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Hauptvortrag AKE 1.2 (15) Mo, 15.3.2010 14:30 JUR D

Source: http://www.volker-quaschning.de/fotos/REG1/PV1_1024x768.jpg; 13.3.2010
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Why crystalline Si?

• Si is the 2nd most 
abundant element in the 
earths crust

• Non-toxic

• Long term reliable

Oxygen 
46.4%

Silicon 
27.7%

Aluminum 
8.1%

Iron 5.0%

Calcium 
3.6%

Sodium 
2.8%

Potassium 
2.6%

Magnesium 
2.1%

All others 
1.5%

Data source: F. K. Lutgens and E. J. Tarbuck, Essentials of Geology,  (Prentice Hall, 2000).
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Current voltage curve of a solar cell

• Diode saturation current describes 
recombination losses
due to

Radiative recombination
Auger recombination
Defect recombination

• Three major locations:
Front, bulk and rear

CZ p-type 180 µm

J0t =   J0b +    J0e +   J0r
J0t = 3000 fA/cm2

300 fA/cm2
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Reference scenario:
Standard screen-printed multi cell

Wet Chemistry
Etching, Texturing, Cleaning

High-T Furnace
Phosphorus Diffusion

Wet Chemistry
PSG-etch, Cleaning

Vacuum Deposition
SixNy-AR Coating

Metal Screen Print
Front-Ag, Rear Ag, Rear-Al

In-Line Furnace
Drying, Firing

Efficiency

�o=16.0 % 

Laser
Edge Isolation

7 Steps
95% yield CZ p-type 180 µm
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Annual production: c-Si dominates 
while CdTe is gaining shares
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Calculated from data in: Photon 4/2009, p. 57
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MP = 5.3301 €/Wp  x (CP /GWp)-0.2862
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• Module price decreased by 
20 % per doubled cumulated 
production volume

• 2009’s module contribution to 
electricity price: 0.17 €/kWh 
(for 20 a lifetime, 4% interest rate and 
1% maintenance at 1000 kWh/kWp)

• Learning curves forecast: 
2020’s module contribution to 
electricity price: 0.07 €/kWh

� How to half costs ?

Learning curve: tremendous 
progress in manufacturing!

1976

1980

1990

2000
2009

Data Source: Quaschning, Erneuerbare Energien, Hanser 2010, p. 132, conv. with 0.92 €/$
2008 and 2009: own estimates

Cost of 2 glass panes
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• Module price decreased by 
20 % per doubled cumulated 
production volume

• 2009’s module contribution to 
electricity price: 0.17 €/kWh 
(for 20 a lifetime, 4% interest rate and 
1% maintenance at 1000 kWh/kWp)

• Learning curves forecast: 
2020’s module contribution to 
electricity price: 0.07 €/kWhE
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h] • Module price decreased by 

20 % per doubled cumulated 
production volume

• 2009’s module contribution to 
electricity price: 0.17 €/kWh 
(for 20 a lifetime, 4% interest rate and 
1% maintenance at 1000 kWh/kWp)

• Learning curves forecast: 
2020’s module contribution to 
electricity price: 0.07 €/kWh

2020 est.

Faster decrease with
new ideas and c-Si!
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• Wafer costs

• Cell costs

• Module costs

• BOS costs

Looking at the cost structure
to find options for cost reductions
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t� =   180 µm thickness 

+100 µm kerfloss
Wafer for 22% is 20% more 
expensive than wafer for 16 %.
nw =1 is number of wafers per 
sawing. nw > 1 for splitting 
technologies.
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nc� = 7 is reference number of steps.
t� = 180 µm thickness +100 µm kerfloss
is  reference consumption.

nn� = 6 is reference number of steps for 
module.
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Phot. Int. 1/2010, p. 83

Module efficiency is 90% of cell 
efficiency.

P. Fath, IEEE PVSEC 2009C. Beneking, IEA PVPS, Task 8 
3rd phase report, 2009
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Optimized

Standard
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Fixed BOS costs limit scope for 
improvements by the module

• Increasing cell efficiency 
reduces area related costs

may require more expensive wafer 
often increases cell costs

• Module more expensive then cell processing

• BOS limits improvements
zero cost for wafer, processing &module 
� syst. cost down by 60 %
� halfing cost requires drastic 

improvements in BOS also

Cell efficiency

wafer, cell
and module free
� �60 %

WaferCellModule

BOS

Wafer

Cell

Module

BOS

• New players, e.g. organic PV
Assume 5% eff. 
and 20 a stable on large areas and 
zero cost for materials and processes 
� Syst. cost as for today’s c-Si systems
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Optimized

Standard
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Doubling the number 
of cell processes…

• …costs  3.9 % efficiency!

• Very complex process require 
efficiency >> 16 + 3.9 =19.9  %

Cell efficiency

complex
processing

3.9% 

Wafer

Cell
Module

BOS
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Improving the bulk
by reducing  B-O defects
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• Cell parameters
Area 12.5x12.5 cm2

2 �cm, B-doped CZ 
SiN-Passivation

• Results
Voc = 626.8 mV
Jsc = 35.9 mA/cm2

FF = 77.9 %
� = 17.5 %

• Lifetime is B-O -limited

Change from multi- to mono-Si
� improves bulk quality



Institut für Solarenergieforschung Hameln
12

C
op

yr
ig

ht
IS

FH
,

AK
E

–
D

PG
,M

ar
ch

15
,2

01
0

12

• Illumination activates B-O defect
� Lifetime limited by B-O defect

• Annealing deactivates B-O defect

� Lifetime limited by residual defects

Interstitial Oxygen Concentration [O i] [cm -3]

1018
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tim
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� e

ff
[µ

s]

10

100

1.3 �cm

after annealing �0

after illumination �d

as delivered

6 87 9

Lifetime in CZ-Si after degradation:
Limited to smaller value by BsO2i

BsO2i
sq

‘square’ form

J. Schmidt and K. Bothe, Phys. Rev. B 69, 024107 (2004) 
J. Adey et al., Phys. Rev. Lett. 93, 055504 (2004)

(Group Bothe)
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Boron and oxygen concentration 
control the lifetime

• Injection level �n/NA=0.1

• Boron and oxygen 
concentration control the 
lifetime

K. Bothe, R. Sinton, and J. Schmidt, Prog. Photovoltaics 13, 287 (2005)
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• Injection level �n/NA=0.1

• Boron and oxygen 
concentration control the 
lifetime

Boron and oxygen concentration 
control the lifetime

K. Bothe, R. Sinton, and J. Schmidt, Prog. Photovoltaics 13, 287 (2005)
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• Injection level �n/NA=0.1

• Boron and oxygen 
concentration control the 
lifetime

Boron and oxygen concentration 
control the lifetime

K. Bothe, R. Sinton, and J. Schmidt, Prog. Photovoltaics 13, 287 (2005)
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• Injection level �n/NA=0.1

• Boron and oxygen 
concentration control the 
lifetime

Boron and oxygen concentration 
control the lifetime

K. Bothe, R. Sinton, and J. Schmidt, Prog. Photovoltaics 13, 287 (2005)
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Boron and oxygen concentration 
control the lifetime

• Injection level �n/NA=0.1

• Boron and oxygen 
concentration control the 
lifetime

K. Bothe, R. Sinton, and J. Schmidt, Prog. Photovoltaics 13, 287 (2005)
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Defect parameters:

• Et = EC �0.41 eV

•

•

• m = 2  e.g. due to thermal treatment

• Lifetime increases with injectionExcess Carrier Concentration �n [cm -3]
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• First Improve joe
• Then improve jobsf

• Improved rear asks for improved 
bulk

� Less [B] by higher resistance, Ga-
doping or P-doping
Less [O] by improved growth

Cell modeling: Emitter often 
limits standard cells

• Current cells
j0e = 1000 to 2000 fA/cm2

j0r = 700 to 900 fA/cm2

j0b = 600 to 1100 fA/cm2

of
th

e
bu

lk
J o

b
[fA

/c
m

2 ]

Rear:

Jor currently

P.P. Altermatt et al, 24th EU PV Conf., 
(WIP, Hamburg, 2009), im press.
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Improving the front side 
by reducing Auger recombination in the n+-type emitter

by reducing front contact recombination
by narrower fingers with less shading
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Improved doping profile by less
Auger recomb. and selective emitter

p-typ CZ, 180 µm

p-typ CZ, 180 µm

• Enhanced sheet resistance
• Narrower fingers
• Improved profile allows for more than an 

order of magnitude in reduction of Joe

• Higher resistances (e.g. 120 �/sq) 
requires selective emitter






























































