on 
top of this.  

The IMPT process, which does not require a vacuum, involves passing 
a liquid through a spray atomiser within the spray assembly to form 
atomised droplets that are directed to a heated substrate under an 
electric field

Electrical 
field

Liquid precursor

Atomised droplets

Reaction zone

Reaction/deposition

Heated 
substrate

of indium gallium arsenide 
antimonide with a trace of 
nitrogen.  This bottom cell is 
better at absorbing infrared light, 
because, unlike germanium, its 
absorption characteristics can 
be optimised by altering the 
composition of the alloy.  With 
this approach it is possible to 
reach an efficiency of 43.5%.

These cells and more 
traditional triple-junction 
variants are starting to be 
used in photovoltaic systems 
in southwestern regions of 
the United States.  Cadmium 
telluride modules are also 
starting to be deployed there, 
showing that thin-film solar 
technologies can even win sales 
in markets where there are no 

subsidies to encourage 
adoption of green technologies. 

These thin-film photovoltaic 
manufacturers are competing 
for market share with makers 
of silicon modules, which are 
locked in fierce competition with 
one another and have slashed 
their retail prices in the last 12 
months.  Many of them are 
based in China and are receiving 
high levels of subsidy, according 
to the Coalition for American 
Solar Manufacturing.  These 
tremendous falls in prices were 
not widely anticipated, and how 
long the incumbent technology 
will dominate the solar industry is 
unclear.  It appears that the battle 
with thin-film photovoltaics will 
be influenced heavily by politics 

and manufacturing subsidies.  
However, the great attributes of 
thin films, such as low material 
usage, very high efficiencies and 
fast production times should 
enable them to win through in 
the end.

Dr Richard Stevenson, a 
freelance science and technology 
journalist, is editor of Compound 
Semiconductor magazine and 
a Contributing Editor to IEEE 
Spectrum.  The author would 
like to thank Dr Milan Rosina, an 
analyst at Yole Développement, 
Dr Jonathan Halls, Chief 
Technology Officer at Solar Press, 
and Professor Kwang-Leong Choy, 
a director at IMPT, for their help in 
compiling this article

It is possible to build photovoltaic systems 
with triple-junction cells that promise to offer 
the lowest electrical generation costs of any 
solar technology in sunny climes
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