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Efficiency enhancement of ideal photovoltaic solar cells by photonic
excitations in multi-intermediate band structures
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We present an efficiency analysis of ideal photovoltaic solar cells based on multi-intermediate band
structures. It is shown that the difference between the thermodynamic limit of photovoltaic
conversion and the limit of efficiency of traditional bulk semiconductor solar cells can be gradually
bridged if an optimum energy band structure is achieved. Efficiency enhancement originates from
photonic excitations among multiple energy bands. Several possible ways to design the optimum
energy band structures are proposed. 2@03 American Institute of Physics.
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The theoretical efficiency of ideal solar cells can be de-be considered a band, labeledk+1 ande,, ;=€g. Ac-
termined by a detailed balance approach based on the Shoaterding to the SQ modélthe photon-induced electrical cur-
ley and QueissetSQ model! The standard semiconductor rent originates from the difference between the rates of pho-
p—n junction has a sunlight-to-electricity efficiency limit of ton absorption and the photon emission due to radiative
about 33% while the thermodynamic limit is as high as recombination. In efficiency-limiting analysis of photovol-
93%2 Several attempts using low-dimensional systems havéaic conversion, several ideal conditions similar to those in
been made to improve solar cell performaﬁés.tacked" or the intermediate-level modehre assumed(1) All incident
tandem cells can improve the limiting efficiency to 66By  photons with energy equal to or greater than the band gap are
using more than one cell to reduce energy loss. The multiplabsorbed, and they generate exactly one electron-hole pair.
quantum well(MQW) solar cell, proposed by Barnham and Photons with energy lower than the band gap are not ab-
Duggan® is an alternative approach to achieving high pho-sorbed.(2) The recombination of one electron and one hole
tovoltaic conversion efficiency. The efficiency of solar cellswill produce exactly one photon. Only interband radiative
can also be increased by introducing impuriti€Bhis has transitions are considered. Nonradiative transitions between
motivated a theoretical model that considers the impurityany two bands are forbidden. In practice the problem of im-
energy level as intermediate within the semiconductor&ap.purity photovoltaic solar cell or intermediate band semicon-
The limit of ideal efficiency in this system is predicted to be ductor is the nonradiative recombinatiaB) Carrier mobili-
63.1%. The enhancement in efficiency originates from dies are infinite. Therefore the quasi-Fermi leve@FLs)
photon-induced transition at the intermediate level. throughout the whole cell are constant. Tkie 2 separated

In this letter we consider the following questions: If the QFLs are assumed ag; (i=0,1,...k,k+1). The separation
intermediate level is extended to a number of energy band®etween the two QFLs ig; j=egj—€g; (1<]). (4) Only
what will happen due to excitation among the multiple bandelectrons, not holes, can be extracted from the NB
structure; and is it possible to design an optimum energy
band structure to obtain a higher limit of efficiency? The
efficiency of ideal solar cells with a multi-intermediate band ¢, |.
structure(MIBS) will be analyzed based on the SQ model. It =¢_
is shown that the efficiency is enhanced due to excitations
among bands, which absorb additional lower energy photons ¢
Optimum structures can be acheived in a number of ways.

The model solar cell here contains a negative-contact &
band(NB), a positive-contact ban@PB), and the intermedi-

ate structure including bands k=1,2,3,...,)(shown in Fig. £, €
1). Each energy band except the PB has the lowest energy ¢ ":'
€ (i=1,2,..k,k+1). Here, zero energy is set at the highest 80:0 = F,

energy of the PB, labeleid=0, i.e.,e;=0. The NB can also

FIG. 1. Schematic of radiation transitions in the model solar cell with in-
¥Electronic mail: rwpeng@nju.edu.cn termediate multiband structure.
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to form the external current. Furthermore, only holes, not
electrons, can be extracted from the PB. No carrier can be
extracted from the intermediate band structure. The light
generated carriers are collected with 100% efficier&y.
The radiation generated only escapes by the front area of
illumination. No optical loss is assume@) In order to use
the solar energy monotonically, it is necessary to define a
series of reasonable ranges of energy. Here we assume
<€ i+1<€4+1, Wheree ;,1=¢€,1— €. For each energy
range, only one absorption length is importdi. The inci-
dent and emitted radia'Fion is a blackbo_dy and i_s isotropic, 10 15 20 25 30 35
thus assuming the maximum concentration possible.

In thermodynamic equilibrium the absorption or emis- g
sion of photons obeys the following distributibn

FIG. 2. Limiting efficiency for the solar cell with three different intermedi-
2 ate multiple band structurek€1,2,3) as a function of the band gap be-
. 2w ffmax e“de 1) tween the negative-contact and positive-contact badsThe lines are a
- _ ) uide to the eye.

h302 min e(e m)IKgT _ 1 g Yy

R(€mins €maxs T1 1)

€

whereR is the absorption rate or the radiative emission rate
for photons with energy above,,; €min and enay are the n= i
photonic energiesy is the local chemical potential or QFL aT;‘
separation in the semiconductdr,is the temperature of the

) . _ 4 . . . .
sun (T) or a crystalline systemT(,), kg is the Boltzmann WhereP=oTg is the incident power and is the Stefan—
constantg is the speed of light, ankd is the Planck constant. Boltzmann constant. The efficiency limit can be obtained by
The absorbed photons generate electron-hole pairs, where#ding the highest value of at arbitrary combinations afg
radiative recombination annihilates electron-hole pairs. Th@nd € (i=1,2,...k) when the separation of QFLs satisfies
balance of electrons gives the current, which is delivered téas: (3) and (4). _ S
the external load by the positive and negative contacts. Now  Different intermediate band structures give different ef-
we consider the current output in the multiband model solaficiency limits. Figure 2 presents the limiting efficiency as
cell. Looking at the negative-contact bajubrresponding to  the band gap between NB and PBgj is varied in three

®)

the (k+ 1)th band, we have different intermediate band structures. Three aspects at least
are very interestingl) The limit of efficiency has increased.
I/g=[R(€eg,*,Ts,00—R(eg,%, Ta,thok+1)] It can also be seen from Table | that, if there is one interme-
K(k=1) diate band k=1), the efficiency limit is 63%, i.e., the same
n R(e e T.0 as in Ref. 8. If there are two intermediate bands the limit
izl [R(€i k106140, T5.0) efficiency increases to around 76%. If there are three inter-

mediate bands, it increases further to 80%. It is likely that the
~R€ijr1r€imapr 1 Tas ik )]s 2) efficiency limit approaches the thermodynamic limit if the
whereq is the charge of electrons; ;=¢,— ¢ (i<j), and optimu.m. band. structure can be achieyed. Improvement of
i =€r;— e (1<j). Because no current is extracted from the efficiency limit comes from absqrptlor) of the additional
any intermediate band, for example, thigh band lower energy photongsee Eq(2)], which stimulates the ex-

(i=1,2,3,..k), we have citation between bands in the multiband structu®. The
same efficiency limit can be obtained in the cells with lower
[R(€i,€i+1,Ts,00—R(€ € i+1,Tamoi)] band gapeg if we increase the number of levels in the
i—1(>1) MIBS. For example, Table | also gives the three band struc-
tures k=1,2,3), which have an efficiency limit of around
+ R(e: ; JEi_1i ,T '0 ’ )
121 [R(€j,i€-1i.T50) 7=65%.(3) With band gape; fixed, as the number of bands

in the intermediate structure increases, the efficiency limit
—R(€ji €15, Tasuji)]
k+1 TABLE |. Efficiency limit 7 in several different band structurds.is the
+ E [R( € €1 aTauMi,j) band number in the intermediate energy-band strucieges the gap be-
j=i+1 tween the negative-contact and positive-contact baads=1,2,3) is the
lowest energy of each intermediate bastdown in Fig. 1.

_R(Ei’j,fi_]_’j,Ts,O)]:O. (3)
i . n € €1 €y €3
For a given external voltagé, we have the QFL separation k (%) (eV) eV) V) €V)
that satisfies
1 63 1.95 0.70
V= = n + w ' 2 76 2.65 0.25 1.30
AV= Hok+1= Moi™ Mik+1 @ 3 80 2.25 0.18 0.50 1.10
i = Miktp (1<k<j). 2 64 1.55 0.15 0.60
3 69 1.45 0.12 0.25 0.70

Therefore, the efficiency of the cell is given by
Downloaded 30 Jul 2003 to 218.94.36.118. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp




772 Appl. Phys. Lett., Vol. 83, No. 4, 28 July 2003

0.88
Gads In, Ga P In Ga, P/GaAs SLs
o[ 1 K )
1.35ey 1.90¢v 1 .
0.84- ; i
0.33ev
Tl
%E 0.80- i
~— S i i I .
S ! . ‘
w gl -
= | ., '
- o a1 ! :
0761 7' #F| g 21 B @
g e gt 2, E
5 5 = © =8
k] k] E S 2 2
) ) — Fel = o]
a o %) i ~ o
0.72 — T T T T T T

o 1 2 3 4 5 6 7
Index

Peng, Mazzer, and Barnham

ing to the sequence chosen, arragandB to get an ape-
riodic superlattice. The theoretical electronic structure of
aperiodic semiconductor superlattices can be obtained by us-
ing a two-band model based on a Dirac-like equdfidhand

the transfer-matrix methotd.

Figure 3 presents the allowed electronic subminibands
below the barrier in several JnGa, 5:,P/GaAs superlattices.
The Iy 4dGa 51P/GaAs superlatticéSL) is chosen just as an
example, since it is lattice match&dThe continuous mini-
band in the periodic superlattice has been split nonuniformly
by the aperiodic order, like as in the Thue—Morse case
intermediate case between periodicity and
quasiperiodicity,}” in the Fibonacci caséa quasiperiodic
system, and even in the random case. That is to say, more
gaps occur in the band structure, which originate from the
loss of long-range quantum coherence of the electrons. The
spacing of minibands of the superlattice depends on the ma-
terial, the structural configuration and the thickness of the

FIG. 3. Electronic miniband structures for the several periodic and aperiodisvell and barrier layers.
Ing.4dGa 51P/GaAs superlattices below the barrier. The origin of the energies In summary, based on the SQ model, the limit of effi-

is set at the center of the gap of well material GaAs. The index equal to 1—

stands for the following structure: 1—periodic SL with=21, a=b=2.5
nm; 2—periodic SL withN=21, a=b=3.5 nm; 3—SL with two parts: the
first part with N=10, a=b=2.5 nm, and the second part witti=11, a
=b=3.5 nm; 4—Fibonacci SLN=21,a=2.5 nm,b=3.5 nm; 5—Thue—
Morse SL:N=16,a=2.5 nm,b=3.5 nm; 6—one kind of random SL with
N=21,a=2.5 nm,b=3.5 nm, whereN is the total number of layers, and
b are two thicknesses of the wella for block A andb for block B), and
the thickness of each barrier of all SLs is the samd-a8.0 nm. The inset
is a schematic of the band-edge diagram of thg,dBa, 5,P/GaAs interface
(at room temperatuje

definitely increases. For example, d£=1.85 eV, the effi-
ciency limit =62% in a one-band MIBSy=67% in a two-

ff:iency of an ideal solar cell with multi-intermediate band

structure was analyzed. The excitation model with multi-

intermediate band structure reduces the design of a low-
dimensional high-performance solar cell to the requirement
for electronic band gap engineering. This approach could
also be useful in other areas such as optoelectronics.
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