The Abdus Salam
International Centre for Theoretical Physics

Workshop on ""Physics for Renewable Energy"
October 17 -29, 2005

301/1679-25

"Current Status of Photovoltaics"

F. Ferrazza
EniTechnologie
Nettuno (Rome)

Italy

Strada Costiera | |, 34014 Trieste, ltaly - Tel. +39 040 2240 |1 |; Fax +39 040 224 163 - sci_info@ictp.it, www.ictp.it



Current status of photovoltaics

Francesca Ferrazza
EniTecnologie, Nettuno

Workshop on Physics for Renewable Energy

ICTP - Trieste
25 october 2005

EniTecnologie




Eni Organization

Exploration

Refining
& Production A L & Marketing

i N
- ™

F;‘:E“Sﬁ:t:: Ilalyas 5.p.A. EniPuwer S5.p.A. SnarmprogelLi S.p.A( ) Sapem S.p.A (%)
— CEniTecnologie S.p.A.)
. . . Divisioni O Controllate (*) Le societa sono attive rispettivamente nei settori
Divisions Controlled Engineering & services for the oil industry

EniTecnologie




EniTecnologie is the
“Corporate Technology Company” of Eni

EniTecnologie operates in the sectors of enerqgy, hydrocarbon
derived products and alternative sources, innovating while fully
respecting the environment and with a view to sustainability.

EniTecnologie researches frontier technological ideas in sectors
linked to the oil and gas, power generation, renewable energies,
fuels and derived products value chains.

EniTecnologie safeguards technological know-how and industrial
property iIin strategic energy sectors and maintains an
observatory on the future of technologies and on technological
innovation strategies at an international level.
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EniTecnologie, the Corporate Technology Company of Eni, is one of the major
centres of excellence for the industrial research. It works in the oil and gas whole
technology chain and in renewable sources, while safeguarding the environment, in
a sustainable development perspective.

EniTecnologie took over Eurosolare, the Eni company that develops, produces and
markets photovoltaic modules.
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Inner Mongolia, 2004 ltaly, petrol station
Rural electrification Grid connected
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EniTecnologie research centres

VIONVYy

AN A T TR
LIGURE | §i i ihala 8 Yo

“Corsica "“_I. "..Jr"‘l'\l!'-.}\. ) ; -~
FRANCIA WPy oL R T .
{ ] ‘_“!ﬂ-hw"'d% X %\.'\._ € F)

T :
it"‘#- | MAR | i % =

TR
; \ s TIRRENO T
e ¥ :?":ﬁ

More information available on www.enitecnologie.it
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The solar cell production line at EniTecnologie, Nettuno
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* screen printed metallization
« automation in progress

Full capacity 12 MW/yr




“Photovoltaics literally means light-electricity:
photo comes from the Greek phos,

meaning light, and volt from the ltalian
scientist Alessandro Volta; a pioneer in the
study of electricity. This technology, originally
developed for space applications in the

Contents 1950s, has many advantages: it is modular,
clean, easy to maintain, and can be

* Market installed almost anywhere to suit the needs

 Technology of the user. The electricity produced can

be used directly, stored locally or fed into an

* Future developments existing electricity grid.”

e Conclusions

Source: A Vision for PV 2030 and beyond,
PV TRAC report 2005

http://europa.eu.int/comm/research/rtdinfo/index
_en.html
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Table 3: Electricity production from renewable sources, technical
potentlal of RES and electriclty generatlon cosis

World electricity World energy technical potential Electricity
preduction 2003 (TWh) heat and lectricity generation costs 2003
(x 1 000 TWh/yearl®) (€ cents, KWh)

Hydroelec tricity 2631 14 2-8

Blo-anargy 175 =TT 5- 6

WIrnd enargy 75 178 q4-12

Gaotharmal power G0 1400 2-10

mMarine energy 0.8 32 [&-15]

Solar thermal energy 0.5 12 - 18
=440

Py 2.5 25 - 65

Total rerewanble 2 585 =2 100

alectriclty productlon

Total world Electriclty ~ 16,700

consumption Total primary energy ~ 120,000

* pstimaled costs

World Energy Assessment: Energy and the challenge of Sustainability, UNDP, New York, ISBN 92-1-1261-0 (Chapter 5: Energy Resources)
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World Market

Average growth 2000-2003: 40%/year Potential at 2010
Turnover: 6 b €/year 53 GW

Investments : ~ 400 m€/year 25 b€
Employed: ~ 40.000

MW

1200,0-
1000,0-
800,00
600,0-
400,01
200,0-
0,(} 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004
O Rest of World 5,6 6,4 9,8 94 18,7 20,5 234 32,6 55,5 838 139
O United States 25,6 34,8 38,9 51,0 53,7 60,8 75,0 100,0 120,6 104,2 139
@ Europe 21,7 20,1 18,8 304 335 40,0 60,7 86,4 135,1 199.4 602
0 Japan 16,5 16,4 21,2 35,0 49,0 80,0 128,6 171,2 251,1 3639 314
B Total 69,4 77,6 88,6 125,8 1549 2013 287,7 390,2 561.,8 753,0 1195

Fonte: IEA, PPSP, SolarBuzz, PV News, PV Status report JRC 2005
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Markets and Perspective

Price Experience Curve of Crystalline Si PV Modules

Annual PV Systems Marke
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Incentives for PV in Europe (grid connected)

Country Feed in capital loans tax Notes
tariff incentives incentives

Austria o Installations 2003-04

Belgio o 15c€/KWh

Cipro ([ 12 - 26 c€/KWh

Rep. Ceca ([ 20 c€/KWh

Danimarca Green tariff under discussion

Estonia { ]

Finlanda o

Francia [ o 15¢c€/KWh

Germania [ ] 55 c€/KWh

Grecia [ ] { ] o 7,8 c€/KWh

Ilanda Under discussion

ltalia [ 45 - 49 c€/KWh

Lituania [ ] 56 c€/KWh

Lussemburgo o [ J 25 - 45 c€/KWh

Malta { ]

Paesi Bassi (] 6,8 c€/KWh

Polonia { { ]

Portogallo o [ J o 22,4- 41 c€/KWh

Regno Unito () o

Slovacchia o

Slowvenia [ ] 6,5-37 c€/KWh

Spagna o 21.6-39.6 c€/KWh

Swezia o

Svizzera (] 10 c€/KWh

Ungheria o 60 c€/KWh
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Market players

2004| Production Share Ave growth Capacity 2006/7
(MW) 1999-2004 (estimates)
1 |Sharp 314 26,3% 80% 800
2 |Kyocera 105 8,8% 37% 480
3 |BP Solar 85 7,1% 30% 202
4 |Shell Solar 72 6,0% 35% 149
5 [Mitsubishi 73 6,1% 64% 230
6 |Rwe Schott Solar 64 5,4% 59% 202
7 |Sanyo 64 5,4% 52% 398
8 |lIsofoton 54 4,5% 81% 202
9 |Q-cells 73 6,1% 69% 499
10 |Motech 35 2,9% 37% 230
11 |General Electric 25 2,1% (**) 70
12 |Suntech 28 2,3% (***) 202
Total top ten 992 g 83,0%
others 203 17,0% 1138
Total sales 1195 100,0% 4800
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Figure 5: Generatlon costs of PV electricity®
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Flgure &: PV Technology Platform structure as proposed by PV-TRAC
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« Technology
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Market by technology
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Cell record chart

[~ Best Research-Cell Efficiencies
32 Multijunction Concentrators
— & Three-junction (2-terminal, monolithic) NREL Japan
o8| ¢ Two-junction (2-terminal, monolithic) Energy
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The case of silicon: Lab records and commercial cells

30

28.9% limite teorico (Swanson, 2005)
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Ave efficiency of commercial cells

1970 1975 1980 1985 1990 1995 2000

2005

2010

2015

2020

Fonte: Progress in Photovoltaics,UNSW web site, Conf records

ET 2005
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Efficiency of Photovoltaic Devices
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Silicio - material yield

Feedstock Blocks
Wafers
Resa in materiale (%) 96 60 50
Costo (€/Kg) 30 60 100 250

1 wafer = (3 £ ,3) €
(125 mm? 270 um)
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|l silicio per uso fotovoltaico - |

EC

Silicon
Quarzit Chemical SiCl,—»
mg Reaction SiHCI,—»>

Coke HCI SiH,CI, »

Sl (6 2 Thermal
Decomposition

Purification
Conversion

Solar

Silicon

Shortage in feedstock supply
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Silicon for PV — ingot growth

Argon inlet

OO0 OO

Riscaldatori o _
o Direzione di
A/Crogioh;) g I tiraggio Seme

impurezze Camera calda

I

Silicio fuso

ONORONG®)

<«—— Cristallo

|
Silicio solido
Camera fredda

'\Grafite ‘\»

«— Crogiolo

Piedistallo
Termocoppie ﬂ Traslazione 2 reddato

Schematic of Directional Solidification

. . . = ﬁ Schematic of Czochralski growth
For mutlicrystalline silicon
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Solar cells S
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Ani

metal

Commercial solar cells ar p-n diodes on thin silicon substrates. The metal contacts
are realized by screen printing metal pastes.

M Diodo al buio

o | A
: | o
B e A I 'E;_'Q ,
\ >
§<— O \T O § gt/Jadrant Y
Diodo in condizioni di
P N illuminazione
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Solar cells

Efficiency
14 -15% on multicrystalline silicon
15 -16% on CZ Si

Isc

Eff=Pcell/P standard Sun
Standard Sun = 1000W/m?
spectrum AM1.5G

Typical wafer dimensions 100 cm?, 150 cm?,

Voc

Thickness <270 um
FF = 1pVinp/lscVoc
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Solar Cells g e
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Simplified circuit schematic of a pn solar cell
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Schematic of a PV module

A typical module has
36 cells in series

Lifetime >20 years
Cownoncime ] Type certification (IEC 61215)
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Semi-automatic line 5 MW/year - 1990
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Strongly automated batch line — 40 MW/year - 2001

Wet chemical processing
Diffusion

Plasma processing
Metalization

Metrology
Cassette loading
Auxiliary equipment
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50MW/year, 2003
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Thin films
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Thin films — what’s the situation?

Stacked Elomental Laver Progess

Open problems m\‘\‘

° LOW effICIenCy (<10%) 2 Patemn | 3. Na-compound 4. RTP-CIGS 5. CdS-Dip
- Laser and Cuw'Gapln'Se  foemation
« Stability
e Toxic or rare materials
« Complex technologies —y \gk ﬂ ' i
- Expensive equipment —
11, Encaps. 100 Comdact. 9 Dace ]mm*I 7 200D 6O k]I:mn“'l
LIRS PR Tt mCiEmisy

Advantages

» Low material usage => potential low cost
* Cell and module in the same sequence
 High industrial potential

» Aesthetical aspect
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Thin Polycrystalline silicon on glass:
Ave eff 7.5%
(Pacific Solar, now CSG Solar)

‘Crater’ ‘Groove’ ‘Dimple’

Textured glass
fLight In

Schema di una sezione

Other thin films: a-Si, CdTe, CIS
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Nanotecnologies:
Dye sensitized Nanocrystalline Solar Cell (DYSC)

conducting
glass e ectrode

Pt mirror

" __wclectrolyte with
redox
mediator

(r 7137)

e

TiO2 with
adsorbed dye

T conducting

i : glass electrode
hv ¢ '

Efficiency up to 10% on small area
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Polimeric cell — University of Linz

/'E e —
: Al electrode
P amassrode

Schema di funzionamento della Cella polimerica
MDMO = PPV 3,7-dimethyloctyloxy methyloxy PPV
PCBM = 1-(3-methoxycarbonyl) propyl-1-phenyl [6,6] Cg,
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Polimer solar cells - Dresden

? 7N N4 ) @ | LiF/Al contacts
n-MPP

ZnPc Ceo m-MTDATA
ZnPc:Cy
° OQ 7 NC, }:*_/f‘-\' O 4
c,q_.c Q o MTOH, NC - ) CN = ‘ O - P—m—MTDATA
A L.
PEDOT:PSS
MPP F4-TCNQ Rhoda B

Indium-tin-oxide (ITQO)
substrate

Fig. 1. Schematic diagram of the device configuration and molecular structures
of the materials used
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US$0.10/W  USS0.20/W ’?US$D.EU}'W
100 g 7
et I Thermodynamic
limit
80 |~
2
& 60
o US$1.00W
0
= 40
 Future developments Present lmit
* - US$3.50/W

Cost, US$/m?

EniTecnologie




Medium-long term developments

« High efficiency cells on thin (< 250 um) large areas (>200 cm?)
 Possible industrial relevance of > 20% efficient processes

* thin films

« nanotecnologies

« very high efficiency cells
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High efficiency or low cost?

US$0.10/W  US$H0.20/\W US$0.50/W
100 ] 7
I .-

— = [Thermodynamic
lirmit

UsS$1.00/W

Efficiency, %

Fresent limit

US$3.50/W

100 200 300 400 500
Cost, US$/m?
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Record chart (1 sun)

Table 1. Confirmed terrestrial cell and submodule efficiencies measured under the global AMI1-5 spectrum ( 1000 Wm ™) at 25°C

Classification® Effic.” Atea” Vi I FF! Test centre® Description

(%) fem™) V) (maAjem™) (%) (and date)
Silicon
Si (orvatalline) 247405 ERLIGHY] 0- 706 42.2 B2 Sandia (3949 UNSW PERL”
Si (multicrvstalline) 98 £05 109 (ap) {r 654 il T9.5 Sandia (2/98) UNSW/Enrosolare”
Si (thin film wansfer) 166 +£04 4017 (ap) {845 328 782 Fhi3-ISE (7/01) U. Stuttgart (45 pm thick)’
M-V cells
GaAs {ervstalline ) 251 4+08 391 1.022 282 L IWREL (3/9%0) Kopin, AlGass window
Gass (thin film) 2334+07 4.0 () 1.011 276 B3A NREL {4/ Kaopin, 5 puim CLEFT®
Gads (multicrvstalline) 182 +0:5 40111 004 230 79.7 NREL (11/95) RTI, Ge substraie’
[P (crystalling) 219407 440241 0878 29.3 854 NREL {4/90) Spire, epitaxial'”
Podvervstalline thin film
CIGS (cell) 184 +0.5' 1.04 (ap) 01669 357 770 NREL (2/01) NREL, CIGS on glass'!
CIGS {submadule) 166 £04 16:0 (ap) 2843 835 751 Fhi3-ISE {3/ U. Uppsala, 4 serial cells'”
CdTe (cell) 16:5 4+ 0.5 1032 (ap) {545 2549 755 NREL (9 MREL, mesa on glass 15
Amorphous™anoe rystalline Si
Si (nanocivstal line) 101 4+02 I 199 (ap) {539 244 76 JOA (12/97) Kaneka (2 pm on glass)"
Photochemical
Nanccrvstalling dve 82403 2.36 (ap) 0726 158 712 FhiG-ISE {7/ ECN'
Nanocrvatalline dve (submaodule ) 47402 1414 {ap) 795 113 59.2 FhG-ISE (2/98) [N AP
Mudtifune ion cells
GalnP/Gass 3 441} 2488 1422 856 JOA (4/94) Tapan Energy {monolithic) o
GalnPiGaAs/Ge 28T+ 14 29950 2571 12. 862 NREL (9/949) Spectrolab (monolithic)
GaAs/CIS (thin film) 258+ 13 4.0H1) — — — NREL (11/89) Kopin/Boeing (4 terminal )
a-5ifCIGS (thin filim)® 146 £07 240 {ap) — — — NREL {6/88) ARCO (4 terminal)'’

“CIGS = CulnGaSe,; a-5i = amorphous siliconhydrogen alloy.

"Effic. = effic ey,

“(ap) = aperture area: (1) = todal areq; (da) = designated illumination area.

“FF = fill factor.

“FhG-1SE = Fraunhofer-Insimt filr Solare Energiesysteme: JQA = Tapan Quality Assurance.

"Wot measured at external laboratory.

fnswabilized resulis.
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Efficiency limit for a single junction device

Fig. 6:1 Loss processes in a standard solar cell: (1) lattice thermalisation
loss; (2) and (3) junction and contact voliage loss; (4) recombination loss.
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Photons E>> Eg 20%
Junction losses 10%
Non ohmic contacts 10%
Recombination 30%
Photons E<Eg 30%

bW~

Max 30.8% at 1 sun for
silicon

Practical limit about 26%




Efficiency : calculations and limits
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Efficiency : calculations and limits

Thermodinamic limit

n= 1-Ta/Ts = 95% Carnot efficiency

n=[1-(T./T)*[1-T,/T,] =85.4% Miser
= 86.8% multiple converters

Quantum converter

Xg jf(x)dx = 86.8% multiple converters
X, = 40.8% one converter,
== max concentration (1/fo = 45.872)
jxf(x)dx = 30.8% one converter, 1 sun.
0
x=FE/KT f(x) = generalized photon distribution function
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L Tandem Cells

e >

= fr-‘\\ /-“\ /’-\ == /F-‘\ : “
Sunlight |I | E !é ‘Z~
Decreasing band gap s S —

86,8% theoretical limit for infinite junctions (93.3% con l'uso di circolatori
ottici)

30% triple junction (GalnP/GaAs/Ge)
39 % under concentration

6-12% amorphous silicon best modules

Possible candidate for multigiunctions: InGaN => theoretical limit about
50% Material used for LEDs

EniTecnologie




Spectrolab Inc. 12500 Gladstone Avenue, Sylmar, California 91342 USA

* High efficiency GalnP,/GaAs/Ge triple junction monolythic, Typical Cell Electrical Parameters

two-terminal design | N 350 Suns, AM1.50 (37.2 Wiem?) 25°C
¢ Greater than 30% AM1.5D min. avg. efficiency from 200 to

400 Suns concentration in production J= 4.14 Alem® Jo= 4.05 Altm?
* Compatible with point focus, dense array and linear V=297V V=264V
concentrators )
) A F_ = 10.68 Wcm? Cit = 86.9 %
* High Reliability - : -
-No degradation with multiple assembly methods Efficiency = 30.5 %
Typical Cell Light IV Characteristic
350 Suns, AM1.5D {35 Wiem?) 25°C
Quantum Efficiency 4.50
= 100 < 4.00 —Y
B \ 5 350 \
8 80 / <300
= g0 B 2.50
Ll i
= alnP,| }GaAs Ge \ S 2.00
= 40 s
| N o
) 20 5 :
@ / N\ 0.50
= '
a — 0.00 ' ' .
it 200 600 1000 1400 1800 o 4 9 3 4
Wavelength (nm} Voltage (V)
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Multiband and impurity cells

(N) S |
(-2 (-2.N)
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86,8% Ilimit for infinite bands

With Quantum Wells or Quantum dots
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Hot Carriers

Conductfon|

band D Y0 7 2 \‘“‘“«, >Ti> | guantum dot absarber

O @ @ | / 4 / //' * /
ek JP_ U ¢ 2 #?-/fﬁ/fﬁ .-Jﬁié

il

electron contact

Problems to solve
*Slow cooling system

Selective contacts
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Conclusions
PV is a fast growing sector.

Silicon represents 90% of the market and has potential for further cost
reductions, despite the current shortage situation

However, the theoretical efficiency limit is unlikely to be reached in eth near
future. Other cell production technologies may be suitable for industrial
applications, with efficiency values around 20%

Long term technologies include organic and polimeric cells, and terrestrial
use of IlI-V compounds, which have demonstrated >39% under concentarted
light. Higher efficeny structures are under study. Promising candidates are
InGaN, used for LEDs, and QD structures such as hot carriers or multiband
approaches.
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FAQs

* What is the energy pay-back time of a commercial PV module?

In terms of energy, the largest component for the cell is in the
realization of silicon. A rough calculation predicts about 1 year for
energy recovery of the silicon. Other important components for the
modules are teh frames and the glass sheets. This brings the total
energy pay back time to 2-3 years for an efficient c-Si module

* How much does a home system cost, and how much space does it
occupy?

25 sgm for a 3 kW system. About 22 k€. Annual production (in Rome):
3800 kWh. With the current Italian feed in tariff, return of the investment

is in about 10 years.
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Thank you!
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