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1. INTRODUCTION

Solar cells made of III—V semiconductors reach the highest efficien-
cies of any photovoltaic technology so far. The materials used in such solar
cells are composed of compounds of elements in groups III and V of the
periodic table. Figure 1 shows the development of record efficiencies of
[HI—V multijunction solar cells under concentrated sunlight over the last
two decades. An impressive increase from about 32% in the early 1990s to

Practical Handbook of Photovoltaics.
© 2012 Elsevier Ltd. All rights reserved. 417



418

Simon P. Philipps et al.

45

40}

35+

Efficiency [%]

Realized efficiencies of 111-V concentrator solar cells

30
1992

1995

1998 2001
Year

2004 2007 2010

Figure 1 Development of best-realized efficiencies of lll—V multijunction concentrator
solar cells. Data are based on the Solar Cell Efficiency Tables, in which record efficien-
cies have regularly been published since 1993 [1]. The latest edition considered here is
reference [2].
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Figure 2 (a) Schematic structure of a monolithic GalnP—GalnAs—Ge triple-junction
solar cell, which represents the state-of-the-art approach for lll—V multijunction solar
cells. (b) Spectral irradiance of the AM1.5 spectrum together with the parts of the
spectrum that can be used by a triple-junction solar cell.

more than 43% in 2011 has been achieved. The prerequisite for such high
efficiencies is the ability to stack solar cells made of different III—V semi-
conductors. This enables an efficient use of the solar spectrum. Figure 2(a)

shows a scheme of a typical triple-junction solar cell. Three subcells consist-
ing of GalnP, GalnAs, and Ge are stacked on top of each other and are
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series interconnected by tunnel diodes. The key to efficient use of the solar
spectrum is that each subcell has a higher band gap than the one below it.
In this way, each subcell absorbs light from a spectral range closest to its
band gap, hence reducing thermalisation losses (Figure 2(b)). Moreover,
transmission losses can also be reduced if the lowest band gap of the stack
has a lower band gap than do the conventional single-junction solar cells.

This approach results in a device with only one positive and one negative
contact. As the subcells are connected in series within the multijunction solar
cell, the total current is limited by the lowest current generated by one of the
subcells. Therefore, current matching of the subcells is a central design aspect
for III—V multijunction solar cells, which will be discussed in more detail in
this chapter. In recent years, III—V multijunction solar cells have usually
been grown by metal-organic vapour phase epitaxy (MOVPE) reactors,
resulting in favourable economics of growth as well as high crystal quality.
Large-area commercial MOVPE reactors are available from different
companies.

[II—-V multijunction solar cells are used in different applications, the
most prominent being satellites and space vehicles as well as terrestrial con-
centrator systems. Record efficiencies of 34.2% (AMO, 1367 W/m?) [3]
and 43.5% (AM1.5d, 418 suns) [2] have already been realized in these
fields. Intensive research is ongoing to further optimize the cell structures
in order to achieve even higher efficiencies. Various approaches for III-V
multijunction solar cells are currently investigated. This chapter sum-
marizes the state of the art as well as recent trends of these devices. The
first part describes special features of III—V multijunction solar cells in
comparison to conventional single-junction solar cells. The second part
discusses some of the diftferent approaches and designs for III—V solar cells.

S 2. SPECIAL ASPECTS OF IlI-V MULTIJUNCTION
SOLAR CELLS

[I-V multijunction solar cells differ from conventional single-
junction solar cells in several aspects. This section introduces these features.

2.1 Fields of Application and Reference Conditions

[I-V multijunction solar cells are used in different applications. They
have become the state-of-the-art photovoltaic power generator for satel-
lites and space vehicles [4]. This development was driven by the fact that
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[I—V multijunction solar cells are particularly suitable for specific needs
in space. They offer high reliability, a high power-to-mass ratio, excellent
radiation hardness, small temperature coefficients, and the possibility to
operate at high voltage and low current [5]. Despite their higher produc-
tion costs compared to silicon solar cells, III—V multijunction solar cells
are integrated into flat-plate modules for space applications. This becomes
feasible as the determining measure for cost in space applications are €/kg
rather than €/W,, as in terrestrial applications. The different measure ori-
ginates from the consideration of launch costs as well as of spacecraft
attitude control [6]. Due to their higher power-to-mass ratio (W/kg),
flat-plate modules of III—V multijunction solar cells are beneficial under
these cost considerations.

The use of III—V multijunction solar cells in flat-plate modules on
Earth would currently be too expensive. However, the expensive cell area
can be reduced by using a cost-efficient concentrating optic. In recent
years, many companies have implemented this idea by placing III-V
multijunction solar cells into terrestrial concentrator systems. Most of
these systems use high concentration factors above 400, which enables a
significant cost reduction and also leads to higher efficiencies. An exten-
sive overview about CPV can be found in reference [7]. For a recent
review on the status and forecast of CPV efficiencies, see reference [8].

In addition to their use in space and terrestrial concentrator systems,
III-V solar cells are also used in several niche applications. One of these
is thermophotovoltaics (TPV). In such systems, light from an emitter
other than the sun is converted to electricity by photovoltaic cells. The
emitter can either be a flame or a material that is heated to a temperature
between 1000°C and 1500°C [9] by the sun or by burning fuel. As the
emitted spectrum is shifted toward longer wavelengths compared to the
spectrum of the sun, TPV photovoltaic cells need to have a rather small
band gap. Materials like Ge, GaSb, and InGaAs(Sb) are suitable. TPV
could, for example, enable the use of industrial waste heat for electricity
generation and offer advantages like high-power density outputs, in-phase
supply and demand, and potential low cost [10]. A detailed overview
about TPV can be found in references [11,12].

[IT—V photovoltaic cells are also used as laser power converters, which
convert light emitted by a laser into electricity [13—18]. This is a promis-
ing alternative to using copper wires as source and load can be electrically
isolated giving improved safety, e.g., in explosive areas as well as reducing
the influence of electromagnetic pulses and interferences. Possible
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applications of these power-by-light systems are sensor applications in
industrial monitoring as well as medical diagnostic tools [18]. Recently,
an optically powered camera video link was realized, which proves that
complex information can be transmitted in such a system [19].

Depending on the intended field of application III—V multijunction
solar cells are rated with different reference spectra. For space applications
the reference spectrum AMO (with a total irradiance of 1367 W/m?) is
used [20]. For terrestrial concentrator applications the AM1.5d spectrum
(1000 W/m?) is applicable, which only takes direct irradiance into
account. Due to the concentration of the incident light a concentration
ratio needs to be indicated for measurements under AM1.5d. The unit of
this factor is ‘suns’ with ‘1 sun’ corresponding to unconcentrated incident
light. For solar cells in conventional flat-plate modules on Earth the global
AM1.5 g spectrum is applicable. Both terrestrial reference spectra are cur-
rently defined in the norm ASTM G173 03 [21].

2.2 Band-Gap Choice

One of the benefits of using III—V semiconductors for multijunction
solar cells is the wide flexibility in band-gap combinations that can be
realized. Thus, the first decision to be made when designing a 11—V
multijunction solar cell is the number of junctions and band-gap combi-
nations to be chosen. Ignoring possible restrictions due to other material
properties such as lattice constant, achievable material quality and avail-
ability, the question of choosing the optimal band-gap combinations
comes down to optimizing in which parts the solar spectrum should be
divided by the multijunction solar cell (see Figure 2). This determines on
one hand the current densities of the subcells and on the other hand their
voltages.

Different models are used for this optimisation (for an overview see
Kurtz et al. [22]). One widely used method is the ‘detailed balance
approach’ suggested by Shockley and Queisser [23], which allows us to
calculate the theoretical conversion efficiency of a solar cell with a given
band-gap energy under a defined spectrum. Only radiative recombination
is considered because this is the only unavoidable recombination mecha-
nism. In addition, ideal solar cells are assumed that have an external quan-
tum efficiency of unity and behave according to the one-diode model. As
a rule of thumb, between 70% and 80% of the theoretical efficiencies can
be achieved in reality. This approach was, for example, implemented for
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Figure 3 Theoretical efficiency limit versus number of p—n junctions under the refer-
ence spectrum AMO (1367 W/m?) for space applications [20] as well as under the ref-
erence spectrum AM1.5d (500 X 1000 W/m?) for concentrator solar cells [21]. The
calculation was carried out with the program etaOpt [24], which implements the
detailed balance approach of Shockley and Queisser [23].

single and multijunction solar cells in the program etaOpt [24], which is
also available for download on the Website of Fraunhofer ISE. Figure 3
shows the maximum efficiencies (AM1.5d, 500) suns calculated with
etaOpt for different numbers of p—n junctions. The numbers in the bars
indicate the optimal band-gap combination. The efficiency increases with
the number of subcells. However, the gain of efficiency for any additional
junction gets smaller with increasing number of junctions.

In recent years a trend toward evaluating the potential of different
band-gap combinations and solar cell concepts for terrestrial concentrator
applications in terms of energy yield is observable, e.g., [25—29]. This is
motivated by the fact that the main value of interest in real applications is
not the efficiency under a reference spectrum but the annual energy pro-
duction under realistic operating conditions. Since multijjunction solar
cells are known to be sensitive to changes in the solar spectrum, e.g.,
[25,30—34], spectral variation throughout day and year should be taken
into account when calculating the annual energy production of these solar
cells. Owing to this aspect the potential of several solar cell concepts dis-
cussed in this chapter is evaluated with the energy-harvesting efficiency
which is the total energy produced by a cell in a year divided by the inci-
dent solar energy at the investigated location [26].
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2.3 Band Gap Versus Lattice Constant

Realizing III—V multijunction solar cells with an optimal band-gap com-
bination can be a challenging task. To understand the problems it is
important to note that each (III—V) semiconductor is characterized by a
band gap as well as a characteristic lattice constant. Figure 4 shows the
relation between band gap and lattice constant for various semiconductors
which are important for III—V solar cells. The band-gap combination of
the most common Gag 50lng 50P—Gag g9lng g1 As—Ge triple-junction solar
cell (Figure 9) is indicated as an example. As all materials in this structure
nearly have the same lattice constant, the approach is called lattice matched.
In contrast to this devices with material combinations that are not lattice
matched to each other are called lattice mismatched or metamorphic.
Growing layers with different lattice constant on top of each other
causes the formation of dislocations which need to be confined in order to
ensure high material quality. As a high number of dislocations can already
be expected for a relatively low lattice mismatch of 1—-2%, it is obvious
that particular care has to be taken when realizing metamorphic structures.
Another approach for realizing multijjunction solar cells is to fabricate
individual solar cells with different band-gap energies, which are then
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Figure 4 Band gap as a function of lattice constant for exemplary semiconductors. Ternary
compounds are indicated by lines between binary crystals. Solid lines refer to direct band-
gap semiconductors, and broken lines mark indirect band-gap semiconductors. The band-
gap combination of the most common lattice-matched GagsolngsoP—GaggslngorAs—Ge
triple-junction solar cell is marked.
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stacked mechanically (e.g., [35]). The main advantages of this approach
are that the individual cells do not need to be lattice-matched and that
each solar cell can be contacted individually. Mechanically stacked III—-V
multijunction solar cells show good efficiencies (e.g., [36—39]). However,
the complexity of fabrication and assembly as well as the higher material
costs due to the multiple substrates usually lead to higher overall costs
than for monolithic multijunction solar cells. Therefore, this approach has
been used less frequently in recent years.

2.4 Tunnel Diodes

The heart of the subcells in most multijunction solar cells is realized as a
thin n-doped emitter on a thick p-doped base layer. Stacking such
n-on-p junctions would lead to p-on-n diodes in between the subcells,
which would block current flow. Thus, solutions for the interconnection
of the subcells need to be implemented.

A suitable interconnector must have a low electrical resistivity and a high
optical transmissivity, and it has to be integrated into the structure. Esaki
interband tunnel diodes [40] have become standard for this purpose. They
are realized through thin highly doped p-on-n diodes between the subcells.
Figure 5(a) shows the band diagram of an exemplary GaAs—GaAs tunnel
diode. Due to the high doping levels, the quasi-Fermi level (Eg) on
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Figure 5 (a) Schematic band diagram of a tunnel diode. (b) Measured IV curve of a
GaAs—GaAs tunnel diode with a peak tunnelling current density of above 25 A/cm?.
(Both graphs after [41]. Reproduced with permission, © 2008 John Wiley & Sons, Ltd.)
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each side of the p—n junction moves into the valence (Ey) and conduc-
tion (Ec) band, respectively. If a small positive voltage is applied to the
junction full states on the n side become aligned with empty states on
the p side (as shown in Figure 5(b)). Based on quantum mechanical
principles, charge carriers can now tunnel through the barrier. The
right graph in Figure 5 shows an exemplary current—voltage curve of a
tunnel diode. High current densities flow at low voltages. However, the
current flow falls off strongly after the characteristic peak tunnelling
current density as full states on the n side are no longer aligned with
empty states on the p side in the corresponding voltage range. At signif-
icantly higher voltages, the tunnel diode behaves like a conventional
p—n junction, leading to another increase in current. As the targeted
operating range of the tunnel diode is between 0 V and the voltage at
which the peak tunnelling current density is reached, tunnel diodes for
multijunction solar cell need to have a sufficiently high peak tunnelling
current density. Realizing such tunnel diodes is a key issue in the devel-
opment process of monolithic multijunction solar cells especially if high
concentration levels are targeted.

2.5 Characterisation

The series interconnection of the subcells, the wide absorption range, and
possibly high concentration factors pose additional challenges to the
experimental characterisation of III—V multijunction solar cells compared
with conventional single-junction solar cells. One example is the mea-
surement of the external quantum efficiency (EQE). Due to the close
proximity and the series interconnection of the subcells, interactions
between the subcells can lead to measurement artefacts [42—45]. With
adequate measurement routines, the artefacts can be eliminated. A
detailed description of the characterisation of III—V multijunction solar
cells can be found in reference [46].

2.6 Design of Concentrator Solar Cells

A particular challenge arises for III—V concentrator solar cells as various
CPV systems exist today. Therefore, concentrator solar cells with different
sizes and geometries are requested. Figure 6 shows an example of a test
wafer with different solar cell designs. Apart from the different sizes and
geometries, the solar cells differ in the structure of the front contact grid.
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Figure 6 Picture of a solar cell wafer with concentrator solar cells of different
geometry and grid design.

The grid structure has a significant influence on the solar cell performance
and should be optimized for the concentration ratio of the particular CPV
system. The optimisation is usually supported through numerical modelling
(e.g., [47-51)).

The potential of grid optimisation on the efficiency of a GaAs single-
junction solar cell is visualized in Figure 7 [51]. While the measured solar
cell parameters that are linked to the epitaxial layer structure and the anti-
reflective coating were kept constant, the grid design and the solar cell
size were optimized for different concentration levels. Efficiency-versus-
concentration curves are exemplarily shown for optimized grids for 100,
450, and 1000 suns. The solid line indicates the efficiency that can be
reached with the optimal grid and size for each concentration level. Note
that a practical minimum size of 1 mm? is defined here. For comparison,
a curve without this size restriction is also shown. The global maximum
01 29.09% 1is reached at 450 suns.

Other challenges for III—V concentrator solar cells include inhomo-
geneous light profiles caused by the concentrating optics, which can
lead to significantly different current densities throughout the solar
cell (e.g., [52]). In addition, the tunnel diodes within multijunction solar
cells need to be capable of supporting the high current densities (see
preceding discussion).
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Figure 7 Simulated efficiency versus concentration ratio for GaAs solar cells with grid
designs optimized for 100, 450, and 1000 suns. In addition, the highest overall effi-
ciency for grid-optimized solar cells with limited (A= 1 mm?) and unlimited cell area is
shown. The global efficiency maximum of 29.09% is reached at 450 suns. Note that
only the grid structure and the cell size were optimized, whereas the semiconductor
layer structure and the antireflection coating of the solar cell were not changed. (After
[51]. Reproduced with permission, © 2010 John Wiley & Sons, Ltd.)

3. I-V SOLAR CELL CONCEPTS

To further increase the efficiency of III—V multijunction solar cells,
various concepts are currently being investigated by research groups
around the world. Figure 8 shows the approaches that will be discussed in
the following section. Other recent overviews can be found in references
[5,53—55]. Note that the schematic drawings are strongly simplified. In
reality, each subcell consists of many layers, tunnel junctions are placed
between the subcells, metamorphic bufter layers are composed of several
layers, and antireflective coatings are placed on top of the device (see
Figure 9).

The main focus of research nowadays is on III—V multijunction solar
cells with three or more junctions, so this chapter emphasizes these
concepts. Note, however, that single- and dual-junction solar cells are
still also being investigated. What we learn from these simpler devices
might help us optimize more complex approaches. For III-V single-
junction concentrator solar cells a record efficiency of 29.1% (AM1.5d,
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Figure 8 Schematic illustration of the IlI-V solar cell concepts discussed in this chap-
ter. Subcells and metamorphic buffers are indicated. Note that some concepts have
also been realized with different materials and band-gap combinations.
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Figure 9 Exemplary structure of a monolithic lattice-matched lll-V triple-junction
solar cell. The band gap of the subcells decreases from top to bottom. The subcells
are interconnected in series by tunnel diodes within the device.

117 suns) was achieved by Fraunhofer ISE with a crystalline GaAs solar
cell. With the same material, Alta Devices recently realized a thin-film
single-junction solar cell with an efficiency of 28.1% under AM1.5¢
[2,56]. A record value of 32.6% under 1000 suns (AM1.5d) was
achieved by the UPM Madrid with a monolithic Gags1lng 40P —GaAs
dual-junction solar cell [57]. Note that all recent efficiency records can
be found in Green et al. [2]. A historical overview of III—V solar cells
can be found in Chapter Id-1 in this book and in references [58,59].

3.1 Lattice-Matched Triple-Junction Solar Cells on Ge

The state-of-the-art III—V solar cell in space and concentrator applications
is the lattice-matched Gags0lngs0P—Gagoolng o1As—Ge  triple-junction
solar cell, which is shown exemplarily in Figure 9. In this device, all mate-
rials have nearly the same lattice constant (see Figure 4), which facilitates
achieving good material quality. A champion efficiency of 41.6% (AM1.5d,
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364 suns) has already been achieved [60], hence showing the mature status
of the lattice-matched approach.

However, the band-gap combination of this device leads to a not opti-
mal split of the solar spectrum, causing a strong excess current in the Ge
bottom cell. Therefore, various approaches try to overcome the strong
current mismatch by increasing the absorption in the upper two cells (see
sections 3.2 and 3.3) or by integrating an additional junction between the
GalnAs and the Ge subcell (see section 3.7).

3.2 Quantum Well Solar Cells

The deficiency of high excess current in the bottom cell of the lattice-
matched triple-junction solar cell can be partly reduced by implementing
quantum wells (QWs) into the middle cell. These can be realized by thin
alternating layers of GaAs,P;_, and GayIn;_As (Figure 10(a)) [61]. Quantum
wells with a band-gap energy lower than 1.4 eV extend the absorption of
the middle cell toward longer wavelengths [62,63]. Thus, the current of the
middle cell is increased at the expense of a reduction of the excess current in
the Ge bottom cell. The lowest transition energy in the quantum wells and
the number of wells determine the current density, which is achievable for
the middle cell. However, the open-circuit voltage of QW solar cells is
lower than for a cell structure without wells [62]. This drawback can be
compensated by the increased current density due to the QWs. Theoretical
calculations showed that an overall gain in energy-harvesting efliciency
between 3% and 9% relative to the lattice-matched triple-junction solar cell
is possible [28]. In addition, QWs are seen as a possibility to tune solar cells
for specific spectral conditions [29]. Moreover, it was reported that QW
solar cells may lead to higher radiation hardness in space [64].

Triple-junction solar cells with quantum wells have already been experi-
mentally realized. Figure 10(b) shows a sample Gag slngsoP—Gagoolng oy
As—Ge solar cell with 40 QWs in the middle cell [65]. The quantum wells
lead to an increase of the EQE of the middle cell linked with a decrease of
the bottom cell’s EQE. Therefore, a better current-matching of the subcells
can be achieved. For a recent overview about quantum well solar cells, see
references [66,67].

3.3 Upright Metamorphic Growth on Ge

As discussed previously, the band-gap combination of the lattice-matched tri-
ple-junction is not optimal because it leads to large excess current in the Ge
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Figure 10 (a) Schematic band diagram of four QWs in a GaAs solar cell (Reprinted with
permission from [68]. Copyright 2010, American Institute of Physics.). (b) Measured
external quantum efficiency of a Gagsolno.s0P—Gapgglngo1As—Ge solar cell with 40 QWs
in the middle cell (after [65] Reproduced with permission, © 2010 IEEE.). The EQE in the
band-gap region of the middle cell increases, leading to a corresponding reduction of
the EQE of the bottom cell.

bottom cell. This deficiency originates from the large band-gap difterence
between the GaggolngogiAs middle cell (1.41 eV) and the Ge bottom cell
(0.66 V). Calculations show that lower band gaps for the top and middle
cells lead to a higher theoretical efficiency under AM1.5d [69,70] and to
higher energy yields [26,27]. As the band gaps of GayIn;_ P and Ga,In;_(As
decrease with increasing In content, these materials can also be used to realize
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a more optimal band-gap combination. However, an additional technical
challenge arises as the lattice constant increases with higher In content (lower
band gap, see Figure 4). The monolithic growth of materials with different
lattice constants leads to misfit dislocations that deteriorate the material qual-
ity. Therefore, lattice-mismatched or metamorphic approaches require ade-
quate strategies to mitigate the effect of dislocations. This is achieved through
the implementation of adequate buffer structures between the Ge bottom cell
and the GalnAs middle cell [71,72]. These buffer structures increase the
lattice constant gradually and hence reduce or confine dislocations as shown
in Figure 11(a). A comparison of the external quantum efficiency of a lattice-
matched solar cell and a metamorphic triple-junction solar cell is shown in
Figure 11(b). The absorption range of the upper two subcells in the meta-
morphic structure are extended toward longer wavelengths. This leads to
higher current generation compared to the lattice-matched structure.
Efficiencies above 40% have already been realized with two variants of
this approach [70,73], hence proving that the misfit dislocations due to
the differences in lattice constant can be handled successfully within the
structure. It is also noteworthy that the triple-junction solar cell in refer-
ence [70] is well current-matched under AM1.5d. Further improvements
can be expected based on the significantly higher theoretical potential of
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Figure 11 (a) Cross-sectional transmission electron micrograph (TEM) of a step-graded
Gaq,In,As buffer layer grown on Ge (after [70], reprinted with permission. Copyright 2009,
American Institute of Physics.). The In content is increased in seven steps from 1% to 17%
(1—7) followed by another layer with 20% (8), which helps to fully relax the buffer. (TEM
measured at the Christian-Albrechts-University in Kiel, Germany). (b) Comparison of the
external quantum efficiency of a lattice-matched GagsolngsoP—Gagoolnoo1As—Ge and a
metamorphic Gag 3sIngesP—Gaggslng 17As—Ge solar cell (after [74]. Reprinted with the per-
mission of Cambridge University Press.). The band-gap energies of the two upper subcells
of the metamorphic approach are shifted toward longer wavelengths (lower energies).
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Figure 12 Scheme of the production process of IMM solar cells. The epitaxial struc-
ture is grown inverted to the conventional growth direction. The first two subcells
can hence be grown lattice matched to the GaAs or Ge substrate. A metamorphic
buffer gradually increases the lattice constant for the subcell that is grown last. The
substrate is then removed using liftoff techniques. Finally, the epitaxial structure is
processed to solar cells. (lllustration inspired by [79].)

the metamorphic approach in comparison to the lattice-matched
approach [26,27].

3.4 Inverted Metamorphic Growth

A challenge of the upright metamorphic concept on Ge is that the lattice
mismatch is introduced early in the growth process. Thus, imperfections
of the grading buffer can affect the material quality of both upper subcells.
To reduce this possible deficiency, research on inverted metamorphic
(IMM) growth has been intensified in recent years. In the IMM approach,
the growth direction is inverted, hence the top cell is grown first followed
by the other subcells (see Figure 12). The substrate is later removed from
the top cell using liftoff techniques. This approach allows growing lattice
matched on the substrate first, while buffer layers are postponed to later
growth phases. Another possible advantage is that the bottom cell is
grown epitaxially rather than being created by diffusion into the Ge sub-
strate, hence allowing higher flexibility for the bottom cell band gap.
Geisz et al. [75] presented an IMM structure with an efficiency of 40.8%
(AM1.5d, 326 suns). The Gags1Ing 4P top cell (1.83 eV) was grown lat-
tice matched on a GaAs substrate. A bufter is then used to increase the
lattice constant by 0.3% for the Gaggglng o4As middle cell (1.34 eV) fol-
lowed by another buffer for the Gag g3Ing 37As bottom cell (0.89 eV, 2.6%
misfit). Several other IMM designs are also investigated, e.g., in [76—79].
With subcells of GalnP (1.9 V), GaAs (1.4¢eV) and GalnAs (1.0 eV)
Cornfeld et al. [76] reached an efficiency of 32% under AMO (1367 W/m?),
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while Takamoto et al. [79] achieved an efficiency of 35.8% under AM1.5¢
(1000 W/m?).

A possible drawback for the IMM approach compared to Ge-based
structures is the higher complexity of cell processing connected with sub-
strate removal, which may lead to higher production costs and low yield.
Yet these disadvantages might be counterbalanced by lower material costs
if the substrate can be reused. Another benefit of the IMM structure in
particular for space application is their possible lower weight and the
chance to realize flexible devices.

3.5 Bifacial Growth

Another approach that deviates from the conventional growth direction is
bifacial growth [80], which recently led to an efficiency of 42.3%
(AM1.5d, 406 suns) [81]. The specific feature is that subcells are grown
on both sides of a GaAs substrate. First, a graded buffer is grown on the
backside of a GaAs wafer followed by a GalnAs bottom cell (0.95 eV).
The wafer is then flipped within the MOVPE reactor, and a tunnel junc-
tion, a GaAs middle cell (1.42 eV), another tunnel junction, and a GalnP
top cell (1.89 eV) are grown. The advantage of this approach is that the
two upper cells can be grown lattice matched to the GaAs substrate. In
addition, the thick substrate protects the upper two cells from dislocations
originating from the lattice-mismatched GalnAs bottom cell. The com-
plexity of cell processing is similar to upright metamorphic approaches.

3.6 llI-V on Si

Since the early 90s research efforts have been ongoing to grow III—V solar
cells on silicon substrates (1.1 eV), e.g., [82—84|. The interest in this field
has increased in recent years in order to replace the expensive Ge substrate
of today’s lattice-matched triple-junction solar cells with lower-cost Si.
Moreover, the higher band gap of Si compared with Ge leads to an
increase of the theoretical energy-harvesting efficiency by 3% [28].

The main challenges here are to overcome the 4.1% difterence in lat-
tice constant between Si and GaAs and to handle the difference in ther-
mal expansion coefficient. In general, two different approaches need to
be distinguished: direct growth on the Si substrate and wafer bonding.
The first approach requires strategies to ensure sufficient material quality
in the III—-V subcells. As it is extremely challenging to achieve good
material quality for direct GaAs growth on Si (e.g., [83,85]) different
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Figure 13 Different strategies to overcome the 4.1% difference in lattice constant
between GaAs and Si. One option is to first create a Ge layer either directly or
through the use of SiGe compounds to transfer from Si to Ge (e.g., [87,90,91]). Other
options are to use Ga,.,In,P or GaAs,P,., buffers on a GaP nucleation (e.g., [92—95]).
(Graphic from [94]. Reproduced with permission.)

buffer layers are investigated to increase the lattice constant gently. Several
of the investigated strategies are shown in Figure 13. GaAs or GalnP solar
cells on Si substrates have already been demonstrated (e.g., [86—89]).
Research efforts are continuing to realize III—V triple-junction solar cells
on Si with efficiencies close to the potential of this approach.

The necessity of a suitable buffer can be avoided by using dilute
nitrides (Galn)(NAsP). This material system offers a wide band-gap range
from 1 eV to 2 eV and allows choosing materials that are lattice matched
to Si. Yet this promising approach has been limited so far by the short
minority-carrier diffusion length of the dilute nitrides (e.g., [96—98]).

The use of wafer-bonding [53,99,100] relaxes the challenge of realiz-
ing a transition buffer as the silicon bottom cell and the upper subcells
(e.g., a GaInP—GaAs dual-junction solar cell) are grown independently
and then combined through wafer bonding. After the bonding process,
the substrate of the upper two solar cells is removed by using liftoft
techniques such as ion implantation [101] and laser [102], stress-induced
[103], or wet chemical liftoff [104]. Both the liftoff process and the
bonding lead to technological challenges. However, promising
result have already been achieved (e.g., [105—107]). Recently, a
GalnP—GaAs—Si triple-junction solar cell with an efficiency of 23.3%
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under AM1.5d (24 suns) has been demonstrated at Fraunhofer ISE
[108]. It was realized through wafer bonding of a GaInP—GaAs dual-
junction and a silicon solar cell.

3.7 More Than Three Junctions

As shown in Figure 3, the theoretical efficiency limit of a multijunction
solar cell under reference conditions increases with the number of junc-
tions. For applications with rather stable spectral conditions such as satel-
lites in Earth orbit, this trend directly translates into higher efficiencies.
Yet under real operating conditions on Earth or other planets like Mars
[34], spectral changes throughout the day and year need to be taken into
account. To evaluate the effect of an additional junction on the energy
yield, the energy-harvesting efficiency can be studied, for example, using
a model as presented in reference [26]. Figure 14 shows the energy-
harvesting efficiency and the optimal band-gaps for multijunction solar
cells with up to six p—n junctions for the varying spectral conditions
at three exemplary locations [28]. For all three locations, the energy-
harvesting efficiency increases steadily from three to six junctions. Thus,
even under varying spectral conditions, a higher power output for solar
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Figure 14 Calculated energy-harvesting efficiency of ideal multijunction solar cells with
three to six junctions for three different locations on Earth. Calculations are performed
for a concentration factor of 500 suns and a cell temperature of 338 K. Spectral influ-
ences of the concentrator optics are not taken into account. The optimum combination
of band-gap energies is given for each number of junctions. (After [28]. Reproduced
with permission, © 2010 IEEE.)
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cells with increasing number of subcells can be expected. However, the
benefits of adding more junctions become smaller: adding a fourth junc-
tion leads to 5% higher efficiencies on average, whereas a fifth junction
only adds another 3% to the energy-harvesting efficiency. It needs to be
taken into account that the model assumes ideal solar cells. Therefore, it
is an open question if the small theoretically expected gain in energy yield
for solar cells with more than four junctions can be achieved in reality.
Another important point to note is that the ideal band-gap energies at
the three locations only vary by 10—20 meV. This indicates that it is not
necessary to develop a different solar cell for each operating site.

One straightforward approach for III—V multijunction solar cells with
more than three junctions is to grow lattice matched on Ge substrates.
Starting from the standard lattice-matched Gag 50lng s0P—Gag g9lng o1 As—Ge
solar cell, theoretical calculations show that a 1-eV fourth junction placed
above the Ge bottom cell could boost the efficiency significantly. Research
efforts are ongoing to realize such a junction with the quaternary alloy
GalnNAs [60,96,109—111]. Yet up to now, the subcell suffers from a low
minority-carrier diffusion length, leading to current limitation in a four-
junction solar cell. One way to work around this deficiency is to use a five- or
six-junction configuration with a smaller current of each subcell. Such a
device can be realized by adding subcells of AlGalnP and AlGalnAs. Figure 15
(a) shows the internal quantum efficiency of such a six-junction solar cell,
which was recently realized at Fraunhofer ISE [111]. Note that the complex
device is composed of more than 40 semiconductor layers, leaving large room
for ongoing optimisation. The IV characteristic of the six-junction solar cell
under AMO is compared with those of triple- and four-junction solar cells in
Figure 15(b). The voltage increases with the number of junctions, while the
current decreases. The IV characterisation of the four- and six-junction solar
cells was performed under a novel flash simulator with six independently vari-
able light channels, which allows the spectrum to be adjusted for each
junction.

An option for a lattice-matched five-junction solar cell is to include junc-
tions of AlGalnP and AlGalnAs into a lattice-matched triple-junction solar
cell [112,113]. The main benefit of this structure is that the thickness of the
subcells is significantly reduced. Thus, a low minority-carrier lifetime has a
comparably smaller impact, which improves the radiation hardness of the
device. In addition, only well-known materials are used in this structure.
Another approach, which is lattice matched to Ge, is the AlGalnP—
AlGalnAs—GalnAs—Ge (1.95 eV, 1.66 eV, 1.39 eV, and 0.72 eV, respectively)
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Figure 15 (a) Measured internal quantum efficiency of an AlGalnP—GalnP—AIlGalnAs—
GalnAs—GalnNAs—Ge six-junction solar cell. (b) Comparison of measured IV characteris-
tic under AMO of the six-junction solar cell with a GalnP—GaAs—Ge triple-junction and
an AlGalnP—GalnAs—GalnNAs—Ge four-junction solar cell. (Both graphs after [111].
Reproduced with permission.)

four-junction solar cell realized by King et al. [60]. A prototype device already
achieved an efficiency of about 37% (AM1.5d, 500 suns) in preliminary
measurements.

A different route to realizing III—V solar cells with more than three
junctions is to use inverted metamorphic [77,114] or semiconductor-
bonding techniques [115]. Cornfeld et al. [116] presented an inverted
metamorphic four-junction solar cell that recently reached an in-house
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measured efficiency above 34% under AMO [3]. A bottom cell of
GalnAs (0.7 eV) was added to a formerly developed inverted metamor-
phic triple-junction solar cell [76]. Another metamorphic buffer was
implemented to accommodate the additional 2% lattice mismatch.
Moreover, designs for inverted metamorphic solar cells with five and six
junctions have also been proposed [3,60].

Law et al. [115] realized a 31.7% (AMO) five-junction solar cell using
a direct semiconductor-bonding technique. The three upper subcells—
AlGalnP (2.0 eV), AlGa(In)As (1.7 eV), and Ga(In)As (1.4 eV)—were
grown inverted on GaAs or Ge substrates, while a InP substrate was used
for the upright growth of the two lower subcells consisting of GalnPAs
(1.1 eV) and Galn(P)As (0.8 eV). The epitaxial wafers are then bonded
together using semiconductor-bonding techniques. An advantage of this
approach is that all subcells are grown lattice matched to the correspond-
ing substrate. Recently, an AMO efficiency of around 31% was presented
for a semiconductor-bonded four-junction solar cell with a band-gap
combination of 1.9—1.4—1.0—0.73 eV [78].

3.8 Other Approaches

The challenge of current matching in monolithic multijunction solar cells
can be circumvented by using optical beam splitting (for a detailed review,
see Imnes et al. [117]). In a spectrum-splitting architecture, spectrally
selective filters are used to split the incident solar radiation and to direct
the light toward different single- or dual-junction solar cells, which are
individually designed for the corresponding wavelength range. This allows
realizing optimal band-gap combinations without the usual constraints of
lattice or current matching. A light-splitting approach was already experi-
mentally realized in 1978 by Moon et al. [118] and has found increasing
interest again in recent years due to progress in dichroic filter technology
[119—122]. Theoretical calculations of the energy-harvesting efficiency
showed that an optical beam splitting approach with a GalnP—GaAs
(1.87—1.41 ¢eV), a Si (1.10 eV), and a GaSb (0.7 eV) solar cell has a theo-
retical potential that is 18% higher than theoretical values for a lattice-
matched GalnP—GalnAs—Ge solar cell [28]. Another recent theoretical
study also presented the result that operating efficiencies of solar cell
arrays with two to four cells are expected to be higher in a spectral-
splitting approach than for series interconnection [123]. Several spectral-
beam splitting receivers have recently been realized showing promising
efficiencies [120—122,124,125]. The devices are still in a prototype stage.
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Further optimisation of these rather complex structures as well as steps
toward mass production must be undertaken.

Another approach for optimal band-gap combinations are nanowire
solar cells in which materials with different lattice constants can be com-
bined in high material quality. The small diameter of the wires allows the
strain from the lattice mismatch to relax by an expansion or contraction
of the nanowires to the side [126]. Another advantage of this approach is
that expensive III—V substrate material can be saved by growing the
III—V nanowires on Si substrates or solar cells [127,128]. Nanowire solar
cells are still in the development phase. However, theoretical [126,129]
and experimental [130,131] investigations of different solar cell designs
show promising results.

Several other approaches use nanostructures for photovoltaics. Some
of these could also be used for III-V solar cells. An overview can be
found in reference [132].

4. CONCLUSIONS

[II—V multijjunction solar cells have already reached efficiencies
above 40% and a further increase toward 50% can be expected. These
devices are widely used in space applications and terrestrial concentrators
as well as in several niche applications. The great choice of III—V semi-
conductor materials allows various design options, several of which are
currently being investigated, while others remain to be explored in the
future. Material availability, quality, and manufacturing complexity will
finally determine the most successful approaches for achieving optimum
performance.
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