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Detailed Balance Limit of Efficiency of p-n Junction Solar Cells*

WILLIAM SHOCKLEY AND HANS J. QUEISSER
Shockley Transistor, Unit of Clevite Transistor, Palo Alte, California
(Received May 3, 1960; in final form October 31, 1960)

In order to find an upper theoretical limit for the efficiency of p-# junction solar energy converters, o
limiting efficiency, called the detailed balance limit of efficiency, has been calculated for an ideal case in which
the enly recombination mechanism of hole-electron pairs is radiative as required by the principle of detailed
balance. The efficiency is also calculated for the case in which radiative recombination is only a fixed frac-
tion f. of the total recombination, the rest being nonradiative. Efficiencies at the matched loads have been
calculated with band gap and f. as parameters, the sun and cell being assumed to be blackbodies with tem-
peratares of 6000°K and 300°K, respectively. The maximum efficiency is found to be 309 for an energy gap
of 1.1 ev and f.=1. Actual junctions do not obey the predicted current-voltage relationship, and reasons for
the difference and its relevance to efficiency are discussed.
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Fig. 9. Sun-light Power Spectrum in the silicon crystal depth
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Sun Light Power Density in Silicon Crystal Yx(A) =S(A) exp(-X/A(A) ) ;
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(a) Conventional NP single junction type thin-film solar cell
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(b) JPA2020-131313 PNP Double junction type thin-film solar cell
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Sun Light Power Spectrum in Silicon Crystal Asi = 1117 pm for silicon
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Sun Light Power Spectrum in Silicon Crystal A'si = 1117 pm for silicon
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Sun Light Power Spectrum in Silicon Crystal Asi = 1117 pm for silicon
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Sun Light Power

Sun Light Power Density in Silicon Crystal Yx(A) =S(A) exp(-X/A(A) ) ;
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For Single junction Solar Cell with X1=0.5 um and X2= 1.5 um, Sun Light Power Efficiency (%) = 100 P(X)/P(0) =13.5 % ;
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by Yoshiaki Hagiwara at Sony.

Note that the photodiodes are forward biased and there are also the diode forward
currents IPD1 and IPD2 which degrade the affective quantum efficiency (QE},

1V equation of a g | PN juncticn diode:
In ls (V) = (AD/NL ) nazl exp( - V/kT) -1} ; m?= NcNvexpl( - Ea/kT) ;
= IPD1= (A1) exp( — Ec/kT ){ exp( (VP1 — VN1)/kT) -1}
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