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. order t? find an upper theoretical limit for the efficiency of p-n junction solar energy converters, a 
limiting effiCiency, called the detailed balance limit of efficiency, has been calculated for an ideal case in which 
the cmly recombin.ation of hole-electron pairs is radiative as required by the principle of detailed 
b.alance. The effiCiency IS calculated for the case in which radiative recombination is only a fixed frac-
tion f. of the total recombmation, 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-
peratures of 6OO0 oK and 30(tK, The efficiency is found to be 30% for an energy gap 
of 1.1. ev and fc= 1: Actual JunctIOns do not obey the predicted current-voltage relationship, and reasons for 
the difference and Its relevance to efficiency are discussed. 

1. INTRODUCTION 

M ANY papers have been written about the effi-
ciency of solar cells employing p-n junctions in 

semiconductors, the great potential of the silicon solar 
cell having been emphasized by Chapin, Fuller and 
Pearson! in 1954. Also in 1954, Pfann and van Roos-
broeck2 gave a more detailed treatment including ana-
lytic expressions optimizing or matching the load. A 
further treatment was given by Prince3 in 1955 in 
which the efficiency was calculated as a function of'the 
energy gap. Loferski4 has attempted to predict the de-
pendence of efficiency upon energy gap in more detail. 
Review papers have recently appeared in two journals 
in this country.5,6 

The treatments of efficiency presented in these papers 
are based on empirical values for the constants de-

the. of the solar eelU They are 
In general In fairly good agreement with observed 

and predict certain limits. These predic-
tIOns have become generally accepted as theoretical 
limits (see, for example, the review articles by Rappa-
portS and Wolf6). 

It is the view of the present authors that the ac-
of this previously predicted limiting curve 

.::J.f vs energy gap is not theoretically justified 
SInce It IS based on certain empirical values of lifetime 
etc. We shall refer to it as the semiempiricallimit. ' 
. h.owever, a theoretically justifiable upper 

lImIt. ThIS lImIt IS a consequence of the nature of atomic 
p.rocesses by the basic laws of physics, par-

the prInClple of detailed balance. In this paper 
thiS lImit, called the detailed balance limit, is calculated 
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6 P. Rappaport, RCA Rev. 20, 373 (1959). 
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of such limitations, has been carried out by A. L. Rose J Appl 
Phys. 31, 1640 (1960). ,. . 

and compared with the semi empirical limit in Fig. 1. 
Actually the two limits are not extremely different, the 
detailed balance limit being at most higher by about 
50% in the range of energy gaps of chief interest. Thus, 
to some degree, this article is concerned with a matter 
of principle rather than practical values. The difference 
is much more signIficant, however, insofar as estimating 
potential for improvement is concerned. In fact, the 
detailed balance limit may lie more than twice as far 
above the achieved values as does the semiempirical 
limit, thus suggesting much greater possible improve-
ment (see Fig. 1). 

The situation at present may be understood by 
analogy with a steam power plant. If the second law of 
thermodynamics were unknown, there might still exist 
quite good calculations of the efficiency of any given 
configuration based on heats of combustion, etc. How-
ever, a serious gap would still exist since it would be 

to say how much the efficiency might be 
Improved by reduction of bearing friction, improving 
heat exchangers, etc. The second law of thermody-
namics provides an upper limit in terms of more funda-
mental quantities such as the temperature of the ex-
othermic reaction and the temperature of the heat sink. 
The merit of a given power plant can then be appraised 
in terms of the limit set by the second law. 

A similar situation exists for the solar cell, the missing 
theoretical efficiency being, of course, in no way com-
parable in importance to the second law of thermo-
dynamics. Factors such as series resistance and reflec-
tion losses correspond to friction in a power plant. There 
are even two temperatures, that of the sun T. and that 
of the solar cell Te. The efficiency of a solar converter 
can in principle be brought to the thermodynamic 
limit (T.-Tc)jTc by using reflectors, etc. 8 However, a 
planar solar cell, without concentrators of radiation 
cannot approach this limit. The limit it can approach 
depends on its energy gap and certain geometrical 
factors such as the angle sub tended by the sun and the 

8 H. A. Miiser, Z. Physik 148, 380 (1957), and A. L. Rose (see 
footnote 7) have used the second law of thermodynamics in their 
treatments of photovoltage. 
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Model to correlate weather with damage 
•  Objective: Quantify relationship between 

weather-induced damage and 
accelerated thermal cycling test 

Damage is non-linear with temperature change;  
how do we characterize weather data? 
Rainflow algorithm provides method 

Need to validate the accuracy of assumptions 

Partly cloudy day causes more damage than clear day 
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V2;$0'#*%0*;/0!W/./'$5!U(X/.-.!7Y0/$&09Z![2WU7\!/%!(!&$K!(&5!0(10-1(C1$!%$1$0)*&!
.$'#/0!'*!/5$&)39!'>$!&$K!(&5]*#!/.;#*:$5!!;>*'*:*1'(/0!["A\!(C%*#C$#!0(&5/5('$!
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6B99(.0%<-'3.O(*+)'%
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6B99(.0%<-'3.O(*+)'%
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• India  

           • Brazil 

• MENA Countries 

        • Australia 


