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Increasing the Efficiency of Ideal Solar Cells by Photon Induced Transitions
at Intermediate Levels
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Recent attempts have been made to increase the efficiency of solar cells by introducing an impurity
level in the semiconductor band gap. We present an analysis of such a structure under ideal conditions.
We prove that its efficiency can exceed not only the Shockley and Queisser efficiency for ideal
solar cells but also that for ideal two-terminal tandem cells which use two semiconductors, as well
as that predicted for ideal cells with quantum efficiency above one but less than two. [S0031-
9007(97)03454-6]

PACS numbers: 84.60.Jt, 72.40.+w

Recent attempts have been made to increase the effrom the valence band. No carrier can be extracted from
ciency of solar cells by introducing an impurity energy the impurity band (IC3).
level in the semiconductor band gap that absorbs addi- A consequence of the infinite carrier mobility is the
tional lower energy photons [1-3]. The question has beenonstancy of the quasi-Fermi levels throughout the whole
raised [4,5] whether these cases have their efficiency limeell volume (currents are proportional to their gradients,
ited too by the Shockley and Queisser (SQ) model [6] fothe constant of proportionality comprising the mobility).
ideal cells, as it is the case for conventional solar cells. I'We assume three separate quasi-Fermi leugls, e,
this paper an ideal solar cell with an intermediate energynd egc, one for each band.
level or band within the semiconductor gap is analyzed In addition, we shall consider that the cell is thick
presenting an efficiency well above the one permitted bynough to assure full absorption of the photons with
the SQ model. What we precisely mean by ideal solaenough energy to induce any one of the transitions de-
cell is developed along the text in seven conditions lascribed above (IC4). Furthermore, a perfect mirror must
beled IC1 to IC7. be located at the back of the cell (and elsewhere) so that
In Fig. 1 a band diagram of the structure we proposehe radiation generated in the cell by processes, Aci,
is presented. It contains the usual semiconductor valen@ndAy can only escape by the front area of illumination
band (VB) and conduction band (CB) but, in addition, there(IC5). For simplicity this area is considered unity.
is an intermediate band (IB). Such an intermediate band What we are going to do now is to determine the
(or level) is possible by several means (lone pair bands, loyghotons leaving the cell resulting from processes, Aci,
dimensionality superlattices, impurities, etc. [7]) although
some of them may not comply with the required conditions. n
We shall assume that, in addition to the common absorp-
tion of photons by electron transitions between the valence
and the conduction band (processy), absorptions with |
transitions between the valence band and the intermediate
band (procesdy), and between this band and the con- € !
duction band (processc;) may also take place. In this !
we follow an important early work of Wolf [8]. In most
of the recent literature [1-5] only one of the last two pro- i
cesses was considered. Unlike Ref. [8] we consider that

if the absorption processes occur, the opposite transitions
with emission of photons also occur, as required by the de- €
tailed balance.

As in the SQ model, we shall assume that any irre-
versible mechanism is prevented, besides those inherent to
the photovoltaic operation [9]. In particular, nonradiative
transitions between any two of the three bands are forbid-
den (IC1), carrier mobilities are infinite (IC2), and Ohmic
contacts are applied so that only electrons, no holes, can
be extracted from the conduction band to form the exter-
nal current, and only holes, no electrons, can be extracteédG. 1. Band diagram of a solar cell with an intermediate band.
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andAry. Photons are continuously emitted and absorbedthy total internal reflection on some of the front face
inside the semiconductor but only when they leave the ceflacets. Lethc;v; = hy;c; be a coefficient proportional

is a net electronic transition (towards the lower energiesjo the element of matrix of the transition [11] from a
produced. Accordingly, we shall establish equations otertain stateCi in the conduction band to a certain state
balance of electrons from which we shall obtain the solaV; in the valence band. Similarly leic; ;; = hyjc; and

cell current. This solar cell current is related to the splittingh;; v; = hy;;; be the coefficients for transitions between
of the quasi-Fermi levels and consequently to the celktates in the conduction band and the intermediate band

voltage.
which we shall calculate the cell efficiency.

Hence ard-V equation will be obtained from and between states in the intermediate band and the valence

band, respectively. Let us also assume for generality that

Let us consider a mode of radiation—defined by athis photon mode has enough energy to induce all the three
certain energy and photon direction (wave vector) wherransitionsAcvy, Aci, andAyy.
the electromagnetic field is developed in a set of plane Let fv;, f1;, and f¢; be the Fermi-Dirac functions for
waves—andy be the number of photons in this mode. the electrons in the staté%, /i, andCi, respectively, cor-
Let ¢ be the distance along a ray associated with thisesponding to each of the three bands considered. Taking

mode from its entrance to the semiconductor= 0) to its

into account the properties of the quantum mechanic har-

necessary [10] egre$é = 1) by the front face after some monic oscillator [12], the variation of the number of
reflections on the back mirror or, if the cell is textureP, photons in the mode when progressing along the ray is

dv

i = % Z[hCi,Vj(V + Dfci(l = fvj) = hvjcivfvi(l = fci)l
L]

+ % Z[hCi,Ij(V + Dfci(l = fij) — hicivfii(1 — fei)l
i,j

+ % Z[hn,w‘(v + Dfu(1 = fvj) = hvinvfvi(l — fr)l. 1)
l’\]

In each line the second term in brackets is the absorption of photons. The first term is their generation due to both
spontaneous and stimulated emission. The sum refers to the different combination of states in the two bands involved
producing emission or absorption of photons in the mode under study. The fgetopz, semiconductor index of
refraction) is intended to convert a time rate into a space derivative.

After some mathematical handling, this equation may be written as

dv

% = acv(vcy — v) + aci(ver — v) + av(viy — v) ()

being

€ = €ci — €yj T €ci —

. n
acy = — ZhCi,Vj(fCi — fvi)
¢ &
. n
acr = ZhCi,Ij(fCi = f1j)s
i,j
. n
ary = - Zhli,\/j(fli = fvj);
i,j

The solution of Eq. (2) is

V() = devrey + acivcer + arvrry
acy + ac1 t apy
X [1 _ e*(acv+ac1+alv){]

+ V(O)e—(acv tacy +011v)§_

€1j = €1 — €yj,

1

voy = ————————— = €pc — €
CV e(E*,UrCV)/kT — 1’ MCV FC FV

) 1 ] (3)
ver = m; MC1 = €FC — €F1,
riv = m’ MIV = €FI — €FV.

because each flight involves a different photon mode (of
the same energy) with differenat's. However, in many
cases the symmetry properties of the crystal wipe out the
differences and the sames are valid for the whole path.
The expression contains two terms. The latter reflects
the progressive absorption of the photons in the mode that
4) have entered the cell from the source. Full absorption (our

In the case of reflections, the equation has to be solvedondition IC4) means that the sum of thés times! —the
for each straight line element of the path, putting as arvalue of{ when the ray leaves the cell—is large and the ex-
initial condition the final situation in the preceding flight, ponential becomes negligible. The former term shows the
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progressive filling of the mode with photons emitted byFor a given value of the external voltage, this equation,
the various emission mechanisms. Oicis big enough, together with
the mode exhibits a constant population independeit of V= + _ ®8)
In our case this population is fully developed wher= . 1 KCL T RIv = Koy

Such constant population is the average of the threfsee Eq. (3) or Fig. 1], allows for the calculation of all
Bose-Einstein functionscv, vcy, and vy, weighted by  the chemical potentials. With this knowledge, and using
the absorption coefficientacy, aci, and a;y. As an  EQ. (6), thel-V curve and the power deliveretd/ can
additional condition for high efficiency (IC6) we shall be calculated. As in normal cells, this power presents
assume that for every range of energies only one of the maximum. The efficiency is the result of dividing this
three absorption lengths is important, so that a singlénaximum power by the powerT* (o, Stefan-Boltzmann
Bose-Einstein function describes the population of photonsonstant) delivered by the Sun on the cell illuminated area
escaping from the cell in every mode. (with concentrated sunlight).

Thus (see Fig. 1), assuming thagt < ec, the photon In Fig. 2 we present the maximum efficiency achievable
population of each mode when escaping from the cell is Ovith this structure vs the intermediate band positign
for e < ¢, v1y forthe intervale; < € < ec, vc; forthe  This curve is obtained by selecting apand then taking
intervalec < € < €, andrcy for g < €. arbitrary values ok and calculating the maximum power

The flux N of photons leaving the semiconductor asso-for each one. Only the highest value of these maxima is
ciated with these distributions is well known because theetained and, once divided by the incoming power, it is
distributions are those of thermodynamic equilibrium. Itdrawn in the curve. The corresponding valuegfis also

is given by [13] displayed in the figure.
. 2 €n e2de The efficiency corresponding to the SQ model, without
N(ew, em, T, p) = h3c2 ] ele—w/kT — 1" (5)  intermediate band, using a back mirror and an ideal

) . ) ) concentrator [14], is also represented in Fig. 2. The cell
where proper intervals of integration and chemical potenyith intermediate band presented in this paper can reach
tial are to be set, as described above. The temperature fgp, efficiency of 63.1% instead of the 40.7% which is the
each case is the crystalline network temperafyre SQ model limit.

We want to emphasize that, in spite of the distributions ¢ only one of the radiative links of the intermediate
of the emitted photons being those of equilibrium, insidepang s absent, the cell proposed here shall behave like
the semiconductor the photons are not in equilibrium aghe SQ cell. In effect, as no electron is extracted from the
their populations are neither homogeneous nor isotropic.jniermediate band to the external circuit (condition IC3)

The preceding equation can also be used for the photoRe transitions to and from the band remaining radiatively
coming from the Sun by using the solar temperafyrand  |inked balance out.

putting O for the chemical potential. By doing so we im-
plicitly admit that the cell illumination is isotropic. This

is another condition (IC7) for maximum efficiency. It is T T T T T T
achieved if we use an |de<_sll concentrator, of zero absorp— 65 7y 188 244 Thiswork i
tance, that sends the luminescent photons escaping from :

the cell somewhere inside the solar disk. Such a concen- 60

trator has to have a geometrical concentration of, at least,
the ratio of the sun distance to the sun radius, that is 46 000.
According to our outline let us now calculate, by a
balance of electrons, the currdntlelivered to an external
load. This currentleaves the semiconductor by the valence
band (positive contact) and returns by the conduction band
(negative contact), which involves a flow of electrons

Tandem (series connected)
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leaving this band of valug/q (g, electron charge). Thus, 35 .
looking at the conduction band, 20 T=6000 K _
1/q = [N(eg,»,T,0) — N(eg,®, Ty, prcv)] To=300K
. . 25 2 1 1 1 1 1 L 1 I 1 I I 1 1 L
+ [N(ec, €6, Ts,0) — Nl(ec, €6, Ta, uc1)].  (6) 05 06 07 08 09 10 11 12 13
This current is delivered at a voltage that equals the quasi- Energy ¢, eV
Ferml I_eveIS spliting of the two bands involved [6], that FIG. 2. Efficiency limit for a solar cell with an intermediate
IS, gV = pcv. ) . . band and for a two-terminal ideal tandem cell, in both cases vs
As no current is extracted from the intermediate band, the lowest band gap;, and for a cell with a single band gap.
N(erec,Ts,0) — N(er, €c, Ta, 1v) The corresponding values of the highest band gap in cells with

3 ) intermediate ban¢E;) and in tandem cell§E(), for maximum
= N(ec, €5,T5,0) — N(ec, €6, Ta, uc1). (7)  efficiency, are also presented.
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It has to be underlined that tandem cells, whosecell with two semiconductors, which is 55.4%. However,
development effort for high efficiency is significant today, it is lower than the one obtained with our intermediate band
can exceed the SQ model efficiency. In Fig. 3 we showgap structure.
the diagram of a two-terminal tandem cell using two Indeed, this paper, aimed to obtain limits, deals with
semiconductors. The semiconductor of higher band gahighly ideal structures. However, a recent theoretical
is located at the top and the one of lower band gap at thetudy [17], with realistic parameters, has shown that Si
bottom, separated—to avoid photonic coupling—by ancells might experience real, although minor, improvement
ideal filter reflecting the photons of energy abaye(and by the impurity level due to indium.
transmitting the rest). A perfect mirror at the rear and an In summary, we can state that a cell with an intermediate
ideal concentrator are also used. The equations governirizand gap has an efficiency limit higher than the SQ model,
this system are if the intermediate band gap is radiatively connected with

1/qg = N(ec,»,Ts,0) — N(ec,®, Ta, c1)  (9) the two bands: of vglence and of conduction. Moreover—
i L putting aside multiple (more than two) semiconductor
[instead of Eq. (6)] and Egs. (7) (witk in place ofeg,  tandems or multiple pair-generation processes—this ideal
not defined in Fig. 3) and (8) (without the last equality g\,cryre shows better performances than any other ideal

referring to ucv, not defined either). The curve of best ¢ cture of similar complexity known today.
efficiencies is also presented in Fig. 2 and shows poorer

results: The highest efficiency in this case is only 55.4%,
below the 63.1% mentioned above.

The reason for this poorer performance is that in the
tandem cell structure two photons are needed to delive ; X )
one electron to the external circuit. In other words, the ~ Jladong Xu, Peida Wang, Zuogi Shang, Zhankum Yang,

. .1 . Ronghua Zhu, and Xiolan Cao, Appl. Phys. Léf, 2240

overall quantum efficiency is. In the single band gap cell (1990).
with intermediate band the same applies to the low energyio] p. waver, J. Bruns, W. Seifert, H. Winnicke, D. Draunig,
photons [see the terms in the second brackets of Eq. (6)f and H.G. Wagemann, iRroceedings of the 12th Euro-
unable to transfer the free energy necessary to produce the pean Photovoltaic Solar Energy Conferenaslited by
external voltage. However, for the most energetic photons  R. Hill, W. Palz, and P. Helm (Stephen, Belford, 1994),
(terms in the first brackets) only one photon is needed to  p. 1489.

deliver one electron and, therefore, the overall quantum[3] R. Corkish and M. Green, irProceedings of the 23rd
efficiency is abovgl. Photovoltaic Specialists ConferencBEEE, New York,

Itis of interest here to make a comparison with the Auger 1993), p. 675.

. " . [4] A. Luque, Appl. Phys. Lett63, 848 (1993).
effect cells allowing for a quantum efficiency higher than [5] G.L. Aradjo, A. Marfy F.W. Ragay, and J.H. Wolter,

one [15,16]. Excluding values of the quantum efficiency ~~ i proceedings of the 12th European Photovoltaic Solar
higher than two, the maximum efficiency is more or less Energy ConferenceRef. [2]), p. 1481.

the same as the one obtained in the two-terminal tandenjs] w. Shockley and H.J. Queisser, J. Appl. Phgg, 510

r[1] Jianming Li, Ming Chong, Jiancheng Zhu, Yuanjin Li,

(1961).
[ [7] K. W. Boer, Survey of Semiconductor Physi@gan Nos-
= \\ §§\\§\\ trand Reinhold, New York, 1990), pp. 201, 249, 617.
[N N [8] M. Wolf, Proc. IRE 48, 1246 (1960).
€ = §<\\\ [9] A. Luque and A. Marti Phys. Rev. B55, 6994 (1997).
A \\\\\\\\\\\\ o [10] J.C. Mifano, in Physical Limitations to Photovoltaic
' &s& : Energy Conversionedited by A. Luque and G. L. Aratjo
\\ (Adam Hilger, Bristol, 1990), p. 50.
: \\\\ : [11] A. Messiah,Méchanique QuantiquéDunod, Paris, 1960),
k. \}\\s\\\ " tome 2, p. 630.
: \\\i\% qVv ' [12] H.C. Casey, Jr. and M. B. PanisHeterostructure Lasers
: € N : (Academic, New York, 1978), Chap. 3.
v § [13] L.D. Landau and E.M. Lifchitz,Physique Statistique
€, g § (Mir, Moscow, 1967), p. 206.
g K, ; [14] G.L. Araljo and A. Marti Sol. Energy Mater. Sol. Cells
—_— . v 33,213 (1993).
0 N [15] J.H. Werner, S. Kodolinski, and H. J. Queisser, Phys. Rev.
S Lett. 72, 3851 (1994).
\\\:\\\\§§ [16] J.H. Werner, R. Brendel, and H.J. QueisserPioceed-
{§§§ ings of the 1st World Conference on Photovoltaic Energy
= Conversion(IEEE, New York, 1995), p. 1742.
[17] M.J. Keevers, and M. A. Green, J. Appl. Phy&, 4022
FIG. 3. Band diagram of a two-terminal tandem cell. (1994).

5017



