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Wafer Silicon‐Based PV


Lecture 9 – 2.626 


Tonio Buonassisi




General Announcements


• Quiz #1 

• Class Projects




Outline of Today’s Lecture 

• Illuminated IV Curves: Efficiency, Jsc, Voc 

• Notes about Efficiency 

• Overview of PV Technologies 

• Manufacturing of Silicon‐Based Solar Cells


Image removed due to copyright restrictions. Please see 
http://solarpowerindustries.com/Images/silicon-feedstock.jpg 

Feedstock Wafer 

Courtesy NASA and EERE. 

http://solarpowerindustries.com/Images/silicon-feedstock.jpg


Reading Assignment


• Read: PVCDROM: Chapters 5 and 6




Efficiency Calculations
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Efficiency Calculations 
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Efficiency Calculations 

By combining equations 1 and 2… 

Efficiency ≡ η = 
Power Out 

= 
Vmp ⋅ Imp 

Power In Φ 

V ⋅ I
Fill Factor ≡ FF = mp mp 

V ⋅ Ioc sc 

We obtain: 

oc scEfficiency ≡ η = 
Power Out 

= 
Vmp ⋅ Imp = 

FF ⋅ V ⋅ I
Power In Φ Φ 



Efficiency Calculations


I = Io eqV / kT −1( )− IL 

This is a higher‐efficiency device compared to… [next slide]

Courtesy Christiana Honsberg and Stuart Bowden. Used with permission.



Efficiency Calculations


This is a lower‐efficiency device,

compared to the previous slide.


Courtesy Christiana Honsberg and Stuart Bowden. Used with permission.



Efficiency of a solar cell is an important parameter


generated electrical powerη = 
incident light power 

100% efficiency 33% efficiency

(impossible to achieve) (space‐grade solar cells)


Very 
Expensive 
material 

20% efficiency 
(monocrystalline 10% efficiency 
silicon solar cells) (amorphous 

silicon solar cells)


Expensive

material


Relatively Inexpensive material




A Note about “Efficiency”


What does this 
really mean? 
What does this
reallymean?

Technical Terms: 
Courtesy of Edward H. Sargent. Used with permission. 

‐ Solar Conversion Efficiency 
‐ External Quantum Efficiency 
‐ Internal Quantum Efficiency 



Solar Conversion Efficiency


Power Out Jmp ⋅ Vmp FF ⋅ J sc ⋅ Vocη = = = 
Power In Φ Φ 

Typical values are 12–20% for established technologies, <10% for most emerging 
technologies. 

η and ΦF: Vary with illumination intensity (e.g., 1 Sun) 



External Quantum Efficiency


Electrons OutEQE = 
Photons In 

Typical peak values are 60–90%, depending on reflectivity. 

EQE highly wavelength‐ and illumination‐dependent! 



Internal Quantum Efficiency


Electrons OutIQE = 
(Photons In)⋅ (1− Reflectivity) 

Typical peak values are 80–98%, depending on reflectivity. 

EQE highly wavelength‐ and illumination‐dependent! 



When an efficiency quoted, think about: 

‐What “efficiency” is being measured? 
‐What is the nature of the light being used? 

‐What spectrometer to simulate solar spectrum? 
‐ If monochromatic, what wavelength? 
‐What intensity (photon flux)? 

‐What used car are they trying to sell me? 



An example of honest efficiency reporting


Text removed due to copyright restrictions. Please see the Abstract of

Huynh, Wendy U., Janke J. Dittmer, and A. Paul Alivisatos. “Hybrid 

Nanorod-Polymer Solar Cells.” Science 295 (March 29, 2002): 2425

2427.


W.U. Huynh, Science 295 (2002) 2425




Solar Cell 
Efficiency 
Tables 

Table removed due to copyright restrictions. Please see Table I in 
Green, Martin A., et al. “Solar Cell Efficiency Tables (Version 27).” 
Progress in Photovoltaics: Research and Applications 14 (2006): 45-51. 
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Module 
Efficiency 
Tables 

Table removed due to copyright restrictions. Please see Table II in 
Green, Martin A., et al. “Solar Cell Efficiency Tables (Version 27).” 
Progress in Photovoltaics: Research and Applications 14 (2006): 45-51. 

M.A. Green, Prog. Photovolt: Res. Appl. 14 (2006) 45




Diversity of PV Devices




Photovoltaic Device Fundamentals


(1) Charge Generation: Light excites 
electrons, freeing them from atomic 
bonds and allowing them to move 
around the crystal. 

(3) Charge Collection: Electrons deposit 
their energy in an external load, 
complete the circuit. 

Image removed due to copyright restrictions. Please see 
http://micro.magnet.fsu.edu/primer/java/solarcell/ 

(2) Charge Separation: An electric field 
engineered into the material (pn 
junction) sweeps out electrons. 

Advantages: There are no moving parts 
and no pollution created at the site of 
use (during solar cell production, that’s 
another story). 

Disadvantages: No output at night; 
lower output when weather 
unfavorable. 

For full animation, see: 
23 

http://micro.magnet.fsu.edu/primer/java/solarcell/ 

http://micro.magnet.fsu.edu/primer/java/solarcell/
http://micro.magnet.fsu.edu/primer/java/solarcell/


Technological Diversity http://peswiki.com/images/8/86/Spheral_solar_panel_95x95.jpg 

Copper Indium 

Silicon Ribbon 
Heterojunction 

Cells 

Diselenide (CIS) 

Amorphous Silicon 
Courtesy EERE. 

http://www.atp.nist.gov/eao/sp950-1/astropw1.jpg 

Fig. 1 in Takamoto, Tatsuya, et al. 
“Over 30% efficient InGaP/GaAs Spheral
tandem solar cells.” Applied Physics 
Letters 70 (January 20, 1997): 381- Solar 
383. 

http://site.novatechgadgets.com/evtechfeat.jpg http://www.stangl.de/typo3temp/pics/691aeb319e.jpg 

http://www.iea-pvps.org/ar/ar00/images/aus03.jpg 
http://www.ajeal.net/english/wp-content/uploads/solar-panel-cost.jpg 

Cadmium http://www.triplepundit.com/nanosolar.jpg 

Telluride
Dye‐sensitized 

Silicon Sheet Cells Hybrid (nano) 

http://commons.wikimedia.org/wiki/File:Multicrystallinewafer_0001.jpg 

http://electronicdesign.com/Files/29/11527/Figure_01.jpg 

Courtesy NASA. 
http://www.livescience.com/images/0412_solar_panels_03.jpg 

Monocrystalline Multicrystalline SunPower 
Silicon Silicon Back‐contacted Organics 

http://www.iea-pvps.org/ar/ar00/images/aus03.jpg
http://www.atp.nist.gov/eao/sp950-1/astropw1.jpg
http://commons.wikimedia.org/wiki/File:Multicrystallinewafer_0001.jpg
http://electronicdesign.com/Files/29/11527/Figure_01.jpg
http://www.livescience.com/images/0412_solar_panels_03.jpg
http://www.stangl.de/typo3temp/pics/691aeb319e.jpg
http://peswiki.com/images/8/86/Spheral_solar_panel_95x95.jpg
http://site.novatechgadgets.com/evtechfeat.jpg
http://www.ajeal.net/english/wp-content/uploads/solar-panel-cost.jpg
http://www.triplepundit.com/nanosolar.jpg


Photovoltaics: State of the Art


Renewable Energy Law, D 
100 000 Roofs Program, D 

Residential Roof Program, JPN 

Slide courtesy of Gerhard Willeke, 
Fraunhofer ISE (Freiburg, Germany) 1000 Roofs Program, D 

Courtesy of Gerhard Willeke. Used with permission. 



Silicon Photovoltaics –

Wafer Substrates




Worldwide PV Production


• Sustained 25‐40% industry growth rates. 
• PV  now a $10+ bi industry. 

IEA‐PVPS, Report IEA‐PVPS T1‐15:2006 

Images courtesy IEA Photovoltaic Power Systems Programme. 

US Market Share: 
1980: 75% 
1990: 33% 
2000: 26% 
2005: 10% 

PV News, PV Insider’s Report, Feb. 2001 
IEA‐PVPS: Report IEA‐PVPS T1‐15:2006 



Silicon is the second most abundant 
element on Earth after oxygen (28% 
of the Earth’s crust). Its most 
familiar forms are sand and 
quartzite (the latter one is more 
pure). 

Multicrystalline 
Silicon 

Monocrystalline 
Silicon 

Human‐made Monocrystalline Silicon Human‐made Multicrystalline Silicon 

Silicon in Nature: It’s everywhere! 

http://commons.wikimedia.org/wiki 
/File:Multicrystallinewafer_0001.jp 
g 

http://commons.wikimedia.org/wiki/ 
File:Third_beach_sand.jpg 

http://people.seas.harvard.edu/~jones/es154
/lectures/lecture_2/materials/Czochralski_1.gif. http://www.tkx.co.jp/english/solar/

 images/index_img_03.jpg http://www.tkx.co.jp/english/solar/
 images/index_img_05.jpg

http://commons.wikimedia.org/wiki/File:Third_beach_sand.jpg
http://commons.wikimedia.org/wiki/File:Third_beach_sand.jpg
http://commons.wikimedia.org/wiki/File:Multicrystallinewafer_0001.jpg
http://commons.wikimedia.org/wiki/File:Multicrystallinewafer_0001.jpg
http://people.seas.harvard.edu/~jones/es154/lectures/lecture_2/materials/Czochralski_1.gif
http://people.seas.harvard.edu/~jones/es154/lectures/lecture_2/materials/Czochralski_1.gif
http://www.tkx.co.jp/english/solar/images/index_img_03.jpg
http://www.tkx.co.jp/english/solar/images/index_img_03.jpg
http://www.tkx.co.jp/english/solar/images/index_img_05.jpg
http://www.tkx.co.jp/english/solar/images/index_img_05.jpg


‐ Sharp, Kyocera, BP Solar, Shell Solar 

Courtesy of A. A. Istratov. Used with permission. 



Courtesy of A. A. Istratov. Used with permission. 



Images of the Czochralski method removed due to copyright restrictions. 
Please see: 

http://semiconductor-nano.com/images/Czochralski_2a.gif
http://semiconductor-nano.com/images/Czochralski_2c.gif
http://people.seas.harvard.edu/~jones/es154/lectures/lecture_2/materials/Czochralski_1.gif.



Courtesy of A. A. Istratov. Used with permission. 

http://semiconductor-nano.com/images/Czochralski_2a.gif
http://semiconductor-nano.com/images/Czochralski_2c.gif
http://people.seas.harvard.edu/~jones/es154/lectures/lecture_2/materials/Czochralski_1.gif


Courtesy Christiana Honsberg and Stuart Bowden. Used with permission.

Image removed due to copyright restrictions. 
Please see any photo of float zone silicon, such as 
http://www2.epia.org/images/pho_profiles_A/pho_profiles_A_39.jpg.

Courtesy of A. A. Istratov. Used with permission. 

http://www2.epia.org/images/pho_profiles_A/pho_profiles_A_39.jpg


Courtesy of A. A. Istratov. Used with permission. Courtesy Christiana Honsberg and Stuart Bowden. Used with permission.



Courtesy of A. A. Istratov. Used with permission. 

Image removed due to copyright restrictions.
 Please see any image of polycrystalline silicon, such as 
http://commons.wikimedia.org/wiki/File:Multicrystallinewafer_0001.jpg.

http://commons.wikimedia.org/wiki/File:Multicrystallinewafer_0001.jpg


Image removed due to copyright restrictions. 
Please see http://siliconsultant.com/images/DScasting.gif.

Courtesy of A. A. Istratov. Used with permission. 

http://siliconsultant.com/images/DScasting.gif


Images removed due to copyright restrictions. 
Please see any photos of multicrystalline silicon ingots and blocks, such as 
http://www.tkx.co.jp/english/solar/images/index_img_03.jpg


http://www.tkx.co.jp/english/solar/images/index_img_05.jpg.



Courtesy of A. A. Istratov. Used with permission. 

http://www.tkx.co.jp/english/solar/images/index_img_05.jpg
http://www.tkx.co.jp/english/solar/images/index_img_03.jpg


Courtesy of A. A. Istratov. Used with permission. 



Image removed due to copyright restrictions. 
Please see Fig. 2 in Bell, R. O., and J. P. Kalejs. "Growth of Silicon Sheets for Photovoltaic Applications." 
Journal of Materials Research 13 (October 1998): 2732-2739.





Courtesy of A. A. Istratov. Used with permission. 



E. Sachs, J. Cryst. Growth 82 (1987) 117

Similar technique:


Courtesy of Elsevier, Inc., http://www.sciencedirect.com. 
Used with permission.

Image removed due to copyright restrictions. 
Please see http://siliconsultant.com/images/Espphoto.jpg.

Courtesy of Elsevier, Inc., http://www.sciencedirect.com. 
Used with permission.Courtesy of A. A. Istratov. Used with permission. 

http://www.sciencedirect.com
http://siliconsultant.com/images/Espphoto.jpg
http://www.sciencedirect.com


Courtesy of Elsevier, Inc., http://www.sciencedirect.com. 
Used with permission.

Courtesy of A. A. Istratov. Used with permission. 

http://www.sciencedirect.com


Courtesy of A. A. Istratov. Used with permission. 



Comparison of different growth techniques used in silicon technology


8‐80 cm 

Courtesy of A. A. Istratov. Used with permission. 

Source for efficiency values: M.A. Green et al., Solar Cell Efficiency Tables, Progress in 
Photovoltaics. 

Source for energy use, growth rate, etc.: www.siliconsultant.com . Disclaimer: These numbers are 
outdated, and may not reflect actual commercial production values. 



Materials Availability


Plenty of (oxidized) silicon in the Earth’s crust, but…


Not enough silver! New solar cell contact materials needed.


Alex Freundlich: http://www.rio6.com/proceedings/RIO6_181106_MA_1730_Freundlich.pdf


Source: Feltrin, A., A. Freundlich. “Material Considerations for Terawatt. Level Deployment of Photovoltaics.” 
Renewable Energy 33 (2008): 180-185. Courtesy of Alex Freundlich. Used with permission.

http://www.rio6.com/proceedings/RIO6_181106_MA_1730_Freundlich.pdf


Next Class 

• From wafers to cells. 

• Intro to thin film technology. 
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