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1. Efficiency is a strong determining factor of cost. 

2. Efficiency is tricky to measure accurately. 

3. Several new technologies attempt to overcome 
fundamental efficiency limits of solar cells. 

Motivation 
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1. Identify source(s) of record solar cell efficiencies. 

2. Identify source(s) of “standard” solar spectra. 

3. Describe how to simulate the solar spectrum in the lab: Describe how 
a solar simulator works. 

4. Describe how to accurately measure & report cell efficiency, and how 
to avoid common pitfalls when attempting to measure cell efficiency. 

5. Describe efficiency limitations of a typical solar cell: 

- Blackbody (heat engine) limit 

- Detailed balance model 

- Other (realistic) considerations 

6. Describe the effects of temperature, illumination intensity, and lateral 
inhomogeneity on solar cell efficiency. 

Learning Objectives: PV Efficiency Limits 
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Key Concepts: 
 
Updated record cell and module efficiency tables are published 
every six months, in the journal “Progress in Photovoltaics.” 
http://onlinelibrary.wiley.com/journal/10.1002/(ISSN)1099-159X 
 
 
Ref to latest version of “Efficiency Tables”: 
 
M.A. Green et al., “Solar cell efficiency tables (version 38),” Progress 
in Photovoltaics 19, 565-572 (2011) 
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Sample 
Solar Cell 
Efficiency 
Tables 

M.A. Green, Prog. Photovolt: Res. Appl. 19 (2011) 565 

© John Wiley & Sons, Ltd. All rights reserved. This content is excluded from our Creative
Commons license. For more information, see http://ocw.mit.edu/fairuse.
Source: Green, M., K. Emery, et al. "Solar Cell Efficiency Tables (Version 38)." Progress in
Photovoltaics: Research and Applications 19 (2011): 565-72.
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Module Efficiency Tables 

M.A. Green, Prog. Photovolt: Res. Appl. 19 (2011) 565 

Record module 
efficiencies typically 2–7% 

lower than record cell 

© John Wiley & Sons, Ltd. All rights reserved. This content is excluded from our Creative
Commons license. For more information, see http://ocw.mit.edu/fairuse.

Source: Green, M., K. Emery, et al. "Solar Cell Efficiency Tables (Version 38)." Progress in
Photovoltaics: Research and Applications 19 (2011): 565-72.
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NOTE: These are record cell efficiencies under ideal conditions (25°C, 
~1000 W/m2)! Actual commercially-available silicon solar cells are typically 14-17% 

efficient. Modules are typically around 11-13%. 

Old version referenced at: L.L. Kazmerski, Journal of Electron Spectroscopy and Related Phenomena 150 (2006) 105–135 

Record laboratory efficiencies of various materials 
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1. Identify source(s) of record solar cell efficiencies. 

2. Identify source(s) of “standard” solar spectra. 

3. Describe how to simulate the solar spectrum in the lab: Describe how 
a solar simulator works. 

4. Describe how to accurately measure & report cell efficiency, and how 
to avoid common pitfalls when attempting to measure cell efficiency. 

5. Describe efficiency limitations of a typical solar cell: 

- Blackbody (heat engine) limit 

- Detailed balance model 

- Other (realistic) considerations 

6. Describe the effects of temperature, illumination intensity, and lateral 
inhomogeneity on solar cell efficiency. 

Learning Objectives: PV Efficiency Limits 
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http://rredc.nrel.gov/solar/spectra/ 

Please see the lecture 14 video to see Prof. Buonassisi explaining
how to use NREL’s Solar Spectra website (linked to below).
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The receiving surface is defined in the standards as an inclined plane at 37° tilt 
toward the equator, facing the sun (i.e., the surface normal points to the sun, at an 
elevation of 41.81° above the horizon) 
 
The specified atmospheric conditions are: 
 
a) the 1976 U.S. Standard Atmosphere b with temperature, pressure, aerosol 
density (rural aerosol loading), air density, molecular species density specified in 33 
layers 
     b)  an absolute air mass of 1.5 (solar zenith angle 48.19°s) 
     c)  Angstrom turbidity (base e) at 500 nm of 0.084 c 
     d)  total column water vapor equivalent of 1.42 cm 
     e) total column ozone equivalent of 0.34 cm 
     f) surface spectral albedo (reflectivity) of Light Soil as documented in the Jet 
Propulaion Laboratory ASTER Spectral Reflectance Database 
(http://speclib.jpl.nasa.gov.) 
 
Source: http://rredc.nrel.gov/solar/spectra/am1.5/  

ASTM G173-03 
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Standard Solar Spectra 

Source: http://pveducation.org/pvcdrom/appendicies/standard-solar-spectra 

Courtesy of PVCDROM. Used with permission.
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Measuring Global/Direct Insolation 

Please see the lecture 14 video, or follow the link below to see solar irradiance 
measurement equipment. 
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Evolution of the Solar Constant 

Change is the Only Constant… 

From data included in C.A. Gueymard, Advances in Space Research 37 (2006) 323–340 
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1. Identify source(s) of record solar cell efficiencies. 

2. Identify source(s) of “standard” solar spectra. 

3. Describe how to simulate the solar spectrum in the lab: Describe how 
a solar simulator works. 

4. Describe how to accurately measure & report cell efficiency, and how 
to avoid common pitfalls when attempting to measure cell efficiency. 

5. Describe efficiency limitations of a typical solar cell: 

- Blackbody (heat engine) limit 

- Detailed balance model 

- Other (realistic) considerations 

6. Describe the effects of temperature, illumination intensity, and lateral 
inhomogeneity on solar cell efficiency. 

Learning Objectives: PV Efficiency Limits 
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http://assets.newport.com/webDocuments-EN/images/12298.pdf 

Simulating Solar Spectra in the Lab (Solar Simulator) 

Diagram removed due to copyright restrictions.
See the video for lecture 14, or Fig. 2 at the link referenced below.
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Solar Simulator Properties 

Uniformity 
 
Spectral Fidelity 
 
Temporal Stability 

http://www.newport.com/Simulation-of-Solar-Irradiation/411986/1033/catalog.aspx 

© Newport Corporation. All rights reserved. This content is excluded from our Creative
Commons license. For more information, see http://ocw.mit.edu/help/faq-fair-use/.
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http://www.newport.com/Simulation-of-Solar-Irradiation/411986/1033/catalog.aspx 

Attempts to Simulate Solar Spectra: Light Sources 

Non-ideal matches: QTH, Hg, M-Halide… 

© Newport Corporation. All rights reserved. This content is excluded from our Creative
Commons license. For more information, see http://ocw.mit.edu/help/faq-fair-use/.
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Attempts to Simulate Solar Spectra: Light Sources 

Better matches: Xe lamps with air mass filters 

© Newport Corporation. All rights reserved. This content is excluded from our Creative
Commons license. For more information, see http://ocw.mit.edu/help/faq-fair-use/.
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  Class A Class B Class C 

Spectral match (ratio of the actual 
percentage of total irradiance to the 
required percentage specified for 
each wavelength range) 0.75-1.25 0.6-1.4 0.4-2.0 

Non-uniformity of irradiance < ±2% < ±5% < ±10% 

Temporal Instability* < ±2% < ±5% < ±10% 

For more info on PV testing standards, see: 
http://photovoltaics.sandia.gov/docs/pvstndrds.htm 

Standard IEC 904-9: Requirements for solar simulators for 
crystalline Si single-junction devices 

Solar Simulator Standards 

Other common standards: 
- ASTM E927-05: http://www.astm.org/Standards/E927.htm 
- JIS C 8912-1989 
 *requires temporal instability of ≤ ±1% for Class A 19

http://www.astm.org/Standards/E927.htm
http://web.archive.org/web/20111018110532/http://photovoltaics.sandia.gov/docs/pvstndrds.htm
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1. Identify source(s) of record solar cell efficiencies. 

2. Identify source(s) of “standard” solar spectra. 

3. Describe how to simulate the solar spectrum in the lab: Describe how 
a solar simulator works. 

4. Describe how to accurately measure & report cell efficiency, and how 
to avoid common pitfalls when attempting to measure cell efficiency. 

5. Describe efficiency limitations of a typical solar cell: 

- Blackbody (heat engine) limit 

- Detailed balance model 

- Other (realistic) considerations 

6. Describe the effects of temperature, illumination intensity, and lateral 
inhomogeneity on solar cell efficiency. 

Learning Objectives: PV Efficiency Limits 
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Practical Considerations when Measuring Efficiency 

Obtain & use an NREL-certified 
calibration (reference) cell. 
 
Avoid extraneous light. (A light-tight 
curtain works well.) 
 
Ensure 25°C measurement conditions. 
Remember: Voc can change by up to 0.25–1% / 
°C. Ideal chucks contain active heating/cooling, 
and independent temperature verification at the 
site of measurement (i.e., not under the chuck). 

 
Choose probe location judiciously to 
avoid series resistance losses. 
 
Account for spectral mismatch between 
calibration cell and your solar cell. 

ASTM E948 - 09 Standard Test Method for Electrical
Performance of Photovoltaic Cells Using Reference
Cells Under Simulated Sunlight 
http://www.astm.org/Standards/E948.htm  

Please see the lecture 14 video for a visual of
example efficiency measurement equipment.
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NB: Spectral response mismatch 

http://www.newport.com/Energy-Conversion/412147/1033/catalog.aspx 

Warning: Different PV 
materials are sensitive to 
different parts of the solar 
spectrum. You may be 
over/under estimating 
your performance, if the 
solar simulator calibration 
cell is made of a different 
material to the cells you 
are testing. 

ASTM E973 - 10 Standard Test Method for Determination of the Spectral Mismatch 
Parameter Between a Photovoltaic Device and a Photovoltaic Reference Cell 
http://www.astm.org/Standards/E973.htm 

© Newport Corporation. All rights reserved. This content is excluded from our Creative
Commons license. For more information, see http://ocw.mit.edu/help/faq-fair-use/.
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Best Practices 

When making a record efficiency claim, get the cell certified by NREL (FhISE, or 
other certified testing facility). This avoids controversies. This is challenging, 
however, for materials that degrade quickly. 

Please see the lecture 14 video for paper extracts.
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1. Identify source(s) of record solar cell efficiencies. 

2. Identify source(s) of “standard” solar spectra. 

3. Describe how to simulate the solar spectrum in the lab: Describe how 
a solar simulator works. 

4. Describe how to accurately measure & report cell efficiency, and how 
to avoid common pitfalls when attempting to measure cell efficiency. 

5. Describe efficiency limitations of a typical solar cell: 

- Blackbody (heat engine) limit 

- Detailed balance model 

- Other (realistic) considerations 

6. Describe the effects of temperature, illumination intensity, and lateral 
inhomogeneity on solar cell efficiency. 

Learning Objectives: PV Efficiency Limits 
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See: Peter Würfel, Physics of Solar Cells, p. 33–37 
Jenny Nelson, The Physics of Solar Cells, p. 291 

Max Solar Heat Engine (Blackbody) Efficiency: 86% 
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First Paper: Prince 
Key contribution: Efficiency in a single-junction device varies as a 
function of bandgap. 

Theoretical Efficiency Calculations 

Prince, M. B. “Silicon Solar Energy Converters.” J. Appl. Phys. 26, no. 5 (1955). 
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First Power Conversion Efficiency Calculations 

© American Institute of Physics. All rights reserved. This content is excluded from our Creative
Commons license. For more information, see http://ocw.mit.edu/help/faq-fair-use/.
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Seminal Paper: Shockley-Queisser efficiency limit 
Key contribution: “Detailed balance limit”: Light absorption is balanced 
(counteracted) by radiative recombination. Works for materials with large 
minority carrier lifetimes. 

“Detailed Balance” Limit 

Shockley, W., and H.J. Queisser. "Detailed Balance Limit of Efficiency 
of p-n Junction Solar Cells." J. Appl. Phys. 32, no. 3 (1961): 510. 
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W. Shockley and H.J. Queisser, J. Appl. Phys. 32, 510 (1961) 

“Detailed Balance” Limit 

© American Institute of Physics. All rights reserved. This content is excluded from our Creative
Commons license. For more information, see http://ocw.mit.edu/help/faq-fair-use/.
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W. Shockley and H.J. Queisser, J. Appl. Phys. 32, 510 (1961) 

“Detailed Balance” Limit 

© American Institute of Physics. All rights reserved. This content is excluded from our Creative
Commons license. For more information, see http://ocw.mit.edu/help/faq-fair-use/.
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• All photons with E > Eg are absorbed, and create one electron-
hole pair. 

• Electron and hole populations relax to band edges to create 
separate distributions in quasi thermal equilibrium with the 
lattice temperature, resulting in quasi Fermi levels separated 
by Dµ. 

• Each electron is extracted with a chemical potential energy µ, 
such that qV = Dµ. Requires constant quasi Fermi levels 
throughout, i.e., carriers have infinite mobility. 

• The only loss mechanism is radiative recombination (a.k.a., 
spontaneous emission). 

Key Assumptions of the “Detailed Balance” Limit 
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“Detailed Balance” Limit 

• Home discovery: Walk through the derivation of “detailed 
balance limit” yourself: 

• http://www.pveducation.org/pvcdrom/solar-cell-
operation/detailed-balance 

• Download and read: W. Shockley and H.J. Queisser, J. Appl. 
Phys. 32, 510 (1961) 
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Theoretical Maximum Efficiency as a Function of 
Bandgap Energy 

http://www.pveducation.org/pvcdrom/solar-cell-operation/detailed-balance 

Courtesy of PVCDROM. Used with permission.
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• Bulk recombination (e.g., Auger). 

• Absorption losses (free-carrier absorption, continuously-
varying absorption coefficient). 

Modifications to Detailed Balance Calculations: 
 Realistic Effects 

T. Teidje et al., IEEE Trans. Electron Dev. 31, 711 (1984) 
34
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J. Mattheis et al., Phys. Rev. B 77, 085203 (2008) 

Lower carrier mobility = 
Lower efficiency limit! 

Modifications to Detailed Balance Calculations: 
 Finite Carrier Transport 
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Following analysis in P. Würfel’s Physics of Solar Cells, p. 183–185: 

Assume all efficiency losses derive from: 

• Non-absorption of light (Eph < Eg): 0.74 

• Thermalization of charge carriers (Eph > Eg): 0.67 

• Thermodynamic losses: 0.64 

• Fill factor losses (practical solar cell operation): 0.89 

Resulting Efficiency Limit: (0.74) x (0.67) x (0.64) x (0.89) = 0.28 

Another Approach 

Peter Würfel, Physics of Solar Cells, p. 183–185 
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Representation of Maximum Power: Single Junction 

© IEEE. All rights reserved. This content is excluded from our Creative Commons
license. For more information, see http://ocw.mit.edu/help/faq-fair-use/.
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From “APPROACHING THE 29% LIMIT EFFICIENCY OF SILICON SOLAR CELLS 
Richard M. Swanson, Proc. IEEE PVSC (2005). 

Evolution of Efficiency Limit Calculations 

© IEEE. All rights reserved. This content is excluded from our Creative Commons
license. For more information, see http://ocw.mit.edu/help/faq-fair-use/.
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APPROACHING THE 29% LIMIT… 
Richard M. Swanson, Proc. IEEE PVSC (2005). 

Realistic Limit of Crystalline Si 

© IEEE. All rights reserved. This content is excluded from our Creative Commons
license. For more information, see http://ocw.mit.edu/help/faq-fair-use/.
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Loss Mechanisms Visualized 
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Image by MIT OpenCourseWare.

Recombination
losses

Back light
absorption

N-Type diffused
junction

Aluminum pasteSilver paste pad

Single crystal silicon
300 µm thick

2 ohm-cm, P-Type

Front

Back

1.54% 3.8%

2.0%
2.6%

1.4%

Generic silicon solar cell with its loss mechanisms. The losses subtract 
from the 29% limit efficiency, and are expressed as percentages of 
incident power (100 mW/cm2, standard test conditions).

Reflection loss
Texture + ARC Gridlines

1.8%

0.4% 0.4%

I2R Loss

0.3%



Buonassisi (MIT) 2011 

• Theoretical Limits of Photovoltaic Conversion 

By Antonio Luque and Antonio Martí, in “Handbook of 
Photovoltaic Science and Engineering”, online at 
http://www.knovel.com/ 

• Physics of Solar Cells 

  By Peter Würfel, in Library Reserve. 

• The Physics of Solar Cells 

By Jenny Nelson, in Library Reserve. 

• Solar Cells 

By Martin Green, Chapters 5 and 8. 

 

Good Readings on Efficiency Limits 
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