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Summary

This paper summarises the current status of diffesslar energy technologies and
compares the performance and cost of each techndbadar panels based on silicon and
-V compounds, and thin film solar cells based cadmium telluride (CdTe),
CulnGaSeg (CIGS), dye sensitised materials and organic pelgmare presented. A
summary of the author's contributions to this fieddgiven and a recommendation is
made for Sri Lanka to prepare for the manufactuahgolar panels within the country in
the near future. These recommendations are basemrparison of research efforts,
current performance, the costs involved and fupatential for social development.

1.0 Introduction

Energy radiated from the Sun is equivalent to dionilbillion 100 gigawatt power
stations. Some of this energy reaches the Eamhrate of 1 kW i, but technology has
only succeeded in tapping a tiny fraction of thiemrgy to date. The sunlight falling on
the Earth consists of ultra violet (UV), visibledamfra-red (heat) radiation and all
renewable energy sources (hydro, wind, waves, lBsnedc.) arise due to the primary
solar energy.

Traditionally, solar radiation is exploited usingat different methods. Heat energy is
absorbed by dark surfaces and used to produce dtet.\Wrhis method is comparatively
low-tech and the technology is known as “Solar ftedr Technology”. In the second
method, UV and visible light (photons) are conwertérectly into electricity (Volts).
Since the photons are used to produce voltagesntbthod is conveniently defined as
“Photo-Voltaic (PV) Technology”. The PV effect wdscovered by a French Scientist,
Edmund Becquerel in 1839, when he was 19 yearskalchund may have learned this
from watching his father, Cesar, known as the dia@thdr of electrochemistry, working
with electrodes and electrolytes in his own labamat



(2) Edmund Becquerel (1820-1891)

(1) Cesar Becquerel (1788-1878) Inventor of Photo-Voltaic Activity

Grandfather of Electrochemistry

(3) Henri Becquerel (1852-1908) (4) Jean Becquerel (1878-1953)
Marie Curie's PhD supervisor and Nobel prize winne Famous Physicist researched on Optical &
for inventing Radio Activity Magnetic properties of crystals

Fig 1. The discoverer of the PV effect, Edmond Bexx was the second in four
generations family of famous French Physicists.

Although the PV effect was discovered in 1839, mghmuch was done to develop on
this until the 1950s. As an energy conversion nathize use of PV technology was not
considered during the industrial revolution witheap coal, oil and gas being used.
Scientific research continued, the main breakthinsieye shown in Table 1. The first PV
solar cell with an efficiency of 4.5% was produgéedl954 at Bell labs. By 1960, 14%
efficient silicon solar cells were commercially duwed and used in space applications.
The first oil crisis in 1970 gave a kick start f@arching for low-cost alternative methods
for terrestrial energy conversion, and PV researa accelerated throughout the world.

Table 1. Time Line of photovoltaic solar energshteology

1839: Discovery of PV by Edmund Becquerel whemwas 19 years old

1883: First solar cell using elemental Selenasthe light absorbing material
1916: Millikan provided experimental proof dfgio-electric effect

1918: Czochralski developed a method to growlsicrystal silicon

1923: Albert Einstein won the Nobel Prize fapkaining the photo-electric effect
1954: 4.5% efficient silicon solar cells wereduced at Bell labs
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7. 1959: 10% efficient silicon cells were proddand “Explorer-6” was launched
with PV array of 9600 cells
8. 1960: 14% efficient silicon solar cells wereduced by Hoffman Electronics
9. 1970s: The first oil crisis gave a kick-starsearch for low cost alternative
systems for terrestrial energgwersion, accelerating PV research activities
10. 1980s: Thin film CdTe and CulnGa$€IGS) solar cells were introduced into the
mainstream
11. 1990s: Dye Sensitised Solar Cell (DSSC) or tgaiéSolar Cell” introduced
12. 2000s: Organic Solar Cells introduced to thdield

2.0 Action of a PV Solar Cell

The PV solar energy conversion consists of threm siages; (a) absorption of a major
part of the solar spectrum, (b) effective creatadrcharge carriers (electron-hole pairs)
within the PV device and (c) separation of (e-hypbefore their recombination, in order
to pass through an external circuit to create UWspbwer. To achieve these three
functions simultaneously an electronic device isassary, containing a suitable interface
with a built-in electric field. Such an interfacarnc be a metal/semiconductor (MS-
Schottky barrier), a p-n homo-junction, a p-n hefeinction, an n-n hetero-junction, or a
p-p hetero-junction. MS and p-n junctions can béher modified to form MIS and p-i-n
junctions to enhance their performance. In ordgrtaluce an efficient PV solar cell, two
or more interfaces mentioned above can be comhbmé&arm one solar cell structure. To
observe the action of a p-i-n solar cell in animatiorm, visit my blogsite at:
http://www.apsl.org.uk/dharme/default.aspx

3.0 Silicon Solar Cell Technology

Manufacture of the interfaces mentioned above, iregua light absorbing electronic
material with the desired semiconducting propertidse most widely used material is
silicon (Si) and it has undergone almost 70 yearesearch and development. The main
steps of growth of silicon and device fabricatioe given in Fig 2. Silicon is produced
starting with natural sand (Si) followed by four processing steps: (a) purifioat
process, (b) crystallisation & wafer production) pcocessing of silicon solar cells and
(d) assembly of the solar panels. This needs fdfterent production lines, these are
summarised in Fig 3 and Table 2. Each of theseageesized (~25 MW) production lines
can cost ~US$10-20 M for initial establishment. dddition, the whole process of
converting sand into solar panels requires heatihgilicon above its melting point
(1414°C), and repeated heating to high temperatabese 1000°C, during solar cell
fabrication. These steps demand a high energy ,inpuhing fossil fuel and therefore
cost reduction is a challenging task for the sili€/ industry.
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Fig 2. The main steps involved in production afclonic grade silicon and device
fabrication.
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Fig 3. The four industrial production lines reqed for fabrication of silicon solar panels



Table 2. Four industrial production lines involvedPV-technology based on silicon

Production Line Input Output
(a) Silicor-Purification Line Sanc high purity poh-silicon
(b) Silicon-Wafer Line high purity pol-silicon monc- or multi-crystalline
silicon wafers
(c) Silicon-Cell Line monc- or multi-crystalline | fully processed solar ce
silicon wafers
(d) Silicon-Module Line fully processed solar ce | fully assembled solar pan

Figure 4 shows the main stages of the manufactyiogess; the growth of a mono-
crystalline cylindrical crystal boule using Czodska method, grinding of the crystal
boule in order to produce single diameter silicafess and a fully assembled solar panel
with crystalline silicon.

The growth of Cylindrical Si Wafers sawn from
mono-crystalline Si crystal boule the ground Si produced using mono-crystalling
from its melt of crystal boule silicon wafers.
~1500°C Efficiency of the panel ~20%

Fig 4. Main stages of production of solar panelsdon mono-crystalline silicon.

Figure 5 shows the main stages of production psoogsnulti-crystalline silicon solar

panels, and the appearance of thin film solar pamehnufactured with amorphous
silicon. By the appearance of the final products ieasy to recognise the three different
types of solar panels.

Solar panels usingmulti-crystalline Thin film solar panels witt
silicon wafers- Efficiency ~(14-16)% amorphous silicon-
Efficiency ~(6-8)%

Fig 5. The appearance of solar panels based ory-pagistalline silicon wafers and
amorphous-silicon thin film materials.



4.0 PV Manufacturing Cost, based on Silicon Teclotogy

In the early 1970s, the cost of PV solar energy wadS$20/W. This has been reduced
continuously to a present value of ~US$(2-3)/W. P& manufacturing cost reduction

between 1990 and 2005 is given in Fig 6. This redndas been carried out by using all
three silicon technologies.

Fig 6. Reduction of cost of solar power betweefi018nd 2005 mainly using silicon
technology.

As the crystallinity reduces, the efficiency oflsaleduces and the stability and lifetime
suffers. Also, since the Si-material is expensiw@rk is continuing to reduce the
thickness of Si-wafers from ~0.3 mm (300) to ~0.15 mm (150m), but this has other
detrimental consequences, such as breaking of svafethe production process. These
are the main issues with silicon technology andrefoee cost reduction is now
progressing extremely slowly. The cost of PV tedbgy is given in $/W, as shown in
the following relationship.

Cost of Solar Poweri = Productlo.n. Cost
W Cell - Efficiency

Both the reduction of production cost and improveta# cell-efficiency are challenging
for Si-technology, even after 70 years of reseanold development efforts. Silicon
however, dominates the PV industry because of theimed knowledge and established
technology developed in this 70 year period, ab8b% of the solar panels sold
worldwide today are made out of silicon. The domoraof silicon will continue for
some, until real breakthroughs take place withterahtive technologies, and low-cost
solar panels are manufactured in large scale. BiMdrthese high-cost of PV-technology,
The size of the PV market is currently in exces$4®bn per annum, and the market
growth rate is over 45%. Some reports quote fig@edigh as ~60% for the present
growth rate of PV-technology.

PV solar applications are rapidly growing worldwitheit Japan, the US and Germany are
leading the way. China and India are introducingd@vieration capacity rapidly and Fig
6 also shows the green world scenario in 2010.



5.0 PV Technology based on I1I-V Compounds & Authr's Contributions

In parallel to silicon technology, high efficiensglar cells have been produced using llI-
V semiconductors such as GaAs, AlGaAs, AlGaP ard.IThese materials have been
used to produce complex device structures with nmaaterial layers involved (see Fig
7). Tandem solar cells using tunnel-junctions weosed in 1979 and practiced to date
to develop these solar cells. The work in thisdfitlas produced ~40% conversion
efficiency to date, but there is huge potentialingprove this. A disadvantage of this
device structure was pointed out by the author 0052[1] and removal of this will
increase the efficiency to over high 40%. The glowt IlI-V semiconductors needs
techniques such as molecular beam epitaxy (MBE)raatal organic chemical vapour
deposition (MOCVD), which are prohibitively expewsiin the production of PV
modules technology for terrestrial applications.wdwger, these devices will have
applications in the space industry and in solaetsawith light concentrators.

Fig 7. Complex and expensive solar cell structupased on IlI-V semiconductors,
mainly developed for space applications and comrasmt solar cells.

Fig 8. The band diagrams of Tunnel-Junction batedlem solar cells, and graded
bandgap multi-layer device structures, showing disentages & advantages in charge
carrier separation and collection.



The author demonstrated the severe disadvantagadgm solar cells based on a tunnel-
junction approach, but also designed an alternatexe device for PV conversion [2-4].
The band diagrams of the solar cells with tunnatfions and the author's new design of
graded bandgap multi-layer solar cells are showRign8 for comparison. The charge
carrier collection disadvantages are obvious frbesé two band diagrams. Two power
point slides with animations are available at theollofving URL:
http://www.apsl.org.uk/dharme/default.asf;xx demonstrate the disadvantages of tunnel-
junction approach and the advantages of the astinesv design.

This new design was experimentally tested using eAFAIGaAs system and the
resulting 4. value showed a world record with a highest possialue for FF (see Table
3). The conversion efficiency ) of a solar cell depends on three cell paraméiéss J.
& FF) as shown in the following relationship.

_ VI .FF
(Input- Power)

Table 3. The cell parameters measured in diffefalndratories for the newly designed
solar cell. Note the highest recordegValue together with maximum possible FFs.

T -Z
Device VOC (mV) FF JS( (MA cm) Place of Assessme
1 117 0.8i 11.2 SHU Labs
2 1160 0.86 12.1 (Dharmadasa et al)
3 114¢ 0.8¢ 10.7 Ziirich Labs
4 1141 0.86 10.3 (Ayodhya Tiwari et al)
5 116¢ 0.8t 11.t SBU Labs
6 1149 0.86 10.0 (Hari Reehal et al)
7 115(C 0.8t 12.1 EPFL Lab:
(Michael Gratzel et al)
8 115¢ 0.8t 12.2 NREL-USA
9 1156 0.85 11.9 Tim Gessert et al

The current densitysdwas low ~10-12 mA cify and this was increased to ~24 mATm
by optimising the doping concentration at the baokli of the solar cell. The work is
continuing to optimise the doping concentratiomha&t front end, and a substantial further
improvement is expected. These results were obdarsmg only two growths, and the
research is continuing.

The design proposed by the author makes use obpsat the UV, visible and infra-red
regions. The photo-generated charge carriers deetigkly separated and accelerated
towards the two metal contacts in order to passutin the external circuit. This device
minimises the recombination process when compareidet tunnel-junction approach. In
addition, the impact ionisation and the impurity RYfect also built into this device
enhances the creation of charge carriers usingegbeenergy of the surrounding.



The above exercise is carried out mainly to explomderstand science behind, and
enhance the PV performance of solar cells. Theiaito use this new knowledge to
produce low-cost device structures using mategedsvn by a low-cost electrodeposition
technique.

6.0 Disruptive Technology for PV Development

The author has researched the electrodepositiogenficonductors over the past 2
decades, and has grown more than 16 different sewhicctors. The low-cost, simplicity
and the scalability are attractive for large areacm-electronic device (~1 3n
manufacturing. The electroplating of semiconducteas first introduced by Kréger and
Pannicker [5] in late 1970s, and BP Solar soortedaio scale-up and manufacture solar
panels. Although the device understanding was basedsimple p-n junction in the past,
solar panels of up to 0.94°mvith 10.4% efficiency were manufactured by BP op t
2001. Although an outstanding achievement in tiim olar panel manufacturing, BP
terminated this technology for commercial reasam2001/2002 together with other
silicon technologies as part of a rationalisatioogpamme. This successfully showed the
possibilities for full scale manufacturing of 4splar panels using electrodeposition.

The author was working in the research and devedoprteam of this solar cell at BP-
Research Sunbury, London, in the late 1980s. llearontinued his research at Sheffield
Hallam University over the past 18 years, to explateep science behind the
electrodeposited materials and PV devices. Aftenprehensive work done in his solar
energy group, 6 new patents have been granted baseid findings [6]. The 25 years of
acceptance as a simple p-n junction device has lbbhaltenged, and a new model
proposed, being a combination of n-n hetero-jumcaad a large Schottky diode at the
back metal contact (see Fig 9). The author's greuyow spearheading this new science
to enhance efficiency, scale up the process andmeswoalise the technology to
manufacture improved solar panels based on CdTe.

Fig 9. Energy band diagram used for development of glassiecting glass/CdS/CdTe/metal
structure, visualised as a simple n-p hetero-juorctsolar cell for ~25 years, and Author's new
findings published in 2002 [5].



First Solar a US company announced in 2008, theeaement of US$1/W for thin film
solar panels based on vacuum evaporated CdTe.rdfleposited CdTe solar panels
show high potential for further reduction of the matacturing cost down to US$(0.7-
0.9)/W.

7.0 Emerging Low-cost Thin Film Technologies

The alternative to expensive silicon solar paneils same from thin film solar cells
based on CdTe, CIGS, DSSC and organic solar @dlithese four new technologies use
simple techniques such as electrodeposition, cterath deposition and screen printing
etc. for materials growth and temperatures beloW°60for device processing. The
manufacturing of these solar panels also needs @mty production line instead of 4
separate lines for silicon technology. This haseptél to make a huge contribution to
the cost reduction in the near future.

The lab-scale small device solar cells and larga @ommercial efficiency values are
indicated in Table 4. Although CIGS based solalscathieved nearly 20% efficiency at
lab-scale, the commercialisation rate is compaebtislow. The reason has been the
difficulty in reproducibility due to involvement dour elements in this alloy material. All
other devices are also progressing forward but Cddenmercialisation is very
impressive. First Solar has produced a ~“Ispiar panel with ~(8-9)% efficiency and is
rapidly ramping up its manufacturing capacity. Aféstablishing the first production line
in the US, First Solar now has plants in Germany Bfalaysia. Production volume is
increasing with an impressive 435 MW in 2008.

Table 4. The laboratory scale solar cell efficimmscand commercial scale solar panel
efficiencies for different PV technologies avai@lio date. The figures given are
approximate values for comparison.

Research period Highest efficiency Efficiency range for
PV Solar Technology devoted (Yrs) reported for lab scale | large area solar panels
devices (%) (%)
1(a) Mono-crystalline Si ~26 18~24
1(b) Multi-crystalline Si ~70 ~18 12 ~ 17
1(c) Amorphous Si ~12 5~8
2 1lI-V Compounds ~50 ~39 | e
3 CulnGaSgCIGS)
thin film solar cells ~30 19.9 10-13
4 CdTe based thin film
solar cells ~30 16.5 8-10
5 Dye sensitised solar
cells ~20 ~12 ~5-6
6 Organic solar cells
based on conducting ~10 ~36 | e
polymers
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In the past, the use of cadmium in PV solar celis wonsidered as a hazard. However,
this perception has now completely reversed. Thedmproduces ¢.26,000 tonnes of
cadmium annually as a by-product of zinc and coppecessing. A proportion of this is
used in Ni-Cd batteries but the rest is not used aould end up polluting the
environment. Locking up this toxic heavy metal ifeas toxic CdTe compound, and
making use of this compound to manufacture solaelsato produce clean energy, has
been recognised as a good solution. The authoows aoncentrating his full efforts to
research, develop and commercialise CdTe PV teobgalsing electrodeposition. The
DSSCs are in the scaling up stage and the orgatac sells are in their infancy. CdTe,
CIGS & DSSC are moving forward with commercialisatprogrammes.

8.0 Summary of Author’s Contributions to this Fidd

The author has been actively researching on sakngg over the past 3 decades, in both
academia (Peradeniya, Durham, Cardiff and Shejfehd in industry (British Petroleum
Research-Sunbury, London). The rapid developmenhefV solar cells was hindered
by the lack of knowledge of underlying solid stateysics principles of these complex
devices. He is now spearheading with numerous breakghs in the field and moving
towards scaling-up the growth process and commiesain.

The author’s research is mainly directed to redmamufacturing cost and achieve a
reasonably high efficiency for the devices. Thehtegues used must be simplified in

order to reduce manufacturing cost. His materiadwtin technique is a low-cost

electrodeposition, which produces nano-materialseshiconductors, and can be used
without clean rooms, high vacuum systems and regiperature involvement. Instead of
having four different production lines costing US$A0 M for each to produce silicon

PV solar panels, the electrodeposition of CdTe ireguonly one production line costing

US$10-20 M. This technology has been proven inpdt and the author is working to

further improve the scientific knowledge behind shematerials and devices, and
overcome related technical issues. In this prod¢essas successfully supervised 12
PhDs, 14 years of postdoctoral researchers, exanomer 20 PhDs and is currently

training 4 Scientists at PhD level. He has secardbicket of 6 patents and published
over 130 articles in this field covering both teidah and application aspects.

Fig 11. The low-cost electrodeposition techniggiscalable and suitable for growing
nano-materials. The author is holding a solar pangnufactured by BP Solar using
electrodeposited CdTe.
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Author has also designed a new PV device to absariajor part of the solar spectrum,
and to combine impact ionisation and impurity pkottaic phenomena to enhance its
performance. As described in Section 5.0, one pat@m\,. has achieved the highest
recorded for a single device with maximum possible values. These improved
knowledge on PV, will be applied to devices fahtéchwith low-cost electrodeposited
materials.

8.0 Manufacturing of "Solar Panels" in Sri Lanka

Today, all 13 local solar energy companies impolarspanels to the country and install
these using locally produced accessories. Thixtemable at the beginning, but Sri
Lanka must prepare to manufacture solar panelsirwitie country. Importing solar
panels to harvest the freely available sunlightha country gives limited economic
advantage. It is not much different from using imed fossil fuel, except for the
reduction of carbon dioxide emissions. Therefore fast effort should be to establish
active PV solar energy research activities witloical universities and research institutes.
The author has been involved in this process dwvermist 17 years starting with an 8-
year long HE-Link programme, but the progress hasnbpainfully slow. The country
should have an adequate skills base before emlgakmn this high-tech venture of
manufacturing PV solar panels as the “Macro-el@itrdevices” of the size of 1
need careful attention at each stage of manufacilinerefore the PV solar energy
research activity needs to be strengthened urgastiymatter of priority.

As mentioned in this article, four industrial pration lines are required to make silicon
solar panels. We may start with one relevant prodadine, and then introduce other
lines at a later stage. However, capital cost gh land the production line in Sri Lanka
will heavily depend on another company abroad. Tislves a high risk and therefore
should be considered carefully before any impleatgort.

The way forward may be to wait for 4-5 years, uttiih film solar PV manufacturing
lines are fully established. The “First Solar’ cany in US has already achieved
US$1/W level and is increasing production over S0W using CdTe vacuum
evaporation technology. Thin film solar cell maraitaing is rapidly developing, and
costs are reducing. The use of electrodepositidinaatelerate this. A capacity building
programme should be established and acceleratbthwiite country to train candidates at
PhD level in thin film solar cells. When the timenges, Sri Lanka must have the
expertise to take responsibilities in these marufarg plants. The two systems based on
CdTe and DSSC have the highest probability to beearis.
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9.0 Recommendations for Sri Lanka

This paper provides a roadmap for Sri Lanka to fakeadvantage of the evolving solar
technology in the following ways:

It advises Sri Lanka to refrain from investing ificen solar panel manufacture at
present, as this involves 4 production lines, lagpital investment and difficulty in
cost reduction below US$(2-3)/W

It recommends Sri Lanka to wait a few more yearstl@ thin film technology
based on CdTe, CIGS, DSSC and Polymers to matuiehwdnly needs one
production line to manufacture solar panels andthagotential to bring the unit
cost below US$1/W

It urges Sri Lanka to prepare for the manufactdreotar panels in a few years by
developing local capacity through accelerated mebeactivities on thin film solar
cells (especially in CdTe, DSSC & Polymers), indbbtiniversities and Research
Institutes at PhD level in order to build capadiy future "manufacturing of PV
solar panels".
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