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11TH EUROPEAN PHOTONOLTAIC SOLAR EMERCGY CONFERENCE

lirniting efficiency of #¥%,”

podential of this kind of comvériers,

I - 1= Introduction

3 Photovoltaic devices based on pen jutictions have demeonstrated
efficiencies of about 20% [1] {under concentration) and are
Limited to about 40% from theoeetice] considerations [2,3]. MOW
[rultiple guantum wells) solar cell designs fave been proposed
i as a possibility 10 overcome this limitation [4]. Controversy has
i;' artsen about the aciual possibility for this deviee (o have
efficiency beyond 40% whea simulations yielded [3,6] much
higher eFﬁciencﬁﬁL This discusgion goes beyond the specific
O celbs problem, thaqumin;m ia to find the condstions under
which the entropy production during the solar energy conversion
can be minimised, 0 25 to reach the highest efficiencies af the
cost of 3 manageahble 4:,|J|1.1|5:1¢=i .

Mew insights on this probiem, based on the faking into account
of the specificities of the density of states in the MOW part of the
device, are presented, Tt 18 shown that the uwsual assumption of
Iocal equilibrivm of free electrons [resp. for holes) in the
coaduction band and the MOW states 15 nod valid when these
Tevels are enly covpled by radiative recombination (Le. it is not
always possitle to defing o common guasi-Permi level (QFL) for
all free carriess of a piven typed, This resulis in an imporiant
overpstirnation of radistive recombination for such systems in the
previcus thecmodynamic analysis [2,3] end thus an under-
estimation of the limiting efficiency. On the other side, the
stimulated recombination can no knger be neglected in those
devices when they are warking elose to their limiting efficiency,
and the coupling between the Well states and the conduction and
the valence band have a Gnite limit, Taking info account thase
two factors shows that efficiencies given in [4,5] are
overeslimaled, We present arguments indicating that the
improvernent could be easier 1 materialize using other types of
Lovw Dimensionnal Structures (LDS),

Ty e T e
P L

2- Approach

The model system is schematically represented on fig. 1. The
active region has a sumber of hands of delocalizad states, instead
of the 2 genemally assumed in photoveltaic eonvecsion, The
framework, standard for the study of irreversible processes, is
thie desailed balance theory [],

A realistic limit for efficlency for such systems must be bazed on
the solution of the Bolamann transpost equation. This takes into
aceount the microscopic reversibility of all the procasses. This
constitutes 2 complication compared 10 (he 2 bands case, where
the balance of photon and photogenerated carriers was enough to
compute the efficizncy. The limiting efficiency is oblained by
assuming that radiative iosses are predominand, as in previows
atudies [2,3,8], For memory, we recall the usual assumpions;
{) Carmier Recombination and Generarion are only radiative, (o)
Each &lectronic transition 15 associated to only ose photon
emizsion or absorpiion, snd one photon gives only one e~h*
pair, (e All entening photons with an energy comesponding (o a
possible tranaition are absorbed (optical path>>1fe, o is the
ahsorption coefficient), (d) Carmer distrbutions can be described
b & quasi-fermi leviel §OFL) for each Band (inreband transitions
much faster than interband).

Becawse of the increased complexity of the problem and to keep
the physical insight , we will proceed here to fusther
simphiications - {e) Carrier distributions are considered i the
Boltzmarn spproximation, (7)) The QFL are flat (diffusion
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Abstracl: Aa ideal solar energy converter can thearetically reach efficiencics up to 93%, when working .
reversibly, From first prim:'iﬁu]u:.s, phetorvoltaic converters based on 4 single p-n junclion have an inherent
he possibility o overcome this limil is discussed in the cases when the non-
pquilibrium carrier concentrations need to be described with more than 2 quasi-fermi levels. The relevance
io real sysiems like MOYW sokar cells is discussed. Model caloulations indicate that a significant ncrease oof
the efficiency above the 40% limit is possible. The proposed framework presented here slao clarifies the
controversy on the limiting efficiency of MOW solar cells and related Low Dimmensionnal Struciures
{LDS) cooverters, In the end, new designs ave proposed in view of tking 3 bener advantage of the

length>>size of the active region), (g} Perfect collection of
carmers (escape time from the aciive region much smaller than the
radiatree recombinahon fime), Within this model, the Boltzmann

watinn can be sobved in the relaxation tme approximation and
we ablained the formula (1,2). To get the mearing out of the
eguations, we will consider the most simple case, a "MW
solar cell consisting of a conduction band, & valence band and a
subband of the siates due to the MOW,

T i T P
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Fig, 1: Schematic representation of the band diagram of the
model system. Top: full model; bottom; simplified 3-level
sy stem, :

3- Hesults on the efficiency

.. The photogenerated current

In the following, Ts and Te are respectively the sun (000K ) and
ihe cell (300K temperatures, Ly, is the solar concentration factor
(f = 1 at the maximal concentration), By and Eg are the botiom
enesgy of the subband and of the conduction band respectively
(energies with respect to the tep of the valence band),
EExT) is the flux of photon having an energy by, Ej<in<
Ea , emitted by a black body scurce of temperatre T we
sireplify the notation in QUET) for Eg infinite, The exact form of
Lgejqiilm“m can be found in many references and textbooks
'E'h:, phatogeneratad current is then:

L, =qff, QE, T,J+{1-f, | Q(E, T.)] iy
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Fig. 2: -V curves under illumination {f,=1) of two normat pn
junctions with Eg=0.9 and 0.95 eV and (dotted linejof the
idealised MW solar cell made with the 2 matzrals.

E; ts the closest distance between 2 levels, That is, singe wa
assumed a perfect absorption (corresponding also to an
emiszsivity of 1) and a perfect collection efficiency, the

photocurrent is the same as the one given by a 2-band cell , with

the same degres of perfection.

3.k, The dark curreny

‘We give directly the reselt of the computations, within the sated
gpproximations, when the subbands ere all together near
the conduction OB | or the valence band \VE, (levels a, b, &, ...
ora, b, ¢ in figl, ..) only, 1o gel a reasonable formula, let
us, to fx the ideas, cansider a bare VB and 2 “dressed” CB :

1=[v1=q.t:zrr,=.,-1;;.!Ln E;I‘L],,l

w51 A=A
ﬂ1IZQ'-E:.aEb:T:}[L:F{ ILF[; ] 1:|

This formula shows that, as could be expected, the effects of the
subbands are comulative. Thal is why it is enough to consider
cne “inerementil” cell in what follows.

The subsands are numbersd by i, the bottom of the subband i is

E,*and its top Is Eyf, 4; is the difference befween the QFL of the
electron in the CB and in the subband i, Aj=Ep-By. As

cxplained above we will now focus on the 3 level case, for
which:
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Thar iz, the 2 different writings show that the 3-hand oeli has a
dark eurrent intermediate between the hizh band gap (Eg=Eb)
and the low (E=E.) band gap corresponding 2-bands cells, as a
COMpArISnT wiﬂﬂchtmklty's formula shows immediately (A has
1o be =0 because the weak generstion-recombination tesmn
between CB and the subband and the large amount of slates in
the CB compared 1o the subband), This is Mlestrated in fiure 2.

3.0, The apen circwit voitape and Lhe gficicncy

The egs (I} & (3) allow the computaiion of V.. trongh a
transcendental equation. Bt if we expand A in a sefies of powers
of % {external voltage), since A= when V=0, we get A=maVor
Keemng only the first term:

120

v =E.[t+ QE, T ] )

*7 g \QE,.T.]

That i5, ¥ 15 larger than the one of the 2-bands cell with
Eg=Ea. The eqs (1) & (2] allow also the computation of the
Telency. We have ploted the effichency as a function of the low
band gap in fig.3. The efficicney is above the reference efficiency
of g 2-bandsscell, giving ai most 2 2.53% sbsolute incTésce in
efficiency, with an incremental band of width 0025 eV

m.iMNE, E, . T.J Lo
rE,.T.)

4- Relevanee to experimental

progpective structures
To undesstand how far the previous analysis can help us to sce
whether such improvement were experimentally ohserved in the
studied MOQW solar cells, we have to pat side by side the
theoretical conditions given in 2- with the known material

rameters of the -V used in the structures, As expected, the
astest of the time conglants (=1ps) in the sysiem concemns (he
thermalization of carriers via phonon scattering within each of the
bands of levels, which justifies {he operational definition of 2
common DFL for the camiers in these slafes. A second condition,
also promisingly enough satisfied, was related to the collection
efficiency, The measured escape times (= 40 ps [9]) are much
sotaller than the radiative recombination time (=10 ns [107)
which cnsures an escape probability close to unity, as assomed
above A third condition was that radiative recombination would
desninate over mon cadigtive oncs, which is also realized,
acconding to [10]. The departure of experimental systems from
our assumptions is most likely to arise because the transit timed
is = or > redaxation time to the subband (=10 ps). This fact has
the impomant consequence, which was never stressed Lo our
knowledge, that an impoctant carrier exchange takes place
befween the subband and the conduction band, Le. the OFL
separation 12 small (small value of m in eq. (4)), with an
important consequénce on the efficiency gain (the absolute gain
in efficiency is 2.5% at m=0.03, but only 0.2% ot m=0L01). In
the end, the effects eould be present, but faint. For instance, on
the one hand the mezsured Voo could oxceed what would be
obtained if a complete relaxation 1o the subband [3] was
assumed, On the cther hand, the measured effisencias never gol
close o 1he theoretical limit.
Hovwr could the situation be improved? Increasing the relaxation
time can be done in pringiple by using structures of lower
dimensionality (Q-dots or O-wires arrays ) restricts the number
of relaxation paths and gives more stringent selection rules for
the transitions becanse of the quantification of the moment in
mare directions. Decreasing the teansit Hime can be done in Low
dimensional anisotropic structures like MOQW by having the
carriers flowing in the direction of the highest mobility as on
Fig.4. In principle perpendicular wells would do as well (witha
good light trapping), but growing lateral superlattices on
misoriened substrates has already been realised [11],
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Fig. 3 Efficlency of an idealised MOW cell (b) az a function of
the lovwer bandgap material when the width of the incremental
band is kept st 0023 ¢V, For comparison, the Nominal
efficiency, (), (when the Gl factor is teken as 1), and the
efficiency of the standard 2 bands devices (c],
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Eig, 22 -V curves under illumination {fy,=1] of twe normal p-n
junctions with 9 and 0,95 &V and (dofted ling)ol the
idealised MOW cell made with the 2 materials.

Ey is the closest distance between 2 levels, That is, sinee we
assumed a perfect absorption (corresponding alse te an

emissivity of 1} and a perfect collection ciency, the

nt is the same as the one given by 2 2-band cell , with

the same degree of perfection,

3B, The dark currens

We give direstly the result of the computations, within the siated
approximations, when the subbands are all packed together near
the comduction JCB |, or the valence band VB, (levels g, b, ¢, ...
or o, b, ¢ in fig.1, ..} enly, to get a reasonable formula, let
ug, 10 fix the keas, consider a bare VB and a "dressed” CH ¢

qv
14{V1=q-QfEb-"11?-[ﬂ1{EIT—‘]—1]
+q.zmni,s',.u[ ﬂﬁ;—;ﬁ‘l]—l]

pected, the elfects of the
It 15 encugh to consider

@

This formula shows that, as could be ex
subbands are cumulative, That is winy
one "incremental” cell in what follows,

The subbands are numbered by i, the bodtom of the subband 1 is

Efand Iis wopis B, &; is the difference between the QFL of the

electron in the CB and in the subband i, A =Eg-Eg. Az
e;hrjalainad above we will now focus on the 3 level ase, for
which:

W
(V)= q.Q{Eb,Tfl[pr[-ETuu]- 1]

L

qiv—A )
+q,Q4E,.E,,I,}.[np(k—Tf]- 1}
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Thar iz, the 2 differeor writings show that the 3-band cell hes a
dark current intermediate between the high band gap (Eg=Eh)
and the Iow (Eg=E,] band gap corresponding 2-hands cells, 25 a
comparison with Schockley's formula shows immediately (A has
1 be =0 because the weak generation-recombinalion (erm
between CB and the subband and the large amount of staigs in
the CB compared 1o the subband), This is tlusirated in Dgure 2,

Fa The elreals voltage and the gfficis

The ﬁqsﬂf_’h]g?& (K} aJlan- the mmﬂmtiﬁty of Woe trough a
transcendental equation. But i we expand A in a series of powers
of ¥ {exernal voliage), since A= when V=0, we get dsm: V.,
Keeping only the first term:

m.Q¥E, B, T.)
Q(E,.T,)

v, = k—T.[l ; @)

[l QE, T

q QIE,.T,)
That is, V. is larger than the one of the 2-bands cell with
=Pa. The eqs (1} & (3) allow also the computation of the
ency, We have plotted the efficlency as a function of the kow
band gap in fig 3. The efficiency 18 above the reference efficiency
of a 2-hands cell, giving at most a 2.5% abspiute increase in

efficiency, with an incrementzl band of width 0,023 &V,

4- Relevanee Lo expeérimental systems and
]Frmpettive structures
o understand how far the previous analysis can help us fo see
whether such improverment were experimentally abserved in the
sudied MOW solar cells, we have to put side by side the
theoretical eonditbons given in 2- with the known materizl
meters of the [MI-% osed in the structures, As expected, the
stest of the time constants (= 1ps) in the sysiem concerns (he
thermalization of carriers via scattering within each of the
bands of levels, which justifies the operational definition of o
COmImAan for the carriers in these sates. A second condition,
also promigingly encugh satisfied, was related to the collection
efficiency. The measured escape times (= 40 ps [9]) are much
smaller than the radiative recombinaticn tme (=10 ns [10])
which ensures an cscape probability close o unity, 45 2ssumed
abwve A third condition was that radiative recombination would
dominate over non radiative ones, which s also realized,
aocording to [10]. The departure of experimental systems from
our aEsumpdions i3 most likely to arlse because the transil dmek
is = or = refaxation time to the subband (=10 pa). This fact has
the impostant consequence, which was never siressed to our
knowledge, thal an Important carrier exchange takes place
bebween the subband and the conduction band, ie. the OFL
scparation is small (small value of m in ?:tq (4}, with an
im portant on the efficiency zwm (the absolute gain
in efficiency is E.SE at m=0,03, but only 0.2% at m=0.01). In
the end, the effects could he , bt faint. For instance, an
the one hand the measured Voo could excesd what would be
oliained if a complete relaxation to the subbend [9] was
assumed. On the ather band, the measured efficiencies never got
clage o the theoretical Jimis. *
How could the situation be improved? Increasing the relaxation
time can be done in principle by vsing structures of lower
dimensionality (Q-dots or Q-wires arrays } restricts the.number
of relaxation paths and gives more siringent-sel totion rules foc
the: transitions because of the quantification of the moment in
more directiong, Decreasing the transit ime can be done in Low
dimensional ani ic structures like MOW by having the
carriers fowing in the direction of the highest mobility as on
Fig4. In principle perpendicular wells would do as well {with a
pood ]j;ﬂ: trapping), but growing lateral superlattices on
misoriented substrates has already been rezhised [11].
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Conclugions

The limtting efficiency of multi-guantum well solar cells can
excesd the one of single band gap solar cells in the radiative
recombination limit afler optimization, This limiting efficiency is
intermediate between the one given in [2,3] and the ones given in
[5,6), provided the restrictions on relazation processes are
stringent enough to prevent complee thesmalization of the mabile
electrons (holes), ]

A functionz! eguation,:zllowing for the optimization of the
efficiency by tailoring the density of states of the MW region,
can be derived from the condition of optimal efficiency (the
density of states and the transition probabilities enter this
équation), and this is one of oor fulure prospects. The
development of 3 more general framework should also have
S0TE WSS in the rescarch on photodetestors and LED, since they
are hasically the same devices &5 solar cells but operated in g
ifferent regime

Blatestal and siruciures stitl have to be optimized in order o take
full advantage of the affect. Investigations are undsr progress to
get @ more accurate description of real systems and 1o find the
sensilivity of the gain in conversion efficiency with the physically
relevant material parametess,
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