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Entropy production in photovoltaic conversion

Antonio Luque and Antonio Martı´
Instituto de Energı´a Solar, Universidad Polite´cnica de Madrid, Madrid, Spain
~Received 3 September 1996; revised manuscript received 13 November 1996!

Recent experiments have shown that more than one electron-hole generation per photon in solar cells is
possible. A number of modeling works to appraise the theoretical potential of cells with high quantum effi-
ciency have been carried out by several authors, and in some of them violations of the thermodynamic
principles have occurred. A procedure to test the thermodynamic coherence of ideal models is developed in this
paper, and applied to the most convincing model so far presented, proving that it is thermodynamically
coherent. For the purpose of demonstration, the procedure is applied to an alternative credible model that
violates thermodynamics. Also in this paper the absolute thermodynamic limit of work production in light
converters, beyond the reference to specific devices—so far studied for blackbody radiation—is proven for any
kind of radiation.@S0163-1829~97!08311-2#
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I. INTRODUCTION

Today it is widely believed that every photon absorbed
a solar cell produces at most one electron-hole pair. Re
accurate measurements have shown quantum efficien
higher than 1 in the short-wavelength range.1 This can be
explained as an optically induced Auger mechanism: the
ergy in excess of the band gap that one of the carriers
ceives from a high-energy photon is used in a sec
electron-hole generation.

This has led to the revision of the Shockley-Queisser~SQ!
model2 of the ideal solar cell, so far widely accepted as t
physical limit of the photovoltaic conversion. Several a
tempts have been made to present modifications to
model,3,4 and in general are very enlightening in certain a
pects. However, they have not respected the detailed bala
thus violating the second law of thermodynamics, as has
ready been pointed out~Refs. 4 and 5, respectively!. But
even if the detailed balance is respected, it would be eas
make generalizations of the SQ model that violated the th
modynamic laws. A deeper thermodynamic analysis is n
essary to prevent these mistakes and, to some extent, to
date the proposed models. This deeper thermodyna
analysis consists of checking that the rate of entropy prod
tion is never negative.

This paper describes this analysis, which is applied to
model presented by Werner, Brendel, and Queisser5 ~we call
it WKBQ model after these three scientists and S. Kodo
ski, who also worked on it!. We find that this model com
plies with the condition of not producing negative entrop

In addition to the introduction the paper is organized in
five additional sections plus one more for conclusions. S
tion II introduces an expression to calculate the rate of
tropy production of any device converting radiation in
work, also applicable to solar cells. Section III present
method for converting any radiation into anequivalentlumi-
nescent radiation. This is interesting because the behavio
an ideal solar cell under luminescent radiation can be a
lyzed more easily. Theequivalent radiationconcept allows
us to assure the occurrence of positive entropy produc
under arbitrary illumination in the WKBQ model. It is als
550163-1829/97/55~11!/6994~6!/$10.00
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used to obtain the highest possible conversion efficiency
any radiation-to-work converter under arbitrary radiation.
Sec. IV the proof of the thermodynamic coherence of
WKBQ model is given. To underline the interest of the e
tropy analysis, in Sec. V we present a credible model
ideal cells with quantum efficiency above 1, that fulfills th
detailed balance but at the same time produces a neg
entropy. Obviously this leads us to conclude that this mo
is wrong. Finally, in Sec. VI, by stressing the correctness
the WKBQ model that leads to efficiencies much higher th
the SQ model, we minimize the importance of models
determining the efficiency limit of photovoltaic devices. A
an alternative we present the real efficiency limit, perha
not achievable, based on the production of zero entropy;
is, based on full reversibility. This limit was already foun
by other authors, but proven only in the framework of so
thermal devices. In this paper it is generalized with the use
the equivalent radiation concept.

II. ENTROPY PRODUCTION EQUATION

In Sec. II A, we derive the fundamental equation of t
rate of entropy production@Eq. ~3!#, valid for photovoltaic
converters but also for any kind of radiation-to-work co
verter. In Sec. II B, the expressions for several thermo
namic features, of use throughout the paper, are collecte
derived.

A. Fundamental equation

A photovoltaic converter is a device, made of a semico
ductor, that receives radiation and converts it into use
work in form of electricity. In this process some heat is al
produced at the crystal network temperatureTa ~the ambient
temperature!. In turn the photovoltaic converter~solar cell!
must emit back some radiation, because if there is a path
the luminous rays to enter into the cell some rays can a
leave it through this path by time reversal. In photovolta
conversion such radiation is a luminescent radiation at ro
temperature, coupled with the excited gases of electrons
holes in the cell. In the SQ model this radiation has a sin
6994 © 1997 The American Physical Society
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55 6995ENTROPY PRODUCTION IN PHOTOVOLTAIC CONVERSION
chemical potentialmÞ0. In the WKBQ ~Ref. 5! model it
presents several chemical potentials. Conversely, in s
thermal converters the emitted radiation is free radiat
~that is, withm50!, not at room temperature.

The first law of thermodynamics is written as follows:

Ės5Ėr1Ẇ1Q̇ ~1!

whereĖs andĖr are the internal energy fluxes for the incom
ing photons and the escaping photons, respectively. The
of production of useful work~useful power! Ẇ and the rate
of heat supplied to the ambientQ̇ are also accounted for.

Notice that no radiation from outside the source~the solar
disk! is assumed to reach the receiver. This might be
approximation, or may be exact if no ray in our optical sy
tem links the solar cell with the dark region of the s
~where a weak radiation can still be found!.

With analogous nomenclature and arguments, theS’s be-
ing entropies, the second law of thermodynamics leads t

Ṡirr1Ṡs5Ṡr1
Q̇

Ta
. ~2!

Here we have used the non-negativeṠirr to express the in-
equality of the second law that states that the entropy at
right of the sign equal, being the effect of the source exc
tion, must be higher than the entropy incoming from t
source.

The fundamental equation of entropy productionis ob-
tained by eliminatingQ̇ between the two preceding equ
tions. The result is

Ės2TaṠs5~Ėr2TaṠr !1Ẇ1TṠirr . ~3!

In its derivation no assumption has been made about
temperatures of the incoming and escaping radiations.
mentioned above, the escaping radiation is at room temp
ture in the photovoltaic case~not in solar thermal convert
ers!. As a consequence the term in parentheses constitu
flux of Helmholtz free energyḞ5Ė2TṠ.

B. Expressions for some thermodynamic variables

To avoid unnecessary complexity, let us assume that
cell is illuminated isotropically by the source radiation, usi
an ideal concentrator of zero absorptance~emittance!. This
leads to the highest efficiency but is not the only way;
instance, the use of light-confining cavities may lead to
same result.6 In the receiver we assume area and absorpta
~emittance! unity.

Among the thermodynamic variables appearing in
preceding formulas we find the photonṄ and energyĖ
fluxes, given by7

Ṅ5
2

h3c2Eem

eM e2de

e~e2m!/kT21
8E

em

eM
ṅ~e,T,m!de,

~4!

Ė5
2

h3c2Eem

eM e3de

e~e2m!/kT21
8E

em

eM
ė~e,T,m!de.

In this equationc, h, andk, are, respectively, the speed
the light in vacuo, and the Planck and Boltzmann constan
T is the radiation temperature,m its chemical potential, ande
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the photon energy. The integration is done between two l
its for the sake of generality. In normal cases the lower lim
is the semiconductor band gapeg , and the upper limit is
infinite, but other cases will also be analyzed. Spectral p
ton ṅ(e,T,m)and energyė(e,T,m)fluxes as defined with the
equal-by-definition sign~8! are also presented. It is impor
tant to point out that for a gas of photons~that cannot interact
among themselves! every monochromatic component can
considered as a separate thermodynamic body with all t
modynamic variables, functions, and potentials. In oth
words, radiation beams with variableT(e) andm~e! can be
found.

These expressions are to be used for the source radia
~subindexs! or for the emitted radiation~subindexr ! by
providing the proper temperature and chemical potential.

From very general arguments,8 regarding its extensive
character, the Gibbs free energy can be written asG5mN. It
is related to the Helmholtz free energy byF5G2PV, but
2PV5V, V being the grand potential, so thatF5mN1V.
Therefore,

Ḟ5mṄ1V̇,
~5!

Ṡ5
Ė2mṄ2V̇

T
,

using

V̇5
2kT

h3c2Eem

eM
ln~12e~m2e!/kT!e2de8E

em

eM
v̇~e,T,m!de

~6!

as the grand potential flux.9 In many cases of interest, whe
em2m@kT, V̇52kTṄ.

III. ROOM-TEMPERATURE EQUIVALENT
RADIATION FLUX

Any radiation flux, characterized in the most general ca
by the energy-dependent temperatureT(e) and chemical po-
tentialm~e!, can be represented by anequivalentluminescent
flux at room temperature Ta with a chemical potentialmx~e!
related, for each energy, by

e2m

kT
5

e2mx

kTa
⇒mx5eS 12

Ta
T D1m

Ta
T
. ~7!

The thermodynamic functions of the equivalent source
be calculated by means of Eqs.~4! and~6! by substitution of
Ta andmx ,

ṅx5ṅ; ėx5eṅx5ė; v̇x /Ta5v̇/T, ~8!

so that@see also Eq.~5!#

ė2Taṡ5eS 12
Ta
T D ṅ1m

Ta
T
ṅ1v̇

Ta
T

5mxṅx1v̇x . ~9!

Notice that the last equation is the spectral flux of Helmho
free energy of the equivalent radiation,ėx2Taṡx .

In these equations subindicess andr must be added toT
andm when they refer to radiation emitted by the source~and
received by the converter! or emitted by the converter
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6996 55ANTONIO LUQUE AND ANTONIO MARTÍ
respectively. For the source radiation, which is often a th
mal radiation, the most common case is thatms50, but ex-
ceptions occur, for instance when the converter is illum
nated with a luminescent source. For the radiation emitted
the converter the temperatureTr5Ta if it is photovoltaic,
and in this casemx5m r , but this is not the case if the con
verter is, for instance, solar thermal.

Notice that the radiation flux and theequivalentradiation
flux are not exactly the same, but they have the same flu
of energy and photons and the same value for the func
ė2Taṡ; as a consequence they also have the same ent
flux. That is why they can be replaced in the fundamen
equation of entropy production@Eq. ~3!, written in terms of
spectral sources# where the only radiation parameters to u
explicitly are ės2Taṡs and ėr2Taṡr . They can also be re
placed in the power equation of solar cell models—like tho
described in Sec. IV—as long as they only use the ab
functions. This is often the case with photovoltaic conve
ers, most of them using only photon fluxes.

IV. THERMODYNAMIC COHERENCE
OF THE WKBQ MODEL

In the first two subsections, the SQ and WKBQ solar c
models are described, and their power-voltage equations
introduced. In Sec. IV C these equations are applied to
fundamental equation of entropy production@Eq. ~3!# and its
rate is obtained being found that this entropy production r
is minimum at open circuit. In Sec. IV D, it is proven th
this minimum is zero for monochromatic cells. For that pu
pose we use the concept of equivalent radiation. Based
the monochromatic cell we can then verify, in Sec. IV E, th
the entropy production is never negative. Finally in S
IV F, the implications of zero being the minimum entrop
production rate are discussed.

A. SQ model

The SQ model2—which presents an ideal device whe
any nonavoidable entropy production is prevented—sta
that an ideal solar cell is made of a semiconductor with
conduction band and a valence band separated by a ban
eg . In this cell, the photons from the source~the sun! are
absorbed at a rateṄs generating electron-hole pairs, one p
absorbed photon. Electrons and holes may recombine a
but only by emission of luminescent photons that may
absorbed again; nonradiative recombination, a process
ducing irreversible entropy, is absent. The resulting reco
bination equals the rate of escaping photonsṄr . By a bal-
ance of particles the extracted current isq times the
difference of generation less recombination rates, that
I /q5Ṅs2Ṅr(qV).

Shockley and Queisser also considered that the semi
ductor presents infinite mobility~finite mobility also pro-
duces irreversible entropy!, so that the quasi-Fermi levels a
constant throughout the whole cell. However, as these
out of the thermal equilibrium they are different, with valu
eFn and eFp , and the cell voltage isqV5eFn2eFp5DeF .
In addition these authors considered the ideal situation
which the electron and hole gases are in equilibrium with
radiation, so that the photons are emitted at room temp
ture with a chemical potentialm r5DeF5qV.
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B. WKBQ model

In the WKBQ model,5 the current equation is the sum o
a number—finite or infinite—in terms, each one correspo
ing to the energy interval$meg , (m11)eg%~the last interval
extends tò !, in which the photons have enough energy
to producem generations of electron-hole pairs. The pow
equation is

Ẇ5~qV!~ I /q!5qV(
m51

mṄs,m2mṄr ,m~mqV!, ~10!

In each interval the chemical potential of the emitted rad
tion is m r5mqV.

The interest of this model lies in the fact that it predicts
limiting efficiency ~sun temperature 5760 K, room temper
ture 300 K! of 85.4%, well above the one associated with t
classical SQ model~40.6%!. It is important to verify its ther-
modynamic consistency because, in a first version,
model was published4 lacking this consistency. In addition
while in the present form5 it is convincing, there are a num
ber of intuitively stated thermodynamic arguments that pr
ably allow for a more rigorous presentation.

It is possible to generalize the WKBQ model as follow

Ẇ5~qV!~ I /q!5qVE
eg

`

@m~e!ṅs~e,Ts ,ms!

2m~e!ṅr~e,Ta ,mqV!]de. ~11!

Here we have assumed a nonintegerm(e). The preceding
model occurs for a stepwisem(e) that takes constant intege
values in the intervals$meg , (m11)eg%. The chemical po-
tential of the emitted radiation ism(e)qV. For the sake of
generality the source has been considered with arbitrary t
peratureTs and chemical potentialms ~both variable with the
photon energy!, the latter being zero for thermal source
Notice that the chemical potential must be lower thane ~oth-
erwise the thermodynamic functions become`!, that is,
m(e)qV,e.

C. Determination of the minimum rate of entropy production

The production of entropy is calculated by putting t
power of the preceding equation into Eq.~3!. We use a spec-
tral development of the thermodynamic variables as wel
the free energy expression of Eq.~5! for the emitter radia-
tion, thus obtaining

TaṠirr5E
eg

`

$~ ės2Taṡs!2@mqVṅr1v̇ r #

2qV@mṅs2mṅr #%de

5E
eg

`

@~ ės2Taṡs!2mqVṅs2v̇ r #de. ~12!
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55 6997ENTROPY PRODUCTION IN PHOTOVOLTAIC CONVERSION
If we considerTaṠirr as a function ofqV, its derivative is
given by

d~TaṠirr!

d~qV!
5E

eg

`S 2mṅs2m
dv r

d~mqV! Dde

5E
eg

`

~2mṅs1mṅr !de52I /q, ~13!

where we have used the basic thermodynamic relation
that states that the grand potential flux derivative with
spect tom ~5mqV!, with the sign changed, is just the pa
ticle flux.

The derivative in Eq.~13! is zero for open circuit condi-
tions, showing that the production of entropy is minimu
under such conditions.

D. Value of the minimum rate of entropy production in
monochromatic cells

In this subsection our aim is to prove that this minimum
not negative. This will insure that the entropy production
always positive.

Let us consider the case of a cell covered by a nar
filter of bandwidthDe around the energye f . Only mono-
chromatic photons can enter or escape from this cell~the
luminescent photons generated at energies unable to l
the cell are absorbed again thus reducing the net recomb
tion!. Equation~12! becomes

TaṠirr5@~ ės2Taṡs!2mqVṅs2v̇ r #De. ~14!

As in the previous case~and using the same arguments! the
function TaṠirr(qV) presents a minimum for open circu
(ṅs5ṅr), of value

TaṠirr,min /De5~ ės2Taṡs!2@mqVocṅr~mqVoc!

1v̇ r~mqVoc!#, ~15!

but using the concept of equivalent radiation of Eq.~9! we
can write

TaṠirr,min /De5@mxṅx~mx!1v̇x~mx!#2@mqVocṅr~mqVoc!

1v̇ r~mqVoc!#. ~16!

The open-circuit voltage of this cell—obtained whenṅs
5ṅx5ṅr—occurs for mqVoc5mx, and therefore
TaṠirr,min /De is zero for open-circuit conditions and s
Ṡirr,min50; that is, it is not negative, as we wanted to prov
The aspect of the curve of equationTaṠirr /De, as resulting
from Eq. ~14!, is presented in Fig. 1, normalized toės .

E. Non-negative value of the rate or entropy production
in a general case

In Sec. IV D, the proof was limited to cells for monochr
matic operation. In fact, we have shown that the entropy
Eq. ~14! is never negative, but in this equation the integra
of Eq. ~12! appears, and implies that this integrand is no
negative as well. In consequence the entropy represente
Eq. ~12! must also be non-negative. It has to be emphasi
that this entropy refers to a totally arbitrary incoming rad
ip
-

w

ve
a-

.

f
d
-
by
d
-

tion. No limiting filter is now located at the cell either. Thu
the general proof announced by this subsection headin
provided.

With the purpose of gaining some insight into the beha
ior under full spectrum, the case of a cell operating at t
energies is presented in Fig. 1~together with the monochro
matic cases already discussed!. In this case the entropy is
always positive, having a minimum~as shown above, at ope
circuit!, but this minimum is also positive and not zero.

F. Concluding remarks

It has been shown that the generalized WKBQ mo
does not violate the laws of thermodynamics, and the sa
occurs with the WKBQ modelstricto sensu~that is, with the
stepwisem function!. Under any arbitrary radiation no nega
tive entropy production takes place.

The fact that the WKBQ model predicts a reversible o
eration ~zero entropy production! at an open circuit for
monochromatic cells, though not a mathematical~logically
irreproachable! proof, constitutes a strong indication that th
model refers to a cell that is really ideal, and by this we me
that any nonunavoidable source of entropy production
been removed and that the entropy production of the
described by this model is actually unavoidable and inher
to this type of converters in their most perfected form.

What has just been said can also be applied to the
model, which is a particularization of the WKBQ model fo
m51. In Fig. 2 the entropy production minima vs the ce
band gap for several thermal sources is given, which are
course always positive.

IV. AN INTUITIVELY REASONABLE MODEL NOT
PASSING THE NON-NEGATIVE ENTROPY CHECK

It is easy to make mistakes in thermodynamics when p
posing a model. Besides those already mentioned in Se
see, for instance, Refs. 10 and 11, as discussed in Ref
and Ref. 13, as discussed in Ref. 14.

To stress the interest of our non-negative entropy ch
we also provide in this section an example of a plausi
model for the more-than-1 quantum efficiency cell. We sh
prove that this fulfills the detailed balance, but we shall a

FIG. 1. FunctionTaṠirr for cells covered by a monochromati
filter, normalized to the energy flux through the filterėsDe vs the
chemical potentialm5mqV, for two values ofe f . Also for the case
of a cell operating at both energies with equalDe at each energy.
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6998 55ANTONIO LUQUE AND ANTONIO MARTÍ
prove that it may produce negative entropy under cer
circumstances—which tells us that our plausible model
to be wrong.

For the sake of argument let us state, in the WKB
model, that the chemical potential of the emitted radiation
qV as in the SQ model, instead ofmqV, so that for the filter
covered cell power we set

Ẇ5~qV!•~ I /q!5qV@m~e!ṅs~e,Ts ,ms!

2m~e!ṅr~e,Ta ,qV!]De ~17!

instead of the original equation derived from Eq.~11!.
The intuitively reasonable nature of this model is as f

lows. In the current factor the generation termmṅs accounts
in a straightforward manner for the higher-than-1~actually
m! quantum efficiency. Them in the recombination term
mṅr means thatm electron-hole pairs are required to recom
bine cooperatively to radiate one single photon. Thism is
necessary for the fulfillment of the detailed balance beca
in this way the recombination is the reverse mechanism
the generation of multiple pairs with one photon. On t
other hand, its omission~as in Ref. 4! would give rise to an
obvious violation of the second law of thermodynamics, d
tected by the usual detailed balance check.

In effect, in thermal equilibrium the cell is illuminated b
a thermal radiation at room temperature, that is byṅs
5ṅ(e,Ta,0), but if V50 ~placing the cell terminals in shor
circuit! then the emitted radiation isṅr5ṅ(e,Ta,0). Both
radiations are equal and, because of them in the emitted
radiation term, the current delivered is zero. With this che
this model is said to have fulfilled the detailed balance.

However, our plausible model does not pass the n
negative entropy check. In effect, using the concept
equivalent source, the entropy production is

TaṠirr /De5~mxṅx1v̇x!2~qVṅr1v̇ r !2qV~mṅx2mṅr !.
~18!

In an open circuit~obtained whenṅs5ṅx5ṅr , and occurring
for qVoc5mx) TaṠirr /De is zero and so isṠirr . However, the
derivative with respect toqV, now the chemical potential o
the emitted radiation, is

FIG. 2. Entropy production minima in the SQ model~normal-
ized to the incident energy! vs the cell band gap for blackbod
sources at different temperatures. The cell is at 300 K.
in
s

s

-

se
f

-

k

-
f

Fd~TaṠirr /De!

d~qV!
G
Voc

52qVocFd@~m21!ṅr #

d~qV!
G
Voc

, ~19!

which is zero only ifm51 ~the case of the SQ model!. In
any other case, for a voltage either a bit smaller or hig
thanVoc, the entropy production is negative, in violation
the second law of the thermodynamics.

This flaw is produced when we adopt without any cri
cism the same chemical potentialqV for the radiated curren
as in the SQ model. This flaw is, however, detected with
non-negative entropy test. Furthermore, our test might h
been active in determining—with the help of th
derivative—the factorm to apply toqV to obtain the chemi-
cal potential able to give a zero derivative under short circ

Intuitively speaking, the valuemqV of the emitted radia-
tion chemical potential tells us that, in the multiple electro
hole-pair recombination occurring in this model, a free e
ergy is transferred to the photon produced that equals the
lost by the material particles in the recombination. This
what is cleverly stated by WKBQ in Ref. 5.

Thus, in summary, in Eq.~17! we present a model for the
more-than-1 quantum efficiency ideal solar cell, being rat
reasonable from an intuitive point of view. As it passes t
detailed balance check, it leaves its user untroubled. H
ever, as we have just seen, it does not pass the most de
tive non-negative entropy check, and therefore it can be s
without a shadow of a doubt that this model is wrong~while
the WKBQ model is right!. This is a clear verification of the
usefulness of the negative entropy check.

V. POWER CONVERSION LIMIT

The present situation, in which the SQ efficiency limit h
been surpassed by the WKBQ model, clearly teaches us
models are only valid in their framework. By this we mea
that we cannot use an ideal cell model to state that its e
ciency limit is the efficiency limit of the photovoltaic con
version. A different photovoltaic device—by this we mean
radiation to electricity converter using solid-state matt
radiation interaction at the crystal network temperature
might be invented or discovered, which would overcom
some limitations of the preceding devices. The WKB
model of a solar cell is an example of how the SQ model
been surpassed.

What, then, is the power conversion limit of any sol
device? The answer is to be found in Eq.~3!, when the irre-
versible production of entropy is set at zero. From this eq
tion the power limit is obtained.

This limit depends on the type of radiation emitted by t
converter. We can apply the concept of an equivalent sou
to analyze the emitted radiation. Thus such radiation
comes the superposition of a number of monochrom
components, each one representing a luminescent radia
at room temperature—and this occurs even if the converte
not photovoltaic. The temperature and the chemical poten
of these components are variable with the energy of the e
ted photons in the most general case. Therefore this po
limit is

Ẇlim5E
eg

`

$@ ės2Taṡs#2@mx~e!ṅr~e,mx!1v̇ r~e,mx!#%de

8E
eg

`

ẇlim~e,mx!de. ~20!
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The optimization for a given photon energy is achieved if
derivative

dẇlim

dmx
52ṅr2

dv̇ r

dmx
2mx

dṅr
dmx

52mx

dṅr
dmx

~21!

is zero, but this only happens ifmx50, and this for any
photon energy. Consequently the limit power is achieved
a device that emits thermal radiation (mx50! at room tem-
perature for the entire spectrum concerned.

This result generalizes the one presented by Lands
and Tonge15 for the case of solar thermal converters, that
the case restricted to devices radiating a thermal radiatio
any temperature. Our result is applicable to any conve
that fulfills the reversal of time, regardless of the type
radiation emitted. Furthermore, this limiting condition
found not only for devices emitting thermal radiation at roo
temperature, but also for devices emitting any equivalent
diation as defined by Eq.~7!. For the sun-room temperature
used above~5760 K/300 K! this efficiency limit is 93.1%.15

We do not know how to build such a device, or even if
can be built. The endoreversible thermodynamics sugg
that some irreversibility will be produced in the transport
the heat from the sun to the converter,16 or, more precisely,
in its absorption/reemission mechanism if some power is
be extracted.

VI. CONCLUSIONS

A method has been presented in this paper to check
thermodynamic consistency of solar cell models. It has b
used to prove the thermodynamic consistency of the WK
model for multiple electron-hole pair generation@see Eqs.
~13! and~16!#. The thermodynamic consistency of the clas
SQ model—not in question—has also been proven.

The method is based on a determination of the rate
er

y

et

io

-

e

r

rg
,
at
er
f

a-

ts
f

o

he
n

c

f

entropy production—using Eq.~3! jointly with the power
provided by the model under study—and the verification t
this rate is always positive. It is sufficient to prove this und
any monochromatic luminescent illumination at room te
perature, once we have assured ourselves that only radia
in this monochromatic range will be emitted by covering t
cell with the proper filter. The completeness of the proof,
any incoming radiation, results from the transformation
such incoming radiation into its luminescent equivalent.

This procedure is more conclusive than a simple check
the fulfillment of the detailed balance in the particle balan
equations leading to the photovoltaic current, because
procedure—as it is presently being applied—says noth
about the chemical potential of the emitted radiation. A cle
example of this has been presented@see Eq.~17!#.

As regards the monochromatic ideal WKBQ cell, a r
versible operation occurs under open-circuit conditions,
this zero entropy production is at a minimum. This assures
that the entropy production as presented in this paper is
damental in the sense of being nonavoidable in the fra
work of the model. Actual devices attempting to reprodu
the ideal device will produce more entropy~but never less!.

It is important to stress that ideal devices do not repres
real fundamental limitations. The WKBQ model shows th
some cells may behave better than the ideal cells descr
by the SQ model. Thus it is not unthinkable that a cell m
behave better than was predicted by the WKBQ model
some unexpected physical principles become operative.
only true limitation~according to the laws of thermodynam
ics! is the one found when the entropy production is ze
@see Eqs.~20! and ~21!#. In this case it has been found th
the conditions set by Landsberg and Tonge for solar ther
devices can be applied with the greatest generality to
radiation-to-work converter, indeed including photovolta
converters.
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