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Chapter 10

Over the Limit: Strategies for High
Efficiency

10.1. Introduction

A photovoltaic cell operates by converting light energy into electricity. It
is a quantum energy conversion process, whereby packets of light energy,
photons, are consumed to deliver units of electrical charge (electrons) to
an external circuit where they do electrical work. The power conversion
efficiency of a solar cell is a measure of the amount of work done per photon.
Increasing the efficiency is essentially a matter of increasing the ratio of
work extracted to photon energy supplied. This chapter is concerned with
ways — both practical and theoretical — of increasing that ratio.

In Chapter 2 we saw how the limiting efficiency of a simple, single
junction solar cell is calculated by considering detailed balance. This limit,
of 33% in a standard air mass 1.5 (AM 1.5) spectrum, follows from a number
of assumptions. Important amongst these are the assumptions that exactly
one electron-hole pair is generated by each absorbed photon, that electrons
and holes relax to form populations in thermal equilibrium with the lattice,
and that all the light is absorbed in a junction of single band gap. Given
these constraints, the majority of the sun’s energy is lost by (i) failure to
capture the energy of photons with energy (E) smaller than the band gap
' (Eg), and (ii) thermal dissipation of kinetic energy of carriers generated
with' E > Ej, as shown in Fig. 10.1. Processes (i) and (ii) account for
about 23% and 33% of the sun’s energy, respectively. The ratio of work out
to photon energy in is greatest for photons with energy close to the band
gap; elsewhere it is zero (for the low energy photons where E < Ejg), or
poor (for E > Eg). Figure 2.9 compares the power available at different
photon energies with the incident power spectrum. Losses result from the
poor match of the single band gap of the solar cell with the broad spectrum
of solar radiation.
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~fs

- i excited state
(conduction band)

hV

ground state
ffg (valence band)

Fig. 10.1. Schematic energy band diagram for a single band gap solar cell. Photons
of energy hv greater than the band gap, Eg, are capable of promoting electrons to the
excited state (the conduction band in a semiconductor). The excess energy is quickly
lost as heat as the excited carriers thermalise to the band edges. Relaxation across the
band gap is much slower, and in a photovoltaic device the thermalised carriers can be
extracted before they finally recombine.

Chapters 3-9 were all concerned with devices and materials which op-
erate within the limits presented in Chapter 2. In this chapter we discuss
ways in which the theoretical limiting efficiency may be increased. A sep-
arate route to increasing the limiting efficiency, by concentration of solar
radiation to expand the acceptance solid angle, has already been discussed
in Chapter 9.

In the following sections we first review the calculation of the detailed
balance limiting efficiency and underlying assumptions. Then we consider
a number of strategies for increasing the amount of work done per photon
by relaxing the assumptions underlying the detailed balance limit. Briefly,
these strategies are concerned with:

e increasing the number of band gaps, to utilise different photon energies
more efficiently (tandem and other multi-band solar cells);

e reducing the dissipation of thermal energy by photogenerated carriers
(‘Hot carrier’ solar cells); and

e increasing the number of electron-hole pairs per photon (impact ionisa-
tion solar cells).

Apart from tandem solar cells, the strategies are mainly theoretical and
would require materials with properties which have not yet been realised.
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However, all are based on physical observations which suggest that the
proposed phenomena may be exploited in practice.

10.2. How Much is Out There? Thermodynamic Limits to
Efficiency

We start by calculating the maximum work available from a photoconverter
considering only thermodynamic arguments. Essentially, the solar cell is a
cool body which is radiatively coupled to its environment and operates by
absorbing short wavelength radiation from a hot body (the sun) at temper-
ature 7, and allowing some of the absorbed energy to be extracted as work.
To satisfy detailed balance the device must also emit longer wavelength
radiation characteristic of its own temperature T¢. In the simplest picture,
both sun and cell absorb and emit light like black bodies at their respective
temperatures. A black body at temperature T emits an amount of energy
given by oT* per unit time and surface area, where og is Stefan’s constant.
If the incident radiation is fully concentrated and the only loss process is
spontaneous emission by the cell, then the net energy flux density received
by the solar cell is given by :

ag T — ogTE.

Work can be extracted from the hot cell by means of a heat engine. Least
energy is lost if the work is extracted isoentropically by means of a Carnot
engine. Then the work available is

T
W = (05T — 0sTS) (1 — —a) (10.1)
Te
where the final factor represents the Carnot factor for extraction of work
from the cell at constant entropy. The power conversion efficiency is the
ratio of extracted to incident power,

== (- (3)) 0-B) 102

For a sun temperature of 5760K and cell temperature of 300K, this has a
maximum of 85% at a cell temperature of 2470K. In this limit, all photons
are absorbed and the maximum amount of work is extracted per photon.
" Thermal dissipation is not considered. This limit is identical to the limiting
efficiency of a solar thermal converter.
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Fig. 10.2. Schematic of an ideal solar energy converter. The incident radiation is fully
concentrated so that the cell absorbs and emits radiation in all directions. The cell, at
T., is coupled to the environment, at Tk, through a heat engine which extracts work, W.

10.3. Detailed Balance Limit to Efficiency, Reviewed

In Chapter 2, we calculated the limiting efficiency of a two level, or single
band gap, photoconverter. Here we review that calculation and and intro-
duce some of the concepts which will be used later in this chapter. A more
detailed treatment of detailed balance as applied to solar cells may be found
elsewhere [Araujo, 1994; de Vos, 1990].

The photoconverter has a band gap Eg, below which photons are not
absorbed, and above which photons are absorbed to generate electron-hole
pairs in thermal equilibrium with the lattice. It is usually assumed that
the cell has planar geometry, and is able to receive and emit radiation into
a hemishpere. For unconcentrated sunlight, the cell receives solar radia-
tion through a small azimuthal range 0 < 6 < fsun and ambient radiation
through the remaining range Osun < 6 < 7/2. Assuming that the only
loss process is radiative recombination, then the current output is equal to
g times the difference between the photon fluxes which are absorbed and
emitted through the cell surface, where g is the charge on the electron.
Formally,

[ // o(E,s,0,8)8:(E,s,0, $)dE dS - d9

I=¢g<{ + // a(E,s,0,9)B.(E,s,0,9)dE dS - dQ2 L (10.3)

- / / o(B, 5,0, )0u(E, s,0,)dE dS - d?
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where a(E,s, 0, ¢) is the absorptivity, or probability of photon absorption,
for light of energy E approaching along the direction (8, ¢) at a point s on
the surface. e(E, s, 0, ¢) is the emissivity, or probability of photon emission,
at that point. 8, B. and Be are the photon fluxes incident from the sun,
incident from the ambient, and emitted from the cell, respectively. Photon
flux is defined as the number of photons per unit solid angle passing through
unit area in unit time. The angular integrals for 85 and 3, should be taken
over the appropriate range, as shown in Fig. 10.3.

(b)

Fig. 10.3. (a) In the calculation of limiting efficiency, a flat plate cell at T, receives light
from sun within an angular range 8 < sun. The cell emits into a hemisphere. Emission
into the rear hemisphere is prevented by a reflector. The chemical potential of the cell
is maintained at a positive value, Apu, by the incident radiation. For concentrated light,
the angular range of the sun is increased and with it the efficiency of the cell; (b) When
the angular range of emission is restricted to be the same as the range of incidence, the
performance is equivalent to the case of full concentration.
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It is assumed for simplicity that both sun and ambient radiate like
black bodies, producing isotropic photon fluxes described by the Planck
distribution. So for the black body sun at 75, we have

g E?

Ps = h3c2 eE/ksTs _ | (10.4)

over the range 0 < 6 < Ogyn. For the ambient environment at temperature
T, we have

2 E?
Pa = h3c2 eE/ksTs _ 1

(10.5)

over the range Osun < 0 < /2.

The cell is assumed to possess a uniform chemical potential, Ay, on
account of the light, and to be in thermal equilibrium with the ambient at
T,. This leads to spontaneous emission and produces an isotropic emitted
flux of

2 E?
Be = h3c2 g(E—Du)/keTe _

(10.6)

for 0 < 8 <= /2.
For maximum performance the cell should absorb all incident photons

above band gap. Therefore we assume

et = ik 10.7
= )_{0 E<Eg}' (10.7)

Two further simplifications result from the following. First, we assume that
the chemical potential is constant and equal to ¢ times the applied bias,

Aje=gV . (10.8)

This implies that no potential is lost between light absorption and charge
collection, i.e., charge transport is lossless and mobilities are infinite. Sec-
ond, we use the generalised detailed balance result that e(E) = a(E). This
has been shown to be the case when when Ay is uniform and equal to gV’
[Araujo, 1994].

For the geometry of a flat plate photoconverter of area A with a perfect
rear reflector, the angular integrals can now be evaluated easily. Using the
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limits for 6 given above we find for the current, I, at a bias V'

2F, E? 2(Fa — Fs) E?
I(V)=qA { h3c2 / cE/kpTs _ 1dE + h3c2 / eB/ksTa _ 1dE

2F, B
B h3c? e(E—aV)/kpTa _ 1dE} (10.9)

where the constants
B =% (10.10)
and
By =%y (10.11)

where fs = sin® 0, = 2.16 x 1075 represents the angular range of the sun.
If the light were concentrated by a factor X then

Fy :Wst~ (10.12)

Full concentration is reached when X = 1/f; and Fs = .
It will be useful to define the function

A 27-‘- Emax . E2
N(Emin, Emax, T, ,u‘) == h_305 B e(E“AI—L)/kBT _ 1dE (1013)

representing the maximum absorbed or emitted photon flux density inte-
grated over an energy band Enin t0 Emax, and the function

L E A _ 27-‘- Emax E3 E
(Bmin, Brnae, T, A1) = 255 | —mapper 7€ (1014)

representing the emitted energy flux density. Then we have for the current
density,

J(V) = 5% — g{Xf.N(Eg,00,Ts,0) + (1 — X )N (Eg,00,T5,0)
— N(Eqg,00,Ta,qV)}. (10.15)
The output power density, given by
P(V)=V x J(V) (10.16)

is now a function of E; and V. For each value of E; there exists some value
of V, Vi, in the range 0 to Eg, for which P(V) is a maximum, t.e.,
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where

oP

= 10.1
. 0 (10.18)

The mazimum efficiency is then a function only of F; and X and is given
by

P(Vin)
max — A 10.19
a. Ps ( 0 )
where
P, = X f.L(0, 00, Ty, 0) (10.20)

represents the power received from the (black body) sun. For unconcen-
trated sunlight (X = 1) 7max has a maximum of 31% at E; = 1.3 eV
[Araujo, 1994].

In Chapter 9 we saw how concentrating the light improves the balance
between absorbed and emitted flux. At the maximum concentration, X =
1/ fs, and Eq. 10.15 becomes

J(V) = g{N(Ey, 00, T, 0) — N(Eqg, 00, Ta, aV)} (10.21)

leading to a maximum efficiency of around 41% at E; = 1.1 eV. Calculated
limiting efficiency as a function of band gap for a black body sun is shown
in Fig. 10.4. The same analysis can be done using the standard AM1.5 solar
spectrum, as shown in Fig. 9.10, and leads to very similar values for the .
limiting efficiency and optimum band gap.

It is straightforward to show that the same limit results if the angular
range of emission is limited to the angular range of the sun. This may
be achieved by inserting the cell inside a reflective cavity which admits
solar and thermal radiation only through a single aperture, as shown in
Fig. 10.3(a). In most of the examples considered in this chapter, we will
consider only the case of full concentration, for clarity.

Summarising the assumptions made in the detailed balance analysis:

(i) All photons of energy greater than Ej, are absorbed to create one
electron-hole pair. All photons with E < E; are not absorbed.

(ii) The electron and hole populations relax to form separate, distributions
in quasi thermal equilibrium with the lattice at temperature 73, and
with quasi Fermi levels separated by Au.
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Fig. 10.4. Detailed balance limiting efficiency as a function of band gap, for a single
band gap solar cell in a 5760K black body spectrum, at full concentration and at one-sun
concentration levels. The maximum is similar to that obtained with the AM1.5 spectrum
(Fig. 2.8).

(ili) Each electron is extracted with chemical potential energy p such that
qV = Ap. Le., the quasi Fermi level separation is constant throughout
the device and equal to ¢V, where V is the potential difference at the
terminals. This requires that carriers have infinite mobility.

(iv) The only loss process is spontaneous emission (also known as radiative
recombination), which is required by detailed balance.

10.4. Multiple Band Gaps

The amount of work done per photon could clearly be increased if photons
of different energies could be absorbed preferentially in cells of different
band gap. A single band gap photoconverter functions most efficiently with
monochromatic light which is-tuned to the band gap. Then all photons are
absorbed, and because the photon energy is close to the band gap, almost no
electron kinetic energy is lost and the electrochemical potential extracted
is close to the photon energy. If the solar spectrum could be split up and
channelled into photoconverters of different band gaps, then more of the
solar spectrum could be harnessed, each electron could be extracted with a
chemical potential closer to the original photon, and a higher power could
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Fig. 10.5. Photon absorption in single gap and two gap system. The two gap system is
capable of absorbing lower energy photons which are lost in the single band gap, and of

extracting carriers generated by higher energy photons at an energy closer to the original
photon energy.
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Fig. 10.6. Power available from optimised one, two and three band gap systems. (The
different cells are assumed to be independently optimised.)

be extracted from the same spectrum. Figures 10.5 and 10.6 illustrate the
point. Figure 10.7 illustrates one possible scheme for exploiting multiple
band gaps, where sunlight is split up by means of dichroic mirrors and
directed on to cells of different band gap.

10.5. Tandem Cells
10.5.1. Principles of tandem cells

In practice, efficient spectral splitting, as shown in Fig. 10.7, is hard to
achieve. A more practical strategy is to stack different band gap junctions
in optical series, and allow the wider band gap materials at the top to filter
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Fig. 10.7. Spectral splitting with dichroic mirrors allows different wavelength ranges to
be absorbed preferentially in cells of different band gap.
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Fig. 10.8. Two and four terminal configurations for tandem cells. In either case, short
wavelength light is preferentially absorbed in the top cell, and longer wavelength light
in the bottom cell.

out most of the high energy photons, while less energetic photons pass
through to smaller band gap materials below (Fig. 10.8). Greatest power is
extracted if the output from the different junctions can be independently op-
timised. In the case of two band gaps, this is called a ‘four terminal’ tandem.
The four terminal arrangement requires independent electrical contacts to
top and bottom cell which is hard to achieve in practice. A more elegant
arrangement is to connect the cells directly in series, so that a single cur-
rent passes and voltages from the two cells are added. This ‘two terminal’
arrangement requires that currents from each cell be matched and con-
strains the performance so that the maximum output power is slightly less.
Moreover, since current matching cannot be satisfied under all illumination
conditions, the design is subject to additional, practical losses.
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10.5.2. Analysis

We now calculate the power available using two band gaps, Fg1 and Ego,
in a four terminal and a two terminal configuration.

In the four terminal configuration, the maximum output power is the
sum of the maximum output powers from the two independent junctions.
We assume that the spectral splitting is perfect, so that all photons with
E > Ego are absorbed in the top cell, and all with Ey; < E < Eg in the
bottom cell, where FEg; and Egp are the band gaps of the bottom and top
cell, respectively. Then the output power under maximum concentration is

Finam = 4Vm1 {N(Egl, Egg, ¢ 0) — N(Egl , Eg2, . qul)}
+ qVim2{N(Eg2,00,T,0) — N(Eg2,00,Ta,qVmz2)} (10.22)

where V2 is the voltage at which the top cell, and Vi1 the voltage at
which the bottom cell, produces maximum power. Provided that the two
biases can be independently optimised, Ppax is a function only of the two
band gaps. Under full concentration, a maximum efficiency of over 55% is
reached with band gaps of 0.75 and 1.65 eV, as shown in Fig. 10.9.

1.9
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Lower band gap / eV

Fig. 10.9. Calculated efficiency of a four terminal tandem under a 5760K black body
sun in full concentration, as a function of the band gaps. A maximum of around 56%
occurs in the central shaded region.
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In the two terminal configuration the maximum power is given by the
maximum of

Pmax = Q(Vl + V2){N(Eg1a Eg2a TS7 0) - N<Eg1’ EgQa Taa qu)} (10-23)

where V; and Vs no longer represent the optimum voltages for the individual
cells, but they satisfy the constraint of equal current

{N(EnggZaTsaO) == N(Egla Eg27Taaqm)}
== {N(_Eg2a o0, Tsa 0) - N(Eg% 00, Ta.a qV’2)} ) (10'24)

as well as the condition that Pmax is stationary. The limiting efficiency in
this case is slightly smaller, and more sensitive to the band gaps.

For either configuration, increasing the number of band gaps increases
the limiting efficiency. In the limit of an infinite number of band gaps, the
smallest band gap falls to zero and the limiting efficiency under one sun
reaches 69%. Under full concentration, the limit approaches the thermody-
namic limits of 86%.

10.5.3. Practical tandem systems

Tandem cells have been developed in a variety of materials combinations.
Two terminal designs have been more widely studied than four terminal
designs, because of the technologically appealing possibility of integrating
different junctions in a single multilayer device by using ‘tunnel junctions’
to connect different p—n junctions. The tunnel junction is a heavily doped
n—p junction which is generally assumed to introduce an Ohmic contact
between the p terminal of one cell and the n terminal of the next. III-V
materials are preferred on account of the high absorption coefficient and
the possibility of tuning the band gap by compositional variation of ternary
and higher alloys. In practice, the well understood binary semiconductor
gallium arsenide (GaAs), is chosen for one of the cells in most cases. Al-
though its band gap at Eg = 1.42 eV is different from the ideal for the top
or bottom cell in a two junction tandem, the good material quality and
carrier transport properties lead to better performance than poorer qual-
ity ternary materials with more suitable band gaps. Another important
consideration is the compatibility of the different semiconductor materials
in terms of their lattice constant, and thermal expansivity. Mismatched
lattice constants lead to defective interfaces between the cells and enhance
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Fig. 10.10. Layer structure of an indium gallium phosphide/gallium arsenide two ter-
minal tandem cell.

loss through recombination. Different coefficients of expansion lead to strain
when the cell experiences changes in temperature.

The most efficient tandem cell produced to date is a 30.3% efficient
indium gallium phosphide/gallium arsenide two terminal stack, developed
by Japan Energy in 1996 (Fig. 10.10) [Green et al., 2001]. Practical triple
junction cells have been developed using the same two materials as the wider
band gap components and the narrow band gap semiconductor, germanium,
as the bottom cell. These have not yet surpassed the efficiency of the best
double junction tandem. Tandem cells are expensive to manufacture, and
are mainly being developed for use in space where efficiency is a premium.

10.6. Intermediate Band and Multiple Band Cells
10.6.1. Principles of intermediate and multiple band cells

The advantage of the tandem cell lies in the fact that the quasi Fermi
level separation of the photogenerated electron and hole populations is
closer, through the use of multiple band gaps, to the chemical potential
of the exciting photon. A system which supports different quasi Fermi level
separations delivers more work per incident photon. It would clearly be
attractive if this could be achieved, not in several junctions made from dif-
ferent materials, but in a single junction using a single material. In a single
band gap photoconverter, this is not possible because all of the conduction
band states are coupled through phonon interactions and consequently all
photogenerated electrons relax into a thermodynamic equilibrium with a
single electrochemical potential, . All holes likewise relax into quasi ther-
mal equilibrium with a single electrochemical potential, tp. Although it is
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possible to design a junction of variable band gap, preferentially absorbing
photons of different energy at different spatial locations, phonon coupling
of the spatially continuous band of electron states brings all photogenerated
electrons into quasi thermal equilibrium with a single u, and likewise for
holes. In, the limit of an ideal, radiatively dominated, solar cell, the differ-
ence in p’s is dominated by the smallest band gap in the device [Araujo,
1994].

A hypothetical solution is to use a material which contains more than
two bands. Figure 10.11 illustrates the case of an intermediate band system,
containing two separate conduction bands. Under illumination, electrons
are excited from the valence band into both the upper and intermediate
conduction bands, and from the intermediate into the upper conduction
band. Provided that the intermediate and conduction bands are not ther-
mally coupled, then the electron populations in the different bands each
form a local quasi thermal equilibrium with its own quasi Fermi level, pn ;.
The intermediate band may be introduced via impurities or quantum het-
erostructures which introduce electronic levels into the band gap, or it may
be a result of the band structure.

Intermediate band solar cells have been proposed as hypothetical devices
by several authors, [Kettemann, 1995; Luque, 1997; Green, 2000, 2001]. The
idea of exploiting radiative transitions between intermediate levels is also
a central concept of practical ‘quantum well’ solar cells [Barnham, 1991,
1997].

10.6.2. Conditions

We first explain the conditions for such a device to work, and then calculate
the limiting efficiency.

(i) A condition for carriers to achieve independent quasi thermal equilib-
rium in a band is that collisions or scattering events within the band
should be much more frequent than events between bands (discussed in
Sec. 3.6). This requires that there be a gap in the band structure which
s large compared to the mazimum phonon energy. Otherwise, for a
density of states which is continuous in energy, carriers can always be
scattered into lower energy states by means of collisions with phonons.

(ii) The feature which gives rise to the intermediate level should be peri-
odic in space. Periodicity imparts definite momentum to carrier states
permitting spatial delocalisation, which aids transport. An imperfect
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array of isoenergetic impurities will lead to carrier localisation and
poor transport. Moreover, the arrangement of levels into a band helps
to suppress phonon scattering. For an intermediate band which lies
within kg7 of the conduction or valence band, inter band scattering
events are energetically allowed but are restricted by the requirement
for momentum conservation. The restriction is lifted for an isolated
impurity level because all momentum states are represented in the
stationary wavefunction of the defect. Even in the case of a deep level
which lies beyond kg7 from the nearest band edge, it is advanta-
geous to form a band. Although single phonon scattering events to the
ground state of the impurity are forbidden, in certain conditions mul-
tiple phonon scattering events may be allowed, whereby an electron
is trapped by the impurity and then relaxes to the ground state by a
series of phonon emissions, as the electron environment is successively
altered by the presence of the electron. This successive relaxation and
distortion would be symmetry forbidden in a periodic structure, and so
multiple phonon emissions would not provide a route to the trapping
of an electron by a band of deep levels.

(iii) For the intermediate band to be thermally isolated from the conduction
band, it is necessary that electrons are extracted from only one of the
bands. A selective contact should be made to the conduction band
and not to the intermediate band. Otherwise the electron populations
would be brought into thermal equilibrium through the contact. With
this satisfied, the intermediate band is coupled to the valence and
conduction bands only through optical transitions.

Analysis of the intermediate band cell

Let’s assume that all the conditions for a system supporting separate quasi
Fermi levels are satisfied, and calculate the limiting efficiency for the three
band cell illustrated in Fig. 10.11. We will assume planar geometry and full
concentration. There are three types of photon absorption event: photons of
E > E, which promote an electron from the valence band to C1; photons
of E > E, which promote an electron from the valence band to C2 and
those of E > Ej; which are absorbed to promote an electron from band
C1 to C2. Note that because C1 and C2 are both conduction bands and
normally empty, the threshold for (strong) absorption is from the bottom of
C1 to the bottom of C2, and therefore Eyp = E; — E,1.) For the maximum
amount of work per photon, a photon should only be absorbed across the
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Fig. 10.11. Energy band diagram of an intermediate band material with a single valence
band and two conduction bands, C1 and G2

highest band gap which it is capable of crossing. This is the case if the
absorption coefficient for the transition V—C1 is much greater than for
C1-C2, and that for V-C2 much greater than for V—C1. Then each of
the three types of absorption event occurs over a limited energy range: Eg1-
to Eg2; Fgo to Fg; and Eg to co. Assuming, as before, unit absorbance in
each energy range, the output current density becomes

J(V) = q{N(Eg, OO,TS, 0) = N(Ega &y & ey e — ,U'v)}
o Q{N(Eg27 Ega Tsa O) — N(Eg2a Eg7 Ta., Hel — Nv)} (1025)

where iy, fic1 and pez are the quasi Fermi levels of the valence, intermediate
and conduction bands, respectively. In the steady state the net current from
V to C1 must be matched by the current from C1 to C2, which yields the
constraint,

Q{N(Egla Eg2a Ts, 0) = N(Egla Eg2,Ta> He2 — ,U'Cl)}
= g{N(Eg2, g, Ts, 0) — N(Eg2, Eg, Ta, te1 — pv)} (10.26)
and the quasi Fermi levels must satisfy

(o1 — v) + (Hez — Hel) = te2 — Hv = ¢V . (10.27)

For any combination of Ey and Eg1, there is some value of V' which makes
the power density, V x J(V'), a maximum, subject to the above constraints.
Optimum efficiency, the ratio of maximum output power density to input
solar power density, is then a function only of the band gaps. For a 6000K
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black body sun at full concentration, this efficiency has a maximum of
63.1% when E, = 1.93 eV and Eg = 0.7 eV [Luque, 1997].

This result can be compared to the two junction tandem cells where
Nmax is likewise a function of two band gaps but the limiting value is much
smaller — around 55% for the two terminal configuration under maximum
concentration. There are different ways to regard the comparison. One is
that the multi band cell ‘actually presents three and not two band gaps
to the incoming photons, albeit with some limitations on the band gaps
and the Fermi level separations, and should be compared with the three
junction tandem cell. Another consideration is that with a series connected
tandem cell, two photon absorption events are always required to deliver
one electron to the external circuit, while with the intermediate band cell
either two or one photons are needed, depending on photon energy, so the
photocurrent quantum efficiency is higher. In any case, the intermediate
band cell is based upon a technically more challenging materials situation,
on account of the requirements for a thermally isolated intermediate band
and selective contacts.

10.6.3. Practical strategies

A variety of practical routes to the intermediate band solar cell have been
proposed. The simplest is the idea that intra band states, introduced by
ambivalent impurities in the semiconductor, can take part in optical tran-
sitions, and absorb photons of lower energy than the band gap to accept an
electron from the valence band (if empty) or to deliver an electron to the
conduction band (if full), as shown in Fig. 10.12. Enhanced photocurrent
at sub band gap energies has in fact been observed, in silicon doped with
indium [Keevers, 1994]. However, it has not been shown, and it is unlikely,
that such a system could support independent quasi Fermi levels, since the
isolated impurities may act as centres for non radiative recombination via
multiple phonon events.

Another proposal is to use materials which naturally possess multiple
bands of narrow width. Examples are polar semiconductors, such as II-VI
materials or semiconducting oxides, and molecular semiconductors, which
have conduction band widths typically of some tenths of eV. Narrow band-
width materials are also attractive for tandem devices, on account of their
finite band widths, which enhance the photon selectivity in different mate-
rials. Finite band widths are offered by dye molecules, which can be imple-
mented as sensitisers on non absorbing conducting substrates.
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Fig. 10.12. (a) Impurity band semiconductor; (b) Quantum dot minibands.
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Fig. 10.13. Schematic energy-space diagram of intermediate band cell. Selective con-
tacts are needed so that the intermediate band can be isolated from the external circuit,
and the extracted voltage determined by the splitting of conduction and valence band
Fermi levels.

A more elegant but ambitious proposal is to engineer materials with the
desired band structure using low dimensional semiconductor heterostruc-
tures. Complete discretisation of the electronic energy levels can be achieved
using quantum dots. In these nanometre-sized semiconductor particles the
carriers are confined to three dimensions, resulting in an atomic like band
structure of discrete energy levels. If the quantum dot is grown within a
second, wider band gap semiconductor material, then the dot introduces
a discrete level within the band gap of the host semiconductor. A regular
array or superlattice of identical quantum dots leads to a set of minibands
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within the band gap of the host semiconductor. Momentum conservation
for band — band transitions reduces the probability of phonon scattering
events between bands, making separate quasi Fermi level for electrons in
the minibands possible. If the size and spacing of the dots can be controlled,
the energy and width of the minibands can be tuned.

Boz 10.1. Quantum semiconductor heterostructures for multiple band pho-
tovoltaics

Building semiconductor heterostructures on the nanometre scale leads
to confinement of electrons and holes in one, two or three dimensions, and
leads to densities of states which reflect the symmetry of the confining
structure. For a quasi two-dimensional system, such as a ‘quantum well’,
the density of states is quantised in one direction, so that the electron has
kinetic energy

" R2 (k2 + k2)

B=E
2m*

where E, is the energy due to confinement in the z direction, and the
second term is the kinetic energy due to fully delocalised motion in the z
and y directions. Following the approach presented in Sec. 3.3 for a three-
dimensional geometry, we find that the density of states g(E) is a staircase
like function, with each step corresponding to a new confined level or sub-
band E,. The positions of these steps can be tuned by the choice of ‘well’
and ‘barrier’ materials and the width of the well, allowing engineering of the
band structure. When carriers are confined in three directions, a quantum
dot results, with discrete set of energies like a super atom. A regular array
of such dots allows the discrete QD spectra to merge into bands. The dot
dimensions determine the positions of the bands and the array spacing
determines the band width, so that the band structure can be completely
designed. Such systems are the basis of ideas for multiple band solar cells.

Quantum well structures are less suitable for intermediate band struc-
tures because the QW density of states is continuous in energy. A carrier
in one sub-band can always be scattered into a lower band, (with different
in-plane momentum) by phonon interaction. Nevertheless, QWs have al-
ready been exploited for multiple band photovoltaic devices by embedding
a set of quantum wells within the depletion region of a p—i—n structure.
The QWs introduce a new band gap so that photons of low energy may be
absorbed, increasing the current, while still allowing high energy photons to
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be efficiently absorbed in the host material. QW devices appear to benefit
from a difference in quasi Fermi level separation between the wide band
gap and low band gap regions, in contrast to the assumptions of detailed
balance theory that ¢V = Ap at all points. The reasons for this and the
implications have yet to be clarified.

In addition, the loss of symmetry in electron and phonon density of
states in QWs may make quasi 2D systems useful for hot carrier solar cells,
discussed below.

10.7. Increasihg the Work Per Photon using ‘Hot’ Carriers

Multiple band gap approaches are based on capturing photons of different
energy in materials of different band gap, and extracting the photogen-
erated carriers with a chemical potential related to the band gap of the
absorbing material used. An alternative approach is to increase the work
done per photon by harnessing some of the excess kinetic energy of the
photogenerated carriers before they relax. This could be done if electron
phonon interactions could be slowed down so that the photogenerated car-
riers can be collected while still ‘hot’, or if the excess kinetic energy of hot
carriers can be exploited to generate more carrier pairs by a process known
as impact ionisation. The first results in an increased voltage and the sec-
ond in an increased photocurrent. Both rely on similar physics and lead to
identical limiting efficiencies, but we will treat them separately here, since
the routes have been proposed on account of different physical observations.

10.7.1. Principles of cooling and ‘hot’ carriers

Let’s first consider the sequence of events following photon absorption. At
the instant of excitation, the photogenerated carriers have a kinetic energy
distribution which reflects the distribution of photon energies from the sun
and the absorption spectrum of the material. Elastic carrier—carrier scatter-
ing (‘equilibriation’) over the next few hundred femtoseconds brings each
carrier population into a self equilibrium which can be described by a tem-
perature, Ty, and a chemical potential, pn. Ty is greater than the ambient
temperature and in certain cases can be equal to Ts.

Over the next few picoseconds, carriers in the hot plasmas lose kinetic
energy through collisions with phonons until the temperature of the dis-
tribution is reduced to the lattice temperature, T} (‘cooling’). Then each
carrier distribution is in quasi thermal equilibrium with the lattice, and
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Fig. 10.14. Evolution of the carrier energy distributions following photogeneration.

the phonon absorption rate is balanced by phonon emission. However, the
electron and hole populations are not yet in thermal equilibrium with each
other. The populations. of electrons in the conduction band, and of holes
in the valence band, are increased over the equilibrium populations in the
semiconductor in the dark, as though the electron Fermi level had moved
towards the conduction band, and the hole Fermi level towards the va-
lence band, as shown in Fig. 10.14. This Fermi level splitting is equal to
the chemical potential of the radiatioh, and increases with light intensity.
During cooling, the carriers give up kinetic energy as heat to the lattice,
and the entropy of the system increases.

Over a longer time scale the carriers recombine by radiative and non
radiative routes. In the current context we ignore nonradiative processes
which are assumed to be avoidable. (Auger processes are considered in
the next section.) Radiative recombination occurs over nanoseconds to mi-
croseconds, depending on the absorption coefficient of the material. The
effect of recombination is to reduce the electron and hole populations and
move the quasi Fermi levels back towards the equilibrium position. Under
constant illumination, populations achieve a steady state where the photo-
generation rate is equal to the sum of the recombination rate and the rate
of carrier extraction (as electric current). This balance determines the elec-
trochemical potential and the power output of the cell. For efficient energy
conversion the rate of carrier extraction should be comparable with or faster
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than the rate of recombination. In the conventional picture, the first two
processes of equilibration and cooling are assumed to be complete for any
carrier before it is extracted, and only recombination needs be considered
in determining the power output of the cell.

The central concept of the hot carrier solar cell is that cooling need not
be complete before carriers are extracted. If extraction can be speeded up,
or cooling slowed down, then some of the carriers can be extracted while still
hot and deliver some of their excess kinetic energy to the electrical output
of the cell. These conditions could arise in systems of unusual electronic
and phononic structure. (Cooling is influenced by the availability of both
phonons of appropriate energy and momentum to absorb electronic kinetic
energy and of lower energy states for the carriers to be scattered into.) A
further requirement is that the contacts are designed to allow adiabatic
cooling of hot carriers during extraction. Some proposed practical schemes
are discussed below.

10.7.2. Analysis of the hot carrier solar cell

To calculate the maximum efficiency of the hot carrier solar cell we con-
sider the limit where there is no carrier—lattice scattering. We consider a
material of band gap F, and make the usual assumptions for the limiting
photovoltaic efficiency: that all photons of E > E, are absorbed; that each
photon generates one electron-hole pair; and that radiative recombination
is the only loss process. As usual, illumination is provided by a black body
sun at temperature Ty and geometric factor Fs. (The formulation of this
section is based on [Wuerfel, 1997] and [Ross, 1982].)

After photogeneration, each carrier population equilibrates through
carrier—carrier scattering. At equilibrium, the Gibbs free energy is min-
imised and therefore the quantity

> mdns

is conserved through any scattering event, where 7; is the electrochemical
potential of carrier 4 and dn; the particle number. For the electron scattering
event e1 + eg — es3 + ey, it follows that

Te1 + Me2 = Te3 + Ned (1028)
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since dn; = 1 for each carrier. Since carrier scattering is elastic, the kinetic
energies obey

Eo, + Eez = Ee3 + Ees (10.29)

These equations are satisfied for all carrier pairs when 7; depends on kinetic
energy through

n = no + vEi (10.30)

where v and 79 are constants. If v = 0 we have the familiar case that all
carriers at equilibrium have the same electrochemical potential. In the ab-
sence of electron-lattice scattering, the solution 7y > 0 is also valid [Wuerfel,
1997]. Assuming a similar relation for the holes (in principle the value of
~ may be different for holes), we have for the chemical potential of the
electron-hole pair

Ap = 0eo + 1o + V(Ee + En) - (10.31)

Hence the chemical potential of an electron-hole pair generated by a photon
of energy E is given by

Agp== pp + & (10.32)
where
o = Meo + 1o — Vg - (10.33)

The constants 7e0, Tho depend upon the extraction conditions.
Now, by considering interaction with photons of energy E, the carriers
will be distributed according to the function

1

f = @—Aw/ =T 4 1 (10-34)

where T}, is the (ambient) temperature and Ay the energy dependent chem-
ical potential, Eq. 10.32 above. By rewriting f as

1

= cE(1—7)/ksTa—po/kpTa ] (10.35)

it is evident that the same distribution can be described by a single chemical
potential, um, if the temperature is defined as

(10.36)
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Then

Ap= MH% + B <1 — %) i (10.37)
(The same relations follow by considering the entropy change per absorbed
photon.) This means that the luminescence from the carrier distribution
is exactly equivalent to that from a distribution at temperature Txy and
chemical potential uy, and so it is meaningful to consider the carriers as
being at a hot temperature TH.

This enables us to calculate the current output. As usual in the radiative
limit, J is given by the difference between the net absorbed and emitted
photon flux

J(V) = Q{XfSN(Eg’ 0, TS, 0) - N(Eg’ o0, TH, 'U'H)
+ (1= X f)N(Eg, 00,Ta,0)} - (10.38)

Note that in the case of full concentration, X fs becomes equal to 1 and the
final term in Eq. 10.38 vanishes.

For the hot carrier device, the dependence of V on pg is no longer trivial.
On extraction, the carriers must cool to the ambient temperature T3 and
in so doing the chemical potential of the extracted carriers will increase.
For maximum work, this cooling should be done at constant entropy. This
is possible if electrons and holes are withdrawn through separate contacts
of extremely narrow energy range, AE < kgT', so that no kinetic energy is
lost during cooling. At constant entropy Eq. 10.37 is valid, and the chemical
potential of the extracted carriers is given by

T, I
Lout = “H'T_; + Bout (1 — ﬁ) (10.39)
where Eoyt is the energy separation of the electron- and hole-selective con-
tacts. Thus the voltage output is V' = lout /q and the extracted power is

P(V) = %ﬁ x i (10.40)

This description is valid so long as carrier extraction is slow compared to
carrier—carrier scattering. It is assumed that the equilibrium distribution
of carriers is unaffected by the extraction of carrier pairs. Fast carrier scat-
tering replenishes the population of carrier pairs with energy Fous as the
carriers are extracted.
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One more condition is required to calculate the power output. This
comes from the conservation of energy within the hot device. Since energy
is introduced only through photon absorption and is lost only through power
extraction and hot carrier emission, we can write

JEout = Q{XfSL(Ega 0, TS7 0) - L(Ega 00, TH) ,U'H)
+ (1= X f3)L(Eg, 00,Ts,0)} . (10.41)

We can now calculate the current—voltage characteristics of the system.
The performance of the hot carrier systems depends upon three externally
determined, or design, parameters: Eo,¢ as well as the usual parameters of
Ey and V. The value of Equt importantly influences the performance of the
device as a solar cell.

For a given Eg; and Egy; the device operates as a solar cell over a range
of V' from 0 (short circuit) to V,¢, where J = 0. Varying the output voltage
controls the temperature of the carriers. At short circuit where all photo-
generated carriers are collected, tiout = 0, and T' = T}, in all cases; i.€.,
there is no hot carrier effect. As V is increased towards Vo, J decreases
due to increased radiative recombination, and Ty increases towards a max-
imum value which is clese to Ts at open circuit. During this cycle, the
behaviour of uy is rather counterintuitive: uy becomes more negative as
the output voltage is increased, unlike the usual case where Ay increases
exactly as V.

It may be helpful to think of this behaviour in terms of energy balance,
since the photogenerated carriers introduce excess kinetic energy which is
conserved during elastic scattering and not lost by cooling. At short circuit,
all carriers introduced by the light are extracted, and so contribute no
excess kinetic energy to the carrier distribution in the solar cell. Therefore
Ty = T,. As output voltage is increased, the carrier density in the cell
increases, the kinetic energy per carrier increases on account of the more
energetic photogenerated carriers, and so the temperature of the carrier
distribution increases. At open circuit where no carriers are extracted, the
photogenerated carriers contribute the maximum kinetic energy and Ty has
its maximum value. In the limit of full concentration and small band gap,
Ty at open circuit is equal to T5.

Once E; and Eoy, are determined, the current—voltage characteristic for
the hot carrier device can be found by varying V between 0 and V. The
maximum power point will correspond to certain values of Ty and up. A
family of J-V curves are illustrated in Fig. 10.15. Notice that the curve is
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Fig. 10.15. Calculated current—voltage characteristics for a hot carrier solar cell in an
unconcentrated black body sun. Curves for different values of the extraction energy,
Eous, are shown, and the maximum efficiencies for each curve are given. Notice how the
knee of the curve is almost square in the highest efficiency case. '

much squarer than those for the radiative limit, consistent with a higher
efficiency. In the radiative limit, the curvature of the J-V curve is due to
the radiative current rising like exp(V/kgT) at constant 7'. For the hot
carrier cell, although losses are still radiative, the temperature is increasing
as V increases, and the shape no longer described by a single T'.

Efficiency can be calculated as a function of the design parameters, Eg
and E. For comparison with the radiative limit, it is convenient to make
E,ut a variable parameter and find the values of V and Eoyut which lead to
the highest output power for each Ej. Those values will correspond to par-
ticular values of Ty and . (Indeed, the calculation simplifies if we consider
Ty and uy as optimisable parameters rather than the design and operation
variables of Eou: and V.) Figure 10.16 shows the maximum efficiency as
a function of Eg, together with the corresponding values of Eout, TH, and
py. For full concentration, 7 has a maximum of ~ 85% at a temperature
of 3600K and a band gap of a few tenths of eV. For an unconcentrated
black body sun 7 has a maximum of ~ 65%. The temperature for maxi-
mum power is unaffected by concentration, in contrast to the case of impact
ionisation, discussed below.



316 The Physics of Solar Cells

0.9 | Full concentration

Ry,
RV

0. 8 | ...q%.‘zv:-.ﬁ:%

0.7 +

0.5 +

iciency

0.4 -

Eff

02

01

0 0.5 1 1.5 2

Band gap / eV

Fig. 10.16. Calculated efficiency as a function of band gap for hot carrier solar cell
under full concentration and 1-sun illumidation by a 5760K black body sun.

10.7.3. Practical strategies

There are two materials requirements for hot carrier devices: a photoactive
material where cooling is slower than transport to the contacts; and con-
tact materials which permit selective electron or hole extraction through a
narrow energy band.

In typical bulk semiconductor devices, cooling occurs in less than 10
ps, while carrier extraction may take nanoseconds or longer. The rate of
cooling depends upon the availability of phonons of appropriate energy and
momentum to scatter the excited carriers into lower energy states. Phonons
fall into two groups: acoustic phonons, which typically have energy of a few
meV at room temperature and longitudinal optical (LO) phonons which
have a higher energy — typically 30-40 meV in III-V semiconductors at
room temperature. LO phonons are most likely to be involved in cooling hot
carriers. The phonon momentum distribution in a bulk material is approxi-
mately isotropic but related to the crystal band structure. Since the density
of electron states in a bulk semiconductor is continuous, and isotropic, a
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carrier in an excited state has a high probability of being scattered into
an unoccupied, lower energy state by a suitable phonon. This can be pre-
vented if (i) thereis a shortage of phonons or (ii) there are no available
electron states within a phonon energy. The first situation arises under
very intense illumination. At high enough injection levels, there may not
be enough phonons for all the photogenerated carriers to relax promptly,
and in the steady state the energy distribution of the carriers is hot. In
addition, the strong interactions of higher energy phonons with the hot
carrier distribution disturbs the equilibrium of the phonon distribution, so
that the phonons themselves may become hot, and less effective at cooling.
However, this requires very high light intensities, orders of magnitude more
intense than the sun.

Slowed cooling may be observed more easily in semiconductor structures
of reduced dimension. In quantum wells, carriers are confined into two di-
mensional slabs and the electronic structure is quantised into sub-bands.
Although the density of states is still continuous, it is highly anisotropic
and an excited carrier may only be scattered into a lower energy level by
a phonon of the correct momentum (for intra sub-band transitions, the
phonon wavevector must lie in the plane of the QW). Greatly increased
cooling times and hot electron spectra have been observed in QWs of GaAs
in Al,Gaj_xAs, with cooling times of up to 1000 ps compared to less than
10 ps for bulk GaAs, at light intensities of 10* suns. (The carrier temper-
ature can be observed experimentally from the energy distribution of the
photoluminescence spectrum.) For a review, see Nozik [Nozik, 2000].

Quantum dots (QDs) are potentially more useful. Carriers in a QD are
confined in all dimensions and the electronic structure is quantised into
discrete levels. If the spacing of these levels is larger than the energy of
the most energetic phonon, then scattering of a carrier from an excited
to a lower energy state through a single phonon interaction is impossible.
Carriers could only relax via multi phonon interactions which are expected
to be relatively very slow. This is the phonon bottleneck effect, mentioned
above in the context of intermediate band solar cells. Slowed cooling has
been observed in QD structures, again under high injection conditions, but
not to a greater extent than in QWs, and the predicted phonon bottleneck
is not seen. In practice, alternative relaxation mechanisms, such as Auger
recombination and trap assisted relaxation, may operate.

An alternative strategy is to make use of structures where the charge
separation is extremely fast. Interfacial charge transfer at semiconductor
_electrolyte junctions and in heterogeneous molecular systems can be very
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fast: for instance, in dye sensitised solar cells, electrons are injected from
a molecular sensitiser into a bulk semiconductor in less than a picosecond
[Hagfeldt, 2000]. The injected carriers are inevitably hot, and this could
be exploited if they could be collected before cooling. This would require
very thin devices, to reduce the transit time of the injected carrier to the
contacts. The challenge will be to combine high optical absorption with
short transit times.

The second requirement is selective contacts with a narrow energy band.
Usual contacting materials, such as metals or heavily doped semiconductors,
are not suitable but low dimensional semiconductor structures may again
be useful. One possibility is to a superlattice structure, where the density
of states is quantised into bands, which may be made narrow and well
separated by choosing the materials and periodicity carefully.

In the analysis of practical hot carrier systems, cooling by phonon inter-
actions cannot be ignored. The drift-diffusion and carrier continuity equa-
tions which are used to analyse normal semiconductor devices are based
upon thermalised carrier populations and do not apply. To allow for spatial
variations in the carrier temperature, a further continuity equation must
be introduced. This is the energy balance equation. In the steady state the
electron kinetic energy flux S, obeys

VEn = JnF OF Wrelax i 2 Wgen + Wrec (10‘42)

where the first term represents the gain in kinetic energy through electron
acceleration by the electric field, Wrelax 1s the loss of kinetic energy by
relaxation, Wgen the loss by electron recombination and Ween the genera-
tion of kinetic energy by optical generation. A similar equation applies for
hot holes. These should be solved along with the current and continuity
equations and Poisson’s equation, leading to profiles for the carrier kinetic
energy (which is effectively the carrier temperature, since kinetic energy
= 3/2kgT) as well as for carrier density, current density and electric field.
Note that in defining the current, the contribution due to a gradient in car-
rier temperature (the Seebeck effect) must be included. For further details
see [Lunsdtrom, 1990; Hanna, 1997.]

10.8. Impact Ionisation Solar Cells

The final route, to be discussed here, to increasing the work done per pho-
ton is impact ionisation. This is a scheme where a relaxation process is
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introduced which competes with cooling and leads to further carrier pair
generation. In the following analysis we will see that the impact ionisation
solar cell is closely related to the hot carrier solar cell.

Impact ionisation, or Auger generation, is the reverse of Auger recom-
bination. In Chapter 4 we saw that Auger recombination is a three body
process, where an electron collides with a second electron, or with an im-
purity, recombines with an available hole and gives up its electrochemical
potential energy as kinetic energy to the second electron. In the reverse pro-
cess, an energetic electron collides with the lattice and gives up its kinetic
energy to excite a further electron across the band gap. In the context of a
photovoltaic device, this means that the quantum efficiency for light with
E > 2E, can be greater than one. These high energy photons are capable
of multiple pair generation. This effect has been observed, and attributed to
Auger generation, in germanium photodiodes at photon energies £ > 2.5 eV
(Eg = 0.7 €V) and in silicon diodes for £ > 3.3 eV (Eg = 1.1 eV) [Werner,
1995].

In Auger processes energy and momentum must be conserved. Suppose
an electron ey with kinetic energy Fe1 and momentum ko1 relative to the
symmetry point kg causes generation of a pair eg, ha. Then

key = ki1 + ke2 — kna (10.43)

Bo

I+ k ko k
Fig. 10.17. Energy-momentum band structure diagram showing the conditions for
Auger generation.
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and
PR Eél + FEeo — Ehpo . (10.44)

Auger generation events depend on availability of electron and hole states
at correct k and F and therefore the band structure is most important
in determining the probability of generation events. The conditions on the
band structure for effective Auger generation have been discussed by Werner
et al. [Werner, 1994] and are summarised at the end of this section.

10.8.1. Analysis of impact ionisation solar cell

In the following paragraphs we develop the theory for the limiting efficiency
of a cell admitting multiple pair generation, as developed by Wuerfel [Wuer-
fel, 1997]. The different analysis proposed by the inventors, Werner, Bren-
del, Kodolinski and Queisser, has subsequently been shown to be flawed, in
a thermodynamic respect. This original analysis is appended at the end of
this section.

To calculate the maximum efficiency for an impact ionisation solar cell,
we will assume that all the conditions for multiple pair generation are sat-
isfied. The reverse process of impact ionisation, Auger recombination, must
be included to satisfy detailed balance. We will assume that carrier relax-
ation by phonon interactions is sufficiently slow that it can be ignored.
Therefore, the photogenerated carriers are allowed to equilibriate, but not
to cool, and they may recombine only by radiative or Auger recombination.
We know from Eq. 10.31 that the electrochemical potential of an equilibri-
ated carrier pair depends upon the carriers’ energy as

Ap = nNeo + Mo + ¥(Ee + En) - (10.45)

When Auger recombination is allowed, an equilibrium will be established
between Auger generation and recombination, where a number dn; of
electron-hole pairs of energy Fen1 and chemical potential Apen; are trans-
formed into a number dns pairs of energy Feno and chemical potential
Aptenz. The conditions of energy conservation and minimisation of the free
energy » . pidn; mean that the electrochemical potential must be propor-
tional to the carrier energy, hence
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Considering the luminescence from such a distribution we find, as before

(Eq. 10.36), that the distribution can be described by a raised temperature
v &

and a chemical potential pug = 0. Zero chemical potential is expected for a

thermal distribution where particle number is not conserved.

In calculating the power conversion efficiency we proceed as in the hot
carrier case, except that the current can no longer be related to the dif-
ference of solar generation and radiative recombination (because additional
current is generated through impact ionisation). Instead, the output current
is calculated from the energy balance

JEout = ¢{X foL(Eg, 0, Ts,0) — L(Eg, 00,TH,0)
+{1 — X f;)L{Eg, 00,T5,0) } (10.46)
and the power density is given by

T
P=JV=gq (1 = T) (X fsL(Eg, 00, Ts, 0) — L(Eg, 00, T, 0)

€

+ (1 = X fs)L(Eg, 00, Ta,0) } (10.47)

where the output voltage, V, is related to the extraction energy Fout
through

1 404
V= q,uout Eout (1 TH) . (10.48)
The energy balance, expressed by Eq. 10.47, is equivalent to that used in
the hot carrier solar cell. It is still valid because Auger processes conserve
energy, although they do not conserve particle number.

Although three design parameters (Eg, Eout and V') appear to be needed
to find the J-V characteristic of an impact ionisation cell, only two of these
are independent. Notice that P depends only on two parameters, Eg and
Ty, the second of which can be controlled by varying either V or Eout.
This means that for the impact ionisation solar cell, the extraction energy
E, 4t makes no difference to the maximum efficiency. As with the hot carrier
solar cell, Ty varies from its minimum value of T, at short circuit, to its
maximum value at open circuit as V is increased. The value of Ty at the
maximum power point depends upon the level of illumination.
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Fig. 10.18. Efficiency as a function of band gap for impact ionisation solar cell under
1-sun and full concentration.

Power conversion efficiency is plotted as a function of band gap in
Fig. 10.18. For an unconcentrated black body sun, efficiency has a maximum
of 55% at a band gap of around 1 eV. Under full concentration, the effi-
ciency reaches a maximum of 85% at Ty = 2460 and a small, vanishing
band gap. The behaviour under full concentration is identical to that of
a fully optimised hot carrier cell. Once a;gain, this maximum performance
under full concentration corresponds to the thermodynamic limit.

It is interesting to note that, except in the case of full concentration,
impact ionisation leads to a lower limiting efficiency than simply prevent-
ing cooling, as in the case of the hot carrier cell. This suggests that a band
structure conducive to impact ionisation may not be a desirable property
of a high efficicency photovoltaic material. However it has the advantage of
easier design conditions (Foy; does not need to be optimised to obtain the
maximum performance). Moreover, in realistic systems, impact ionisation
needs to be considered in competition with relaxation by phonon interac-
tions. In such conditions, the hot carrier device would not necessarily out-
perform the impact ionisation device, even at less than full concentration.

An alternative analysis of the impact ionisation solar cell was proposed
by the inventors [Werner, 1994, 1995]. In their theory, it is assumed that the
electron and hole populations are in thermal equilibrium with the lattice, at
temperature T,. This assumption is incompatible with suppressed carrier
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cooling. This approach also arrives at a photon energy dependent chemical
potential, but for a different reason, and leads to identical limiting efficiency
of 85% under full concentration as Eg — 0. The approach differs from the
above in the models of recombination: above we consider that a single hot
electron-hole pair with chemical potential y = pE recombines to produce a
photon of energy E. In the WKBQ model, multiple carrier pairs at =%
(with Ap = ¢V') recombine to give a single photon. This multiple carrier
recombination process is physically very unlikely.

Practical strategies

Since suppressed phonon interactions are a condition for impact ionisation
solar cells, the practical strategies discussed above in the section on hot
carrier devices apply, as does the requirement for contact materials with
very narrow energy ranges, to allow isoentropic cooling.

In addition, the electronic band structure should favour impact ionisa-
tion. The conditions for this are discussed by Werner et al. [Werner, 1994].
They include the requirement for direct points in the band structure with
band gap greater than twice the fundamental band gap; the requirement
that valence band and conduction band be parallel over wide ranges of k
(this allows carrier pairs to be generated so that only one carrier possesses
the excess energy); and the requirement for strong light absorption at points
which permit Auger generation. The first two of these imply that the mate-
rial should have an indirect band gap, as do silicon and germanium. Finding
the atomic or crystal configuration which generates the ideal band struc-
ture for multiple pair generation is an inverse problem, (inverse of solving
the Schrédinger equation) and so far has not been attempted.

10.9. Summary

The limiting efficiency for a single junction solar cell, from considerations
of the detailed balance between absorbed and emitted radiation, is around
31% in unconcentrated sunlight. In principle, this limit can be increased by
relaxing one or more of the assumptions on which this calculation is based.
In this chapter we have presented a number of routes to increased efficiency.
These are based on: (1) the preferential absorption of photons of different
energy in materials of different band gap, which is the basis of tandem
and multiple band solar cells; (2) the exploitation of radiative transitions
between the principal valence and conduction bands and an intermediate
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band; (3) the rapid collection of photogenerated carriers to make use of their
kinetic energy before they reach thermal equilibrium with the environment,
and (4) the generation of multiple carrier pairs by absorbed photons with
energy greater than the band gap.

All of these strategies place exceptional demands on the materials used.
Ideally, high quality materials are needed so that non-radiative recombi-
nation can be eliminated. Materials of extraordinary electronic and opti-
cal properties are needed to engineer the required band structure. Nanos-
tructured materials, including low dimensional semiconductor structures
and quantum dots, are cited as possible ways of realising the hypothetical
structures.
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