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Preface

This book is the result of a productive meeting that took place in Cercedilla (Spain)
in 2008 to discuss about new concepts that could be used to improve the efficiency
of photovoltaic (PV) devices. Speakers were encouraged to write their contributions
and this book is the result of that effort.

The first three chapters review multijunction solar cells and the use of concen-
trated light. It is not long ago that multi-junction solar cells were considered as new
concepts and now hold the record efficiency over any other photovoltaic device.
Proposed by Jackson in 1955 (E. D. Jackson, Trans. Conf. on the Use of Solar
Energy, Tucson, 1955, University of Arizona Press, Tucson, vol. 5, pp. 122-126,
1958) they were considered difficult to achieve in practise in 1960 because the use
of tunnel junctions was still not considered (M. Wolf, Proc. IRE; Vol/Issue: 48:7, pp.
Pages: 1247-1263, 1960). Nowadays, multi-junction solar cells and concentration
systems are progressing fast toward industrialization.

Chapters 4 and 5 deal with a topic of common interest for any photovoltaic
device as it is light management. In particular, Chapter 5 reviews the potential of
plasmon polaritons. Light management, in general, pursues how to absorb more
photons in less material volume. This is of interest, not only because the use of
less material usually leads to a lower cost of the device, but also because the
use of less material reduces non-radiative recombination and therefore increases
the efficiency of the device. On the other hand, many of the novel photovoltaic
devices, as the intermediate band solar cell, can be regarded as multicolored devices
and mastering light management is useful to assist photon absorption at those
wavelengths where absorption is weak. This mastering often demands dealing with
light at electromagnetic level as it is the case of plasmon polaritons.

Chapter 6 and 7 deal with up-conversion in organic systems and multiple exciton
generation solar cells, respectively. The first approach pursues converting the
absorption of several below bandgap energy photons, not useful for PV conversion,
and convert them into a useful high energy photon. The second approach, on the
other hand, pursues the conversion of a high energy photon in several lower energy
photons. In this way the energy in excess of the photon can be used to create not one
but several electron-hole pairs.



vi Preface

Chapters 8—13 deal with the intermediate band solar cell concept that pursues the
conversion of below bandgap energy photons into solar cell current without voltage
degradation. Chapter 8 introduces the concept and the rest of the chapters expand
it along different frameworks: modeling (Chap. 9), quantum dots (Chap. 10), thin
films (Chap. 11), GalnN (Chap. 12), and ion implantation on silicon (Chap. 13).

Finally, we would like to acknowledge our contributors for their work and
patience with the edition of this book, to Springer Verlag for the careful edition
of this book, and to all of our families, also in the name of the authors of this book,
for the time they have sacrificed of being with their beloved ones.

Madrid Ana Belén Cristobal Lopez
Antonio Marti Vega
Antonio Luque Lopez
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Chapter 1
Present Status in the Development of II1I-V
Multi-Junction Solar Cells

Simon P. Philipps, Wolfgang Guter, Elke Welser, Jan Schone, Marc Steiner,
Frank Dimroth, and Andreas W. Bett

Abstract During the last years high-concentration photovoltaics (HCPV)
technology has gained growing attention. Excellent operating AC-system
efficiencies of up to 25% have been reported. One of the driving forces for this high
system efficiency has been the continuous improvement of III-V multi-junction
solar cell efficiencies. In consequence, the demand for these solar cells has risen,
and strong efforts are undertaken to further increase the solar cell efficiency as
well as the volume of cell output. The production capacity for multi-junction
solar cells does not constitute a limitation. Already now several tens of MWp per
year can be produced and the capacities can easily be increased. The state-of-
the art approach for highly efficient photovoltaic energy conversion is marked by
the Gag s50Ing50P/Gag g9lng 01 As/Ge structure. This photovoltaic device is today
well established in space applications and recently has entered the terrestrial
market. The following chapter presents an overview about the present research
status in III-V multi-junction solar cells at Fraunhofer ISE regarding cell design,
expected performance, numerical simulation tools, adaptation of devices to different
incident spectra and the fabrication of these devices. Finally, an outlook on future
developments of III-V multi-junction solar cells is given.

1.1 Introduction

There are different approaches to reduce the levelized costs of electricity from
photovoltaics. On one hand, module costs decrease due to economies of scale,
less material and energy consumption, or the use of cheap materials. On the other

S.P. Philipps (>4) - A.W. Bett (b))
Fraunhofer Institute for Solar Energy Systems, Heidenhofstr. 2, 79110 Freiburg, Germany
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hand, system costs can be reduced by an increase in module efficiency, which
also provides the advantage of smaller systems and less use of area. Hence, all
components of a HCPV system have to be further developed to reach highest
efficiencies. Large progress can be observed, especially in the field of III-V multi-
junction solar cells, where record efficiencies above 41% have been reported by
different groups in 2009 [1, 2]. However, despite the high concentration levels, the
solar cell still represents up to 20% of the overall costs of a HCPV system [3].
Therefore, a key element for further energy cost reduction is a highly efficient multi-
junction solar cell. Multiple stacking of solar cells with growing bandgap energies
increases the efficiency of the overall device since the solar spectrum is exploited
more profitably. This becomes obvious when looking at the cell development of
Fraunhofer ISE and other institutions from the 1980s to autumn 2009, which is
summarized in Fig. 1.1. Until the middle of the 1990s, single-junction solar cells
were investigated and achieved efficiencies above 25%. Then monolithic dual-
junction solar cells have boosted the efficiency records above 30%. Monolithic
triple-junction structures have finally surpassed the 40% mark and are still heading
for higher efficiencies. In 2009 a GaAs single-junction concentrator solar cell made
at Fraunhofer ISE reached a record efficiency of 29.1% under the AM1.5d ASTM
G173-03 spectrum (in the following: AM1.5d) and a concentration of 117 suns (1
sun corresponds to 1 kW m™2). For a monolithic III-V dual-junction solar cell, a
record value of 32.6% under 1,000 suns (AM1.5d) was achieved at the UPM Madrid
using Gag s1Ing 40P and GaAs subcells [4].

However, the state-of-the-art device is a lattice-matched triple-junction solar
cell consisting of monolithically stacked Gag solngsoP-, Gag.g9lngo;As-, and Ge
junctions. It has reached conversion efficiencies of 41.6% at concentrations of 364
suns under the AM1.5d spectrum [2]. Yet, detailed balance calculations [5] show
that the bandgap combination of the lattice-matched design is not optimally adjusted
to the solar spectrum. The GalnAs middle cell uses the smallest part of the spectrum
and hence produces the lowest current Jsc gamas compared to the GalnP top cell
with about 11% more current and the Ge bottom cell with about twice Jsc Gamas-
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This is why different approaches for achieving current-matching conditions have
been suggested [6—8]. Presently, the use of metamorphic structures as discussed
below proves to be the most successful strategy.

Figure 1.2 shows how the ideal efficiency of a triple-junction solar cell design
varies with the bandgap energies of the three individual junctions. This diagram
has been calculated with the model etaOpt [9] (for download see [10]), which is
based on the detailed balance method first introduced by Shockley and Queisser [5].
It is assumed that radiative recombination is the only recombination mechanism.
Furthermore, an external quantum efficiency (EQE) of unity is assumed for
each subcell. In order to improve current matching under a certain spectrum,
photocurrent from upper subcells can be transferred to lower ones. In reality
this is achieved by thinning the absorbing layers. In order to model this effect,
each subcell has an individual degree of transparency, which can be adjusted to
improve current-matching. The efficiency then is calculated according to the one-
diode model. The calculations are carried out under the AM1.5d spectrum with
a concentration of 500 suns and a cell temperature of 65°C. These operating
conditions represent a reasonable average for today’s concentrator systems. As
Fig. 1.2 illustrates, the global maximum for AM1.5d lies at a bandgap combination
of 1.75, 1.18, and 0.70eV. A separated local maximum with a 2.4% (rel.) lower
efficiency is found for the relatively high bandgap combination 1.86, 1.34, and
0.93eV. This twofold maximum results from the absorption band of atmospheric
water and carbon dioxide around 1,400 nm, which significantly deteriorates the
efficiency of bandgap combinations in between the two maxima. Accordingly,
under the extraterrestrial AMO spectrum only a single maximum exists. Assuming
that — as a rule of thumb — about 70-80% of the theoretical efficiency can be
achieved in practice, the theoretical model provides a reasonable guideline to
assess the potential of a solar cell design. The bandgap combinations of five
specific triple-junction solar cell structures, for which efficiencies of over 40%
under the concentrated AM1.5d spectrum have already been experimentally
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realized, are indicated: lattice-matched Gag solngs0P/Gag g9lngo;As/Ge (LM)
[11-13]; metamorphic Gag44Ing 56P/Gag opIng osAs/Ge (MM1) [11]; meta-
morphic  Gag 35Ing 65P/Gag g3Ing 17As/Ge  (MM2) [1]; inverted metamorphic
Gay 50Ing 50P/GaAs/Gag 73Ing ,7As (Invl); inverted (double) metamorphic device
Gao,63Ino.37As/Ga0.961n0,04As/GaAs (Il’le) [14]

Today, the industry standard is still the lattice-matched triple-junction solar
cell, as similar structures have been developed, produced, and successfully tested
for space applications [15—17]. Metamorphic or inverted concepts have not been
produced in large quantities yet. Standards for the long-term stability test of such
highly strained solar cell structures have to be developed and the devices have to be
qualified before mass production. As the space-market is comparatively small, up to
now the lattice-matched triple-junction solar cell can be purchased from only a few
global suppliers, among these are AZUR SPACE Solar Power GmbH (Germany),
Emcore Inc. (USA), and Spectrolab Inc. (USA).

The following section presents an overview about the actual research status on
III-V-based multi-junction solar cells at Fraunhofer ISE regarding numerical device
simulation as well as device fabrication. Subsequently, the possible next steps in cell
design are outlined.

1.2 Research Status

In order to optimize such complex solar cell structures as multi-junction cells,
numerical modeling of these devices is indispensible to reduce the number of expen-
sive and time-consuming experiments. At Fraunhofer ISE sophisticated numerical
modeling tools are used in the optimization process. The simulation is closely
linked to the experimental optimization, concerning feasibility of the semiconductor
structures, material quality, and evaluation of the models.

1.2.1 Numerical Simulation

The high number of layers in III-V multi-junction solar cell structures makes a
pure experimental optimization very expensive and protracted. An accurate and
reliable modeling is desirable to accelerate the optimization procedure considerably.
However, a predictive modeling of these sophisticated structures is challenging
due to the complex electrical and optical interactions between the different layers
and the high number of material parameters and physical phenomena that need
to be considered. In recent years, the capabilities of various approaches and
tools for the simulation of III-V multi-junction solar cells have greatly improved
[18-23]. In the III-V group at Fraunhofer ISE, three different approaches are used.
The optimal number of bandgaps and the ideal bandgap combination is evaluated
with etaOpt (see Sect. 1.1). We analyze the semiconductor layer structure with the
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commercially available semiconductor simulation environment Sentaurus TCAD
from Synopsys. The grid design is optimized with the circuit simulator LTSpice
from Linear Technology Corporation [24]. In the following, a short overview of the
status of our modeling capabilities is presented.

Two prerequisites have to be fulfilled to enable realistic simulations with
Sentaurus TCAD: first, the necessary models describing the occurring physical
phenomena need to be implemented and validated. Of particular importance for
III-V multi-junction solar cells are optical interference effects, optical generation
[25] and recombination of minority carriers, tunneling effects [20] and carrier
transport at hetero-interfaces [26]. Second, material parameters such as optical
constants, carrier mobilities, bandgap energies, electron affinity and parameters
for radiative, Auger, Shockley-Read-Hall as well as interface recombination are
required for each semiconductor layer in the structure. Both prerequisites are
satisfactory fulfilled for the materials used in our GaAs single-junction solar cells,
as well as in our lattice-matched Gags;Ing40P/GaAs dual-junction solar cells.
However, for other materials, especially those in metamorphic III-V multi-junction
solar cells, the lack of material data limits the modeling capabilities [27]. To keep the
computational effort within tolerable limits, the smallest two-dimensional symmetry
element of the solar cell is modeled, which is constructed by a cut through the layers
from cap to substrate perpendicular to the grid fingers. The element covers a width
corresponding to half of the finger spacing to ensure that series resistance effects
caused by lateral current flow in the device are taken into account.

Figure 1.3 shows a comparison between measured and simulated EQE, reflection
and I-V curve of two GaAs solar cells with different material for the front
surface field (FSF) layer. The model and material parameters are based on [26].
The good agreement between measurement and simulation proves the validity of the
numerical model. Note that all material parameters of the solar cell except for the
FSF layer have been identical. The GalnP FSF layer leads to significant absorption
in the short wavelength range between 300 nm and therefore reduces the EQE. This
underlines the importance of a high bandgap material for the FSF layer.

An additional challenge for the modeling of multi-junction solar is the require-
ment of a proper and numerically stable model for the tunnel diode, which connects
the subcells in series. It was found that nonlocal interband tunnel diode models
reproduce measured tunnel diode I-V curves very well in a large voltage range
[20,28]. These models cover the full nonlinearity of the tunneling mechanism and
enable the simulation of multi-junction solar cells within semiconductor simulation
environments. However, detailed quantum mechanical calculations propose that
interband tunneling cannot explain the high currents of typical tunnel diodes for
multi-junction solar cells [29]. Rather resonant tunneling through defects homoge-
neously distributed in the junction is identified as possible tunneling mechanism.
Thus, the phenomena of tunneling in III-V multi-junction solar cells need to be
investigated further in the future.

Yet, with the nonlocal interband tunnel diode model, we were able to model
a lattice-matched dual-junction solar cell with a top cell of Gags;Ing4oP and a
bottom cell of GaAs [21]. The sophisticated device contains an anti-reflection
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coating of MgF,/TiO,, a p-GaAs/n-GaAs Esaki interband tunnel diode, as well as a
distributed Bragg reflector composed of 20 alternating layers of AlpgoGag0As and
Alp.10Gag.90As. As shown in Fig. 1.4, a good agreement is achieved between experi-
mental and simulated EQE of top and bottom cell, reflection and I-V curve under the
AM1.5g spectrum. The slight deviations in the modeled reflection for wavelengths
higher than the bandgap of the bottom cell are caused by a minor inaccuracy of
the transfer matrix method [25] used for the description of the optical processes. A
deviation is also observable in the I-V curve in the range of 0.7V and about 1.7 V.
In contrast to the slightly increasing measured current, the simulated value remains
constant. In the real device, such a current decrease can either be caused by a
distributed series resistance effect along the grid fingers or by a current leakage at the
cell edge. Both effects are not covered in our two-dimensional modeling approach.

The sophisticated numerical model constitutes a quick and cost-efficient tool
to study the effect of structural changes on the cell performance. As illustrated in
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Fig. 1.5, doubling of the tunnel diode thickness strongly reduces the bottom cell’s
EQE. We explain this by absorption in the GaAs material of the tunnel diode.
Due to the stronger absorption of high energy photons, the decrease of the EQE
is more pronounced for lower wavelengths. The simulations underline that it is
very important to make the tunnel diode as thin as possible if it consists of the
same material as the absorber of the lower cell. In most cases, a better option is
to use higher bandgap materials for the tunnel diode [30]. A further application
of the recently developed numerical solar cell models is design optimization
[21,22,27,31].

As shown above, the semiconductor layer structure can be very well modeled
with a two-dimensional symmetry element. Yet, for the optimization of the front
contact grid such a model is not sufficient. In principle it would be possible to model
and simulate a complete solar cell in all three dimensions within the Sentaurus
TCAD simulation environment. However, due to the high number of mesh points
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Fig. 1.6 Comparison between measured and simulated fill factor and efficiency for a GaAs
concentrator solar cell with an active area of S mm?. For the simulation the SPICE network model
presented by Steiner et al. [23] was used

necessary for a realistic model, the computational effort would be enormous, leading
to intolerable computing time of weeks or even months. Therefore, we optimize the
front contact separately with an electrical network model. The solar cell is modeled
as a network of elementary cells consisting of diodes, resistances, and current
sources to model the saturation currents and the photo-generated current. The ele-
mentary cells are connected in parallel through ohmic resistances representing, for
instance, the lateral conducting emitter layer or the metal fingers. Thereby, a network
of electrical components is created, which describes the whole solar cell. The IV-
characteristic is calculated with the circuit simulator LTSpice, which uses a Simula-
tion Program with Integrated Circuit Engineering (SPICE) approach. More details
about our network model can be found in [23]. Figure 1.6 shows a comparison
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between measured and simulated I-V parameters as a function of the concentration
ratio for a GaAs concentrator solar cell. Measurement and simulation agree well.
Note that the experimental cell reaches a high efficiency of 28.8 £ 1.2% at 230
suns under the reference spectrum AM1.5d [32]. The network modeling approach
is highly predictive and has successfully been applied for the design of contact grids
for different cell structures and various illumination conditions. Together with the
etaOpt approach and the simulations with Sentaurus TCAD, a very powerful set
of modeling tools is available. These numerical modeling techniques are now well
established for supporting the design process of multi-junction solar cells.

1.2.2 Device Fabrication

In order to avoid strain and defects in the crystal structure of a multi-junction
solar cell, all III-V compounds are usually grown lattice-matched to the substrate.
Consequently, from the commercially available semiconductor substrates, GaAs and
Ge are the most suitable for the further growth of (Al)GalnAs- and (Al)GalnP-based
compounds. Considering the diagram shown in Fig. 1.2, Ge with its bandgap of
0.66¢eV is the obvious choice as bottom cell in a triple-junction structure. Hence,
the straightforward lattice-matched approach makes use of a Gag solng 50P top cell,
a Gagg9lngp;As middle cell, and a Ge bottom cell. While the upper cells are
commonly deposited via epitaxy, the Ge subcell is established via diffusion of
group-V atoms into a p-doped Ge substrate. This kind of structure has been leading
to 41.6% conversion efficiency [23]. However, this lattice-matched structure appears
to be quite far away from the optimum bandgap configuration (see Fig. 1.2) and is
highly current-mismatched. Lower bandgap materials are required for the upper
subcells. This can be achieved by increasing the indium content in the top and
middle cell. With the almost ideal bandgaps of 1.67eV for GalnP and 1.18eV
for GalnAs, the metamorphic triple-junction solar cell approach approximates the
optimum configuration. However, the higher In-content in the upper subcells also
increases the lattice-constant of these materials. The combination of Gag35Ing ¢5P,
Gap gslng 17As, and Ge causes a high lattice-mismatch of 1.1% between the Ge
and the upper two subcells, while the top and middle subcell are lattice-matched
to each other. This metamorphic cell structure (Fig. 1.2 , MM2) was developed at
Fraunhofer ISE [1,8, 12, 33].

Figure 1.7 illustrates the difference between the lattice-matched and the
metamorphic concept. The larger lattice constant of the upper subcells requires
a transition region from the lattice constant of Ge to the lattice constant of
Gag g3lng 17As. This transition is realized by a metamorphic buffer structure.

We have developed an optimized step-graded buffer structure made from
Gaj—,In,As to overcome the high mismatch in the lattices. This buffer increases
the lattice constant as required, reduces the amount of residual strain to a minimum
of only 6-9%, and avoids the penetration of threading dislocations into the middle
and top cell. The degree of strain relaxation of an epitaxial semiconductor layer
with cubic lattice is defined as the ratio of the in-plane lattice constant to the lattice
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Fig. 1.7 Relation between bandgap and lattice constant for different binary (black dots) and
ternary (/ines) semiconductor materials as well as for germanium (left). The triple-junction solar
cell lattice-matched to Ge features a Gag g9Ing o) As middle cell and a sGay 50Ing 50P top cell (top
right structure). The Gay g3Ing 17As and the Gay 35Ing ¢5P subcell of a metamorphic triple-junction
solar cell (bottom right structure) are lattice-matched to each other, but have a 1.1% mismatch to
the substrate. This mismatch is managed by a buffer structure

Fig. 1.8 Schematic Epitaxial layer
illustration of a not relaxed
pseudo-morphically strained
layer (left) grown on a
substrate with smaller lattice Misfit
constant. As a critical

Epitaxial layer
relaxed

. i dislocations
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Substrate

constant of the relaxed lattice normalized by the lattice constant of the substrate.
Figure 1.8 schematically illustrates the process of strain relaxation of a strained
epitaxial layer. Up to a critical thickness, first defined by Matthews et al. [34], the
layer is pseudo-morphically strained. As the layer thickness increases beyond the
critical thickness, first misfit dislocations are generated within the interface due to
bending of pre-existing substrate dislocations. With a further increase of the layer
thickness, several generation mechanisms for misfit dislocation set in, which finally
lead to a significant strain relaxation [35,36].
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Fig. 1.9 TEM cross-section images from a constant buffer with abrupt change in lattice constant
(a), a linearly graded buffer with linear change in lattice constant (b), a step graded buffer with
about seven grading steps (c), and a step graded metamorphic Ga;—In, As buffer with increasing
In content from 1% to 17% (3—1 to 3-7) and an overshooting layer (3-8) with 23% In (d). (TEM
images measured at the Christian-Albrechts-University in Kiel, Germany)

Figure 1.9 shows TEM cross-section images of different buffer concepts which
we have investigated: a constant buffer (a), a linearly graded buffer (b), and two step
graded buffers (c and d). In contrast to the graded structures, the constant buffer
growth leads to the generation of a large number of threading dislocations which
may act as recombination centers in the photoactive region of the multi-junction
solar cells. For high performance devices threading dislocation densities below
10°cm™2 are necessary. According to our experience, this can only be achieved
with the graded buffers. Especially the step graded buffer localizes the dislocations
generated within the interface regions between the steps and prevents the generation
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of threading dislocations, penetrating into the photoactive regions of the solar cell
structure. This is the reason for the success of these buffer structures.

A more detailed development of the step graded buffers enables the reduction
of remaining strain to a minimum of only 6-9%. This is achieved by trig-
gering the strain-relaxation of the upper part of the buffer by introducing an
overshooting Ga;—,In,As layer with even larger lattice constant than originally
intended (x > 0.17). The subsequent growth continues with the lattice constant of
Gay g3Ing 17As. The degree of strain relaxation can be adjusted by the thickness of
the overshooting layer and by the strength of overshooting. Figure 1.9d shows a
TEM cross-section image of a buffer consisting of seven Ga;—,In,As grading steps
from 1% In to 17% In followed by an overshooting layer with 23% In. With this
structure, the remaining strain in the following layers is reduced to about 6-9%.

The remaining strain of a metamorphic triple-junction solar cell structure can
be reduced considerably. However, in situ collected data show that the 300 um
thick Ge-wafers bend during growth. Figure 1.10 shows the curvature transients
from in situ measurement during the growth process for different buffer structures
with relaxations between 81% and 94%. The first highly strained layers of the
buffer cause a strong increase in curvature. As relaxation sets in, the curvature
remains almost constant. The remaining value is proportional to the remaining
strain in the structure. Experiments also show that thinner wafers in the range of
150 wm are unsuitable for metamorphic structures, since the even stronger bending
of the substrate affects growth on the wafer. Today, different extensions to the step
graded buffer concepts are under investigation. Additional blocking layers made
from hard materials such as GalnNAs can be deposited over the buffer structure to
bend the threading dislocations from growth direction into the growth plane [37].
This allows even less dislocations to penetrate into the photoactive regions of the
structure. Adding aluminium to the Ga;_,In,As alloy increases its bandgap and
hence renders the buffer more transparent. This may be important to increase the
current generated by the Ge subcell.
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In lattice-matched as well as in metamorphic multi-junction solar cells, the
individual subcells are interconnected via interband tunnel diodes, which provide
a low electric resistance and can be designed transparent for light converted in
the following subcell. Tunnel diodes essentially consist of two degenerately doped
layers with different polarity. High n-doping levels in the range of 10!”cm™3
have been achieved with tellurium or silicon in GalnAs or GalnP. Very high
p-doping in the range of 10?° cm ™3 is achieved with carbon in AlGaAs [38]. Tunnel
current densities above 100 A cm™2 have been measured. However, tunnel diodes
in metamorphic solar cells need larger lattice constants, which can be realized
by adding In to the mentioned compounds, as already done for the subcells. But
the carbon doping of such AlGalnAs layers turns out to be more difficult. The
commonly used carbon precursor CBr4 cannot be used anymore as it etches indium
[38]. Intrinsic C-doping from the alkyl groups of TMAI had been applied, but the
doping levels achieved are one order of magnitude lower than with In-free AlGaAs.
The use of lattice-mismatched layers in the tunnel diode, such as AlGaAs, generates
dislocations, which degrade the solar cell structure. This is why we designed strain
compensated tunnel diodes. These structures make use of a highly doped AlGaAs
layer, which has a too small lattice constant and causes tensile strain in the tunnel
diode structure. In order to reduce this strain, a neighboring layer such as GalnAs
or GalnP is grown with a too large lattice constant. This compensates the strain in
the structure and avoids the generation of dislocations. Figure 1.11 illustrates this
concept with a p-AlGaAs/n-GalnAs tunnel diode. Due to strain compensation, the
rest of the structure is not affected by the highly strained tunnel diodes.

As explained above, the subcells of a metamorphic triple-junction solar cell are
almost ideally adapted to the AM1.5d spectrum. Figure 1.12 compares the EQEs of
such a structure with a lattice-matched triple-junction cell. The lower bandgaps in
the metamorphic cell shift the EQEs to higher wavelengths. The favorable bandgap
combination together with the improvements regarding the metamorphic buffer and
the tunnel diodes are the key points that lead to an efficiency of 41.1% with our
metamorphic triple-junction solar cell (Fig. 1.12).

The performance of a concentrator solar cell also strongly depends on the cell
design including size, grid structure, and intended operation illumination intensity.
Figure 1.13 illustrates how different front side grid layouts with decreasing amount
of metallization shift the maximum efficiency to lower concentrations as shading
is reduced. Furthermore, the absolute efficiency maximum rises with decreased

| p*-Aly Gag ,AS(C) p=2-102 cm? | ______ ~20 nm

n*-Gag, ;6lng .As  n>1-10"% emr3 | _______ ~20 nm

Fig. 1.11 Schematic illustration of a strain compensated tunnel diode. The width of the boxes
represents the lattice constant. A compressively strained GalnAs layer is compensated with a
tensile AlGaAs layer
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Fig. 1.12 External quantum efficiencies of a lattice-matched Gay s0Ing 50P/Gag g9Ing o As/Ge as
well as a metamorphic Gag 35Ing ¢5P/Gay g3Ing 17As/Ge triple-junction solar cell

shading. Note that the logarithmic increase of efficiency with illumination intensity
is caused by an increase in open circuit voltage and in fill factor. For higher
concentration ratios, more metallization is required to carry the high current
densities generated. At Fraunhofer ISE, we have developed a network simulation
tool to compare and optimize the size and front contact layout for various solar
cell structures and different illumination intensities (see Sect. 1.2.1) [23]. Generally
a small cell requires less metallization for the same resistive losses as a larger
cell and thus achieves higher theoretical efficiencies because of less shading
losses. In summary, this section shows that lattice-matched and metamorphic triple-
junction solar cell concepts have surpassed the 41% mark and offer even further
potential to increase the conversion efficiency toward 45%.

1.3 Next Steps

In recent years, research efforts for the development of III-V multi-junction solar
cells with more than three subcells have significantly grown as an increase in cell
efficiency is expected [2,39-41]. It is a well-known fact that the ideal efficiency
of a multi-junction solar cell under a certain spectrum increases with the number
of pn-junctions [40, 42]. However, multi-junction solar cells are also known to be
highly sensitive to changes in the solar spectrum [43,44]. In terrestrial applications,
the spectral distribution of the incident light strongly varies throughout day and year.
In addition, the irradiance conditions can change significantly with the intended
place of operation. As the sensitivity to spectral variations increases with the
number of subcells, it is important to investigate the possible gain in energy
production before a decision is made on which number of subcells and which
material combination to realize.
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For this purpose, we have developed a theoretical energy harvesting model [45],
in which the solar cell is modeled according to the detailed balance model etaOpt
(see Sect. 1.1). Here, we investigate the energy harvesting at two locations on Earth
with distinct spectral conditions: Solar Village in Saudi Arabia with rather red-rich
incident light and La Parguera in Puerto Rico with a higher share of blue light.
For these places, measured atmosphere parameters from the AERONET database
[46] are used to calculate direct solar spectra with the computer code SMARTS
2.9.5 [47-49]. A discretization of one spectrum per hour was chosen resulting in
more than 4,400 spectra for each geographical location. Concerning the operating
conditions, we assume a concentration factor of 1,000 suns, which is expected
to become standard for future concentrator systems. In addition, a constant cell
temperature of 338 K is assumed. From our experiences, this value represents a
reasonable average, which is also used by other groups [50]. Based on the simulated
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spectra the annual sum of the produced energy, which is computed from the
produced energy for each day in the year, is calculated and is then referred to
the irradiated energy. The overall annual incident energies are 2,599 kWhm™2a™!
at Solar Village and 2,849kWhm™2a~! at La Parguera. The ratio of the energy
produced to the irradiated energy defines the energy harvesting efficiency.

III-V multi-junction concentrator solar cells are usually optimized and rated
under the reference spectrum AM1.5d. Following this approach, we first calculated
the ideal bandgap combination under the reference spectrum (1,000 suns, 338 K)
for solar cells with 1-6 subcells. Then the energy harvesting efficiencies of the
resulting bandgap designs at Solar Village (Fig. 1.14a) and La Parguera (Fig. 1.14b)
were calculated. The results correspond to the left bars in each figure. The right bars
indicate the energy harvesting efficiencies that could be realized with the optimal
bandgap combination for the intended place of operation. These were determined
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by maximizing the yearly produced energy based on the more than 4,400 spectra
for Solar Village or La Parguera, respectively.

It is noteworthy that the energy harvesting efficiency increases with the number
of subcells in all cases despite the considered spectral variations throughout day
and year. However, the relative gain of adding additional junctions is small for
more than four junctions. Compared to the bandgap combinations resulting from the
optimization of the cell efficiency under the reference spectrum AM1.5d, a rather
strong increase in energy harvesting efficiency can be realized with the optimal
bandgap combinations for each location. However, these bandgap combinations go
into different directions. At Solar Village, slightly lower bandgaps are favorable
due to the low share of blue light at this location. In contrast, higher bandgaps
are favorable under the blue-rich spectral conditions of La Parguera. It should be
noted that the detailed balance model assumes ideal solar cells. As a rule of thumb
70-80% of the theoretical cell efficiencies can be achieved in practice. However,
the realization of good material quality usually becomes more challenging for
solar cells with a higher number of subcells due to the greater complexity of the
structure and the novel materials involved (see discussion below). Thus, it is still an
open question if solar cells with more than four pn-junctions can be realized with
sufficient material quality to harvest the small relative gains predicted by our energy
harvesting model.

Figure 1.15 summarizes the development roadmap for III-V multi junction
solar cell concepts investigated at Fraunhofer ISE. Apart from the already dis-
cussed lattice-matched (a) and metamorphic (d) triple-junction solar cells, different

d

GalnAs 1.2 eV

AlGalnAs 1.6 eV

GalnAs 0.5 eV

Ny =545 % 62.5% 60.3 % 58.9 % 63.6%

AM1.5d ASTM G-173-03, 1000 x 1000 W/m?, 338 K

Fig. 1.15 Roadmap for the development of III-V multi-junction solar cells at Fraunhofer ISE and
corresponding maximum efficiencies calculated with etaOpt (AM1.5d, 1,000 suns, 338 K). The
number of junctions and the efficiency of the lattice-matched GalnP/GalnAs/Ge approach (a) can
be increased by adding a GaInNAs subcell (b). As the performance of this device is limited by the
diffusion length in GaInNAs, a six-junction cell has been designed (c¢). An almost ideal bandgap
combination is achieved with a metamorphic triple-junction solar cell (d). Adding a second buffer
leads to a metamorphic quadruple-junction solar cell (e). In order to grow as many junctions as
possible lattice-matched to the substrate, the structure is grown inverted
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concepts with more than three subcells are under investigation. The concepts can
be divided into two groups. The first group uses materials that can be grown
lattice-matched on germanium substrates (a—c). The second group includes buffer
structures to enable the use of metamorphic materials (d—e). For a lattice-matched
approach on a Ge substrate, a strong increase in efficiency is expected from the
inclusion of a fourth junction with a bandgap of about 1eV (b), which may be
realized with the quaternary alloy GaInNAs [51]. The (a) diagram in Fig. 1.16 shows
the internal quantum efficiency (IQE) of such a device produced at Fraunhofer ISE.
The GalnNAs subcell limits the current due to the quite low minority diffusion
lengths, which are very likely caused by the formation of nitride chains. A lot
of work is done to solve this deficiency. One promising method is to use thermal
annealing to dissolve the nitride chains [52].

Another way to get around the low diffusion length is to increase the number of
subcells. In a six-junction device, each subcell produces a smaller current than in a
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quadruple cell and hence the subcells are thinner. Thus, shorter diffusion lengths are
acceptable. A six-junction cell may be realized by adding AlGalnP and AlGalnAs
subcells to the stack (Fig. 1.15¢). The graph (b) in Fig. 1.16 shows the IQE of such
a six-junction solar cell. The Ge bottom cell has a quite high current due to the
not ideal bandgap combination of this device. Smaller bandgaps for the lower cells
would be favorable. A way to realize such combinations is to use more than one
lattice-transition buffer and to grow the stack inversely (Fig. 1.15e).

This chapter showed that ITII-V triple-junction solar cells have reached efficien-
cies of 41.6% under concentrated sunlight [2]. We expect that the record efficiency
of these devices will soon reach above 43%. For even higher efficiencies toward
50% I1I-V multi-junction solar cells with more than three subcells are promising.
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Chapter 2
The Interest and Potential of Ultra-High
Concentration

Carlos Algora and Ignacio Rey-Stolle

Abstract The benefits of the ultra-high concentration (>1,000 suns) are shown in
terms of cost reduction, raw material availability and efficiency increase. The main
challenges for the operation at such high concentrations, namely, (a) to keep a low
series resistance; (b) to manufacture tunnel junctions with high peak currents and
low series resistance; (c) to design and build advanced characterisation methods and
tools; and (d) to increase the reliability of the devices are addressed and solutions
for them are proposed. As examples of success in manufacturing multijunction
solar cells at ultra-high concentration, we have developed and manufactured a
GalnP/GaAs dual-junction device, which exhibits an efficiency of 32.6% for a
concentration range going from 499 to 1,026 suns. This efficiency is the world
record efficiency for a dual-junction solar cell. Besides, the efficiency is still as
high as 31% at 3,000 suns. We have extended this strategy to lattice-matched
GalnP/Ga(In)As/Ge triple junction solar cells. At the current state of development,
such cells show an efficiency of 36.2% at 700 suns. The theoretical optimisation
shows that an efficiency well over 40% at 1,000 suns is achievable.

2.1 Motivation of Ultra-High Concentration

III-V multijunction solar cells (from now on, MJSCs) have achieved the high-
est conversion efficiency of any photovoltaic device and have much room for
improvement. However, MJSCs are very expensive. In order to compensate this
disadvantage, concentrator optical systems are used to illuminate the solar cells.
By concentrating the light, smaller solar cells are required so their high cost
is counterbalanced by the low cost of optics making the resulting technology
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economically feasible. For this starting technology, one of the open aspects is
the determination of the most recommendable concentration range. Currently,
most companies developing MJSC-based concentrator systems have chosen a
concentration level of around 500 suns. However, in many cases the selection
of the concentration level does not derive from a deep analysis of the implicit
technological trade-offs but from the direct integration of standard available solar
cells, optics, etc. For example, the more widespread concentrator optics is the
Fresnel lens (one-stage optics), which concentrates light at levels around 500 suns.
The operation at concentrations much higher, namely 1,000 suns or more requires
the use of two-stage optics (the so-called primary and secondary optic elements)
whose availability is less extended. Simultaneously, the record efficiencies of triple
junction solar cells have been historically achieved within the range going from
200-500 suns: 40.8% at 326 x by NREL [1], 41.1% at 454 x by Fraunhofer Institute
[2] and 41.6% at 364 x by Spectrolab [3]. In this sense, the most recent efficiency
record achieved by Spire although uses a different approach (bifacial epitaxy) again
peaks its efficiency 42.3% at 406 suns.! Besides, in most cases, the efficiency
dramatically drops at concentrations of 1,000 suns or higher. As a consequence, the
solar cell manufacturers have developed their triple junction solar cells for optimum
performance within the same concentration range (see for example [4—0]).

It is important to remark that the need of a good performance of MJSCs at
concentrations about 1,000 suns (or higher) is not only a strategic issue (as we
will show in this section) but it is a need derived from the fact that real optical
concentrators do not produce uniform illumination spots on the cell. On the contrary,
most optical concentrators exhibit peak irradiances significantly higher than the
nominal concentration [7]. Therefore, it is required that concentrator MJSCs have a
soft efficiency decrease after their maximum efficiencies. In the opposite case, the
portion of the cell illuminated with an intensity higher than the nominal will have a
much lower efficiency resulting in a poor performance of the whole cell. Figure 2.1
shows champion cell efficiencies for single, dual and triple junction solar cells. It is
clear the very different performance of cells after their peak efficiency. For example,
the record dual-junction cell exhibits better performance than several record triple
junction cells beyond 1,000 suns. So, this dual-junction cell could result in a better
efficiency in several concentrator modules for operation at nominal concentrations
close to 1,000 suns.

Besides that need, the main widespread reasons for using concentrations higher
than 500x are: (a) concentrator systems based on available silicon cells operating at
200-400x would have a much lower cost. Even silicon flat panel-based installations
have already reached a price below €2.0/Wp which clearly beats the €3/Wp
expected cost of concentration photovoltaic (CPV) systems operating at 500x;
(b) material availability whose first consequence has been the increase in the raw
material costs for the manufacture of solar cells. The most severe limitation of

"Nowadays, the new efficiency record has been achieved by Solar Junction (April 2011). Tts cell
measured a peak efficiency of 43.5% at 418 suns.
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Fig. 2.1 Comparison of the performance of the best III-V concentrator solar cells. The number of
junctions (from 1J to 3J), the type of structure (Lattice Matched LM, Lattice Mismatched LMM or
Inverted Metamorphic IM) and the lab or company which manufactured the cell are also indicated

these raw materials could be the availability of germanium substrates, which is
currently the preferred one for MJSCs [8, 9], though this is still under discussion.
Other materials used in the MJSC manufacturing such as TMGa for the MOVPE
growth has increased its price as a consequence of the rapid penetration of LED
backlighting modules in LCD TVs, which absorbs most of the production of
MOVPE consumables to date [10]. Therefore, an increase in the concentration level
would relax these aspects; (c) a reduced cost of the whole concentration system
because of the size reduction of the most expensive element, the MJSC.

On the other hand, the reasons argued by many people for not going to higher
concentrations than 500x are: (a) such high concentrations usually lead to chromatic
aberration in the optics [11]; (b) such high concentrations raise doubts about
cooling, series resistance and stability of MJSC [11]; and (c) although the cost
impact of the MJSCs is reduced, an increase on cost of other elements such optics
and tracking appears because of the need of a higher pointing accuracy. Because the
discussion on these subjects is not over yet, it is necessary to add more arguments
and to clarify several topics which are wrongly assumed though widely used.

Solar cells, optics, modules and trackers are the main components of CPV sys-
tems. In our opinion, the pursued characteristics of these components should be:

e Solar cells: Very efficient although expensive.

e Optics: Very efficient and with high acceptance angle.

* Module: Efficient heat extraction and cheap assembling process.

e Tracker: Precise pointing, low acceptance angle losses and low cost.
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Perhaps, the most surprising, among the aforementioned characteristics, is the
possibility of using very efficient and expensive solar cells as far as they operate at
high enough concentration. If the above characteristics are met, our cost calculations
showed that an electricity cost below ¢€3/kWh for a place like Madrid (Spain)
and a nominal cost for the whole grid-connected installation below €1/Wp could
be attained [12]. If these cost figures were achieved, CPV would become a real
breakthrough. Following the cost forecast of Luque [13], PV could supply an
important part of the world electricity in this century (23% by 2025 and 34% by
2050) provided that this long sought-for breakthrough occurs. The influence of
concentration on cost was shown in [7]. From that reference, many cases can be
derived. For example, a complete installation based on 30% efficient solar cells
operating at 1,000 suns would have a cost somewhat higher than €3/Wp after a
cumulated production of 10 MWp, which would be the same cost than that of an
installation based on 40% efficient MJSCs operating at 400 suns. Although these
costs are now rather obsolete (and will be updated below), the general trend shown
in [7] is that the hierarchy of factors on cost are first, learning, second, concentration
and third, efficiency. Therefore, the key factor for reducing the cost of CPV will be
by means of learning and production optimisation but while a significant cumulated
production is achieved, the running CPV installations should take into account the
efficiency-concentration pair because concentration appears as a factor governing
cost more severely than efficiency.

Another reason for the operation at 1,000 suns also derives from our experience
in close proximity to the manufacture of complete CPV prototype modules which
started in 1996. First, we did the proof of concept of proper operation at 1,000 suns
by using an RXI optical concentrator and a GaAs solar cell [14]. After this experi-
ence, in 1999, we participated in the industrialisation of the concept. The work was
supported by the European Commission within the project called INFLATCOM:
INdustrialisation of ultra-FLAT COncentrator Module of high efficiency. At the
beginning of the INFLATCOM project, a fully commercial photovoltaic system
with an objective cost of €2.8/Wp assuming a nominal concentration of 1,000
suns and 10 MWp of cumulated production was stated. Nevertheless, at the end
of the project, a cost of €4.38/Wp was envisaged for the same production volume.
Several unpredicted additional costs arose and the operation at 1,000 suns appeared
to be a key factor in order to partially offset the unexpected extra costs. If the
designed concentration had been 500 suns, the envisaged cost would result around
€7-10/Wp. Unfortunately, we think this has been and is being a common situation
for many companies entering the CPV market. From now on, we will call Ultra
High Concentration Photovoltaic (UHCPV) to concentrations about 1,000 suns and
higher in opposition to High Concentration Photovoltaic (HCPV) typically assigned
to concentrations about 500 suns and something higher and to the more general
acronym CPV. But there are not only strategic (and then, subjective) reasons for
the operation at UHCPV but also incontestable ones such as the MJSC efficiency
increase. The detailed balance theory shows that the efficiency of a solar cell
increases as a function of concentration as a result of the variation of its open circuit
voltage [15]:
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where X is the concentration level, r(0) is the reflectivity for the cone of light
with an angle, 6, which impinges the cell from the concentrator, A(W) and
E (W) are the average values for the thickness (W) of absorbance and emittance,
respectively, and Ay is a constant. The rest of symbols have their usual meaning.
A(W)> E(W) because of the different temperatures of the equivalent black-
body spectra for incident and emitted radiation. Thus, V. can be higher than
for A= FE =1, usually referred as the limiting efficiency case. An interesting
remark is that because V. depends on the X/r(6) ratio, the same effect can be
obtained by increasing X than by decreasing r(6). This means that the maximum
efficiency (i.e, Vi) can be reached at one-sun operation with a highly angularly
selective solar cell or with an isotropic cell at a concentration of 46,050 (for
a refraction index unity) or with any other combination in between keeping
X/r(9)=46,050[15].

This is the theory in the ideal case of a solar cell with only radiative recombina-
tion, infinite mobility, zero series resistance, etc. However, it is well known that the
main limitation of solar cells under concentration is the series resistance, which is
the responsible of the efficiency decrease once the increase of open circuit voltage
with concentration cannot counterbalance the decrease in fill factor. Therefore, the
consideration of series resistance and the ways to minimise its deleterious effect
are of key importance and will be analyzed in Sect. 2.3.

Section 2.4 will be devoted to a key structure of the MJSC for operation
at UHCPV - the tunnel junction — and its performance when the impinging
illumination on the cell is not uniform. Because at UHCPV the light power density
impinging the MJSC is about | MWp m™~2 or higher, an important aspect is the heat
extraction. This subject has been extensively considered elsewhere [7]. Basically,
the heat removal at UHCPV (>1 MWp m™2) is a question of the solar cell size. As it
was shown, for solar cell sizes below about 10 mm? no active cooling is required
and a temperature increase well below 50°C over the ambient temperature can be
obtained.

Once the solutions for the challenges related to series resistance, tunnel junction
(TJ) and heat extraction are stated, the ways for increasing the MJSC efficiency
will be addressed in Sect.2.5 (Increase of the MJSC efficiency at ultra-high con-
centration). The accurate illumination I-V characterisation of the MJSC is a tricky
subject, which is properly carried out by only a few specialised laboratories and
research centres. However, the illumination I-V curve supplies information about
the performance of the whole solar cell. Just the quantum efficiency measurement
relies on some aspects of the individual performance of each sub-cell within the
whole MJSC. These limitations are of key importance, because the R&D process
for improving the MJSC efficiency requires to know the complete behaviour of
each sub-cell. In order to face this challenge, several characterisation methods are
described in Sect. 2.6 (Advanced characterisation).
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Finally, the challenge of the proper operation of MJSCs at UHCPV for the
scheduled period of time, i.e., their reliability is analyzed in Sect.2.7 (Reliability).
Preliminary results indicate that ITII-V solar cells are robust devices.

2.2 Cost Calculation Update

Figure 2.2 shows the cost of a complete PV installation (including modules,
tracking, inverter, land, etc.) as a function of the MJSC efficiency and concentration.
As it was stated in the former section, the cost analysis carried out in [7] is now
updated in order to include some rapidly changing costs. As can be seen, the cost
reduction resulting from the increase in the solar cell efficiency when going from
35 to 50% at a given concentration is about €0.5/Wp. Both the thicker lines only
consider the efficiency increase for the cost reduction. Such high efficiencies can be
achieved by three or more junctions of III-V semiconductors grown on germanium
substrates. The analysis assumes a cost of €80 for 4-in. Ge substrates. The cost
reduction thanks to the operation at 1,000 suns is also shown. As can be seen, a
complete installation based on MJSCs of a given efficiency operating at 1,000 suns
will result in the same cost than an installation with MJSCs with an efficiency 6-8%

Nominal cost (€/Wp)

I1I-V/Ge (500 X)
— =Il-V/Ge (1000 X) 1

I11-V/Ge with learning (500X)
— — [lI-V/Ge with learning (1000 X)

0,5
35 40 45 50

Solar cell efficiency (%)

Fig. 2.2 Nominal cost of a complete MJSC-based PV plant as a function of the solar cell efficiency
operating at concentrations of 500 and 1,000 suns. III-V MJSCs on Ge substrates are considered.
Thicker lines represent the evolution of cost as a function of the solar cell efficiency only. Thinner
lines assume an additional reduction of cost because of “learning” in the mass-production of all
components of the CPV installation. In this last case, the evolution of the curve is not representative
(transient period) and only the initial and final costs must be taken into account
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(absolute) higher but operating at 500 suns. However, the evolution presented by
both thicker lines in Fig.2.2 is not fully realistic because for the achievement of
commercial MJSC efficiencies close to 50%, a time of about 5—10 years is required.
In such period, it is expected that additional cost reductions in all elements of the
CPV system will occur because of learning. For example, in the 2008-2010 period,
the cost of the inverters has been reduced from about €1/Wp to about a third.
Correspondingly, the tracking cost has decreased from about €2/Wp to less than 1.
These huge cost reductions are the consequence of the tremendous growth of the
photovoltaic market in the last years [16]. Therefore and in order to consider this
type of cost decrease, a new cost calculation is presented in Fig.2.2 by means of
the thinner lines. As can be seen, during the time required to increase the MJSC
efficiency from about 40-50%, the cost reduction by learning would allow to reach a
cost close to about €0.9/Wp. The optoelectronic learning coefficient, 0.52, has been
assumed for related components and processes such as solar cells, encapsulating of
cells while the photovoltaic learning coefficient, 0.27, has been assumed for the
corresponding components and processes such as structure, tracking, inverter [12].
It must be remarked that the evolution of the curve (transient period) is not accurate
and only the initial and final costs must be taken into account. This is because
there are many unknowns about the evolution of several aspects. For example,
an important cost decrease will be related to the transition in the manufacturing
of MJSCs from 4-in. Ge substrates to 6-in. It is expected that this transition to
6-in. wafers of the main manufacturers will be completed by 2013 but delays can
appear.

2.3 Series Resistance

The most limiting parameter of a solar cell for its proper operation at UHCPV is
its series resistance. The case of MJSCs is especially complex since in addition to
the usual contributions derived from the front metal grid, semiconductor layers and
specific contact resistances, the impact of TJs must be carefully taken into account.
Therefore, it is compulsory to have a suitable modelling of the whole MJSC able to
guide the subsequent technological development.

Traditionally, series resistance has been evaluated or simulated by means of
models based on lumped parameters, which consider one or two diodes for the
recombination, one series resistance, one shunt resistance and one current source.
Because of the high current densities achieved in concentrator solar cells and
the actual concentrator set-up characteristics, three-dimensional (3-D) or at least
distributed models are required [18]. In the mid-1980s, one of the first attempts
for simulating solar cells with a distributed model was presented [19]. Since then,
several authors have presented different distributed models to explain the different
series resistance losses occurring in solar cells but none of them linked together all
of the main effects, till the proposal of a 3-D distributed model for high-concentrator
solar cells based on elemental units made up of electrical circuits [20]. In that 3-D
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Fig. 2.3 From left to right it is shown the elemental units used in the distributed modelling of solar
cells corresponding to illuminated areas, dark areas, both being inner regions; and perimeter of a
dual-junction solar cell containing a TJ [17]

distribution model, the recombination mechanisms are dealt with in detail, paying
special attention to the perimeter properties. No ohmic effect is omitted and shunt
resistances are also included (see Fig. 2.3). The model also allows the simulation of
the external connections made on the solar cell bus bar. The main result of these
studies is that for concentration operation the models using lumped parameters
were not able to accurately reproduce the solar cell performance. For example, the
parameter extraction from the traditional two-diode lumped model in [20] revealed
mistakes leading to an overestimation of Jy; and series resistance components and
also its unavailability to simulate the solar cell for a wide range of concentrations.
With the distributed model presented in [20], the advantages of treating each part
of the solar cell independently without lumped parameters was shown and a correct
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parameter extraction was carried out to a concentrator single junction GaAs solar
cell within a wide concentration range (1-2,000x).

The use of the 3D distributed model together with the one-diode lumped model
and the numerical simulation (TCAD software, ATLAS(©) from Silvaco) has been
applied to a GalnP/GaAs dual junction solar cell in order to compare the three
different models [21]. The reproduction of the I-V curves was achieved with
reasonable accuracy by the one-diode model in a limited concentration range.
The calculation of the I-V curves at high concentration with numerical models
showed the need of improvement since it exhibited a discrepancy between exper-
imental and modeled data. On the contrary, within the whole concentration range
investigated (14,100 suns) the 3-D distributed model yielded excellent results.

The power of the distributed models in the determination of the impact of the
different series resistance components has been also demonstrated. For example, the
origin of the differences between the dark and illumination ohmic losses has been
presented in [22], showing that the most important series resistance components for
the dark I-V curve are those related to the vertical current flow, such as the vertical
resistance and the front contact-specific resistance, while the emitter sheet resistance
and the metal sheet resistance have little impact on the dark I-V measurements,
but they have a key role under concentrated illumination. The distributed model
is also required for the optimisation of the grid design. For example, in [23] once
a given front grid geometry is decided, efficiency was calculated by varying the
front contact specific resistance and the metal sheet resistance for 500x, 1,000x
and 2,000x as a function of the shadowing factor. The optimum number of fingers
was found for each situation. Again, differences were found between the optimum
design produced by the lumped two-diode model and the distributed one. However,
when the need of the distributed model appears as essential is when real operation
of MJSCs is considered. The most important situations appearing in real operation
are [18]: (a) different illumination spectra from the standard ones, as a consequence
of light going through a given optics; (b) inhomogeneous illumination on the solar
cell because of the focusing of light; (c) light impinging the cell within a cone,
as a consequence of the different areas of the optics and solar cell; (d) chromatic
aberration and (e) temperature gradients: at the horizontal plane, they appear as a
consequence of the inhomogeneous illumination while at the vertical plane, as a
consequence of the different light absorption at the different semiconductor layers
together with the joule effect produced by the vertical current flow. All of these
situations also affect the series resistance effects.

The 3D distributed models have already shown their capabilities in some of
these aspects. For example, the effect of non-uniform light profiles, produced by
a practical concentrator optics, on the performance of a concentrator GalnP top cell
has been studied (see Fig.2.4) [24]. Its front grid design was also optimised even
taking into account the asymmetries of the light distribution that can appear due to
a possible misalignment of the tracker. Finally, the potentialities of this modeling
for the analysis of distributed effects on MJSCs were briefly explored by analyzing
the impact of the chromatic aberration on the performance of a double junction
GalnP/GaAs concentrator solar cell .
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Fig. 2.4 Uniform, A+DTIR and smooth Light profiles studied (fop) and the resulting I-V curves
of a single junction GalnP concentrator solar cell illuminated with them (bottom). The integrated
light power is kept constant to 1,000x (Reprinted with permission from [24]. Copyright 2008.
IEEE)

In the achievement of the world record efficiency dual-junction solar cell (whose
analysis will be carried out in Sect. 2.5 of this chapter), the control of the series
resistance (achieved in a great extent by the use of the 3D distributed model) was
of key importance [26] An efficiency of 32.6% at 1,000 suns was obtained and
it still remained at 31% at 3,000 suns with a shadowing factor for the front grid
of only 2.7%. From its use for the optimisation of record dual junction cell, the
distributed model has been improved in order to allow the analysis, among others,
of the influence of the busbar width (also considering the influence of the perimeter
recombination) and the post-growth technological imperfections [25]. Figure 2.5
represents an example of this kind of studies where the impact of the number of
external connections (wirebonds) placed on the busbar is analyzed. It was found
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Fig. 2.5 (a) Wire-bonding defect cases studied, for the 4- and 8-wire configurations. (b) and
(¢) Simulation results of the GaInP/GaAs dual-junction solar cell concentration response for the
different cases of wire-bonding defects analyzed [25]

that, for the current level managed by the GalnP/GaAs dual-junction solar cell, the
efficiency obtained at 1,000x with the 4- and 8-wire approaches is virtually identical
(see Fig.2.5). Moreover, in both cases, defects in which one wire is missing do
not produce an important efficiency drop. If defects involving more wires are to
be expected, then an 8-wire scheme should be chosen. The impact of non-uniform
light intensity profiles in the series resistance, and then in the efficiency of a dual-
junction solar cell has been also analyzed in [25] as an extension of the work carried
out in [24] for single junction cells. Drops below 1 and 5% absolute are obtained for
aspect ratios of the Gaussian light profile as high as 4 and 10, respectively, and for
an average concentration of 1,000x, mainly because of a reduction of the FF and
also in the V. (see Fig. 2.6). The non-homogeneity of the resistive paths throughout
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performance of 1 mm? dual junction solar cell. The average concentration is 1,000% in all cases.
The peak concentration to average concentration ratio (Cpax/Cayg) is modified from 1 to 10. (b)
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the solar cell active area with inverted square front grid with constant finger pitch
[27], is one of the origins of the FF drop. A solution for this problem is obtained by
means of variable finger pitch configurations, which can be optimised for a given
irradiance distribution [25].
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2.4 Tunnel Junctions for UHCPV

In the preceding section, there is no mention to the TJ and its impact in series
resistance or its performance at the real operation conditions described in [18].
However, its role is key as will be shown below. T is one of the most critical parts of
the MJSC in order to attain high efficiencies under very high concentrations. High
optic transmittance together with a high peak current and a low voltage drop across
the TJ (i.e. low series resistance) are required. This fact has a special relevance
in the case of concentrator photovoltaic systems, since as has been shown above,
the concentrator optics forms a non-uniform illumination profile on the cell with a
maximum irradiance significantly higher than the nominal (average) concentration
level. Consequently, it is important to develop TJs that can assure peak currents
well over the maximum level of concentrated light on the MJSC together with
negligible voltage drops (series resistance). The simultaneous combination of all
these characteristics is complicated, and it is in the origin of the failure of many
MIJSC:s to properly operate at UHCPV.

The highest peak tunneling currents are obtained using low band gap materials,
since the lower barrier height generated with them in the junction favors the
tunneling process. In fact, a peak current density as high as 19,904 A cm™2 was
published for an InGaAs/GaAsSb TJ [28]. For GaAs, a complete tunnel junction
I-V curve with peak current densities higher than this value has not been published
so far. A 340 A cm™2 peak current density was described in [29]. Recently, a GaAs-
based TJ was presented showing a peak current density of 2,000 A cm ™2, which is
beyond any value published before for a same type TJ in the MJSCs field [25]. In
terms of series resistance, the voltage drop through that TJ was lower than 50 mV
for concentrations below 6,000 suns and smaller than 100 mV for concentrations
up to 13,000 suns (see Fig.2.7) after the annealing. With these characteristics, the
performance of the MJSC working inside any of the current concentrators [30] will
not be affected and also broaden the field for UHCPV MJSC research. As we have
already seen, 3D distributed model based on elemental circuit units constitutes an
excellent tool to simulate the MJSC under concentration conditions. However, to
date and to the best of our knowledge, in these models the TJ has been modelled as
a short circuit [31] or as a resistor [21], which only takes into account the tunnelling
region of the I-V curve. This simplified approach is not accurate at high current
densities, and it fails in situations that produce currents in the solar cell higher
than the peak current of the TJ. In order to address these limitations, reference [17]
presents a new method that operates without restriction throughout the entire J-V
curve of the TJ. In that method, the TJ is modelled using the analytical expressions
that reproduce its three main operating regimes (ohmic region, excess current region
and thermal diffusion region) together with several resistances that allow lateral
current spreading in the TJ layers.

This new simulation approach has been used to simulate MJSCs at the oper-
ational limit of their tunnel junctions to revisit some typical assumptions made
when interpreting the results of solar cells operating at ultra-high concentration [32].
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Fig. 2.7 J-V curves of TJs as-grown and after an annealing process at 675°C under AsH;
atmosphere during 30 min, in order to emulate the growth of a GalnP top cell on the tunnel junction
described in [25]

For instance, it is typically assumed that to determine the peak current of the limiting
tunnel junction in an MJSC it is enough to increase the irradiance on the device
and monitor the I-V curve until a dip in the curve appears [33]. At this point,
it can be assumed that the short circuit current of the MJSC equals the TJ peak
current. To test this assumption, a dual-junction solar cell with a tunnel junction
described in Fig.2.8 left and a short circuit current density of 13.5 mA cm—2 was
simulated (i.e. for this device a dip in the I-V curve should appear just above 3,000
suns) [32]. The bottom part of Fig.2.8 depicts the result of such simulations at
two different concentration levels: 3,090x and 3,100x carried out as presented in
[32]. As expected, a dip in the I-V curve becomes apparent in the case of 3,100x.
However, a surprising result is obtained at 3,090x, since no effects in the I-V
curve are detectable. Therefore, if the simulations are taken as correct, this dual-
junction solar cell can operate with illumination currents beyond the TJ peak current
without exhibiting the dramatic dip-related effects, up to at least 3,090x. Greyscale
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maps at 1.5V (in the dip) for the two irradiance levels, 3,090x and 3,100x, have
been depicted in Fig.2.9, in order to understand the origin of this surprising result.
Figure 2.9 shows that at 3,090 the voltage drop in the TJ is around 0.1V, then it is
working in the tunneling region (see Fig.2.8 top). However, at 3,100x the voltage
drop in the TJ is around 1.12'V, then the TJ is working in the thermal diffusion
region.

The results shown in Figs.2.8 and 2.9 can be understood by considering the
actual current flow in the MJSC. Figure 2.10 aids this by plotting the lateral
current density along the tunnel junction (i.e. along rypeqe Of Fig. 2.3) versus half the
distance between two adjacent fingers. At 3,090x%, the TJ operates in the tunneling
region with a voltage drop close to 0.1V (Fig.2.9 left), then the current through
the junction is virtually equal to its peak current. This phenomenon is possible,
despite the fact the photogenerated current is higher than the peak current because
there is a lateral current density that diverts the excess current towards the dark
areas where it can flow vertically. At 3,100x, the TJ is operating in the thermal
diffusion region (Fig.2.9 right), the voltage drop is around 1.12V and thus the
current through the TJ decreases sharply and the dip in the I-V curve is observed
(Fig.2.10).
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Fig. 2.10 Lateral current through the tunnel junction anode, ranode, versus half the distance
between two adjacent fingers (where S is the finger pitch) calculated in [32]

This surprising result reveals that it is not strictly necessary that the current
through the solar cell is lower than the peak current of the TJ, in order to avoid
the appearance of the dip in the solar cell I-V curve has been experimentally
observed [34]. This phenomenon can be explained thanks to the method described
in [17], as follows. In practice, MJSCs comprise areas covered with metal and
exposed areas. In the areas covered with metal no photogenerated current is
produced, since they are in the dark. Thus, they can be considered as regions
where the short circuit current is 0. These regions act as current sinks which
somehow relax the requirement of the TJ peak current being higher than the whole
solar cell short circuit current. In the simulations, these current sinks cannot be
effective if the lateral current flow is not allowed. This is why this effect cannot
be explained with the traditional models for the TJ consisting on a simple resistor
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or short-circuit. On the contrary, the new method [17] contemplates the lateral
current flow, which, though being low, is enough to allow that the MJSC I-V curve
does not exhibit the dip for current values slightly above the TJ peak current, as
was observed experimentally. In the same sense, a recent work [35] arrives also
to the same conclusions (the need of current spreading in the anode of the TJ)
by using numerical simulations. This powerful method of modeling the TJ allows
also the simulation of MJSC under chromatic aberration conditions [32]. Numerical
simulations based on commercial software are also a useful way to evaluate series
resistance effects and TJ performance. In fact, a good knowledge of the dual junction
solar cells has been recently achieved [36, 37], which could be easily extended to
triple junction solar cells. However, because of the present high computing cost of
this approach, it is only applied to a trench of the MJSC, i.e., it is a 2D analysis,
so no results of the series resistance or of the operation under real conditions of the
whole MJSC have been achieved to date.

2.5 Increase of the MJSC Efficiency at Ultra-High
Concentration

As stated in the Introduction of this chapter, tremendous progress has been made in
recent years in increasing the efficiency of multijunction concentrator solar cells.
Several labs, including NREL [1], Fraunhofer ISE [2] and Spectrolab [3], have
reported devices with efficiencies over 40% for concentrations below 500 suns.
However, the performance of these devices at concentrations above 1,000 suns is
either much more modest or even not reported. This fact is the result of the steep
efficiency roll-off that these devices suffer after peaking efficiency. Consequently, it
seems that the development of an MJSC technology able to provide high efficiency
for UHCPV is still a challenging issue. Taking advantage of the advances on the
control of the series resistance and TJ performance described in Sects. 2.3 and 2.4
of this chapter, in this section we go a step forward by presenting the efforts of
IES-UPM around this topic, by conducting a detailed discussion of the design and
performance of record MJSCs above 1,000 suns.

The manufacture of highly efficient MJSCs for UHCPV requires two main
technological steps. First, the growth of a highly efficient semiconductor structure
has to be accomplished (typically by using the MOVPE technique) and, second,
these structures have to be processed into concentrator solar cells minimising the
deleterious effects of the series resistance. Figure 2.11 summarises these two steps
for a record performing dual-junction solar cell developed at IES-UPM [25, 26].
As shown by the left part of the figure, the structure corresponds to a GalnP/GaAs
dual junction solar cell with an AlGaAs/GaAs tunnel junction. Essentially, this
structure involves the growth of about 15 layers of five different materials using
four different dopant sources. Thicknesses have to be controlled to the nanometre
scale, compositions of ternary and quaternary alloys have to be finely adjusted to
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Fig. 2.11 Semiconductor structure (/eft) and top view of a finished device (right) for a record dual
junction solar cell [26]

within 100 ppm and dopant concentrations covering three orders of magnitude have
to be repeatedly controlled. The key aspects of this structure in terms of UHCPV
operation are: (a) the design of the top cell emitter; (b) the TJ and (c) a careful tuning
of all heterointerfaces to avoid additional (and sometimes unexpected) contributions
to the series resistance. Regarding the top cell emitter, a special emphasis was put
to maximise its conductivity at the cost of impacting the photogeneration at low
wavelengths, as will be discussed when dealing with the quantum efficiency of
this design. The importance and performance of the TJ has already been discussed
in Sect. 2.4 of this chapter. In addition, special attention was paid to many of the
heterointerfaces present in the device in order to minimise their impact in the series
resistance [38].

As mentioned above, the front grid metallisation plays a major role in minimising
the series resistance when working under concentration. The main parameters
that influence the design of the optimum front grid are the top-cell emitter sheet
resistance, the technological characteristics of the grid (maximum attainable sheet
conductance and minimum semiconductor/metal specific contact resistance) and
the short-circuit current of the device. Thus, to optimise the grid design, it is
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necessary to perform a multivariable optimisation for which the 3D models based
on distributed circuit units described in Sect. 2.3 were used [25]. The right part of
Fig.2.11 depicts a finished device, which shows the final result of this optimisation
process to define the front grid. As seen in Fig.2.11, the finger pitch was kept
constant because this approach has been demonstrated to give similar results as
those obtained with the current-balanced design for uniform light profiles and is
clearly advantageous for non-uniform light profiles [24]. The solar-cell active area
used is 1 mm?, which, in accordance to the compromise situation imposed by the
series resistance, perimeter recombination, packaging cost and heat dissipation
for an operation of the device at 1,000 suns, is close to the optimum value. The
resulting geometrical dimensions of the device make it appropriate to use the
“LED-like approach” [7] for the post-growth processing of the semiconductor
structure. Consequently, the grid was formed by photolithography and Physical
Vapour Deposition (PVD) techniques using the well-known AuGe/Ni/Au system
[39]. As thousands of millimetre-sized devices fit in a single wafer, wet mesa etching
consisting of an optimised sequence of acidic and basic solutions was applied to
isolate individual solar cells and minimize the perimeter recombination. Finally,
a MgF,/ZnS anti-reflecting coating (ARC) was deposited onto the devices.

Figure 2.12 presents the external quantum efficiency (hereinafter QE for brief)
of these dual-junction concentrator solar cells as measured by the Calibration Lab-
oratory of the Fraunhofer Institute for Solar Energy Systems (FhG-ISE, Freiburg,
Germany). The reflectivity of the ARC-coated devices is also plotted. The appar-
ently poor blue response of the GalnP top cell is a consequence of the emitter design,
which is optimised to maximize the efficiency at 1,000 suns by reducing its series
resistance component. This leads to the necessity of using a thickness and a doping
level in this layer that produce such a reduced QE in the 300-500 nm range. The
short-circuit current densities (Jsc) under the solar spectrum AM1.5D low AOD
show values of 14.3 and 13.5mA cm™? for the top and bottom cells, respectively,
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meaning that there is a current mismatch of 6%. This result is partly due to the
deposited ARC layer, which is not negligibly reflective in the near-IR region, as
shown in Fig.2.12. Although this current mismatch gives rise to an increased fill
factor, the loss in short-circuit current produces a net conversion efficiency that is
lower than that in a current-matched device. This means that there is still room
for improvement in this dual-junction solar cell, by simply adjusting the current
matching via fine-tuning of the thickness of the top-cell base layer and by using
an appropriate ARC coating thickness and material quality. An additional way of
improving the efficiency is raising the band-gap of the top cell — Eg in the top cell
is 1.85eV as marked in Fig. 2.12 — by disordering the GalnP by means of the use of
a surfactant during the MOVPE growth [40].

Figure 2.13 summarises the certified concentration measurements which were
performed on these devices at the Calibration Laboratory of the FhG-ISE (Freiburg,
Germany). The solar spectrum used was the AM1.5D low AOD, with an irradiance
of 1,000 W m~2. The calibration at 1 sun gave an open-circuit voltage of 2.216'V,
a Jsc value of 13.5mAcm™2, and an FF of 85%. The relatively low V. value
at one sun, compared to other GalnP/GaAs devices, is mostly due to the high
perimeter-to-area ratio in this solar cell, which causes a notable influence of the
perimeter recombination on the value of V,. at low currents [21]. Regarding
efficiency, it can be observed that the maximum value achieved is 32.6%, remaining
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Fig. 2.13 (a) Efficiency, fill factor and open circuit voltage vs. concentration of the ultra-high
concentrator dual-junction solar cell described in Fig.2.11. (b) The fit obtained with the 3D
distributed model described in Sect. 2.3 using the parameters of the table is also plotted as a thin
line [25]
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virtually constant for concentrations ranging from 400 to 1,000 suns. Moreover, the
efficiency is above 30% up to concentrations higher than 3,500 suns. Therefore,
the multivariable-design approach applied herein, which was employed with the
aim of obtaining the maximum efficiency at 1,000 suns has been fruitful. Fig.2.13
shows that, as concentration goes up, the open circuit voltage recovers rapidly as
the perimeter recombination becomes less influential, and reaches a value of 2.76 V
at 1,000 suns. The FF has its peak value of 88.7% at around 400 suns and decreases
steadily at higher concentrations. This behaviour suggests that for concentrations
up to 4,000 suns, the TJ is still working in the ohmic region, as expected from the
discussions in Sect. 2.4 of this chapter.

In summary, a design approach oriented toward achieving a peak conversion
efficiency at 1,000 suns has been demonstrated for a dual-junction solar cell. All
the actions taken — from the optimisation of the TJ to the accurate design of the
front grid to minimise the series resistance — have resulted in a device with a record
conversion efficiency for any dual-junction solar cell and that even outperforms
many record triple-junction designs at concentrations above 1,000 suns. However,
despite these excellent results it is clear that a dual-junction device — though having
interesting applications in approaches that aim substrate reuse or need substrate
removal [41] — has a limited efficiency potential when compared to state-of-the-
art triple-junction solar cells. Accordingly, this methodology for UHCPV design
is being applied to the development of GalnP/GalnAs/Ge triple-junction devices,
with the goal of achieving efficiencies in excess of 40% at 1,000 suns and above.
Such efficiencies are, according to our simulations, reachable [42]. In this respect,
Fig.2.14 summarises the results of the current design of triple-junction solar cells
under development at IES-UPM. The left part of the figure shows a sketch of the
semiconductor structure of these devices where it can be noticed that the transition
to a triple-junction device forces key changes as compared to the dual-junction
structure shown in Fig. 2.11. The main change is of course related to having to deal
with a new substrate — a germanium wafer — which will act both as the mechanical
support for the whole device and as the third subcell. In addition, there are more
subtle changes such as: (a) the need to modify the composition of virtually all the
layers in the middle and top subcells to cope with the slight difference in lattice
constant between Ge and GaAs — this is the reason why GalnAs with ~1% indium
has to be used for the midlle subcell instead of pure GaAs— and (b) a second tunnel
junction has to be added between the bottom and middle subcell, which has to be fine
tuned to withstand the long thermal load associated with the growth of the middle
and top subcell without severe degradation of the tunnelling characteristics.

However, by far the most challenging task in this design is related to the
heteroepitaxial growth of III-V layers on germanium, which has essentially two
main requirements: (1) III-V epilayers on Ge have to provide a defect-free template
for subsequent epitaxial growth; and (2) during the initial stages of III-V growth on
Ge, diffusion of group-V atoms into the substrate has to be controlled to form a third
junction with the required characteristics for producing a high efficiency solar cell.
The attainment of these two requirements is usually accomplished by the growth
of two specific layers, namely, the nucleation layer grown at conditions which
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Fig. 2.14 (a) Semiconductor structure for the current design of triple-junction solar cells devel-
oped at IES-UPM. (b) Results for efficiency, fill factor and open circuit voltage vs. concentration
for these cells

optimise the III-V/IV interface and the buffer layer grown at conditions that hinder
the propagation of any crystallographic defect that might occur during the growth
of the nucleation layer and thus provide an optimum template for further epitaxial
growth. The growth of such layers of a given III-V material on germanium with the
aforementioned features is not a straight-forward task. In fact, the growth of a polar
III-V compound — such as GaAs or GalnP — on non-polar Germanium typically
produces a variety of problems, such as of antiphase domains (APD) [43], misfit
dislocations, hillocks [44, 45], uncontrolled etching [46], lack of charge neutrality
across the heterointerface and diffusions from the layer into the substrate and vice
versa [47]. In summary, a lot of material science has to be put into this interface to
build on it a high efficiency solar cell.

The right part of Fig.2.14 summarises the concentrator results of the current
design of triple-junction solar cells under development at IES-UPM. As this figure
shows, efficiency is over 36% for concentrations between 550 and 850 suns, peaking



2 The Interest and Potential of Ultra-High Concentration 45

at 700x with a 36.2%. After peaking, the decrease in efficiency is much steeper than
in the case of the record dual-junction solar cell (see Fig. 2.11) as a result of the rapid
decrase of the fill factor after 500x. Preliminary investigations indicate that this
behaviour is related to a processing issue (front contact problem) as the new series
resistance components associated with this structure (i.e. the germanium wafer and
the additional tunnel junction) should only add minor contributions to the overall
series resistance as compared to the dual-junction design for UHCPV.

Simulations indicate that the way to improve the results of this triple junction
solar cell is pretty much the same way to follow with the dual-junction [42]. A high
bandgap cathode for the top tunnel junction would increase the short circuit current,
and raising the bandgap of the GalnP in the top cell would also add up to the open
circuit voltage. These two changes, together with a successful processing of the
contacts and antireflection coatings, should bring efficiency above 40% at 1,000x.

2.6 Advanced Characterisation

The characterisation of MJSCs designed for UHCPV is a challenging task. On
the one hand, MJSCs are inherently complex devices — with several subcells and
TJs — with only two terminals in typical configurations. The latter fact implies that,
when measuring the device, we get the overall combined response of the solar
cell and have no access (typically) to each individual component of the MJSC.
On the other hand, the nominal operating conditions are extremely far from the
one-sun conventional characterisation set-ups used in photovoltaics. These two
facts cause the portfolio of available techniques for cell characterisation to be
ample and slightly divergent from conventional photovoltaics (both in terms of
equipment and measurement procedures). A good review of the main techniques
involved in MJSC characterisation can be found in [48]. Also of capital interest
are the techniques used to get the concentrator response of these devices (i.e. the
evolution of efficiency, fill factor and open circuit voltage versus concentration),
which for MJSCs are particularly intricate [49]. It is not the purpose of this section to
review these conventional techniques but to discuss some advanced characterisation
techniques useful for achieving an accurate diagnosis of the performance of MJSCs,
particularly for UHCPV. Here, the term advanced refers to the fact that these
techniques are not of widespread use and their set-ups are not readily available as
commercial products.

2.6.1 Quantum Efficiency Under Concentration

The spectral response or external quantum efficiency of a photovoltaic device is
one of the most revealing measurements, which can be taken on a solar cell. This
magnitude provides a picture of the internal performance of the device layer by
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layer. According to ASTM and IEC standards [50, 51], the spectral measurement of
a solar cell has to be performed using a continuous white light beam (bias light) to
illuminate the entire device at an irradiance approximately equal to normal end use
operating conditions intended for the cell. Therefore, the quantum efficiency of high
concentrator solar cells should be measured, in principle, using a bias light source
with irradiance equal to their nominal concentration which, in the case of MJSCs,
may range from some 100 suns to more than 1,000 suns.

Additionally, there are other interesting applications of this kind of QE measure-
ment. For instance, when characterising concentrator MJSCs, the linearity between
irradiance and concentration is often assumed. However, there are not many studies
dealing with this subject [52, 53]. Bias-dependent QE measurements can provide
some insight when trying to understand the lack of linearity with concentration of
the photocurrent of a solar cell since this must be the result of a variation of the
minority carrier collection parameters (lifetimes, diffusion lengths, etc.) of some of
the layers in the device with irradiance.

The set-up needed to do quantum efficiency measurements under high irradiance
bias light is schematically shown in Fig. 2.15. This set-up consists of the following
parts: (a) a high intensity Xenon lamp, a chopper and a grating monochromator to
obtain a monochromatic spot of high intensity; (b) a temperature controlled monitor
cell connected to its own lock-in amplifier to take into account fluctuations of the
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Fig. 2.15 Set-up for quantum efficiency measurements with high irradiance bias light. The bias
light is produced by a set of lasers and an optical mixer
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intensity produced by the Xe lamp; (c) a set of lasers (with the corresponding power
sources) and an optical mixer to produce a high intensity bias light with the required
spectral content; (d) the device under test, placed on a temperature controlled chuck
and connected to a lock-in amplifier; and (e) a computer to control the different
elements, and to process and display the results of the measurement.

Figure 2.16 shows the evolution of the QE of a GaAs concentrator solar cell
depending on the irradiance of the bias light. In this case, the bias light covers a
range from 1 to 20 suns, since larger concentrations produced no change in the
QE [54]. This solar cell was designed to work at 1,000 suns so the region where
the lack of linearity occurs is far below the nominal concentration. However, if an
insufficient bias light (or no bias light at all) was used to measure the quantum
efficiency and then the QE was used to calculate the short circuit current at the
nominal concentration then this Jgc will be clearly underestimated.

2.6.2 Electroluminescence Spectroscopy

Characterisation techniques based on the spectroscopic analysis of the light emitted
by a semiconductor device, namely photoluminescence (PL) and electrolumines-
cence (EL), are known to be one of the most sensitive ways to detect defects
and impurities in semiconductors. These techniques have the advantages of being
non-destructive, having high spatial resolution, and not needing special sample
preparation, thus enabling to evaluate the cells as they are manufactured [55—-60].
However, in terms of time consumed and required set-up, PL and EL are quite
different. PL spectral analysis is usually performed at very low temperatures
(ranging from 4 to 20 K) to maximise the radiative to non-radiative recombination
ratio. Therefore, time-consuming cooling down cycles have to be implemented,
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before measuring. In compensation, in complex devices — as MJSCs — PL provides
the ability to easily discriminate the response of every part of the device. By using
a laser of adequate wavelength, the different cells in the stack can be individually
excited and the unwanted crossed influence in others (if any) can be easily filtered.
On the other hand, the set-up for EL characterisation is extremely simple and this
analysis is usually carried out near room temperature; but (as biasing is applied to
the whole device, not to a sole junction) it is more difficult to control the individual
excitation of each subcell. The latter of course applies to two-terminal devices,
which is the case for the vast majority of current state-of-the-art MJSCs.

The main goal of this section is to present some possibilities of EL spectroscopy
as a fast characterisation technique able to provide valuable information on the
manufacturing process, as for instance: (a) information on top cell composition
and ordering (Eg of GalnP); (b) compare minority carrier properties of different
runs; (c) photon recycling and coupling studies (radiative recombination of one
subcell stimulates other subcells); (d) information on the thermal performance of
encapsulated devices. Moreover, in terms of quantitative information, the analysis
of the QE combined with the EL produced under different injection currents
can be used for recovering the individual I-V curve of each subcell (and the
corresponding diode quality factors) [61] using the reciprocity theorem between
electroluminescent emission and external quantum efficiency of solar cells [62].

The set-up needed for EL spectroscopy is schematically shown in Fig.2.17.
This set-up consists of the following parts: (a) a programmable power supply to
bias the solar cell; in most cases, this would be used as a high precision current
source; (b) the device under test, placed on a temperature controlled chuck; (c)
a grating monochromator for the spectral decomposition of the emitted light;
(d) a detector (a calibrated photodiode) endowed with suitable collecting optics;
and (f) a computer to process and display the results.

Figure 2.18 shows normalised EL spectra of a GalnP/GaAs dual junction
solar cell at 25°C for different bias currents. Important information which can be
extracted from this plot is: (a) position of the EL. maximum of each peak and cut-
off frequency, in the low energy side, which relates to the bandgap; (b) FWHM
for each peak and its deviation from the expected thermal broadening, which gives
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Fig. 2.17 Set-up for electroluminescence spectroscopy
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information of the non-thermal broadening mechanisms. In Fig. 2.18, the maximum
of the EL peak corresponding to the GaAs subcell is significantly more intense
than the one associated with the GalnP top cell. However, as the forward current is
varied, the relative height of the peaks changes. For low bias currents (I <5SmA —
Jsc<350mA cm™2), the high energy EL peak (top cell) is somewhat more intense
than that of the GaAs cell. For any other bias current, the GaAs sub-cell peak
is clearly more intense. This evolution can be explained taking into account the
radiative efficiency of each subcell and its dependence on bias [55].

An experiment similar to that summarised in Fig. 2.18 can be used to implement
a thermal analysis of the device since any change in the temperature will cause a
shift in the maximum of the EL peak (as a result of the change in Eg). So, if the
temperature control is disabled and the device is biased at different currents, any
shift detected in the maximum of EL will reflect changes in the temperature of the
junctions, giving valuable information about how the heat removal is working [63].

2.6.3 Electroluminescence Intensity Mapping

Electroluminescence intensity mapping [60,64—66] is an interesting characterisation
tool to ascertain the spatial uniformity of a solar cell, although it is far less extended
than PL mapping. In general, PL mapping is a fast and quite widespread technique
to assess the uniformity of a semiconductor structure, at wafer level, in most cases
just after the epitaxial growth. It is a fast measurement, taken at room temperature,
which can be even done as a routine quality control in-line. On the other hand,
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EL mapping is a device oriented measurement, as it involves the use of direct
biasing. Therefore, it is more time consuming and just can be done when the device
is finished. On the other hand, it can provide information related to the electrical
performance of the solar cell, which is not accessible by PL. Taking into account
that electrical measurements have to be made, EL mapping is a complementary
tool that can be easily integrated into electrical characterisation tools and provides
valuable additional information about the solar cell.

The signal detected by EL intensity mappers can be roughly seen as proportional
to the integral of one of the spectra presented in Fig.2.18. Therefore, any sort of
spectral dependent information is lost (as the bandgap of the cells, or even the cell
which is mostly contributing to the EL at a given bias), if no selective filtering is
used. Thus, in most cases, EL intensity signals can be interpreted in terms of:

1. Defect maps: Some regions emit less than others as the result of a higher
concentration of defects in those areas. Defects provide non-radiative recombina-
tion possibilities so, despite being at the same voltage, the light emission of those
regions is weaker. Normally, the intensity distribution in these maps is somewhat
random and does not follow the symmetry of the device.

2. Voltage maps: Some regions emit less than others because of the lower voltage
in those areas. The lower the voltage, the lower the injected current and thus
the lower the amount of carriers recombined radiatively. Normally, the intensity
distribution in these maps is symmetrical in respect to any of the symmetry axes
of the device.

The set-up needed for EL intensity mapping is schematically shown in Fig. 2.19.
This set-up consists of the following parts: (a) a programmable power supply to bias
the solar cell; in most cases this would be used as a high precision current source;
(b) the device under test, placed on a temperature controlled holder; (c) a filter
wheel to be able to eliminate the EL coming from any of the subcells; (d) a focusing
optics to adjust the image to be generated; and (e) a CCD detector connected to a
computer to process the image and display the results.

With this set-up, it is also possible to take pictures of the unbiased solar cell.
For this purpose only an extra illumination source is needed (i.e. an external lamp).
In this situation, the CCD camera just captures the conventional image of the solar
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Fig. 2.19 Set-up for electroluminescence intensity mapping
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Fig. 2.20 Comparison between EL intensity maps produced by solar cells with a defective (a) and
a good crystal structure (b). Bright (clear) areas indicate good quality material and dark areas
indicate defective regions

cell and not the EL image. It is interesting to compare the conventional image and
the EL image to interpret the EL results. For instance, a dark spot in the EL intensity
map may be the result of a defective area or just the result of a speck of dust or any
other kind of deposit produced during manufacture. In the first case, the affected
area will look normal in the conventional image, while in the second case the speck
of dust will appear in the conventional picture with the same shape as it appears in
the EL intensity map.

Figure 2.20 represents a typical example of the use of EL intensity maps to
compare the crystal quality of two different devices. Both figures are grey scale
pictures of the solar cell active area where dark areas correspond to poor EL
emission while bright areas are points with strong EL. Of course, the metallised
regions are completely dark since no emitted light can go through the metal layer.
In the picture on the left, greyish areas and dark spots are present all over the active
area of the device, revealing an almost ubiquitous presence of crystal defects. On
the other hand, in the picture on the right the bright areas are uniformly distributed
following the symmetry of the grid. In this case, the EL intensity map is interpreted
as a defect map. In this respect, EL mapping is a powerful tool to actually see and
map recombination centers [67].

Figure 2.21 shows EL intensity maps for other couple of solar cells, this time
revealing problems during the manufacturing process. In this figure, EL intensity
maps are presented using a gray scale, where dark areas represent high intensities
and clear areas low intensities. In the picture on the left, there is a clear (light
gray) area on the left and a dark gray on the right, indicating that the right part
of the solar cell is emitting more than the left part, as a result of the higher
voltage. This uneven voltage distribution is caused by a defective formation of
the wire bonding connections placed at the left side of the device; because of this
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Fig. 2.21 Comparison between EL intensity maps produced by solar cells with a defective wire
bonding (a) and a good wire bonding (b). In both cases wires were placed at corners. Bright
(clear) areas indicate regions with lower voltage, while dark areas indicate regions biased at higher
voltage. See discussions in the text

defective connection, during forward bias the current in the device is flowing from
the connections at the right side causing this right-left voltage/EL drop pattern.
On the other hand, the picture on the right shows a perfectly symmetrical EL pattern
(i.e. voltage distribution) showing no problems during connection formation. In this
case, the EL intensity map is interpreted as a voltage distribution map in a relatively
defect free device.

2.7 Reliability

The satisfactory efficiency record results described at the beginning of this chapter
have crystallised into the first commercial ventures of MJSC-based CPV systems.
Consequently, a new qualification standard, namely the IEC-62108, has been devel-
oped [68] in which the procedure for qualifying CPV systems and assemblies is
described. However, such standard does not consider specifically concentrator solar
cells and there is no other that defines their failure condition or power degradation.
However, before reaching a well-defined CPV module with a warranty to the
customer, it is necessary to demonstrate the reliability of III-V high concentrator
MIJSCs. It is well known that silicon flat plate modules are very reliable systems
capable of withstanding 25 years in field operation [69]. Nowadays, warranties
offered by the manufacturers are precisely of about 25 years, but this value is
expected to increase until 30 years in the near future [70]. If CPV systems are
expected to be competitive with silicon flat plate modules, they must be capable
of reaching similar warranties. Nevertheless, there are still many open questions
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regarding the reliability of MJSCs operating at high concentration that should be
answered in order to give such warranty.

Although there are some preliminary results regarding the degradation of these
solar cells [71-74], there is not enough accumulated experience to evaluate their
reliability. The study of degradation is of great importance, but it is important to
keep in mind that reliability is a completely different issue [75]. For instance, in
terms of degradation, a typical study could consist in a set of solar cells introduced
in a climatic chamber, the temperature is increased and the cells are biased to a
specific current level, the number of failures is registered and the Mean Time to
Failure (MTTF) is calculated with the following expression:

N
IFi
MTTF ; N (2.2)
where #f; is the time of every failure and Nf is the number of failures. In this case,
the test is just a degradation limited in time study. The problem is that this kind of
tests does not establish a correlation between the test time and the lifetime of the
device. With degradation limited in time, it is not possible to determine in which
periods of the classical bath-tube curve (decreasing, constant or increasing failure
rate) is the device working at [75].

In order to clarify how a reliability test should be carried out, it is important to
consider the following points:

1. To define what reliability is. A good definition is that reliability is the probability
that a component part, equipment, or system will satisfactorily perform its
intended function under given circumstances, such as environmental conditions,
limitations as to operating time, and frequency and thoroughness of maintenance
for a specified period [76].

2. To establish a test procedure in which the following tasks should be taken into
account: (a) to define a failure criterion; (b) to apply a stress factor; (c) to carry
out statistics, with the aim of getting the activation energy, the acceleration factor
and the main reliability functions (reliability (R(t)), failure rate (A(¢)) and MTTF).

Summarising, reliability testing should be directed to determine not only how
long devices are going to live, but also the way in which these devices are going
to live. In other words, reliability is also interested in knowing the probability
distribution of failure in nominal conditions of operation [75].

Considering the similarities between light emitting diodes (LEDs) and some
kind of III-V concentrator solar cells (same semiconductor materials and similar
manufacturing processes), an analysis to determine to what extent III-V high-
concentration solar cells are less stressed than LEDs has been carried out in a
previous work [77]. As a result, it has been concluded that solar cells handle lower
current densities than LEDs and that solar cells are also expected to operate at
their maximum power point for most of their useful life (i.e. the point at which
the maximum fraction of the power is delivered to a load and thus the minimum
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fraction of the power is internally available for degradation). In that paper, it was
shown that in this situation, there is a higher stress on series resistance and a lower
one on the junction. Therefore, a significant effort must be made to reduce the
series resistance in order to decrease the degradation of the solar cells. The effect
of temperature is less severe in solar cells than in high-power LEDs. It was also
concluded that encapsulating and protecting the solar cells against moisture is a
must for obtaining highly reliable devices. Finally, a theoretical prediction showed
that an MTTF as high as 10° h (this is equivalent to 34 years assuming 8 h of average
operation per day) could be reached for these solar cells [77].

After this prediction, the first reliability analysis derived from a stress-
temperature ageing test performed on a III-V high concentrator solar cells was
carried out in [78]. Unprotected single-junction GaAs solar cells were subjected
to temperature step-stress ageing test in climatic chambers. Working conditions
were simulated by forward biasing the 1 mm? solar cells at the same current
level (250mA, i.e. 25 Acm™2) they would handle at the operating concentration
(i.e. 1,000 suns). Dark I-V curves were routinely registered during the test at
the temperature of every step (90, 110, 130 and 150°C, respectively). By using
the method described in [79], the experimental data recorded for the dark I-V
curve were used to reproduce the illumination curve.

Data were analyzed according to the Weibull reliability function. This analysis
yielded a lower value of the MTTF of 2.02-10°h (i.e. about 69.2 years assuming
8h of average operation per day in a year) for a confidence interval of 90%.
The activation energy was not determined in this test, but the selected value for
the calculation of the acceleration factor (0.9¢eV) can be considered to be a low
value if compared to the literature. The reliability at 25 years was higher than
65% (see Fig.2.22). This is a low value for a solar cell, but that work dealt with
devices manufactured in a research laboratory, therefore could be considered as a
promising result. Besides, the failure rate in the initial stage decreased very steeply.
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Fig. 2.22 (a) Reliability and (b) failure rate estimations for a period of 25 years of operation
of the GaAs single-junction solar cells operating at 1,000 suns, obtained in [78] (Reprinted with
permission from [78]. Copyright 2008. Elsevier B.V.)
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Fig. 2.23 (a) GaAs solar cells encapsulated on a DBC substrate and covered with silicone [80].
The caption shows the wiring inside the climatic chamber before the beginning of the test. (b) Dark
I-V curves of two different cells before and after the degradation process. Solar cell of stage 1
corresponds to the experiment of [78] while solar cell of stage 2 corresponds to the experiment
of [80]

Then the failure rate trends asymptotically to a saturation value as can be seen in
Fig.2.22. The failure rate estimation at 25 years is 1.67-107° failures/year, which is
a promising result, mostly bearing in mind that the experiment was performed on
uncoated and bare devices. In this sense, the origin of degradation was shown to be
related to the appearance of short circuits at the perimeter of the devices [78].

A recent work has tried to circumvent the failure originated at the perimeter by
protecting the cells with a transparent cover [80]. Again small size (about 1 mm?)
GaAs single-junction solar cells were tested in order to compare them with the study
in [78] but now the cells were covered with silicone to protect their perimeter which,
in addition, reproduces the real situation of a cell inside a secondary optics in a
concentrator (Fig.2.23).

The main conclusions of that work show that perimeter protection seems to be
a good way of enhancing the reliability of the solar cells because no degradation
is found related to short-circuits at the perimeter. Besides, the low degradation
suggests an MTTF value one order the magnitude larger than the one obtained in
the thermal stress step test [78] where the perimeter was uncoated. In that work, a
simple method based on the aforementioned 3-D distributed model of the solar cells
has been used for the failure analysis [81], which was also employed in [78].

A step forward has been carried out in [82] where again small size GaAs solar
cells protected with silicone were degraded at different temperatures and injection
currents. At an injected current equivalent to 1,050 suns and a temperature of 150°C,
a power degradation of 4% is observed after around 4,000h of accelerated test.
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Considering a nominal operation temperature of the cells of 65°C, the test at 150°C
implies an acceleration factor of about 800. Therefore, those solar cells operating
8 h/day at 1,050 suns would experiment a power degradation of 4% in 550 years.

Consequently, III-V UHCPV solar cells seem to be very robust devices with
much longer MTTFs than LEDs because operating conditions of solar cells are
less demanding than those of LEDs. However, the results presented in [78, 80, 82]
are based on tests in which the injected current does not traverse all the parts
of the device such as in photogeration conditions happens. Besides, there is no
stress caused by illumination. Therefore, a wider type of test set must be developed
[75]. In spite of the fact that the aforementioned works have established a proper
methodology, failure criteria, etc. for determining the reliability of cells, the
experiments have been carried out on GaAs single junction cells. Accordingly, it is
necessary to develop similar tests with MJSCs in order to detect anomalous origins
of failure such as those detected when germanium is the substrate of the MJSC [83].
Degradation tests developed on parts surrounding the MJSC such as those described
in [84,85] are also required.

Finally, these accelerated ageing tests must be complemented with real-time tests
in which the different parts of module and specially the MJSCs must be analysed.
To our knowledge, the first attempt has been carried out in [86] where a statistical
model for assessing the reliability of a CPV module based on degradation data was
presented. The model was applied to a CPV module manufactured specifically with
the purpose of assessing its reliability. Independent electrical access was provided
to each receiver in the module to evaluate its performance over time without the
masking effects that a series or parallel connection configuration may introduce.

In a more general sense, the valuable work developed at ISFOC (Puerto llano,
Spain) [87] on the global performance and reliability of complete systems seems to
be key in order to get confidence in the UHCPV technology.
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Chapter 3
The Sun Tracker in Concentrator Photovoltaics

Ignacio Luque-Heredia, Goulven Quéméré, Rafael Cervantes,
Olivier Laurent, Emmanuele Chiappori, and Jing Ying Chong

Abstract This chapter provides an updated insight into the specifications and
design issues associated with the sun tracker in photovoltaic concentrators,
regarding both the mechanical structure and the electronic control unit, along with
the description of a set of representative examples. It continues with the description
of specific quality assessment instrumentation, developed for the measurement
of sun tracking accuracy. It ends by presenting and analyzing the results of a
monitoring campaign carried out with these instruments in a demo CPV system for
arange of different control strategies.

3.1 Introduction

Most PV concentrators use only direct solar radiation, and therefore must perma-
nently track the sun’s apparent daytime motion. They are hence to integrate an
automatic sun tracking structure, able to mount and position the concentrator optics
in such a way that direct sunlight is always focused on the cells. This sun tracker is
basically composed of a structure presenting a sunlight collecting surface in which
to attach concentrator modules or systems, which is somehow coupled to a one or
two-axis mechanical drive, and also of some sun tracking control system which
operates the drive axes, and maintains an optimum aiming of the collecting surface
or aperture toward the sun.

Static mounts are only feasible today for low concentration factors (below 5x).
However in the long term, static concentrators with higher ratios may appear making
use of luminescence and photonic crystals. All these issues are, nevertheless, beyond
the scope of this chapter.
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Line focus reflective concentrators, such as troughs, only require one axis
tracking to maintain the PV receiver along the focus line. However, due to the
daily variations in the sun elevation, sunlight incidence on the tracker’s aperture
is usually somewhat oblique, thus reducing the intercepted energy and causing the
sun’s image to move up and down within the focus axis, and producing further
losses whenever it surpasses the receiver’s ends. Line focus refractive concentrators,
such as those based on linear Fresnel lenses, experience severe optical aberrations
whenever light incidence is not normal, thus requiring two-axis sun tracking. The
same happens to most point focus concentration concepts developed, excepting
some low concentration factor devices with enough acceptance angle to admit sun’s
altitude variations.

Nearly all PV concentrators already commercial or currently under development
use two-axis tracking being the so-called pedestal tracker, as depicted in Fig.3.1,
with its azimuth-elevation axes the most common configuration, followed by the
tilt-roll tracker operating on the declination-hour angle axes. With regard to sun
tracking control, most of the early systems consisted on analog sun pointing sensors
based on the shadowing or illumination differences of a couple or quad of PV cells,
integrated in an automatic closed loop with the tracker’s driving motors. The advent
of cheap microcontrollers motivated the appearance of sun tracking control systems
requiring no sun sensing, and based only on the digital computation of precise
analytic sun ephemeris equations. To date the need for an efficient and reliable sun
tracking control in CPV applications has driven the state of the art toward a blend
of these two initial approaches, producing hybrid strategies that integrate both sun
alignment error feedback and ephemeris-based positioning.
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Fig. 3.1 (a) The two most common sun tracking axes geometries used in solar trackers,
declination-hour angle or also called tilt-roll trackers; and (b) azimuth-elevation, usually imple-
mented with pedestal trackers
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Fig. 3.2 Factors conditioning sun tracking performance related either to the tracking control
accuracy or to the acceptance angle losses

3.2 Requirements and Specifications

Strictly speaking, the main commitment to be fulfilled by a CPV sun tracker is
to permanently align the pointing axis of the supported concentration system with
the local sun vector, in this way producing maximum power output. As we will
see throughout this chapter, there are several error sources to take into account
and therefore, some off-tracking tolerance is required. Usually, this tolerance, or
minimum tracking accuracy required, is characterized by means of the acceptance
angle of the concentration system, usually defined as the off-tracking angle at which
power output drops below 90%.

As presented in Fig. 3.2, reasons for the decrease of sun tracking performance
can be classified into two main types: (1) those purely related to the precise pointing
of the tracker to the sun and (2) those which provoke shrinkage of the overall
acceptance angle of the concentrator system, thus indirectly increasing the tracking
accuracy required. Among those related to acceptance angle losses caused by the
tracking system, these are, on the one hand, due to the accuracy which can be
attained in the mounting and alignment of the concentrator system atop of the
tracker. This is in first instance a design problem having to do with the mechanical
fixtures provided for this purpose, their accurate assembly, and the regulation means
provided for module levelling, but also with the mounting protocols devised to carry
out these tasks. Also resulting in acceptance angle cuts is the stiffness conferred to
the tracker, which is to say the bending allowed in the different elements of its
structure under service conditions.

Regarding those having to do with tracking accuracy, these are basically, on the
one hand, the exactness of the sun position coordinates generated by the control
system, expressed in terms of rotation angles of the tracking axes. These will be
produced either by means of sun ephemeris-based computations, or result from
the feedback of sun pointing sensor readings. Also a combination of both these
techniques is used by some but, whatever the method employed to generate sun
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position coordinates, it will be affected by several error sources. On the other hand,
we will have to count with the precision with which the tracker can be positioned at
these dictated orientations, i.e., the positioning resolution of the tracking drive and
its control system, which essentially depends on the performance of tracking speed
control and on the mechanical backlash in the drive’s gearings.

Characterization of service conditions for a CPV tracker deserves some discus-
sion. Basically, these consist in fixing a value for the maximum wind speed, i.e.
wind load, to be withstood during sun tracking operation. The bigger this value,
the heavier and more expensive tracking structure required to maintain bending
under the threshold required for accurate tracking. A cost-effective approach is to
determine this so-called maximum service wind speed (MSWS) value from the
cross correlation between wind speed and direct radiation, in the location or set
of locations in which the trackers are planned to be marketed and installed. When
above this wind speed value, stiffness specifications do not have to be met and the
tracker can switch to some low wind profile stow position.

These correlations have been estimated in a systematic way to aid the design
of solar collectors employed in solar thermal plants by Sandia National Labora-
tories [1], by using records of insolation and surface meteorological conditions
obtained at 26 weather stations of the US National Climatic Center, distributed
over the contiguous United States and available through the so-called SOLMET
data tapes. These tapes provide hourly observations of wind speed and direction in
addition to the normal direct irradiance spanning the 1952—-1964 time frame. By
computing cumulated direct irradiation occurring below a certain wind speed for
double and single axis trackers, it was found that for 22 of the 26 SOLMET stations,
at least 95% of the direct irradiation is available at wind speeds not higher than
11 ms~!. The windiest station, the one at Great Falls, MT, collects 95% of the direct
insolation at wind speeds up to 13 ms™!. This wind speed value below which this
95% cumulated direct irradiation is comprised seems in first instance a reasonable
choice to be taken as the maximum service wind speed, over which the tracking con-
trol can order a stow position. A case example of this type of analysis is presented
in Fig. 3.3, worked out with 1 year of continuous wind speed and direct irradiation
(considering a two-axis tracker) hourly data, for the Spanish city of Granada.

Further fine-tuning of this wind speed threshold can be achieved if we are able
to obtain the function of tracker cost vs. MSWS, for the particular tracking design
chosen for our project. Considering we can also estimate the energy produced by
the concentrator system for, say, its assumed operative lifetime, also as a function of
the maximum service wind speed, we will be able to obtain an electricity cost and
determine its optimum value as that MSWS in which an electricity cost minimum
occurs. This exercise was done by the Spanish tracker specialist Inspira [2], using
a 9 m? pedestal tracker, and in which service stiffness was specified in such a way
that aperture bending was to remain always below 0.1°. This minimum, again using
the 1 year data collected for Granada, was found to occur at a maximum service
wind speed of 22 Km h~!, which as seen in Fig. 3.3, allows for a direct irradiance
cumulated collection in the 95% range which, to some extent, corroborates the
preliminary choice of this 95% threshold as a reasonable one.
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Cumulated yearly normal direct irradiation up to a maximum service wind speed
110+ (yr. 2000 hourly measured data @ Granada, Spain)
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Fig. 3.3 Yearly cumulated DNI (Direct Normal Irradiance) vs. wind speed for the determination
of maximum service wind speed, here computed for Granada, Spain, and showing availability of
95% DNI below 22 Kmh™! (6.1 ms™!) wind speed
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Fig. 3.4 Normalized tracker cost vs. maximum service wind speed for a specific tracker design
dimensioned for three different aperture surfaces and costed for 1,000 units/yr. productions

In Fig. 3.4, we see how tracker cost increased with the maximum service wind
speed for the referred 9m? design, and also for its upscaling to 16 and 25 m?
apertures considering 10,000 units/yr. production volumes. Design re-dimensioning
at constant wind speed interval, seeking for compliancy with the 0.1° maximum
bending criterion, implies an almost linear smooth cost increase in what respects
metal structural elements, mainly driven by weight increase. However, some leaps
can be observed in Fig. 3.4, which are due to the introduction of new part numbers
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in the drive components (bearings, gearing sets, etc.) whose price is partly driven
upward by their nominal load, but also eventually downward by their bigger market
and demand, and therefore the higher volumes in which their manufacturers produce
them.

We therefore infer how structural dimensioning of a tracking design can be cost
optimized for a given location, an option which may be worthwhile when building
large-scale CPV plants provided there are some tuning possibilities in the tracking
structure design and manufacturing, and also if it can be done without compromising
the cost effectiveness of the supply chain.

The other variable involved in this characterization of service conditions, the
maximum allowed structural bending measured in the aperture surface, which for
this example has been set to 0.1°, intends to place a bound on the losses caused by
the tracker’s flexure on the acceptance angle of its CPV modules. In the following
section, we will present a procedure developed to provide an estimate of these
losses, for a design carried out in observance of this maximum bending criterion.
Determination of the value for this maximum possible bending is to depend on the
acceptance angle of the particular CPV technology object of the design, bearing in
mind that the finally obtained tracking accuracy is to be comprised within the overall
CPV array acceptance angle.

Measuring this tracking accuracy is still an unsettled issue, provided there is to
date no standard instrumentation and measurement procedures, capable of providing
enough sensitivity to gauge the sub-degree accuracy ranges usually involved. CPV
developers frequently overlook this critical issue, and loosely talk about the usually
very high tracking accuracies they can achieve, without any explanation on how
they measure these. Precise tracking accuracy measurement basically entails the
continuous monitoring of difference angles with respect to the position producing
maximum power output. In the last section of this chapter, we will present a system
based in solid state image sensors, which we propose as an efficient tool to determine
the tracking accuracy statistics of a given CPV system.

Apart from sheer tracking performance, downtime or the availability ratio is the
other main concern with a CPV tracker. Here, the mechanical tracker is usually free
of suspect, provided the pertinent structural codes are respected in its design, and
taking into account that when recurring to off-the-shelf drive gearings, these are
subject to very mild operation conditions — one axis turn per day — when compared
with their usual market applications in machine tools, cranes, etc. Instead, most
of the reported problems arise in the electrical and electronic parts which, first of
all, are to be designed to operate reliably in outdoor conditions, but also comply
with a suitably chosen set of electromagnetic compatibility (EMC) and electrical
safety standards, thus anticipating common field problems such as power spikes
or surges. When considerable amounts of software are involved, as happens with
todays tracking control systems integrating microprocessors, it is not just a matter of
areliable and well-protected electronic design but also of a redundant code, immune
to hangs and able to gracefully recover from power outages or sags.



3 The Sun Tracker in Concentrator Photovoltaics 67
3.3 The Tracker Structure

In this section, an overview of how the stiffness issue is tackled in one of the
first tracker designs that in Spain specifically targeted CPV volume deployment is
presented [3]. It was a two-axis pedestal tracker designed by Inspira, with a 30 m?
aperture surface, customized for the CPV modules with 1,000x concentration factor
being developed by Spanish PV manufacturer Isofoton (Fig. 3.5). The modules had
anominal acceptance angle of £0.6°, determined through indoor lab measurements
using collimated laser light. Subtracting the approximately 0.26° subtended half
angle of the sun, this means we require a 0.34° minimum tracking accuracy. As we
will see below, a feasible value for the minimum tracking accuracy is 0.1° (i.e., 95%
probability that the off-track angle remains below 0.1°) so acceptance angle overall
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Fig. 3.5 (a) CPV pedestal tracker designed and produced by Inspira was subject to flexure
analysis. (b-left) Maximum bending turning angle in aperture surface when subject to maximum
service conditions (43 kmh™! wind speed) as a function of aperture elevation function. (b-right)
Sample finite elements analysis of flexure bending
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loss on the array must not surpass 0.24°. Introducing some overestimation, to allow
for extra acceptance angle losses due to some degree of error in module levelling
atop of the tracker’s aperture surface, a maximum 0.1° bending was the starting
point set for the tracking structure design. This means that this is to be the maximum
allowed turn induced by structural flexure for any vector normal to the aperture
surface when subject to maximum service conditions (maximum operating wind
speed set in this case to 43kmh™!, both blowing from the front or the back of the
tracker) at any aperture elevation angle. First in the design of the metal structure
forming the tracker’s aperture is choosing what we can loosely call its topology.
Here, only the lengths of dimensionless metal beams and the connections among
them and with the drive block are decided, seeking here the optimization of different
aspects such as transportation, in field installation, mounting of CPV modules,
etc. Once the tracker frame is settled, this is to be sized playing with the precise
form of the structural beams. For example using I-beams, angles and channels,
tubes, etc. if directly opting for off-the-shelf construction standards, or using instead
others requiring more processing such as trussed parts, but in all cases taking into
consideration their stiffness to weight ratios and their manufacturing costs.

It is when getting to this point that the stiffness constraints start to rule over
the design, and precise finite elements (FE) analysis are to be carried out over
the complete tracker structure, when subject to the specified maximum service
loads (CPV modules payload and maximum operative wind loads). When this was
done for the referred tracker, a solution based on standard structural beams was
obtained, which resulted in the least tracker’s self weight, and according to FE
simulations, did not surpass the 0.1° bending at any aperture elevation. In the case
of this pedestal tracker, the design was separately considered in three segments,
(1) aperture frame (2) pedestal and drive block and (3) foundation. First, a certain
percentage of that total maximum 0.1° maximum flexure was allocated to each
segment, taking into account that, while bending in the aperture will usually result
in overall acceptance angle shrinkage, bending in the pedestal or the foundation
works as an overall pointing vector turn, which as will be seen in the sun tracking
control section can eventually be characterized and handled by a tracking controller.
In the case of the tracker’s foundation, meeting its flexure quota requires a standard
geotechnical analysis of the ground where it will be installed, in order to choose
the best suitable solution. Quite obviously, in a pedestal tracker with a rectangular
aperture surface, maximum bending at whichever elevation will occur in its corners.
Final results for this design can be seen in Fig. 3.5b, where maximum bending when
maximum service wind load comes frontally is 0.076° and occurs at 57° aperture
elevation, while when this same wind speed is received in the aperture’s rear face
this maximum bending is slightly bigger, 0.078° and happens at 0° elevation. In any
case, maximum structural bending remains under the 0.1° threshold.

Once the structure sizing is optimally below this maximum bending threshold,
next step is to estimate the acceptance angle losses induced by structural flex-
ure, using the bending rotation values of the set of vectors normal to the aperture,
obtained in the FE simulation. An approximation to this problem was attempted
through a geometrical model in which, assuming that each CPV module mounted
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Fig. 3.6 Cross section of pedestal tracker subject to flexure. At a certain aperture elevation (zenith
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apertures local reference system (X, y, z)

on the aperture could be considered to remain undeformed under service loads, a
single normal vector is considered per CPV module, as seen in Fig. 3.6. This normal
vector is taken as the pointing vector of the module, i.e. that vector that when aligned
with the local sun vector produces the modules maximum power output. Acceptance
angle for each module is characterized by the cone drawn by the vectors at this
angle from the pointing vector which is then the cones axis. Simplifying, power
is assumed to drop down to zero outside the acceptance angle cone, and also a
worst case scenario is assumed in terms of acceptance angle losses, in which all
modules are supposed to be connected in series. Thus, the set of tracker orientations
producing nominal power output for a certain aperture elevation angle is taken, as
the set of vectors pertaining to the acceptance angle cones of all the modules, i.e.
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their intersection. The acceptance angle at this aperture elevation can then be defined
as the maximum cone contained in this intersection of cones, and the axis of this
cone is taken as the overall concentrator pointing vector.

The problem of determining this overall acceptance angle cone can be better
viewed and solved if the pointing vectors and their respective acceptance angle
cones are projected in the plane. This more precisely meaning the projection of the
intersection of pointing vectors and cones with a unit radius sphere whose center
coincides with the origin of all the pointing vectors. In this way, as can be seen
in Fig. 3.7, every module pointing vector is transformed into a point in the plane,
having as Cartesian coordinates its direction cosines with respect to plane reference
axes and cones are transformed into ellipses. The flexure turning angle of a certain
pointing vector will be small and therefore its projected coordinates appear very
close to the reference system origin, which represents the pointing vector of the
concentrator if the tracker was ideally rigid and undeformable, and the distance of
each pointing vector to the origin is its bending rotation angle. For these pointing
vector points located close to the origin, their corresponding acceptance angle
ellipses can be approximated by a circle, centered in the pointing vector coordinates.
On the other hand, high concentration CPV modules usually have small acceptance
angles (in the sub-degree range) and, in this case, the radius of the projected circle
representing the acceptance angle cone equals the acceptance angle itself.

So, after this projection, we can reformulate the problem of obtaining the
maximum cone contained in the intersection of module acceptance angle cones,
as that of determining the maximum incircle to the intersection of acceptance angle
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circles in the plane. The center of this incircle — the incenter — will then represent
the projection of the overall concentrator pointing vector. It can be proven that
finding this maximum incircle is equivalent to determining the minimum enclosing
circle (MEC) containing all the pointing vector points, where the center of this
MEC coincides with the incenter of the maximum incircle. Also the radius of the
maximum incircle, i.e. the overall acceptance angle, equals the acceptance angle of
a single module minus the radius of the obtained MEC, which in this way represents
the acceptance angle loss due to flexure. MEC determination for a set of points in
the plane is a classical computational geometry problem first stated by Sylvester in
1857, for whose solution we implemented the most efficient algorithm to date due
to Welzl, able to achieve O(n) linear running time [4].

Applying this model to the FE simulations obtained from the pedestal tracker
of our case example produced the plot of acceptance angle loss as a function of
aperture elevation for both front and back maximum service wind speeds shown
in Fig.3.8. Also in this figure, the different MECs for aperture elevation angles
taken every 10° from O to 90° are shown along with the centers of each MEC,
which shows how the overall pointing vector also moves due to flexure. In this case,
the local pointing vectors used at each elevation are only those corresponding to the
modules mounted along the aperture perimeter, which are the ones that suffer the
biggest bending. As can be seen from the acceptance angle loss graph, the maximum
acceptance angle loss is 0.063°, and it occurs with maximum service front wind at
70° of aperture elevation. So having started with 0.1° maximum bending threshold
under maximum service conditions, and then obtaining an optimum design with
0.076° maximum flexure, has finally resulted in a maximum acceptance angle loss
of 0.063°. Getting back, at this point, to our modules nominal acceptance angle,
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Fig. 3.8 (a) Estimation of a worst case acceptance angle loss in the 30 m? pedestal tracker as a
function of aperture elevation and subject to maximum service conditions. (b) Pointing vectors and
MEC:s at different elevations with maximum service wind speed windward and leeward to modules
active surface
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and the expected tracking accuracy, suggests we could try to further relax the
bending threshold and go for a second optimization iteration to further lighten the
structure and reduce its cost. It is to be pointed out that the aperture elevation angles,
producing on the one hand maximum bending of local pointing vectors, and on
the other maximum acceptance angle loss, do not necessarily coincide because as
said, the turning angle computed is also affected by the pedestal and other global
components which equally affect all aperture pointing vectors, and therefore do not
contribute to acceptance angle losses.

Several other trackers were designed and manufactured by Inspira following
this flexure constrained approach, being representative samples the ones built for
Concentrix and Solfocus CPV modules, with maximum flexure 0.2° and 0.3°,
respectively (Fig.3.9).
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Fig. 3.10 Steel weight for a CPV tracker design when varying its maximum flexure constraint
normalized to the 0.1° most restrictive case

The cost reduction achievable in the tracking structure through the increase of
the flexure threshold and hence, weight reduction, has been plotted for a particular
CPV tracker design. This was resized for each different threshold [3] and and its
overall weight decreased following a potential law (Fig. 3.10). It must be said that
this behavior is to some extent design specific, and other design approaches to the
tracker structure, that for example do not rely exclusively in standard construction
parts, may behave differently. However, this analysis does provide a good example
of how the reduction of the flexure constraint reaches a limit, that we can call the
flexure floor, beyond which it is ultimate structural strength under the maximum
loads specified by standard building codes, the more stringent condition determining
the sizing of the tracking structure, limit which in this analysis occurs in between
0.3 and 0.4°. Obviously, this flexure floor will also depend on the maximum service
wind speed and the set of maximum loads, due to snow or wind, specified by the
ruling construction codes in the region for which the tracker design is intended.

This design and sizing process for the structural part of the tracker is presented
here in the sequential and iterative way in which it happened in the Inspira early
designs, which on the other hand, appears as the most intelligible when compared to
present design methods which have evolved afterward, more automated and parallel.
For example, present design method at BSQ Solar, sketched in Fig. 3.11, has further
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Fig. 3.11 Tracker structural dimensioning process carried out by at BSQ solar

gained accuracy by introducing additional modelling to simulate the elastic coupling
of quasi-rigid modules and the aperture frame as well as fluidodynamics modelling
to simulate wind loads. This method also merges FEA structural bending simulation
and acceptance angle loss estimation through the MEC method, in a single process
that enables obtaining the optimum tracker topology and sizing, in a constrained
discrete optimization space built from a library of standard structural beams, through
the use of dynamic programming methods devised for the so-called Knapsack kind
problems [5].

However, further refinements of this design methods are still being developed
such as the very significant of not considering overall tracker weight as the only
merit function to minimize, but also take into account materials, manufacturing,
and installation costs, which even if being much more case dependant, will provide
when the data is available, the last fine tuning to the optimization. On the other hand,
the MEC method that has proven to be computationally simple in most practical
cases requires further linkage with the electric behavior of the CPV array so that the
interconnection of modules and cells within them can also be taken into account and
optimized.

3.4 Sun Tracking Control

3.4.1 Background

Early sun tracking controllers were developed following the classical control system
closed-loop approach by integrating a sun sensor able to provide pointing error
signals, one per tracking axes, which generate motor correction movements [6, 7].
This sun sensor is essentially constituted by a pair of photodiodes and some sort
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of shading device, which casts a different shade on these photodiodes, therefore
generating different photocurrents, whenever it is not aligned with the local sun
vector (Fig. 3.12a). Added to this, the photodiodes can be mounted on tilted planes
in order to increase the photocurrent sensitivity through cosine effect (Fig.3.12b)
and, very commonly in CPV applications, the shading device is presented as a
collimating tube which prevents diffuse irradiation from entering the sensor and
masking a precise measurement of the sun alignment position (Fig. 3.12c).

Even if this closed-loop approach can be very cheap and simple to implement, it
has already gathered significant field experience to unveil some recurrent problems
affecting its reliability [8], mostly caused by drifts in the analog electronics involved,
and the requirement of cleanliness. This imposes the requirement of frequent
maintenance which may possibly be affordable in research centres, where cared
by attentive technical personnel, but is not feasible for the control of large scale
industrial tracker fields. Furthermore, closed loop controllers have proved not to
perform well under less than ideal illumination conditions. For example, due to the
fact that the irradiance within a sensors acceptance angle is averaged, there is a funny
phenomenon by which the bright reflection of a nearby cloud can cause tracking
errors in the one degree range even when the sun is visible. This to the extent
that, when the sun is hidden, closed-loop controllers have been reported to track
bright clouds drifting away from the sun. This simple closed loop controller is also
by itself unfit to manage nontracking and stowing situations. Due to their limited
acceptance angle, the reacquisition of the sun after overcast periods is usually time
consuming and inefficient, if not complemented with auxiliary control electronics.
Finally, in high accuracy applications, a fundamental handicap arises provided they
are to be aligned with the peak power output of the CPV array under control which,
being a difficult operator requirement in itself, may even not suffice in big aperture
trackers where, as seen in the past section, structural flexure varying with the tracker
orientation impede a stable alignment. Nevertheless, these sun pointing sensors
remain a fast pathway to CPV compliant sun tracking control. In recent times, highly
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integrated versions of these devices have been developed [9], and they remain an
auxiliary constituent of the tracking control unit in several CPV systems.

Also brought up in the early days of sun tracking, as an alternative to sun
pointing sensor controllers, the possibility of digital computing of sun ephemeris
and converting this output into tracking axes turning angles, gave way to, again
using the control theory term, open-loop controllers, which required no feedback of
sun position measurements. These were able, in principle, to keep on tracking no
matter the degree of clearness of the sky, and easily programmed the management
of nontracking situations such as night or emergency stowage, e.g., when subject
to high winds. However, a precise timing source is to be provided to feed the
computation of the ephemeris equations, and also, in implementations seeking
subdegree accuracy, some sensing device able to measure axes turning angles.
Heliostat fields in solar thermal, such as in DOE’s precursory Solar One plant
(10MW, yr. 1981) were the first to implement open-loop tracking, soon followed
by also a grand CPV forerunner such as ARCO’s Carissa Plains plant (6 MW, yr.
1985). Being digital computers still expensive, this first open-loop demonstrations
were carried out in a centralized way, where a single computer continuously
calculated turning angles for all trackers in the plant and transmitted them using
a field data network. The advent of cheap microprocessors and embedded electronic
systems enabled the development of specific open-loop tracking controllers, at
feasible unit prices, which enabled the autonomous control of every tracker in a
plant. Autonomous tracking control is not only inherently more reliable due to
its distributed approach, but also because it gets rid of a complex and expensive
field communication system, which due to its broad coverage, was frequently
reported vulnerable to, for example, ground loop currents. Even if first patents and
publications proposing these specific open-loop controllers can be traced back to
the 1980s [10], it is the SolarTrak™ controller developed in the first nineties by
Sandia Labs’ Alexander Maish the first serious and well documented effort done in
this direction.

However, an open-loop controller, even if operating on the very precise sun
ephemeris equations available to date, is affected, once connected in the field
to its corresponding concentrator, by a set of error sources which can highly
degrade its final tracking accuracy well below its ephemeris’ nominal value to the
point of even missing concentrator’s specifications. Among these error sources,
the most significant ones have a deterministic nature. They result from a defective
characterization of the concentrator by the controller, and operate over the transform
employed to convert sun ephemeris coordinates, usually in the Az.-El horizontal
topocentric format used in solar applications, into tracking axis turns. Tolerances
of the manufacturing, assembly and installation processes of a concentrator will
produce some deviations with respect to specifications and therefore, also to the
assumptions made in the sun coordinates to axes turning angles transform. Drifts
in the internal timing required for the computation of the sun ephemeris is the
other major error source which is to be restrained. Second-order error sources,
and also to some extent predictable, such as gravitational bending in wide aperture
trackers, the effect of mismatch in multi-secondary axis trackers, or even ephemeris
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inaccuracies, due to the effect of local atmospheric refraction, might have to be
considered as well. Feedback of the tracking errors caused by the referred sources
is to be somehow integrated, in the control strategy, in order to suppress them. This
open-loop core strategy blended with a feeding backloop is sometimes referred as
the hybrid approach.

We can talk of basically two types of hybrid sun tracking controllers, whether we
follow (1) the model-based calibrated approach, or the (2) the model free predictive
approach. The calibrated approach relies on a mathematical error model, able to
characterize the set of systematic error sources responsible of degrading tracking
accuracy below that provided by the core sun ephemeris equations. After a full clear
day session obtaining tracking error measurements, these are used to fit the model
parameters. Provided the acquisition of error measurements is a time-consuming
task, some degree of automation in this process is required when used in large
tracker fields, in order to permit the simultaneous set up of them all and avoid the
need of personnel to carry out this task. After the calibration session, the error model
tuned with these best fit parameters will be used as the transform converting the sun
coordinates supplied by the sun ephemeris to trackers axes turning angles, and thus
will, in principle, operate from then on, on a purely open-loop basis with no further
requirement of tracking error feedback.

Automatic calibration routines are commonly featured in electronic instru-
mentation products. Very similar approaches to this type of hybrid sun tracking
control are the ones commonly found for the calibration of the pointing control of
many telescopes in scientific observatories worldwide, such as happens with the
commonly used TPoint software [11]. Among the early developers of this technique
is Nobel Laureate Arno Penzias, the discoverer of the background radiation. When
Penzias first joined Bell Laboratories, he was put on the pointing committee of
an antenna built to communicate with the Telstar satellite. Aiming errors occurred
because the steel antenna bents under gravity, wind load, and temperature changes,
nor were the antenna’s gears perfect, and its foundation was not perfectly horizontal
either. Penzias solution was to calibrate it using an error model fitted by pointing to
a known and precisely located radio galaxy [12].

On the other hand, the predictive approach to hybrid sun tracking [13] avoids
getting into any error modelling and its subsequent fitting. It intends, instead, to
avoid initial assumptions regarding the tracking errors that will be encountered, thus
seeking a general purpose conception able to cope with any sort of tracking errors
at whichever tracker design. However, to achieve this it requires the integration
of permanent tracking error surveillance implying, once again, as in the case of
a calibration session, some scanning scheme to determine correct sun positions.
So, in this case, corrections to sun positions provided by computed ephemeris will
result from an estimation based on some set of past tracking error measurements
and estimations, and for this purpose, the wide mathematical toolbox for time series
forecasting is at hand. The more general form of this approach is presented in
Fig.3.13 in which it all begins with the computation of the sun ephemeris to provide
a first set of sun coordinates. As represented these ephemeris have to be corrected,
due to whichever error sources or simply because the type of sun orientation
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coordinates employed are not matched with the real tracking axes employed, such
as for example would happen if providing horizontal Az.-El. coordinates to a
two axis Tilt-Roll tracker. Some scanning scheme is used by the tracking axes to
obtain some precise sun pointing and the correct axes turning angles from which to
obtain tracking error measurements, which are then to enter the box labelled error
forecasting, which produces corrections to be added to the next “raw” sun ephemeris
coordinates.

First implementation of this tracking control approach was that developed by
Inspira for the EUCLIDES™ CPV technology called EPS—Tenerife (Fig.3.14), and
in which its error correction estimates were computed using one of the most simple
and widely used time series forecasting methods, as is exponential smoothing,
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however, in this case with an adaptive scheme for the variation of its parameter.
The required gathering of tracking error measurements to feed the estimator is
highly simplified whenever EUCLIDES was a single axis linear trough and accurate
sun pointing measurements at each time could be acquired by exploring with
back and forth turns [14, 15]. Other model free hybrid approaches have been
proposed such as the one using a discrete version of a classical proportional-integral
(PI) controller as the error forecasting method [13]. Correction estimation makes
sense when precise sun pointing is a costly task, such as can happen when this
is obtained through power output maximization, so that in this case, prediction
will to some extent reduce scanning time and increase mean tracking accuracy.
However, as said, some present concentrator tracking controllers work on a two-
stage basis, first coarsely aiming based on sun ephemeris computed coordinates
followed then by fine pointing using a sun sensor. Leaving aside the discussed
reliability of a sun pointing sensor, and provided it is always kept well aligned
with maximum power output, this is a feasible method moreover when pointing a
sensor is simpler than seeking for maximum power orientation, and can be classified
with the hybrid model-free approaches as the simplest case involving no forecasting
at all.

3.4.2 The Autocalibrated Sun Tracking Control Unit

Inspira’s EPS-Tenerife tracking control unit made the correction estimates depen-
dent on the tracking angle of the EUCLIDES single axis tracker, and these estimates
were kept in a memory stored look up table, one per each one degree tracking sector,
being permanently updated based on the referred adaptive forecasting process.
Even if these forecast estimates, together with the tracking errors measured for
their generation happen to vary continuously during the year, this variation is
basically seasonal because it is mostly caused by the above referred systematic
characterization errors. We can attempt to model these systematic errors and correct
them from a start, in this way making the scheme of permanent scanning movements
unnecessary, and thus reducing motor fatigue and increasing tracking accuracy. This
will be even more advantageous in the case of two axis trackers which require more
complex scanning routines, which will further subtract from the accurate tracking
operating time.

Later on, an error model was also developed by Inspira, which was termed
calibration model, that assumed the tracker’s axes and their reference orientations
have the same reference system as the horizontal Az.-El. coordinate system used by
the ephemeris. This means that the axis connected to the foundation, defined as the
primary axis, is pointing to the local zenith with its reference orientation pointing
south, and the secondary axis, the one which is linked to the primary, always remains
at right angles with it, and has its reference orientation pointing the horizon, in other
words, the ideal Az.-El. pedestal tracker.
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The error model is based on a six-parameter kernel characterizing the departure
of the real tracker to be controlled from that which ideally assumed:

e Primary axis azimuth (¢) and zenith angle (6): These two parameters are
the azimuth and zenith angle coordinates determining the real orientation of the
primary axis, which no matter the axes configuration is always defined as the
axis, which is fixed to the ground. This is mainly an installation error due to
the imprecise foundation of the tracker.

e Primary axis offset (B): This parameter determines the location of the reference
orientation of the primary axis. Reference orientation is usually determined by
a specific sensor, or the index mark when working with incremental optical
encoders directly installed in the primary axis. Misplacement of this sensor
during manufacturing or its incorrect alignment at installation may cause this
error. When ¢ = 6 =0, B simply becomes the angular offset to the south. These
first three parameters are in the referred order, the nutation, precession, and spin
Euler angles, which relate any two reference systems with a common origin,
and only these will be required if our tracker has only one axis, the primary axis,
such as in present polar, azimuthal, or EW or NS horizontal axis trackers. When a
secondary axis is attached to the primary, three more parameters are required and
the pointing vector is defined as that one which is oriented by the joint action of
the two tracking axis, and if aligned with the sun vector produces the maximum
power output of the concentrator array.

* Nonorthogonality of axes (A): This parameter takes the value of the difference
to the right angle between the primary and secondary axes. This mainly being a
manufacturing error source, a nonzero value for this angle implies the two-axis
tracker is no longer ideal, and a cone of orientations around the primary axis will
remain out of reach.

* Pointing vector axial tilt (§): The pointing vector is assumed normal to the
secondary axis and contained in the horizontal plane when this axis rotation is
zero. The axial tilt of the pointing vector is the difference angle to a plane normal
to the secondary axis. This error can have its origin not only in the defective
assembly of the trackers aperture frame, but also in the misalignment of the
concentrator optics.

o Secondary axis offset (n): The secondary axis offset accounts not only for the
difference angle between the plane normal to the primary axis and the reference
orientation of the secondary axis, but also for the difference angle between
this reference orientation and the plane containing the pointing vector and the
secondary axis, i.e. a radial tilt which is the second value characterizing pointing
vector departure from assumptions. This error therefore derives from both the
misplacement of the secondary axis reference sensor or, again, the improper
assembly of aperture frame or optics.

These six parameters appear in a R> — R? function, consisting in the composi-
tion of five partial transforms, which convert the ephemeris horizontal coordinates
into pairs of angular rotations for both tracking axes. For single axis trackers, only
the first three parameters enter into play and it is the primary axis turning angle
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the valid output. Behavior of this calibration function can be visualized through the
usual grid transform representation in complex variable analysis (Fig.3.15). The
fact that the assumed reference system for the tracker under control is that of
an ideal Az.-El. pedestal tracker is just a convention, and the model is able to
correct horizontal ephemeris coordinates to any one or two axes configuration,
including others frequently used such as, for example, the tilt-roll assembly (ideally
¢ =0 =m/2). In order to maintain the generality of the model, no simplifying
assumptions are made regarding the transform parameters, which otherwise would
restrain its application range.

As said, the parameters characterizing a specific tracker and its in-field installa-
tion are to be fitted to a set of tracking error observations and, due to the nonlinear
nature of the model, it is to be by means of numerical optimization techniques.
Inspira’s target was to integrate this numerical procedure in a low cost embedded
system, and therefore programming efficiency was a must, as well as the good
conditioning of the maximum likelihood estimation (MLE) function. Least squares
(LS), is the MLE chosen which, even if there are other more robust estimators
less sensitive to outlier measurements and fat tailed distributions, this one is by
far the one presenting the most effective nonlinear minimization techniques. The
existence of local minima obliges to resort to the global optimization toolbox, and
finally a clustered multi-start algorithm with Levenberg—Marquardt (LM) [16, 17]
based local searching is implemented. These local minima sometimes depend on the
day of the year on which the tracking error measurements are made. For example,
in NS oriented single axis trackers particularly strong local minima appear when
calibrating on the eve of the equinoxes.

Even if Inspira’s first development prototypes relied on manual collection of
tracking errors, this proved to be a tiresome and error prone task, which had to
be automated in order to prevent outliers from creeping in and thus increase the
accuracy of the corrected ephemeris. An automatic error collection scheme was
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developed, in which direct search of the alignment of the CPV array pointing
vector and the local sun vector, in order to obtain each tracking error measurement,
required the maximization of the concentrator’s power output. However, in first
instance and in order to avoid interaction with the inverter’s MPPT, or to be obliged
to dissipate a high power, an approximately equivalent variable such as the CPV
array’s short circuit current was employed as feedback signal. Sun precise alignment
proceeds in three stages. First a coarse approach by maximizing the irradiance in a
PV cell mounted parallel to the concentrator’s aperture. Beyond this point search
proceeds blindly scanning by means of spiral search of the Koopman kind [18]
until the sun enters the concentrator’s acceptance angle and then, a two dimensional
short circuit current maximization is to be carried out [19] whose complexity largely
depends on whether the power output vs. off-track angle function exhibits rotational
symmetry or not [20].

The above described capacities were implemented by Inspira in an electronic
embedded system, based on an 8-bit microprocessor, along with the required
chipset and sensors to carry out the described algorithms and perform the analog
measurements, and also to provide motor driving capacities [21, 22] (Fig.3.16).
Remarkable hardware elements further enhancing performance are the temperature
compensation circuit devised to restrain drifts in the quartz oscillator responsible
for internal timing, as well as its encoder decoding and interpolation subsystem
which increases the axis turn measurement accuracy. Named SunDog® STCU
— always follows his master the Sun — it was supplied with SunDog STCU
Monitor, a Windows application to run in a locally or remotely connected PC as
a virtual user interface. It also integrated an interchangeable modem for PSTN, RF,
Ethernet or GSM/GPRS Internet connectivity, which enabled e-mail reporting and
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Fig. 3.16 (a) Levenberg—Marquardt local searches in the least squares function used to fit a
simulated error model transform using for visualization purposes only its two first parameters (¢,
0). (b) SunDog STCU
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web-based control and monitoring. Intended for operation in harsh environments,
it was tested in electronic certification labs attaining CE labelling covering the
corresponding EMC and electrical safety standards, and also successfully passed
climatic tests (temperature cycling, humid and high salinity ambient, water and dust
tightness, etc.)

This tracking controller designed by Inspira should rightly be considered a
landmark, in the development of sun tracking control systems specifically designed
for CPV Systems, as it is the first that fully automated the referred model-based
calibrated approach, being in this way able to attain, as we will see below, very high
tracking accuracies. However, further refinements can still be introduced in this type
of controllers, such as, for example, extensions in the calibration model that account
for second-order error sources such as flexure effects on the pointing vector position,
which are usually specific to the tracker concept employed. Also in this line of
possible improvements, regarding the very important adjustment of internal clock
drifts. In this respect, even if Internet connectivity or GPS might provide atomic
time synchronicity and this may be cost efficiently implemented in networked CPV
tracker fields, the availability of high accuracy ephemeredes provides an immediate
and autonomous alternative to precise time-keeping. A time drift parameter can be
included in the calibration model in such a way that it can be fitted with a tracking
error set either, jointly with the rest of the parameters or individually within periodic
time adjustment procedures. Finally, the tracking error set in calibrated controllers is
not necessarily to be obtained from Sun position measurements, as in principle any
other light source with precise analytic kinematics, and with enough emitting power
to extract a measurable output from the concentrator, will suffice. In this respect, the
full Moon proves to be a good candidate, as far as it will enable night calibrations
not interfering with concentrators daily production and even more, it will also permit
these to be done with a maximum power point bias but at much lower power levels
than nominal thus highly easing its handling in terms of switching and biasing
hardware. As is well known, the moon’s 0.49° apparent diameter is very similar
to that of the suns, while its irradiance is six orders of magnitude smaller than the
sun, so its photo-generated current is still within reach of cheap current sensing
devices. On the other hand, the full moon irradiance is three orders of magnitude
above that of the most brilliant planets and stars so it will be easily distinguishable
by the concentrator when searching the night sky.

3.5 Sun Tracking Accuracy Monitoring

Assessment of sun tracking accuracy should not be overlooked during the devel-
opment of CPV technologies, and even more, by those players raising very high
concentration concepts over the 100x frontier. Some analyses point out that the
acceptance angle of present designs in concentration optics may be overestimated
even from a theoretical point of view, which added to the still uncertain acceptance
angle losses inflicted on the overall system by mass assembly processes, may
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finally shrink the allowable tolerance and divert the entire burden to the tracking
accuracy. Instrumentation for the monitoring of sun tracking operative performance,
providing enough sensitivity to gauge the sub-degree accuracy ranges required by
high concentration systems is therefore needed, and in this direction we can again
refer the Tracking Accuracy Sensor (TAS) developed by Inspira for this kind of
application [23]. This TAS, commercially named SunSpear=’ TAS, was essentially
based on a so-called Position Sensitive Device (PSD), a monolithic optoelectronic
sensor, which was housed along with the signal conditioning, digitizing, and
transmission electronics, inside a watertight enclosure which in addition integrated
a sunlight collimating tube placed right over the PSD’s surface. The TAS was then to
be installed on the aperture of the tracker to be monitored, and whenever the direct
sunlight is received within its acceptance angle, the collimated sunbeam impinges
on the PSD surface with the sensor then producing, as a voltage, the Cartesian
coordinates of this sunspot, which can be further converted to an off-track angle with
respect to the TAS’ axis. The TAS was then linked by means of a serial connection
to a PC which was to process the in-streaming sampling of sunspot coordinates,
both displaying time series for significant variables and also producing its statistics
for a specified time frame.

3.5.1 The Tracking Accuracy Sensor

In the PV field, there are few past experiences on which to base the development of
a sensor, able to measure the incidence angle of direct sun radiation with respect
to some built-in axis [24]. However, fairly accurate devices of this kind can be
found in the aerospace sector, which based on CCD and CMOS arrays contribute to
satellite attitude control [25]. These usually feature hemispheric acceptance angles,
which preclude the extraction of higher accuracies from their very high resolution
image sensors, nonetheless attaining the 0.05°-0.01° range. These are produced at
very high costs due to their required compliance with spacecraft specifications, and
usually on a custom-made basis without an open commercial intention, so even if
they could serve our means, some CPV-related companies have recently found it
worthwhile to develop a specific sensor.

This was the case of Inspira, which to our knowledge produced the first TAS
for CPV applications, which they refer as the SunSpear TAS. The PSD sensor that
was chosen for this TAS has no discrete elements such as in CCDs, and provides
continuous data of a light spot on its surface by making use of the surface resistance
of a planar PIN photodiode. Due to its analog nature, these sensors feature excellent
position resolution in the micron range and very high speed; moreover, they detect
the “center of gravity” position of the light spot and have proven a very high
reliability. As usual, placing a light collimator on top of this sensor will produce
the required light spot, and enable the measurement of the angle of the incoming
light beam with respect to sensor’s axis, where the acceptance angle and also the
angular resolution of this measurement is basically determined by the height of
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the collimator’s pinhole over the sensors surface. With this SunSpear TAS design,
resolutions in the 1/1,000th°® range at a £1° acceptance angle can be achieved
(Fig.3.17).

Along with the off-track angle measurement system, Inspira’s TAS was com-
pleted by a custom-made electronic system providing signal conditioning to the
PSD’s output, AD conversion and driving a RS-232 serial output. It is this electronic
system that hosts the PSD sensor in its PCB and is contained in a watertight
enclosure also providing a fixture point for the machined collimator tube.

Confirming the requirement for a rigorous control of tracking accuracy for the
development and manufacturing of CPV products, once this industry is growing in
maturity, other tracking accuracy measurement sensors have later been developed
following the trail of the SunSpear TAS that based on similar design concepts,
are at last truly commercial products such as that of the Silicon Valley company
GreenMountain [26].

3.5.2 The Monitoring System

In the case of the Inspira SunSpear TAS, the sampled position data generated is sent
through a serial link to a PC, which is to run a monitoring software application able
to store it but also to display it in real time, convert sunspot Cartesian coordinates to
off-tracking angles, generate plots and statistics of selected tracking periods, and to
periodically e-mail tracking data and reports (Fig. 3.18).

The first application given by Inspira to this tracking error monitor was in the
assessment of the tracking accuracy of whatever hybrid tracking routines, which
no matter if based on an error model or on error forecasting schemes, all have
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in common the requirement of obtaining power output feedback, or some other
equivalent of this variable, from the CPV array, in order to get precise sun position
measurements. The method used to test these strategies without having to mount a
CPV array and its power output measurement electronics relies on using the TAS
as a virtual power output, i.e., perfect alignment of the TAS built in axis with the
solar vector is assumed as peak power output. Aside from the simplicity, an added
advantage of this setup is that, in principle, it allows for very precise measurements
at a faster rate than real power output maximization requiring the involvement of
the MPPT stage. In this way, this method exposes the specific weaknesses of a
certain tracking strategy, when almost not affected by errors in the sun position
measurements whether these are used to feed the calibration model fitting or in
error forecasting schemes.

Inspira gets into the specific case of testing an autocalibrated SunDog STCU
controller, in such a way that once these calibration measurements are completed,
some selection of them are fed fed into the error model Levenberg-Marquardt
LS fitting routine, whose basic parameters regarding e.g., the clustered multi-start
optimization routine or the stopping criteria, can also be fixed within the software
running in the monitoring PC. Depending on the selection of error observations,
some variation in the best fit parameters obtained can appear. In this respect, this
software application also offers the possibility to periodically change the parameters
being used by a connected SunDog STCU unit for sun ephemeris correction, in order
to jointly obtain the tracking accuracy statistics of an assortment of varying sets of
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parameters and thus help to estimate those measurement schemes obtaining the best
performance. In addition, the monitoring software application version implementing
this tracking accuracy assessment tools when using the TAS as virtual power
output for calibration, features additional resources to further restrict tracking error
margins, by integrating the connection to an outdoors thermometer and a barometer.
Ambient temperature and atmospheric pressure readings are employed in the com-
putation of atmospheric refraction corrections to the sun ephemeris elevation coordi-
nate, based on Bennet’s model [27]. Measured values of these corrections have been
reported to amount up to an average 0.6° for near the horizon elevations [28], and as
will be seen in next section, they do have a measurable impact in a tracking accuracy
monitoring campaign. These corrections are applied to computed sun ephemeris
both in the error model fitting stage and also afterward during real-time tracking, in
which the corrections are periodically transmitted to the SunDog STCU controller.
Finally, and also contributing to tracking accuracy enhancement, the monitoring
software can use top quality arcsecond precise ephemeris during the error model
fitting data, thanks to a built-in direct connection to the USNO MICA software [29].

The second and more general application of the tracking error monitoring system
consists in directly measuring the real tracking accuracy of a concentrator. This
system will have to be initially calibrated against the peak power output of the CPV
array, i.e. recording the sunspot coordinates on the PSD surface when maximum
power is delivered and taking these as the TAS’ reference system origin when con-
verting its readings to off-track angle. Provided the effect of the tracker’s self-weight
and its CPV array payload upon the bending of the concentrator’s structure varies
with its orientation, the calibration is to be carried out at a set of different positions.
Then the reference points to use in off-track angle conversion at each orientation
will be interpolated from them [30]. This second function is independent of the
tracking control means employed. However, during calibration it requires combined
automatic readings both from the TAS and array’s power in order to precisely locate
the sunspot coordinates on the PSD when power output is maximum.

3.5.3 Accuracy Assessment: Example of the Autocalibrated
Tracking Strategy

Following the procedure advanced above, we present here an example of long-term
monitoring with the tracking error monitor applied to the assessment of the tracking
accuracy performance of a SunDog STCU, when controlling a small aperture (4 m?)
laboratory sun tracker. The calibration was based on an error measurement session
carried out on 31/01/06 that included 368 points. Four different model-based hybrid
routines were set to compete:

* Case no 1: The six core parameters of the autocalibrated SunDog STCU error
model were fitted directly in this controller’s processor using all the error
measurements. This case represents the normal SunDog STCU performance.
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e Case no 2: Same as no 1 but the best fit values for the six parameters were
calculated by the monitoring SW application running in a PC, with its added float
point accuracy, and also using the superior performance of the MICA ephemeris
when compared to the analytic ones computed by SunDog STCU (0.03° mean
accuracy taking MICA as reference). This case works with more precise fit than
that being attained by the LM embedded implementation in SunDog STCU.
However as in case no 1, once fitting is completed, tracking control solely
relies on SunDog STCU and its less accurate built-in ephemeris. It represents
an operative alternative in which SunDog STCU units operating a CPV plant are
networked and send their tracking error measurement sets for fitting to a more
powerful central computer.

e Case no 3: Same as no 2 but temperature and atmospheric pressure measurements
are activated, and atmospheric refraction correction in the ephemeris’ elevation
is integrated both during the tracking error acquisition session and also later
providing the SunDog STCU real-time measurement pairs every 30s for it to
internally calculate the corrections. This case is in principle the one which
should present the highest performance and is useful to assess the possibility
of integrating a thermometer and barometer in the SunDog STCU hardware.

e Case no 4: A simple two-parameter linear model is used to fit the error measure-
ment set essentially obtaining the mean offsets in both tracking axes. This is the
most straightforward tracking error model, which requires no numerical fitting
algorithm, and in the same way that the nominal SunDog STCU performance of
case no 1, it should rank below the enhanced no 3. This case is to serve as a low
performance benchmark to rate the benefit of using the SunDog STCU nonlinear
model along with its fitting procedures.

The monitoring ran uninterruptedly till 30/04/06. Every day tracking control of
the lab tracker was assumed by a different case, following a fixed sequence. Every
TAS sample includes along with the Cartesian coordinates of the sunspot on the
PSD surface, the incidence light level. This incidence light level measurement is
to be above a certain threshold to ensure the minimum required resolution, and in
order to accept a monitoring daily session, 90% of its samples were to have its light
level above this threshold. This basically means that only full clear sky days were
considered for the analysis in order to compare the performance of the different
cases on identical grounds. This means that, at the end of the monitoring period,
some cases have had more valid days than others, but nevertheless, all had enough
to draw some interesting conclusions. For every day the tracking accuracy statistics
were calculated: mean, standard deviation, and the daily probabilities of accuracies
below 0.1 and 0.05°. Probability density and distribution functions were plotted, and
also the probability density of the sunspot point over the PSD surface was obtained.

In Fig.3.19, daily probability density plots of the collimated sunspot over the
PSD surface are included for all four cases, both for the first valid day and the last
one comprised in the monitoring period. The 0.1 and 0.2° tracking accuracy rings
are displayed in these plots. The purpose of presenting plots for the two ends of the
monitoring period is to see how tracking accuracy may drift with time. In Fig. 3.20b,
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Fig. 3.19 Daily probability density of the sunspot over the PSD surface for the first and last
monitoring day in each of the four calibration cases. The 0.1 and 0.2° off-tracking circles are
represented. Mean value approaches zero with increasing precision of calibrated ephemeris, and
standard deviation relates to positioning resolution

a tracking accuracy statistics sample is shown. This is representative of the best
ratings obtained with the Case no 3 setup in this monitoring period, showing a mean
daily tracking error of 0.05°, with Std. Dev. 0.02°, and having accuracy better than
0.1° with 98% probability and better than 0.05° with 50%. Also shown is the sunspot
trace over the PSD’s surface from which all statistics are obtained. Also, Fig. 3.20a,
the daily plot of the tracking error is presented and it can be seen this may also prove
to be useful to detect positioning resolution defects in a certain tracking drive, such
as occur in the two error peaks appearing symmetrically with respect to solar noon,
and which have to do with a momentary unleashing of the drives backlash at that
precise elevation in which push and pull loads equate in the tracker’s aperture.
Figure 3.21 plots the evolution of daily mean tracking error for the four cases
during the monitoring period. Most obvious result, as can be also inferred from
density plots in Fig.3.19, is the superiority of the complete six-parameter error
model (Cases 1-3) over the simplified mean offsets model benchmark (Case 4),
moreover when the former drifts further apart during monitoring period and, as
can be seen in its last recorded density plot of 11/04/06, it is finally incapable of
entering the 0.1° ring with its mean accuracy rising over 0.2°. Besides, a more
subtle drift is also found in the tracking errors of Cases no 1 and no 2 which
disregard the atmospheric refraction effect. Even if Case no 3 accuracy was already
slightly better than Cases no 1 or no 2 from a start, just after the calibration day,
Case no 3 maintains the same ratings all over the reported monitoring period while
Cases no 1 and no 2 suffer a slight decrease in accuracy clearly noticeable when
entering the 2nd monitoring month. Main reason for this effect is to be found
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Fig. 3.20 (a) off-tracking angle during a day remains below 0.1 excepting two symmetric points
with respect to noon at which aperture elevation has equal push and pull forces thus releasing
backlash, (b) a typical daily off-track angle probability density and distribution functions with
0.05° mean and 0.02° std. dev., and superimposed the sunspot trace over the PSD
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Fig. 3.21 Daily mean tracking error for the fully clear days during the 3 months monitoring period

in the fact that calibration is done in winter when sun elevations are lower and
therefore, the atmospheric refraction correction is relatively more important during
the day. In Cases no 1 or no 2, the atmospheric refraction effect is erroneously taken
for an elevation axis offset effect and absorbed by the corresponding error model
parameter (1 secondary axis offset above). This defective identification is exposed
when approaching summer and low elevations requiring atmospheric refraction
correction become relatively less important. Mean tracking error slightly increases
as seen encircled in Fig.3.21 and regarding the probability distribution first
93-95% probabilities for errors below 0.1° drop down to 83-85%. Also remarkable
is the fact that Cases no 1 and no 2 have a similar behavior and no significant
advantage seems to derive from using the PC’s higher accuracy float point arithmetic
for the model parameter fitting, or the very accurate MICA ephemeris which based
on the interpolation of tabulated numerically integrated solutions of the equations
of celestial motion are not feasible for a low cost embedded integration.
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Chapter 4
Light Management in Thin-Film Solar Cell

Janez Kr¢, Benjamin Lipovsek, and Marko Topic

Abstract Employment of advanced light management techniques presents an
important aspect in the design of thin-film solar cells. In this chapter, we highlight a
number of light management approaches leading towards higher cell performances.
Efficient light scattering within the cell, which can boost the photocurrent genera-
tion, can be achieved by optimised surface textures. Random textures and periodic
textures for efficient light scattering are addressed. Besides surface texturing, the
role of metal nanoparticles in thin-film solar cell structures is investigated in the
scope of improved light trapping. To minimise optical losses, antireflective coatings
and advanced back reflectors are employed. As examples, photonic crystal structures
and diffusive dielectric materials are presented. And finally, better utilisation of the
solar spectrum can be achieved by multi-bandgap multi-junction cells. For efficient
spectrum harvesting, a concept of wavelength-selective intermediate reflectors
is investigated. Further on, a concept of spectrum splitting and dislocated cells
connected in a multi-terminal configuration is presented.

4.1 Introduction

Thin-film photovoltaic technologies have gained an important position in the
photovoltaic industry and market. Small material consumption and low-temperature
deposition processes applicable to large areas in either batch or roll-to-roll produc-
tion lines make thin-film solar cells and modules competitive to other solar cells,
regarding total costs and state-of-the-art performances [1]. In order to boost the
conversion efficiency of thin-film solar cells and/or to further reduce the thickness
of the absorber layers (meaning shorter deposition times and smaller material and
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energy consumption), advanced light trapping techniques are of great importance
[2] . Their aim is to efficiently trap or distribute the light within the cell structure in
order to increase the absorption in the thin active (absorber) layers. At the same time,
optical losses in the supporting layers (contacts, doped layers) and the reflectance
from the cell should be minimised.

To prolong the optical paths inside the absorber layers and, thus, boost the
absorption and consequently the photocurrent of the solar cell, light scattering
at textured interfaces is most commonly employed. For the solar cells in the
so-called superstrate configuration (light entering through the transparent front
superstrate), textured transparent conductive oxides (TCO) are used to introduce
surface roughness and assure the desired light scattering. Thus, superstrates for thin-
film Si solar cells typically consist of a glass carrier covered with a layer of either (1)
SnO,:F with pyramidal [3] or, lately, double surface texture [4—6], (2) magnetron-
sputtered ZnO:Al [7, 8], or (3) LPCVD-deposited ZnO:B [9, 10] TCO. In the case
of substrate configuration, on the other hand, surface roughness is introduced by
textured substrates (textured metal sheets, textured plastic foils) [11-13]. Usually,
surface textures exhibit a random nature, although periodic-like texturisation is also
being employed [11,12,14-20]. Furthermore, as an alternative to textured interfaces,
light scattering can also be achieved by metal nanoparticles incorporated inside the
solar cell structure [21-27].

To minimise the optical losses in the supporting layers of the solar cells, novel
back reflectors besides the conventional metal reflectors (silver, aluminium) have
been investigated. Among them, alternatives based on dielectric reflectors, such as
white paint [28-30] and photonic crystal structures [31-38], show much potential.
The reflectance losses at the critical interfaces in the solar cells can be minimised
by specific antireflective coatings and structures [39-42], while a more efficient
utilisation of the solar spectrum can be achieved by multi-junction (double-junction
tandem, triple-junction) devices. In the case of tandem devices, the role of an
intermediate reflector between the top and the bottom cell becomes important
to properly balance the light absorption between the cells, which are absorbing
different parts of the solar spectrum [43-50]. Besides the approach of stacking
the cells in a multi-junction two-terminal device, dislocated single-junction cells of
different energy gaps in combination with an advanced spectrum splitting technique
have been proposed [51, 52]. And finally, nano-wires for efficient light in-coupling
[53, 54], intermediate-bands [55, 56], quantum dots [55], and up- and down-
converters [57-59] as an advanced approach to manipulate the light wavelength
transitions have also been investigated recently.

In this chapter, a selection of advanced light management approaches in thin-film
solar cells will be highlighted. First, the optical situation in solar cell structures will
be described in detail in the second section. The potential of light trapping and the
origin of optical losses in thin-film solar cell structures will be presented by means
of optical simulations. Then in the third section, a number of such techniques will be
described, covering a broad range of different approaches, such as advanced surface
textures, novel back reflectors, photonic crystal structures and enhanced spectrum
utilisation concepts. The potential of each of the techniques will be presented by
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means of the latest numerical and experimental data, and possibilities for further
improvements will also be discussed.

4.2 Optical Properties of Thin-Film Photovoltaic Devices

From the optical point of view, thin-film photovoltaic devices (solar cells and
photovoltaic modules) are multilayer structures consisting of semi-transparent thin
and thick layers. The thickness of the thin layers is in the range of nanometres and
micrometres, which is also in the range of light wavelength. Therefore, a coherent
propagation of light inside these layers has to be considered. The thickness of
the thick layers, on the other hand, is much larger, in the range of millimetres.
Consequently, the coherency properties in these layers are lost, and an incoherent
analysis of light propagation is required [60]. Further on, at each interface in the
multilayer structure, reflection and transmission takes place. Due to reflections, the
light is propagating not only in the forward but also in the backward direction.
Thus, interactions between the forward- and the backward-travelling waves have
to be considered in the case of coherent analysis. This leads to interference fringes,
which can be observed in the output spectral characteristics of thin-film solar cells,
such as the quantum efficiency and the reflectance of the cell. Besides reflection and
transmission at the interfaces, the process of optical absorption within the layers
takes place.

Propagation and absorption of light within a layer is determined by the opti-
cal properties of the layer material, which are commonly characterised by the
wavelength-dependent complex refractive index, N(A1) = n(A)— j -k(A). The com-
plex refractive index N(A) consists of the real part, n(A), which is referred to as
the refractive index, and the imaginary part, k(1), called the extinction coefficient.
The refractive index determines the effective wavelength of the light inside the
material, Aegr = Ayir/n(A), whereas the extinction coefficient determines the amount
of absorption via the absorption coefficient, ®(A); «(A) = 47 - k(A)/A. Both n(1)
and k(1) determine the reflectance and transmittance properties at the bordering
interfaces of the layer [61].

In thin-film solar cells, nano-textured interfaces are introduced either by natural
poly-crystalline growth of layers (e.g. TCOs or chalcopyrite-based absorbers) or by
using additional texturisation processes. Typically, the nature of such interface mor-
phologies is random, though with specific processing steps regular (periodic-like)
texturisations can also be achieved. Optically, textured interfaces are favourable,
especially in the case of indirect semiconductors (Si), since they enable efficient
light scattering inside the solar cell structure. Light scattering can lead to a
prolongation of the optical paths inside the thin absorber layer, thus increasing the
absorptance in the (long) wavelength region where the optical absorption of the
semiconductor material is weak. An increased absorptance in the absorber layer
leads to an enhanced photocurrent and thus improved conversion efficiency of the
cell.
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Fig. 4.1 Reflection,

transmission and scattering

effects taking place at a

nano-textured interface

between adjacent layers incident light >
in the solar cell structure

ADF, ADF;
specular< @ » specular
non-scattered - non-scattered
diffused _-diffused
scattered  scattered
reflected light transmitted light

Table 4.1 The primary optical phenomena, parameters, and theoretical background needed
for describing the optical behaviour of light propagating through the solar cell structure (the
absorptance A here corresponds to a single pass of light rays over a distance /o)

Optical phenomena Parameters Theory
Absorption within a Absorptance, A A) = 1 —exp(—a(A) - lop)
layer
N(R) = N\
Reflection and Reflectance, R R(A) = (M)
transmission at the 1) + N()
interface
4NN,
Transmittance, T TA)=1—RQX) = #
(total, specular, (N1 + Ny)
or diffused)
Rair Ry
Scatterring at the Hy(A) = dif _ it
interface Haze, H Riot  Rspec + Ruit
Tai Tai
He(h) = dif _ dif

Tlot - Tspec + Tdif

o ADFR(A) = Irait(p)
Angular distribution
function, ADF

ADFr(A) = Itgie(@)

In general, light scattering can be described by two types of descriptive scattering
parameters: haze, H, and the angular distribution function, ADF [62]. Haze is
defined as the ratio of the scattered light to the total reflected or transmitted
light, whereas the ADF describes the angular dependency of the scattered light.
Both types of scattering parameters are defined for reflected and transmitted light
(Hg, Ht, ADFR, ADFr). Experimental and theoretical approaches are used to link
the textured interface morphology to light scattering. One of the most commonly
used statistical parameters to characterise the random texturisation is the vertical
root mean square roughness, Oyms.

The optical phenomena taking place at an interface between two layers and the
descriptive scattering parameters are presented schematically in Fig.4.1. Addition-
ally, the optical effects described above, together with the primary parameters and
main theoretical background, are summarised in Table 4.1.
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Fig. 4.2 Substrate (a) and superstrate (b) configuration of thin-film solar cells, on the cell (a and
b, left figures) and PV module (a and b, right figures) level

Solar cell structures appear in two configurations, called substrate and
superstrate configuration, as shown in Fig. 4.2 for the case of chalcopyrite-based
Cu(In,Ga)Se; (CIGS) and amorphous silicon (a—Si:H) p—i—n solar cells. In the case
of substrate configuration (Fig.4.2a, left), the solar cell structure is deposited on
top of the substrate which is located at the back side of the cell, whereas in the case
of superstrate configuration (Fig. 4.2b, left), the superstrate (i.e. front substrate) is
located at the front of the device and thus has to be transparent. For the use in PV
modules, cells are encapsulated by a film of ethyl-vinyl-acetate (EVA) foil and an
additional protective layer (glass or metal sheet). From the optical point of view,
this encapsulation changes the situation in the case of substrate solar cells (Fig. 4.2a,
right), since the optical properties of the additional two layers at front have to be
considered when predicting the performance of the final encapsulated device. In
the case of superstrate solar cells (Fig. 4.2b, right), on the other hand, no additional
layers need to be considered, since the light does not enter the EVA film and the
protective layer at the back side.

To summarise, a thin-film solar cell as a multilayer structure with thin (coherent)
and thick (incoherent) layers with flat and textured interfaces (multiple reflec-
tions/transmissions, light scattering) presents a relatively complex optical system.
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To thoroughly analyse the optical behaviour of such a system, advanced numerical
modelling approaches hand in hand with different characterisation techniques are
required.

4.2.1 Optical Modelling and Simulation

Over the years, several tools have been developed to simulate the optical behaviour
of thin-film photovoltaic devices [63—70]. Most of them are based on optical models
derived from the theory of optics and electromagnetic waves, which are then
implemented in numerical simulators. An important part of optical modelling
consists of the determination of realistic input parameters for the simulations. Here,
employment of different characterisation methods is necessary [62, 68]. After the
initial verification of the model, i.e. comparing the simulation results with the
experimental ones, the simulation tool can then be employed effectively to study
and optimise the device with respect to potential further improvements in any or
all of the device components. Further on, novel device structures can be designed
and their performance predicted. As this can be done quickly, inexpensively, and
can cover a broad range of influencing factors, numerical simulation has become a
powerful and invaluable tool for thin-film solar cell design and optimisation.

Different ratios in lateral (length, L) over vertical (thickness, d) dimensions of
conventional and thin-film PV devices determine the number of space dimensions
included in the model that are used for simulations. This, along with the method
of discretisation, presents one of the critical characteristics of the simulation tool.
On the one hand, increasing the number of space dimensions (up to three) and the
number of discrete elements of the domain (e.g. in a finite element method) adds to
the overal accuracy of the model, while on the other hand, it leads to an increased
complexity of the system and is much more demanding on the computational power
and resources. Thus, a careful balance between the two extrema must be achieved.

In thin-film photovoltaic devices, however, the lateral dimensions of the device
are generally much larger than the vertical dimensions (typically, L/d > 2,000).
Therefore, the lateral size of the device can be assumed as infinite, and simulation
in just one (vertical) dimension (1D) is justified in many cases. Nevertheless, for the
analysis of specific structures, for example periodic textures (diffractive gratings),
the model must still be extended to the second (2D) or even third dimension (3D),
depending on the nature of the periodicity of the texture [71].

As an example, the general principle of the 1D optical simulator SunShine
[66, 67] is explained by means of Fig. 4.3. Each layer in the multilayer structure is
described by its position in the stack, the thickness, and the wavelength-dependent
complex refractive index. The realistic (measured) complex refractive indices of
individual layers and the layer thicknesses are taken as the input parameters.
Additionally, the measured roughness and scattering parameters of the interfaces
also have to be included. In the model, the light is divided into two parts: the
direct (specular) light with its coherent nature inside thin layers, and the scattered
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Fig. 4.3 The principle of operation of the 1D simulator SunShine. The propagation of the direct
and the diffused light is analysed separately, while all the optical effects taking place at the
interfaces and within the individual layers are taken into account

(diffused) light, which is considered to be incoherent everywhere (assuming ran-
dom morphology of textured interfaces). For the evaluation of the coherent light
propagation, the equations from the electromagnetic wave theory are employed,
whereas the incoherent light is treated by the method of ray-tracing projected to
one dimension. The scattering at each interface is also taken into account, based
on the input parameters. As the output data of the simulations, we can determine
the charge-carrier generation rate profile as the main input for further electrical
simulations, the optical absorptances in the individual layers, the reflectance from
the cell, etc.

The 1D optical simulator SunShine can be employed for analysis and optimisa-
tion of numerous advanced thin-film solar cell concepts, such as single and tandem
structures with flat and textured interfaces [62, 72], intermediate reflector concepts
[45], photonic crystal or white paint back reflectors [36, 73] (some of them will be
discussed in detail in the later subsections).

As mentioned, for analysis of special structures, such as thin-film solar cells with
periodic texturisation at the interfaces, a 2D or 3D approach is more convenient.
As an example, results obtained with the 2D optical numerical simulator FEMOS
[70, 71] are presented in Figure 4.4. The figure shows the electric field of a
monochromatic gaussian light beam diffracting at a two-dimensional rectangular
diffracting grating implemented at the TCO/p-a—SiC:H interface. The FEMOS
simulator is based on the finite element method (FEM) and numerical solving of the
Maxwell equations. The 2D domain discretisation into equisize triangular elements
is shown in the inset of the figure.

4.2.2 Importance of Light Management
in Thin-Film Solar Cells

Thin-film solar cells are based on different semiconductor materials with a wide
range of energy bandgaps (Eg) and other material parameters. The wavelength-
dependent absorption coefficients of the three most common thin-film semicon-
ductors (a-Si:H, pc-Si:H, CIGS) are plotted in Fig.4.5. Since silicon is an
indirect semiconductor, a—Si:H and pc—Si:H do not exhibit a sharp absorption
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Fig. 4.5 Absorption coefficients of three most common thin-film semiconductors

edge at the bandgap wavelength as in the case of CIGS. While amorphous silicon
absorbs heavily in the short-wavelength region, the absorption range is limited to
A= 850nm by the high optical gap of 1.74eV. Microcrystalline silicon, on the
other hand, exhibits lower absorption coefficient in the short-wavelength region,
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but can absorb up to A ~ 1,100nm due to a lower optical gap of about 1.12eV.
Furthermore, if the energy carried by the photons is much larger than the optical
gap of the material, the excess is manifested in thermalisation losses, which result
in heating up the cell.

The challenge in the optical design of thin-film solar cells is to increase the
absorption within the thin absorber layers and thus boost the photocurrent and
consequently the conversion efficiency of the device. In this respect, a number of
light-trapping approaches have been developed, which can be generally divided into
three categories. First, techniques of efficient light scattering aim toward prolonging
the effective optical path of the light passing through the cell. Second, the cell design
should strive to minimise the optical losses within the supporting layers of the device
(contacts, p- and n-layers in p—i—n cells) and due to the light reflected from the
front interfaces. And finally, approaches towards an enhanced utilisation of the solar
spectrum enable a broader part of the spectrum to be exploited and at the same time
areduction of the thermalisation losses caused by the photons carrying an excess of
energy. In this concept light absorption is distributed between two or more absorber
layers with different energy gaps. These, along with the supporting components of
the cell, are usually stacked in a single two-terminal device with sub-cells elec-
trically connected in series (double-junction tandem or triple-junction solar cell).
Thus, the gain here is related to an increased open-circuit voltage, Voc, and not to the
photocurrent of the device, which is in general lower than in single-junction devices.

To demonstrate the importance of light trapping, we determined the potential
increase in the solar spectrum absorption in a 300nm thick i—a—Si:H and 1 pm
thick i—pc—Si:H absorber layer if the effective optical path is increased by a factor
of 10 and 50 (multiple passing is possible due to light scattering and trapping).
In the simulations, this prolongation of the optical path was realised simply by
increasing the thickness of the layers. In order to study only the effects related
to the optical path length inside the layer, the reflections at the front and rear
interfaces were excluded from the simulation. The short circuit current densities,
Jsc, were calculated by assuming that each absorbed photon generates an electron-
hole pair and that all the generated electrons and holes contribute to the electrical
current (ideal extraction). The results for an optical path increase by a factor of
10 and 50 compared to a single pass are presented in Fig.4.6. For one pass (1x)
through the 300 nm thick i—a-Si:H layer, Js¢c = 13.11 mA cm™2 was determined
(Fig. 4.6a). If the effective optical path is 10x longer, the absorption is extended
towards longer wavelengths, and Jsc is increased by 52%. Finally, if the optical path
is prolonged by 50 times, an almost 80% increase in Jsc is achieved. These effects
are even more apparent in the i—uc—Si:H absorber due to the extended absorption
coefficient of the material towards longer wavelengths. In Fig. 4.6b, we can see that
the initial Jsc generated in the 1 wm thick i—uc—Si:H layer (14.87mA cm™2) can
be increased by 90% and 137% if the optical path is prolonged by a factor of 10 and
50, respectively. These results show that the prolongation of optical paths, which
can be realised by means of efficient light scattering and trapping inside thin-film Si
solar cell structures, is essential. A number of possible realisations will be presented
in Sect. 4.3.1.
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Fig. 4.6 The influence of optical path prolongation in thin-film i —a—Si:H (a) and i—pc-Si:H (b)
layers on the utilisation of the AM1.5 solar spectrum
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Fig. 4.7 The break-down of optical losses in a state-of-the-art ;tc—Si:H solar cell, presented as the
light absorption distribution (a) and relative share of the solar spectrum in terms of potential Jsc (b)
between the components of the device. Circles correspond to measurements, lines are simulation

In the solar cell structure, however, not all of the light spectrum is available
for charge-carrier generation, since optical losses due to the optical absorption
in the supporting layers and due to reflection occur. In Fig.4.7a, the break-
down of optical losses based on optical simulations is presented for the case of
state-of-the-art pc—Si:H single-junction solar cell in the superstrate configuration
with a 1.2 um thick i—puc—Si:H absorber. Also shown are the measured external
quantum efficiency, and total reflectance, which match the simulated results very
well. The plot presents a relative distribution of the absorption of the solar spectrum
between different layers, as well as the part corresponding to the reflected light. We
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can see that, generally, there are four sources of optical losses: the absorption in
the p- and n-layers, the absorption in the TCO substrate (glass/textured ZnO:Al),
the absorption and the transparency losses attributed to the back reflector (ZnO/Ag
BR) and the reflection from the solar cell. For further evaluation and comparison,
we calculate the distribution of the solar spectrum absorption between each of
the components of the cell from the point of view of potential Jsc contributions
(Fig.4.7b). Whereas the Jg¢ in the absorber layer can be related to the actual Jsc
of the cell, Jsc values in the other layers are attributed to the optical losses. The
simulations show that from the maximum Jgc available from the full energy of the
AM1.5 solar spectrum (40.9 mA cm™2, A =350-1,100nm) only 54% is absorbed in
the i—pc—Si:H absorber layer. The rest are optical losses due to the reflection (20%),
the absorption in the TCO substrate (11%), BR (9%), and p- and n-layers (6%).
Therefore, approaches towards the reduction of these limiting effects are required
and will be the topic of Sect.4.3.2.

A better utilisation of the solar spectrum can be in general achieved by multi-
bandgap multi-junction solar cells. In Fig. 4.8a, the structure of a triple-junction
a-Si:H/a-SiGe:H/puc-Si:H solar cell is presented schematically. The structure
consists of the top a—Si:H cell with Eg;—,—sig =~ 1.74eV, which efficiently
absorbs the shorter wavelengths, the middle a—SiGe:H cell with Eg;—;—siGe:n ~
1.5eV, absorbing the middle wavelengths, and the bottom uc—Si:H cell with
Egi—puc—sim ~ 1.12¢eV, which absorbs the longer wavelengths. As the individual
cells are connected in series, a careful distribution of the solar spectrum between
them must be assured since the total Jsc is limited by the lowest Jsc generated
in a cell. In the optimal case, all three should generate approximately the same
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Fig. 4.8 The structure of a triple-junction a—Si:H/a—SiGe:H/juc—Si:H solar cell (a) and the
corresponding utilisation of the solar spectrum (b)
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amount of current (current matching). Here, optical modelling and simulations play
an important role in the design of the device. The regions of the solar spectrum
harvested by each of the three absorbers in a current-matched triple-junction cell
are presented in Fig. 4.8). Compared to a single-junction pc—Si:H cell, higher cell
performance can now be achieved due to the gain in V¢, which is proportional to
the sum of the three energy gaps. Approaches towards an efficient current matching
and multi-junction cell design will be further discussed in Sect. 4.3.3.

4.3 Advanced Light Management in Thin-Film Solar Cells

In this section, we highlight a number of different light management approaches for
thin-film solar cells which have been developed over the past years. Their common
goal is to increase the efficiency of thin-film solar cells by enhancing the light
absorption within the thin absorber layers. As mentioned in the previous section,
the concepts are generally divided under three categories:

1. Improvements of light scattering
2. Reduction of optical losses, and
3. Enhanced utilisation of the solar spectrum.

All three categories can be interconnected.

4.3.1 Efficient Light Scattering

Light scattering in thin-film solar cells presents one of the most important techniques
for substantially increasing the short-circuit current density and quantum efficiency
of the device. This can mainly be attributed to two specific optical effects, both of
which are schematically presented in Fig.4.9. First, light scattering prolongs the
effective optical paths of the light passing through the thin absorber layer. Large
scattering angles are especially desired (broad ADF of scattered light). And second,
since the refractive index of the absorber layer is usually larger than the surrounding
media, such as TCO, the light travelling through the absorber at high angles

Fig. 4.9 Light-trapping in (1) (3)
the absorber layer, as a result

of light scattering (1), I lOpt > d

reflection at the back reflector d

(2), and total reflection for

high incident angles at the (2)

front (3) BR

absorber
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may experience total reflection from the bordering interfaces. In the case of TCO
(n ~ 2)/p—a-SiC:H (n ~ 3.5) interface, for example, this happens for incident
angles larger than 35°, according to Snell’s law [61]. Thus, in effect, the light can
be trapped within the absorber between the front TCO layer and the back reflector,
which contributes to a further boost in charge-carrier generation. In thin-film solar
cells, light scattering is most commonly realised by random or periodic surface-
textured interfaces. However, novel techniques such as metal nanoparticles and
diffusive back reflectors have also emerged and show much potential.

4.3.1.1 Random Textured Interfaces

Textured interfaces in thin-film silicon-based solar cells are introduced by textured
glass/TCO superstrates or textured back contact substrates. By successive deposition
of layers, the texture is transferred to the internal interfaces throughout the solar cell
structure. In Fig.4.10, SEM pictures of four types of textured TCOs are presented:
(a) surface-textured SnO,:F (Asahi U type), (b) magnetron-sputtered and chemically
etched ZnO:Al, (c) LPCVD-deposited ZnO:B and (d) double (W-) textured SnO,:F
(Asahi). By tuning the deposition process parameters (such as temperature, pressure,
dopant concentration) and thickness (in case of LPCVD), different texturisations of
the same type of TCO can be achieved [10, 74]. In thin-film poly-crystalline solar

Fig. 4.10 SEM pictures of four types of textured TCOs: (a) surface-textured SnO,:F (Asahi U
type), (b) magnetron-sputtered and etched ZnO:Al, (¢) LPCVD-deposited ZnO:B, and (d) double
(W-) textured SnO,:F (Asahi)
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cells (CIGS, CdTe), on the other hand, surface texture is achieved by native growth
of poly-crystalline grains.

Optical simulations can be employed to determine directions towards the optimal
texturisation. For this reason, approaches of three-dimensional optical simulations
based on finite difference time domain (FDTD) and other methods have recently
been utilised [17, 75, 76]. In principle, the simulations are based on rigorously
solving the wave equations throughout the structure, while taking into account the
realistic morphology of the interfaces. The near field of light and the local absorption
inside the thin absorbers are also considered in the calculations. These simulations
show, as indicated in [75], that the sharp edges (spikes) and the rims of the holes
(craters) in the texture are the most beneficial for high levels of absorption (effective
scattering), whereas the valleys themselves do not lead to an increased absorption.
Moreover, the simulations showed that the light absorption is in fact improved by
partially filling up the valleys, even though the root-mean-square roughness of the
interface is thus lowered [75].

TCOs with regular types of roughness exhibit randomly distributed surface
features such as crater-like holes or pyramid grains. Additionally, TCOs with double
textures have also been developed (Fig. 4.10d) in which two types of surface features
are superimposed: small pyramids on top of larger hemi-spheres. The haze parame-
ters for the transmitted light of the pyramidal-type SnO,:F and (double) W-textured
SnO,:F are plotted in Fig.4.11a, b, respectively. Measurements in air are shown
by circles, whereas lines represent the simulations in which the equations from
the scalar scattering theory were used to approximate the wavelength-dependent
haze characteristics [77, 78]. Compared to the pyramidal-type TCO superstrate, a
significantly higher haze in the short- and especially in the long-wavelength region
is measured for the W-textured TCO. Furthermore, a shallow peak at A &~ 500 nm
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Fig. 4.11 The measured (circles) and the calculated (lines) haze of pyramidal-textured (a) and
(double) W-textured SnO,:F (b), observed in air. The predicted haze values at the internal
SnO,:F/p—-a-SiC:H interface are also presented (Reproduced from [6] with permission. Copyright
2010. Elsevier)
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is also observed in this case and can be attributed to the presence of two types of
texturing. The haze measurements at the TCO/air interface were used to calibrate
the equations of the scalar scattering theory. In simulations, these were then further
employed to determine the haze parameter at the internal interfaces (e.g. TCO/p—
a-SiC:H, as shown in the graphs) of a solar cell structure [62]. Simulations reveal
that the simulated haze at the TCO/p—a—SiC:H interface has significantly higher
values than the one determined at the TCO/air interface. Following the scalar
scattering theory, this can be attributed to the higher difference in the refractive
indices between the incident medium (TCO) and the medium in transmission ( p—a—
SiC:H), which leads to a higher scattering level of the transmitted light [78]. Thus,
at the internal interfaces formed by layers with a high difference in the refractive
indices (e.g. TCO with n ~ 1.9 and p—a-SiC:H with n ~ 3.3 at A = 600nm),
a much higher haze is expected than the one determined in air surrounding for all
types of TCO superstrates.

Tandem a—Si:H/puc—Si:H solar cells were deposited by PECVD on both types of
glass/SnO;: F superstrates [79]. The thicknesses of the top i—a—Si:H and the bottom
i—pc—Si:H absorber layer were 0.35 um and 1.5 pum, respectively. For the back
reflector, ZnO/Ag was used. No intermediate reflector was applied between the top
and the bottom cell. The results of the measured external quantum efficiency, QO F,
are shown in Fig.4.12 (symbols). Almost no changes are observed in the quantum
efficiencies corresponding to the top cell, Q Ey,, when using pyramidal-type or W-
textured SnO,:F superstrate. However, in the quantum efficiency of the bottom cell,
O FEyq, a noticeable increase in the long-wavelength region can be observed for
the W-textured superstrate (due to the enhanced long-wavelength scattering). The
corresponding Jsc values are Jsciop ~ 11.8 mA cm™2 for the top cells on both types
of glass/SnO,:F superstrates and Jscpor &~ 10.4 mA cm ™2 and 11.9 mA cm™2 for the
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Fig. 4.12 The measured and the simulated external quantum efficiency of the top and the bottom
cells on both types of SnO,:F superstrates (a), and the possibilities of bottom cell thickness
reduction related to the use of high-haze W-textured SnO;:F superstrate (b)
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bottom cells on pyramidal- and W-textured SnO;: F' superstrates, respectively. This
means that the W-textured TCO superstrate leads to around 12% increase in Jscpot-

Assuming good extraction of the generated charge carriers in the absorber layers
(i—a-Si:H and i—pc-Si:H) and neglecting the small contributions from the p- and
n-doped layers, the simulated absorptances in the top and the bottom absorber (full
lines in Fig. 4.12a) can be directly compared with the measured Q E's of the analysed
solar cell, showing good agreement for both superstrates. Based on this verification
of the model, simulations were then used further to analyse the optical situation
in the cells with W-textured SnO;:F superstrates and to examine the potential of
possible further improvements in solar cell performance, related to the enhanced
light scattering properties.

First, potential thickness reductions of the bottom i —pc—Si:H absorber, dpq, are
determined. In Fig.4.12b, the Jscpor is shown as a function of dpy for the solar
cells on both types of TCO superstrates. Linear dependency between Jscpor and dpoy
is observed in the semi-logarithmic plot. From the plot, one can see, for example,
that a 20% thinner i —uc—Si:H absorber (1.2 um) can be used in the case of the W-
textured SnO,:F superstrate compared to the same Jscpor Value achieved in the case
of the pyramidal-type SnO,:F superstrate (reference dpoy = 1.5um). Further on,
about 30% thicker i—uc—Si:H absorber (1.95 um) should be used in the cell with
the pyramidal-type SnO,:F superstrate to achieve the same Jscpor as can be achieved
in the cell with the W-textured superstrate (dyo = 1.5pm). These results indicate the
potential of high-haze W-textured SnO,:F to enable noticeable thickness reductions
(and thus shortening of the deposition times) of the i—uc—Si:H absorber layer in
tandem a—Si:H/uc—Si:H solar cells.

4.3.1.2 Periodically Textured Interfaces

However, random-like textures are not the only option for achieving high scattering
angles of the light transmitted into the absorber layers of the cell. Periodic surface
textures such as diffractive gratings present another promising approach. As the
light of the wavelength A is transmitted through a diffractive grating with the groove
period P, it is scattered into discrete beams travelling at specific angles @, These
angles can be calculated by the grating equation,

m~/\0
P b

Rinc * sin Qinc + Nyt - sin Dscatt = (4 1)
where n;,c and ny, are the refractive indices of the incident medium and the medium
in transmission, respectively, i, is the incident angle, m is the scattering order, A
is the wavelength of light in the air and P is the grating (groove) period. The same
effect is also observed when the light is reflected from the grating (Fig.4.13), in
which case nj, and 1y, represent the same medium and are therefore the same. The
height of the groove and the shape of the grating feature do not affect the direction
of scattering, but the intensity of the beam travelling at a specific angle.
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Fig. 4.13 Light impinging
on a grating reflector. Besides
the specular reflection, the
reflected light is diffracted
into discrete angles
(scattering orders)
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Fig. 4.14 The simulated quantum efficiency (a) and short-circuit current density (b) of a uc—Si:H
solar cell with periodically textured interfaces with different P/h combinations (Reproduced from
[20] with permission. Copyright 2009. American Institute of Physics)

In thin-film solar cells periodic textures have a potential to scatter the light
into large discrete angles, according to the grating equation, which can lead to a
prolongation of the optical paths and thus improved light trapping. In Fig. 4.14, the
simulation results of a single-junction microcrystalline Si solar cell with periodically
textured interfaces (1D grating) are shown [20]. The configuration of the cell was:
ITO (70nm)/p—uc—Si:H (15 nm)/i—puc-Si:H (500nm)/n—puc—Si:H (20 nm)/ZnO
(100nm)/Ag. The shape of the texture was sine-like and was applied to all the
interfaces. The two-dimensional optical simulator FEMOS [20, 71] was used to
calculate the QF and Jsc of the structure (although an analytical solution has
also been predicted in [80]). A simplified electrical analysis as described in the
previous section was applied. In Fig.4.14a, QF of the solar cells with different
P and h of the periodical texture are plotted. Improvements in the short- and
the long-wavelength Q E are observed compared to the QF of the cell with flat
interfaces. The analysis showed that, in the short-wavelength part, the antireflective
effect due to the surface nano-texturing of the air/ITO and ITO/p-layer interfaces
improves. In the long-wavelength part, on the other hand, the antireflective effects
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are supported by light scattering at the front and back interfaces, which leads to the
observed enhancements. In Fig. 4.14b, the Jsc values of the cells are presented as a
function of P for three different h. For the optimal case (P &~ 700nm, 2 ~ 450 nm),
an almost 45% improvement in Jsc is determined, compared to the Jsc of the flat
cell.

Practically, periodically textured structures are especially convenient for cells
deposited on plastic foil substrates. The texturisation of the foil can be obtained by
hot embossing techniques, for example, where periodic structures with relatively
small (a few 100 nm) or larger (micrometre range) features can be realised. By opti-
mising the deposition parameters of the layers, comparable electrical characteristics
to those of the layers deposited on randomly textured substrates can be achieved.
However, the state-of-the-art cells with randomly textured interfaces still exhibit
better performances than the cells with periodically textured interfaces. Further
optimisation and novel designs of periodically textured interfaces are thus required.
An option is even to combine periodic and random interfaces to gain the beneficial
features of both [81].

4.3.1.3 Nanoparticles and Nanocomposites

Scattering at nanoparticles can be introduced as an alternative to scattering at
textured interfaces to prolong the optical paths and improve light trapping in thin-
film solar cell structures. Especially metal nanoparticles (Ag, Au) show much
potential because the incident light in the wavelength range of interest can excite
the surface plasmon polaritons to oscillate, leading to re-irradiation of the light
in all directions around the particles [25]. This can be considered as an efficient
scattering mechanism with a broad ADF (Fig. 4.15). The most intensive irradiation
can be achieved if the wavelength of the incident light is close to the resonant
wavelength (frequency) of the metal nanoparticle embedded in the surrounding
medium. However, at the resonant frequency, the parasitic absorption losses are
enhanced as well. By optimising the particle size, shape, and the surrounding
medium of the particle, the ratio between the irradiated light and the absorbed light
can be tailored [23,25].

Figure 4.16a shows the SEM picture of nanoparticles obtained after thermal
annealing of 15 nm thick Ag layer on glass. Their haze and absorption characteris-
tics are shown in Fig. 4.16b. The sample was illuminated from the glass side, and the

Fig. 4.15 The incident light % S S

is exciting the surface
plasmon polaritons in
nano-particles to oscillate,
which leads to re-irradiation
of the light
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Fig. 4.16 SEM picture of silver nanoparticles obtained after thermal annealing of 15 nm thick
silver layer on glass (a) and the corresponding haze and absorption characteristics (b)

haze of transmitted light (at the particle side) was determined. The absorptance was
calculated as A = 1—R—T. The selective peak in haze as well as in the absorptance
characteristics can be observed due to oscillations of the surface plasmon polaritons
in the metal nanoparticles.

In recent years nanoparticles have been studied extensively in the field of
solar cells [21-27]. Improvements due to the integration of metal nanoparticles in
thin-film Si solar cells have been indicated [21]. However, challenges still remain
with respect to the proper position of the particles in the cell, in order to decrease
the absorption losses and charge carrier recombination losses.

4.3.2 Minimisation of Optical Losses

The goal in thin-film solar cells is to draw as much light as possible into the thin
absorber layer(s), while at the same time keeping the optical losses due to the
reflected light and due to the absorption in the other layers at minimum. However,
in state-of-the-art thin-film solar cells, a significant portion of light still escapes out
of the structure or is absorbed in the supporting layers of the device. Advanced light
management approaches are thus required to mitigate these losses. Besides efficient
light scattering, which helps to trap the light inside the solar cell structure, one has
to pay attention to minimise the undesired reflectance losses at the front interfaces
of the structure, as well as to improve the optical properties of the supporting layers,
such as the front and the back contact, in order to minimise the light absorption
therein. In the following subsections, we will focus on antireflective coatings and
on the realisation of highly reflective back reflectors based on photonic crystals and
diffusive dielectric materials.
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4.3.2.1 Antireflective Coatings and Structures

Light reflection at an interface between two different materials appears due to
the abrupt change in the refractive index. The larger is the difference, the more
pronounced is the effect and consequently more of the incident light is reflected
(see the Fresnel equation in Table 4.1). In thin-film solar cells, all the reflection
appearing before the incident light finally reaches the absorber layer contributes
to optical losses. In this respect, two of the interfaces at the front are especially
critical. The first is the interface between the surrounding air and the first layer.
This can be either glass in the case of cells in superstrate configurations and PV
modules covered with glass (R ~ 4.5%), or the front TCO layer in the case of
uncovered solar cells in substrate configurations (R ~ 10%). The reflectance of
the latter is more pronounced, and thus more critical, since the refractive indices
of TCO materials are higher (n &~ 2) than those of glasses (n ~ 1.5). The second
interface in the front part of the solar cell with a large change in the refractive index
is the internal interface between the front TCO layer and the doped p-layer. The
refractive indices in this case are about 2 and 3.5, respectively. In order to improve
the performance of the solar cell, techniques for reducing the reflection of light at
these critical interfaces need to be employed.

In principle, the solution is to make the transition of the refractive index at the
interface less abrupt. This can be realised by refractive index grading, i.e. introduc-
ing a layer or a stack of layers where the values of the refractive indices are gradually
changed from those of the surrounding medium towards those of the first layer in the
structure. Another option for index grading is texturing of the interface. If texturing
is on the nanometre scale, the exchange of two materials in lateral direction in the
volume occupied by the corrugations can be considered as an effective layer, which
has a refractive index between the two layers (media) forming the interface [42]. If
applying texturisation with larger features (in micro or millimetre scale), multiple
reflections at the geometrical features can lead to improved light in-coupling (the
reflected rays have another chance to enter the structure) [82]. In the following,
we focus on the first approach — introduction of additional layers in the role of anti-
reflective coatings (ARC). For example, the reflection at the front air / glass interface
can be reduced by depositing a single layer with the refractive index between 1 and
1.5. This can be, for instance, M gF, with n = 1.38. Similarly, the reflection at the
front TCO/ p-type absorber interface can be reduced by introducing for example a
very thin layer of TiO,, whose refractive index is about 2.3, i.e. between the value
of refractive index of TCO (n & 2) and p-layer (n ~ 3.5) [83].

In theory, to minimize reflection, the refractive index of an optimal single-layer
ARC inserted between two media should be equal to the geometric mean of the
two refractive indices of the surrounding media; narc = +/n1 - n2. For the case
of air/glass interface, the optimum n 4g¢ is thus about 1.24. The thickness of the
ARC layer is also important and should be optimised in order to produce destructive
interference effects in reflection. For a single-layer ARC, this condition can be
achieved when darc = A/4narc, where dagc is the thickness of the ARC layer
and A is the target wavelength in air. Antireflective coatings can also be comprised
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of more than just one layer, in which case the wavelength region of low reflectance
can be extended to a broader range. An optimal double-layer ARC deposited on top
of the front glass sheet, for example, should consist of two layers with refractive
indices of 1.15 and 1.33, according to the theory. Such layers with refractive indices
between 1 and 1.5 can be realized by using porous Si-oxide materials [39,42].

The influence of the refractive index and the thickness of the ARC layer on
the reflectance characteristics are presented by the simulation results plotted in
Fig.4.17. The flat full line shows the reflectance from the air/glass interface,
which is about 4.5%. By introducing a single-layer ARC with narc = 1.24 and
darc = 110nm (values optimised according to the analytical equations mentioned
above for A = 550nm), a significant reduction of the reflectance can already be
achieved (dashed line). Furthermore, a destructive interference can be observed at
A = 550nm, where the reflectance drops to zero. For the case of a double-layer
ARC (narci = 1.15, darci = 110 nm; narcr = 1.33, darc2 = 90 nm), on the other
hand, an even further decrease in the reflectance can be achieved in a much wider
spectral region (dash-dotted line).

To indicate how the antireflective coatings on glass improve the performance
of a solar cell, we employed the optical simulator SunShine to simulate a pc—
Si:H cell in a standard superstrate configuration ((ARC)/glass/ZnO:Al/p/i—pc—
Si:H/n/ZnO/Ag), with the thickness of the i—uc—Si:H absorber layer of 1.2 pm.
The Jsc value of the cell without any ARC on glass was 26.00 mA cm™~2. By intro-
ducing a single-layer ARC (narc = 1.24, darc = 110nm) and a double-layer ARC
(narci = 1.15, darci = 110nm; narcr = 1.33, darc2 = 90 nm), the Jsc values are
improved by 3.6% (26.94mA cm~2) and 4.1% (27.07 mA cm~?2), respectively.
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4.3.2.2 Advanced Back Reflector Concepts

The back reflector presents another important component of a thin-film solar cell.
Its primary function is to reflect the light, which is not fully absorbed during the first
passing through the cell back towards the absorber layer. This is especially important
for the low-energy, long-wavelength part of the spectrum near the bandgap of the
absorber material, where the chance of a successful absorption diminishes rapidly
due to the low absorption coefficient. This behaviour is noticed above all in thin-
film cells with indirect semiconductor absorber (like Si). The back reflector should
exhibit a high reflectance, especially in this near-bandgap spectral region of the
absorber.

Conventional thin-film solar cell technology relies on metal-based back reflec-
tors, which commonly consist of a layer of silver (Ag) or aluminium (Al) in
combination with a thin (~80nm) undoped TCO (ZnO) layer. Such reflectors
exhibit excellent electrical conductivity and relatively high reflectance values in a
broad wavelength region. However, they also show some disadvantages. Textured
Ag reflectors suffer from the effect of surface plasmon absorption, which reduces the
reflectivity properties of the reflector and thus presents one of the primary sources of
optical losses [84]. Further on, high costs related to the metal deposition in the cell
manufacturing process and the pronounced sensitivity of the material to the moisture
in the environment are also an issue. Therefore, to circumvent these drawbacks and
further increase the performance of thin-film solar cells, advanced back reflector
concepts are being investigated. Among them, photonic crystals and white diffusive
dielectrics have been indicated as two of the promising novel approaches [28,31].

A one-dimensional (1D) photonic crystal (PC) is essentially a periodic stack
comprised of two interchanging materials with different complex refractive indices
and layer thicknesses, schematically presented in Fig.4.18a. A 1D PC can act as a
distributed Bragg reflector (DBR). As the light propagates through such a stack,
it experiences multiple reflections at the internal interfaces. However, since the
thicknesses of the layers are in the order of tens to hundreds of nm, the light
coherency conditions are maintained. Consequently, the forward and the backward
travelling electromagnetic waves within a layer are subject to constructive and
destructive interference, depending on the wavelength. Thus, a specific reflectance
characteristic is formed reminiscent of a band-stop filter. By carefully trimming
the layer thicknesses, the number of layers in the stack, and the complex refractive
indices of the two materials, it is possible to achieve a reflectance characteristic
with an extremely high (~ 100%) reflectance in the desired wavelength region.
Theoretically, to obtain high reflectance values around the central wavelength A,
the following condition regarding the thicknesses and the refractive indices of the
two interchanging materials has to be fulfilled: d; ~ Ao/4n and dy ~ A¢/4n,.

As an example, the measured reflectances of three 1D photonic crystals com-
prised of 12 layers of interchanging a—Si:H and a—SiN,:H layers are presented in
Fig.4.18b [85]. The graph confirms that close to 100% reflectance can be achieved
in the band-stop wavelength region. This is highly beneficial in thin-film solar cells
where an appropriately optimised photonic crystal can be employed as an efficient
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Fig. 4.18 Schematic representation of a 1D photonic crystal (a). Measured (symbols) and
simulated (lines) reflectance of different PCs comprised of 12-layer of a—Si:H and a—-SiN,:H (b)

back reflector. Furthermore, it is also evident that both the refractive indices and
the combination of the individual layer thicknesses significantly affect the nature of
the reflectance characteristics (i.e. the width of the band-stop region, its location on
the wavelength axis, etc.). Since there is a relatively large number of interconnecting
parameters present in the design of PCs, optical simulations again prove to be a
valuable tool for profound analysis and optimisation.

The concept of modulated photonic crystals was introduced to extend the
wavelength region of high reflectance [36]. The modulation refers to a proper
change of thicknesses or optical properties of the two exchanging layers. As an
example of thickness modulation, we present a PC which consists of two integrated
PC parts — in the first part the thicknesses of the two interchanging layers are smaller,
whereas in the second part the thicknesses are larger (see inset in Fig.4.19a).
In this way, the first part assures high reflectance in the short-wavelength region
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Fig. 4.19 Modulated photonic crystal vs. regular photonic crystals based on a—Si:H and a—SiN,:H
layers from the point of view of reflectance (a). Integration of a modulated PC based on conductive
a-Si:H and ZnO:Al layers in the role of back reflector in a pc—Si:H solar cell (b) (Reproduced
from[36] with permission. Copyright 2009. American Institute of Physics)

and the second in the long-wavelength region. To test and confirm the approach,
formation and characterisation of the modulated PC is presented in Fig. 4.19a. The
upper two plots in the figure show the measured and the simulated reflectance
of two individual PCs, each comprised of 12 interchanging layers of a—Si:H and
a-SiNy:H (n,—Si:H=13.83 and n,—SiN, = 1.81 at A = 800nm). The only dif-
ference between them are the layer thicknesses (thickness pairs a—Si:H/a—SiN,:H
are given in the figure). The third plot in the figure corresponds to a modulated
PC created by the two parts. The plot shows that the reflectance characteristic of
the modulated PC exhibits a broad band-stop region, which in fact presents the
combination of the two narrower band-stop regions observed for the separate PCs.
After demonstrating that the concept works, we have designed a suitable modu-
lated PC for a broadband back reflector in thin-film pc—Si:H solar cells. In this case,
the reflector must also serve as the back electrical contact. Therefore, conductive
n-doped amorphous silicon (n—a—Si:H) and Al-doped magnetron sputtered ZnO
(ZnO:Al) were used. The refractive indices of these layers are n,—,—s;.z = 3.32
and nzy0:.a1 = 1.77 (A = 800nm). For pc—Si:H solar cells, it is important that
the back reflector has a high reflectivity over a much broader wavelength region
(A & 500-1,100nm), something that cannot be achieved by a single PC comprised
of the two conductive materials. Therefore, to extend the region of high reflectance,
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we designed a modulated structure which consists of three periods (layer pairs) with
the thicknesses d,,—;—s;:y = 40nm and dz,0.a1 = 80nm (PC 1 part) and four
periods with the layer thicknesses d,—,—s;.y = 60nm and dz,0:41 = 120nm (PC
21 part).

In Fig.4.19b (top), the simulated EQFE is plotted for the pc—Si:H solar cells
(dabsorver = 2 wm) with regular PC back reflectors (PC 1 and PC 2). While the
EQF of the cell with the PC 1 back reflector is lowered in the long-wavelength
region (A>700nm), the cell with the PC 2 exhibits reduced EQF in the middle-
wavelength region (A = 500-700nm). The corresponding Jsc values under the
reference AM1.5 solar irradiance reach 92.8 and 92.7% of the Jsc calculated for the
cell with an ideal back reflector, respectively. In Fig. 4.19b) (bottom), the simulated
EQE of the cell with the modulated PC is shown. In this case, the EQFE over
the entire wavelength region resembles closely that of the cell with an ideal back
reflector. The observed small deviations are related to decreases in the internal
reflectance. The cell with the modulated PC back reflector achieves 97.7% of the
Jsc of the cell with an ideal back reflector. This is an additional 5% increase with
respect to the cells with regular PC’s.

Unlike the photonic crystals, however, the second advanced back reflector
concept, which has emerged recently and is showing much potential is based on only
one material — a layer of highly reflective (i.e. white) diffusive dielectric material,
such as white paint or white EVA foil. Diffusive dielectrics, in particular white paint,
can be described as heterogeneous composites of two materials — white (pigment)
particles, acting as scattering centres, and the surrounding medium (binder). As light
enters such a material (Fig.4.20a), it passes through the binder and eventually hits
a pigment particle. At the interface, it scatters both in transmission and reflection.
The transmitted light then passes through the pigment material and scatters again
at the next pigment/binder interface. Multiple reflections at the pigment/binder
interfaces and light scattering due to the dimensions of the particles (200-300 nm)
leads to high reflectance and excellent scattering characteristics of such films.
In typical commercial white paints, for example, high reflectances above 0.9 can be
determined in a broad part of the spectrum (500—1,000nm). In Fig. 4.20b, the haze
parameter and the ADF of a commercial white paint are presented in comparison
with the scattering properties of a conventional Ag reflector deposited on textured
SnO,:F Asahi U type TCO (ons &~ 40nm, pyramidal texturisation features). The
results show that white paint is a significantly better light scatterer, especially in
the long-wavelength region. The haze parameter is almost ideal, and the angular
distribution function is broad, close to the Lambertian (cosine) function.

Although the reflective properties of inexpensive white diffusive dielectric
materials are not as high as those of typical Ag, the approach nevertheless offers
a number of advantages over the conventional metal-based reflectors. First, the
scattering properties of white diffusive dielectrics are far superior and assure high
levels of light trapping within the cells. Second, the dielectric material itself is much
cheaper and often easy to deploy (in case of white paint, simple spraying or printing
techniques). And finally, dielectrics such as white paint and foils are also much more
durable, they can resist severe weather conditions, and in fact they can even serve
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for the back-encapsulation of the modules. The drawback of the diffusive dielectric
back reflectors, on the other hand, is their lack of electrical conductivity. Therefore,
they can only be used in combination with a layer of conductive TCO, such as
LPCVD-deposited ZnO:B or magnetron-sputtered ZnO:Al. For high performance of
the cells, a sufficiently thick (~1,000 nm) layer of high-quality TCO with good ver-
tical and lateral conductivity and low levels of light absorption must be employed.

4.3.3 Enhanced Utilisation of the Solar Spectrum

In single-junction solar cells, a part of the energy of the photons, which carry
more energy than is the energy gap of the absorber layer, is thermally lost. These
thermalisation losses, however, can be minimised by using multi-bandgap multi-
junction devices, which allow us to tune the bandgaps of the individual absorber
layers. In the case of thin-film solar cells, double- and triple-junction devices are
present in the market additionally to the single-junction ones. Examples are double-
junction (tandem) a—Si:H/pc—Si:H micromorph cells and triple-junction a—Si:H/a—
SiGe:H/puc-Si:H cells. Chalcopyrite-based CuGaSe,/Cu(In,Ga)Se, (CGS/CIGS)
tandems are also under investigation [86] and show a potential since it is easy to
alter the bandgap of the bottom (CIGS) absorber and thus optimise the performance
of the device. The challenge in the design of two-terminal multi-junction cells,
however, is to assure an equal distribution of the solar spectrum between the cells
connected in series and thus achieve the required current matching. Furthermore, the
parasitic sub-bandgap absorption in the top cell which does not contribute to Jsciop
presents here a significant source of losses, especially in the proposed CGS top cell.
While the top CGS cell absorbs in the short-wavelength spectrum, which leads to
photocurrent generation, it also absorbs substantially in the long-wavelength region.
This, however, does not contribute to Jsc and instead hinders the current generation
in the bottom CIGS cell. Therefore, solutions in the multi-junction cell design that
would lead to very thin top cells, or even realisations based on spectrum splitting
(two separate cells) are of interest. Both concepts will be addressed in the following
two subsections.

4.3.3.1 Intermediate Reflectors in Multi-Junction Solar Cells

To circumvent these issues and also to further boost the performance of the multi-
junction cells, the concept of a wavelength-selective intermediate reflector (WSIR)
has been studied to be introduced between the top CGS and the bottom CIGS cell
of the chalcopyrite-based tandem device. The WSIR should perform the function
of an optical high-pass filter — it should efficiently reflect the short-wavelength
part of the spectrum back into the preceding (top) cell, and at the same time fully
transmit the long-wavelength part absorbed in the following (bottom) cell. The
desired consequence of this approach is an enhanced light absorption in both cells,
which leads to higher generated currents and potentially lower absorber thicknesses.
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Fig. 4.21 The structure of a CGS/CIGS tandem with the WSIR (a) and the simulated Q Ecgs
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(Ao =680 nm) (b)

Naturally, the WSIR itself must be low absorbent, and it must also exhibit a
sufficient vertical conductivity in order to electrically connect the individual cells
of the two-terminal multi-junction device.

The potential of WSIR in CGS/CIGS tandems can be investigated by means of
optical simulations. The structure of the tandem is presented in Fig.4.21a. The
bandgaps of the top CGS and bottom CIGS cells are 1.68 and 1.15 eV, respectively,
which is close to the theoretical optimum for tandems [87]. By simulating the
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photo-generation profile in both cells and calculating the current-voltage charac-
teristics according to the diode equations, the efficiency of the tandem can be
determined. For these calculations, realistic electrical parameters of the CGS and
CIGS absorbers (i.e. the saturation current density, Jy, and the diode ideality
factor, A) are assumed, which are extracted from the latest reported state-of-the-
art cells: (1) CGS: Jo = 7- 100"mAcm™2, A = 2.1 [88]; and (2) CIGS:
Jo=2.1-10""mAcm™2, 4 = 1.14 [89].

The simulated tandem structure (without the WSIR) was as follows: MgF,
(100nm)/ZnO:Al  (120nm)/ZnO  (50nm)/CdS (50nm)/CGS (dcgs)/SnO,:F
(500 nm)/CdS (50)/CIGS (dcigs)/Mo (300 nm). Simulations show that, in this case,
the maximal efficiency of 20.3% can be achieved with the optimised values for the
cell thickness, which are 1,050 for the CGS (dcgs) and 2,500 for the CIGS cell
(dcigs)- However, if an appropriately tailored WSIR is introduced between the top
and the bottom cells (see Fig.4.21a), the thickness of the top cell can be reduced
substantially. For an ideal WSIR exhibiting the optimal reflectance characteristics
with the roll-off wavelength As = 680 nm (as show in the inset of the figure), the
maximal efficiency of 20.8% can be achieved for dcgs = 800nm and dcigs =
2,500 nm. This is an almost 25% reduction in the top cell thickness compared to
the case with no WSIR. Without the WSIR, on the other hand, the efficiency of this
tandem (dcgs = 800nm, dcigs = 2,500 nm) would be 19.8%. The effects of the
WSIR on QFEcgs and Q Ecigs are shown in Fig.4.21b, where it can be observed
that introducing the WSIR boosts the absorption in both CGS and CIGS cells.

In reality, intermediate reflectors may be realised most effectively by photonic-
crystal-like structures in the role of DBR (the principles of such structures have
already been discussed in Sect. 4.3.2). The materials chosen for the photonic crystals
must exhibit low optical absorption in the active wavelength region of the tandem
and high vertical electrical conductivity (or local interconnections) for good ohmic
connection between the two cells.

4.3.3.2 Spectrum Splitting

To further reduce (eliminate) the effects of sub-bandgap absorption in the top cell,
the concept of spectrum splitting, which is schematically presented in Fig.4.22a,
is introduced. The idea is to separate the incident light spectrum by means of
dichroic beam splitters into different parts. Each of them is then illuminating a
solar cell whose properties are tailored specifically to yield high performance in
this spectral region. The separate cells are then connected in a hybrid multi-terminal
configuration.

Optical simulations allow us to test this approach in a four-terminal hybrid con-
figuration of CGS and CIGS cells and compare it to the two-terminal concept with
WSIR. Since there is no interconnection between the individual cell thicknesses,
both cells can now be 2,500nm thick, while the parameters which need to be
optimised are the bandgap of the CIGS cell and the spectrum split point (As) of
the dichroic mirror. The optimisation results are presented in Fig. 4.22b. The results
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indicate that the carefully selected Ag is crucial for a high efficiency and should
not deviate much from the optimal value (deviations should be less than 20 nm).
The Eg cics, on the other hand, allows for more freedom since similar results are
rendered for CIGS bandgaps between 1.10 and 1.15eV. In our case, the maximal
efficiency of 22.5% can be achieved for Eg cigs = 1.10eV and Ag = 710 nm.

4.4 Conclusion

Light management in thin-film solar cells is of great importance with respect
to efficient utilisation of the solar spectrum in thin absorber layers of the cells.
To analyse and optimise the optical situation in the multilayer structures with flat
and textured interfaces, optical modelling and simulations are indispensable tools.
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They enable to locate and determine optical losses inside the structure and indicate
the potential of further improvements.

Surface-textured interfaces present a crucial aspect in efficient light trapping,
especially in thin-film solar cells with indirect semiconductor absorbers (Si) and to
some extent also in cells made of direct semiconductors (CIGS, CdTe) with respect
to thinning down the absorber layers. Regarding their scattering characteristics
inside the solar cells, optimised random-like texturisations still prevail over the
regular periodical textures. However, novel concepts to improve both approaches or
even to combine them (modulated texturisations) are being investigated extensively.

As an interesting alternative to surface scattering at the interface corrugations,
metal nanoparticles can be employed. Excitation of surface plasmon polaritons
by incident light leads to re-irradiation of light in different directions around the
particles, prolonging optical paths and thus absorption of light in thin absorbers.
However, how to decrease the optical absorption inside the particles themselves
and how to avoid recombination losses of charge carriers at the surfaces remain
challenges yet to be resolved.

Besides efficient light trapping, minimisation of optical losses due to the absorp-
tion in the supporting layers of the solar cell and due to the light reflected from
the surface is also important. Antireflective coatings on the top (air/glass) as well
as internal (TCO/p-layer) interfaces have to be used to minimise the negative
reflection of light before entering the absorber layer. However, comparing the
benefits of antireflective coatings to the effects of light scattering, the latter have
more important role.

Next to the reflectance, the front (TCO) and the back contact (metal or dielectric
in combination with TCO) present the dominant source of absorption losses in thin-
film solar cells. Thus, optimisation of front TCO materials and investigation of novel
back contact (reflector) realisations is important. In this chapter, back reflectors
based on white paint and photonic-crystal-like structures were investigated as
alternatives to the conventional metal-based reflectors.

For efficient use of the solar spectrum, multi-bandgap multi-junction devices
and the concept of spectrum splitting are employed. In the case of thin-film
double-junction (tandem) solar cells, a wavelength-selective intermediate reflector
located between the top and the bottom cell enables thinner top cell absorbers.
This reflects in better stability of the tandem cell efficiency (a—Si:H top cell) or
lower sub-bandgap absorption losses (CGS top cell). Wavelength-selectivity of
the intermediate reflector is an important characteristic for efficient distribution of
the solar spectrum between the top and the bottom cell. Another way to avoid the
negative influence of the top cell to the bottom cell is by employing the concept of
spectrum splitting. In this case, each cell can be optimised independently for the
part of the spectrum it is exposed to.

In this chapter, a number of approaches of efficient light management were
highlighted, and the importance of their utilisation in thin-film solar cells was
indicated. Nevertheless, further optimisation of the existing solutions, as well as
development and investigation of novel light trapping designs remains an important
challenge.
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Chapter 5

Surface Plasmon Polaritons in Metallic
Nanostructures: Fundamentals and Their
Application to Thin-Film Solar Cells

Carsten Rockstuhl, Stephan Fahr, and Falk Lederer

Abstract A surface plasmon polariton is a hybrid excitation where the electromag-
netic field is resonantly coupled to a free carrier oscillation in noble metals. Once
excited, a large enhancement of the local electromagnetic field and the amount of
scattered light can be observed. Since both properties are beneficial for the purpose
of photon management, in the past several years an increasing share of research
was devoted to exploit such effects in solar cells. In this contribution, we review the
fundamentals of surface plasmon polaritons and outline different approaches how to
incorporate metallic nanostructures into solar cells. We detail to which extent they
are useful to enhance the solar cell efficiency and describe different schemes for
their experimental implementation. Emphasis is put on thin-film solar cells, since
in this class of solar cells metallic nanostructures may have the largest impact. This
chapter is written with the intention to make researchers from either the field of
plasmonics or the field of photovoltaics familiar with their respective counterpart to
foster research in this applied domain.

5.1 Introduction

With the desire to slow down and eventually to reverse the climate change,
concepts to make energy available which is not based on fossil but on regenerative
resources became an urgent matter. Approaches relying on wind, water, or tides are
currently exploited. A further promising approach takes advantage of solar energy
by transforming it to electrical energy using solar cells. A large variety of solar
cells is currently established (see for an overview [1, 2]), and a comprehensive
overview is well beyond the scope of this chapter. But all of them share an identical
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research aspect, namely to increase their photovoltaic conversion efficiency. The
key task consists in increasing this efficiency at low cost to eventually reach the grid
parity, requiring the price of solar energy installed at home to be as small as that of
energy from fossil resources for the end user. This would appreciably increase the
attractiveness of using such regenerative energies.

In addition to improving the electronic properties of solar cell materials
themselves, there is a very promising approach towards the efficiency enhancement
of a certain solar cell configuration, imposed by external constraints, frequently
termed photon management [3]. It is understood here as the incorporation of
assisting photonic structures that may serve two different purposes. On the one
hand, it may either spectrally redistribute the impinging sunlight such that more
photons contribute to the generated current. On the other hand, it may be of use to
reduce the reflection losses or to enhance the optical path of photons in the solar
cell such that their probability for absorption is enhanced. The latter scheme is
sometimes called light trapping.

Here, we outline how to take advantage of surface plasmon polaritons for this
purpose where emphasis is put on the second aspect. This chapter is divided into five
sections. In the first section, we aim at familiarizing the reader with the basic issues,
provide a concise introduction to the field and indicate major streams of research
in the past. In the second section, we concisely outline the basic physics of surface
plasmon polaritons where we distinguish between localized and propagating surface
plasmon polaritons. The third and the fourth sections are devoted to technologies
to incorporate the respective metallic nanostructures sustaining either localized or
propagating surface plasmon polaritons into a solar cell. We finalize the chapter with
conclusions on the broader impact of surface plasmon polaritons for photovoltaics.
The chapter is written from the point of view of scientists working theoretically and
numerically in the field of photon management; hence, emphasis is mainly put on
those aspects, respectively.

5.2 Plasmon Polaritons and Their Use in Solar Cells

A plasmon is a harmonic oscillation of a free electron gas at a certain carrier density-
dependent frequency in a metal. If such an oscillation resonantly couples to an
electromagnetic field, a hybrid excitation arises, consisting of an electronic and
a photonic part. This excitation is termed plasmon polariton. Since such coupling
occurs at the interface between a dielectric and a metal, the term surface plasmon
polariton (SPP) was coined [4]. The major characteristic of an SPP is its confined
field to the interface from which it spatially exponentially decays into both materials.
Depending on the dimensionality of the spatial confinement, one distinguishes two
types of SPPs. Roughly spoken, if the electromagnetic field is confined in one or
two dimensions, one speaks of a propagating surface plasmon polariton (PSPP). For
a confinement in all three spatial dimensions by means of a metallic nanoparticle,
one speaks of a localized surface plasmon polariton (LSPP). It has to be stressed



5 Surface Plasmon Polaritons in Metallic Nanostructures 133

that for the excitation of SPPs stringent constraints have to be met by the system.
Since PSPPs are propagating surface waves, a dispersion relation is imposed relating
unambiguously the wave vector component along the propagation direction to the
frequency [5]. By contrast, the excitation of an LSPP requires a particular frequency.

SPPs are strongly dispersive and exhibit a line width. Light interacting with a
medium that supports LSPPs experiences strongly enhanced scattering as well as
absorption effects within a narrow spectral domain close to SPP resonance clearly
to be observed in the far-field. By contrast, an excitation of a PSPP results in steep
changes of the far-field reflection/transmission characteristic of the exciting light.
However, in both cases the near-field close to the respective surface is appreciably
enhanced. As a first direct use of plasmonic structures in solar cells, this enhanced
field might facilitate the emission of photoelectrons which can contribute to an
external current [6,7].

Predominantly, these properties can be used for the purpose of photon man-
agement in solar cells. With regard to the spectral redistribution of the incident
light, LSPPs can be exploited, e.g., to enhance the efficiency of up-converters (the
energy of several photons is collected to generate one photon with higher energy for
which the solar cell material is absorptive) [8,9], down-converters (one high energy
photon is converted into several low energy photons to reduce thermalization losses)
[10, 11], or down-shifters (the energy of photons is slightly decreased to avoid the
poor spectral response of solar cells in the short wavelength range) [12]. This can
be achieved by placing the converting material close to the metallic nanoparticles
where the excited LSPP may enhance, e.g., the excitation or the emission efficiency
[13-16]. The respective effects can be intuitively understood by thinking of the
metallic nanoparticle as a resonator to which the external illumination couples. The
enhanced local field amplitude is then just a direct consequence of the increased
photon lifetime at resonance by virtue of coupling to a plasmonic excitation of the
nanoparticle. This will increase the probability of their interaction with the adjacent
converting centers; hence affecting the aforementioned quantities [17]. Employing
such LSPPs is appealing for a large variety of different solar cell concepts (e.g.,
plain silicon solar cells [18] but also more advanced concepts such as intermediate
band solar cells [19] or quantum-well solar cells [20]) but it is beyond the scope of
this chapter to discuss these concepts in detail.

Therefore, we focus in this chapter on the second aspect mentioned earlier, that
is the immediate use of the excitation of an SPP to control the mould of light inside
the solar cell with the aim to enhance its probability of absorption. First results
were reported for organic solar cells, which comprise either thin metallic films,
sustaining the excitation of PSPPs [21, 22], or small metallic clusters, sustaining
the excitation of LSPPs [23-25]. The use of organic solar cells is not surprising for
five reasons. At first, the resonance width of SPPs matches well with the absorption
characteristics of the organic materials. At second, the thickness of an organic
solar cell compares to the spatial extension of an SPP (exponential decay length
of the field). At third, excited carriers in organic solar cells have a low mobility
and a very low diffusion length. Such thin cells require light trapping compulsory.
At fourth, the low refractive index contrast in such cells basically prohibits the use of
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more traditional approaches for the photon management. And at fifth, and probably
trivial, improving a low efficiency solar cell is simpler than improving a solar cell
working already at its limit. In the context of SPPs, their beneficial effects are always
accompanied by an elevated absorption in the metal, whereby this dissipation has
to be overcompensated by any effect used. This is the more difficult the higher the
efficiency of the considered solar cell is. For all such reasons, this field of research
remains vivid [26-29].

However, the underlying physical principles and associated optical actions of
SPPs are universal and not restricted to a particular solar cell. This led to increasing
research activities with regard to other types of solar cells whose efficiency is
yet well below their theoretical limit. Among others, thin-film solar cells made
of amorphous (a-Si:H)[30] and/ormicrocrystalline silicon (uc-Si) attracted much
attention in the past [31]. The use of these materials is appealing, since their
fabrication requires low costs and low energy consumption and can be easily up-
scaled. However, particularly for the a-Si:H solar cell, the efficicency is currently
limited by the finite (and small) diffusion length of the holes. This renders it
pointless to increase the thickness of the solar cell material such that the incoming
light would be fully absorbed. For state-of-the-art a-Si:H solar cells, the thickness
of the active layer amounts to 250-350nm, which renders an efficiency of 9.5%
feasible [32]. Increasing the absorption without changing the thickness can be
reached by various means. Reducing reflection losses at the entrance facet [33],
using grating couplers to excite guided modes in the absorber layer [34, 35], or
randomly textured surfaces to scatter light into the absorbing layer [36—38] are only
a few approaches to be named.

By concentrating on the example of thin-film solar cells, we are going to
subsequently outline how to incorporate metallic nanoparticles or metallic surfaces
into the solar cell, to detail geometries that can potentially be used in any solar
cell and to provide quantitative estimates, at least for the selected solar cells, to
which extent their incorporation is beneficial. To facilitate the application of these
approaches also to other solar cells, we concisely provide in the succeeding section
the analytical background that permits to grasp an intuitive impression on how
to exploit SPPs in any solar cell and how to layout an initial guess for the solar
cell design. The section is accompanied by an outline of numerical methods and
strategies that can be applied for designing and optimizing a real solar cell.

5.3 Fundamentals

5.3.1 Localized Surface Plasmon Polaritons

5.3.1.1 Existence Conditions

Localized surface plasmon polaritons are excited in metallic nanoparticles [39].
Although the conditions for their excitation strongly depend on the particle
shape [40-42], we assume in the following that the nanoparticle is spherical;
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Fig. 5.1 Permittivity of Au (a) and Ag (b) as taken from [44] and used for all further considera-
tions (Reprinted with permission from [44]. Copyrigth 1970. American Physical Society)

an assumption which permits for an analytical treatment. The sphere shall be
characterized by a radius R. If the radius is much smaller than the wavelength
of interest A, the problem of plane wave scattering at the sphere can be solved in
the quasi-static approximation [43]. In this approximation, phase variations of the
incident electromagnetic field across the spatial domain of interest can be neglected.
Thus, the problem reduces to an electrostatic one, where the field may be described
by the scalar potential @ being a solution to Laplace’s equation (AP = 0). The
sphere is furthermore assumed to be made of a metal, characterized by a dispersive
permittivity €;(w), and embedded in a medium with permittivity €,(w). To excite
an LSPP, the sphere’s material has to have a negative real part of the permittivity
like a metal, which can be described by the Drude model. The imaginary part of
the permittivity should be small to ensure small damping of excited LSPPs. The
material dispersion for the two best suited materials, gold (Au) and silver (Ag), is
shown in Fig. 5.1 and was taken from literature [44]. It can be seen that the required
metallic properties occur for Ag at wavelengths exceeding & 340 nm and for Au
beyond = 540nm, respectively. These wavelengths represent a lower bound for
LSPPs excitation.

To predict the resonance wavelength of an excited LSPP, the Laplace equation is
solved in spherical coordinates [43]

2
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The general solution to this equation reads as

o v n b"m m m
&(r, 6,¢) = Z Z (anmr + rn+1) P)" (cos 0)e"™? (5.2)

n=0m=0



136 C. Rockstuhl et al.

with P)" (x) being the associated Legendre polynomials forming an orthonormal
basis. Without loss of generality, we may assume a z-polarized electric field for
illumination, its potential reads as @9 = —Epz = —EorPlo(cos 0). By writing
the potential outside the sphere @, as a superposition of the incident @, and the
scattered potential @g, and the potential inside the sphere as @;, the unknown
coefficients a,,, and b,,, in the expansions of @; and &g can be found by taking
physical considerations into account and enforcing the usual boundary conditions.
Boundary conditions are the continuity of the tangential component of the electric
field and of the normal component of the electric displacement.
The solutions for the potentials read as

362
@ =————FEprcost 5.3
1 (@) + 26 0 (5.3)
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The associated electric field can be calculated from E = —V @ for the outer region
to be s
—e R
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By comparison, it can be seen that the scattered field corresponds to the field of a
dipole having a moment
P = EzOéE()ez. (5.6)

Here, « is the polarizability, which is given by

o = dnpp SO =€ (5.7)
e1(w) + 26 '

This equation for the polarizability is the major result of this section. Its value
will dominate both the near- and the far-field response. It allows furthermore for
an analytical discussion of the response of the system, which greatly simplifies the
rational design of plasmonic systems used for solar cell applications.

Foremost it can be seen that in this quasi-static analysis the LSPP resonance
wavelength depends only on the properties of both involved materials; namely, the
denominator from (5.7) €;(w) + 2¢; shall attain values close to zero. The complete
nullifying is prevented by the finite imaginary part of the metal that hinders the
polarizability from taking unphysical singular values. When assuming a dielectric
material with €, = 2.25 as the surrounding material, the resonance wavelength at
which LSPP are excited corresponds to ~ 400nm for silver and ~ 530nm for
gold. At this wavelength, the charge density in the metal oscillates resonantly and is
driven by the external illumination. Both scattering strength and field enhancement
being exploited in a solar cell for photon management are immediately affected by
this polarizability.
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Fig. 5.2 (a) Amplitude around a silver nanosphere (R = 10 nm) upon illumination with a plane
wave at the resonance wavelength. Fields are shown in a selected cross-section. (b) Spectrally
resolved extinction cross section Qg for a silver nanosphere (R = 10 nm) embedded in a dielectric
host material

5.3.1.2 Quantities to Be Employed in a Solar Cell

The quantity that is primarily affected is the largely enhanced electromagnetic near
field. It is seen from (5.5) in conjunction with (5.7) that the larger the polarizability
the larger the near-field amplitude. This enhanced field directly causes the local
absorption to be elevated. For illustrative purposes, Fig.5.2 shows the near-field
amplitude around a silver nanosphere with a radius of 10 nm surrounded by vacuum
at the resonance wavelength.

The observable quantity in the far-field, which is beneficial for a solar cell is the
scattering cross-section Qse,. It is defined as the ratio of the scattered intensity and
the intensity of the incident field on the sphere averaged over time and reads as

k4
Osca = _|a|2 (5.8)
6
with k = 2m/A being the wave number. Correspondingly, the absorption cross

section is given by

Oaps = k3(a), (5.9)
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with J(a) being the imaginary part of the polarizability «. The extinction
cross-section Qgy; as the last quantity of interest is defined as Qgx = Osca + O Abs-

An enhanced scattering of light into the solar cell will increase the optical path of
photons and may excite guided modes in the solar cell for which the probability of
absorption is unity. An example for the extinction cross section for the same silver
sphere as considered above is shown in Fig. 5.2b. It can be seen that an LSPP is only
excited in a narrow spectral domain. Moreover, from such simulation the resonance
wavelength of LSPP excitation can be extracted, whereas the associated line width
is a measure for the losses.

The above formulas may be used for a simple guess regarding the preferential
nanoparticle size. Since for small particles absorption (linearly proportional to the
polarizability) dominates over scattering (proportional to the square of the polar-
izability), metallic nanoparticles should be sufficiently large such that scattering
prevails against absorption. For practical reasons, the diameter at which scattering
starts to dominate over absorption can be roughly estimated to be 50 nm. Moreover,
both quantities are resonantly enhanced whenever the polarizability diverges, hence
at wavelengths around the LSPP resonance.

Finally, it has to be stressed that a rigorous analysis beyond the quasi-static
approximation by relying on a direct solution of Maxwell’s equations will reveal
the following aspects:

* Increasing the particle size will red-shift the resonance wavelength and beyond a
certain threshold it will also lower and broaden the resonance.

e Even in the quasi-static limit the resonance wavelength can be adjusted by
changing the nanoparticle shape. As a rule of thumb, the longer the axis along the
polarization direction of the incident beam the more the resonance is red-shifted
at a constant volume of the nanoparticle [45].

e There are many options to control both the resonance wavelength and width.
Some examples are the use of core-shell systems [46], structures made of coupled
particles or particles with extremely involved geometries, which sustain the
excitation of higher order plasmonic modes [47].

* The resonance wavelength can always be made sufficiently large, whereas a
lower bound is given by the required negative real part of the permittivity.

In the discussions below, we will rely on the arguments obtained in this section
in order to motivate the use of nanoparticles of a certain size.

5.3.2 Propagating Surface Plasmon Polaritons

5.3.2.1 Existence Conditions

The second type of plasmonic resonances that may be exploited in solar cells is
the propagating surface plasmon polariton (PSPP) [48]. This hybrid state is bound
to the interface between a dielectric and a metal or a sequence thereof, which
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propagates without changing its field profile. In a strict sense, this would require
that all involved materials are lossless. The eigenmode itself is a guided mode and
attains a sharp maximum at the interface and decays evanescently in both media,
called for convenience the substrate and the cladding. The corresponding field
profile is a rigorous solution to Maxwell’s equations. For the following treatment,
we assume that the normal of the interface points into z-direction, whereas the
structure shall be invariant in y-direction. For a one-dimensional confinement, the
PSPP is then characterized by a propagation constant k() in the direction parallel
to the interface.

The dispersion relation is generally given by providing the dependency of k,
on the frequency. The permittivity €(w) of all media is expected to be frequency
dependent. Although in most cases, the dielectric material might be assumed to
have a constant permittivity free of dispersion, at least the metal is assumed to
be dispersive. This permits to finally obtain the dispersion relation k(w). For its
derivation various methods exist. We rely here on a rather general method that
derives the propagation constant of an arbitrary guided mode from the poles of the
reflection coefficient R of the entire stack. The reflection coefficient of an arbitrarily
stratified medium is obtained by using a transfer matrix technique as [49]:

_ (askszMZZ - ackclel) - Z(MZI + askszackczMIZ)
N (askszMZZ + ackclel) + Z(MZI - O{skszackczMIZ) .

(5.10)

Here, k., and kg, are the longitudinal wave vector components in the cladding
(c) and the substrate (s). They are computed from the dispersion relation of the
homogenous medium as

wz
kessz = 2 — k2. (5.11)

The stratified medium is characterized by the transfer matrix M that is a polarization
dependent 2 x 2 matrix for a given sequence of layers. o,/ is a polarization-
dependent parameter and reads as a./s =1 for TE polarized light (electric field
component only tangential to the interface) and a5 = # for TM polarized
light (magnetic field component only tangential to the interface).

For a guided or bound mode, the field in the substrate and the cladding has
to be evanescent. It requires an imaginary longitudinal wave vector component,
hence k2 > ‘g—;ec /s is required. By writing the imaginary longitudinal wave vector
component as k¢/s , = 1kc/s, the dispersion relation for a guided mode can be cast
into the form

sk

M + asxs My + My +

Ocke ke

My = 0. (5.12)

For the sake of simplicity, we restrict our further considerations to the case of
a single interface and assume the substrate to be metallic. It renders the transfer
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matrix M to be the unit matrix. Nevertheless, this is not a general restriction but
shall permit here only to derive all quantities of interest. With these assumptions,
the dispersion relation (5.12) simplifies to

OsKs

1+ =0. (5.13)

Ocke

Obviously, this equation has no solution for TE-polarized light because the
evanescent propagation constants will always take positive values.
The solution for TM polarized light reads as
Ke Ks

“+==0. (5.14)

€c €s

In general, solutions may only exist in a spectral domain where the permittivities
of substrate and cladding have opposite signs, i.e., their frequency must be less than
the plasma frequency of the metal. Plugging the expressions for the longitudinal
wave vector component (5.11) into the solution for the resonance condition (5.14)
provides the dispersion relation

W es(w)ec

This equation relates the longitudinal wave vector component (propagation con-
stant) of the PSPP to the frequency. Now the final constraints for the existence of
PSPP can be read off. It does not suffice that the metal (the surface-active material)
attains negative values but e5(w) + €. < 0 is required. By assuming metal-air
interface and a damping free Drude model for the metal it holds for frequencies less
than e/ V2, where wy, is the plasma frequency. This also gives the lower wavelength
bound for the possible excitation of a PSPP. The dispersion relation is shown in
Fig. 5.3a for the interface between air and a Drude metal.

It is evident that the wave vector of the PSPP is always larger than the wave
vector in the involved dielectric. Consequently, special emphasis has to be put
on the compensation of the transverse wave vector mismatch by exciting a PSPP.
Different experimental schemes have been proposed where the so-called Otto and
the Kretschmann configurations [50, 51] are the most popular ones. More advanced
approaches rely on the use of a diffraction grating [52] but also isolated scatterers
allow to excite a PSPP since they offer the entire wave vector spectrum.

5.3.2.2 Quantities to Be Exploited in a Solar Cell

The quantity, usually exploited in a solar cell, is the largely enhanced near-field
amplitude. A snap shot of the magnetic field of an excited PSPP is shown in
Fig. 5.3b. The field profile takes the form
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Fig. 5.3 (a) Dispersion relation for a plane wave propagating in free space (black solid line) and
for a surface plasmon polariton propagating at the interface between a Drude metal and air (gray
dashed line). (b) Snapshot of the magnetic field of a surface plasmon polariton propagating along
this interface

H,(x,7) = Hoe'**e ek, (5.16)

The corresponding x- and z- component of the electric field are readily obtained
employing the appropriate Maxwell’s equation.

The observable quantities that provide indication of an excited PSPP are usually
a strongly reduced reflection over a narrow spectral and angular domain upon using
the indicated excitation techniques. Since the line width of a PSPP is usually much
narrower than for the LSPP, the impact of photon management occurs likewise
in a narrow spectral domain only. This is detrimental for a silicon-based solar
cell because the entire spectrum of sun light has to be considered although main
emphasis is put on wavelengths around the absorption edge. However, this spectral
domain is suitably adapted to the absorption profile of other solar cell materials,
such as, e.g., organic solar cell materials, where it may be beneficially exploited.

It remains to be mentioned that the above considerations apply only for the
simplest scenario where PSPPs can be excited (planar interface between a metal
and a dielectric). Arbitrary, more complex wave guides can be imagined in one- or
two-dimensions, which can have an ever-increasing complexity in their geometrical
cross section. As a simple extension, additional buffer layers between the absorber
and the metal shall be mentioned. Nevertheless, the techniques to characterize
the PSPPs remain the same. With an appropriate propagating eigenmode ansatz
Maxwell’s equations are analytically (or numerically) solved and the functional
dependency of ky(w) is usually computed. In addition to the dispersion relation,
the solution of the eigenvalue problem provides the field profiles of the eigenmodes,
which allows to estimate the field overlap of the guided mode with the solar cell
material. However, for current solar cells the shape of the eigenmodes is not of
primary importance since only an external illumination allows for their excitation.
The entire analysis of this coupling problem is usually fairly involved such that no
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analytical solutions are at hand and one has to resort to a numerical simulation of the
problem. An overview of numerical techniques suitable for this problem is provided
in the subsection below.

5.3.3 Simulation Techniques

Simulation techniques are indispensable tools for designing metallic nanostruc-
tures, applicable for photon management in solar cells and deviating from stan-
dard geometries outlined above. Moreover, quantitative predictions regarding the
enhancement of the absorption or the solar cell efficiency are only possible with
numerical techniques that solve Maxwell’s equations rigorously because of the
involved geometries of real cells. The usual computational procedure to estimate
the enhancement of the absorption efficiency is as follows:

1. Compute with a numerical technique of choice the electromagnetic field at a
given wavelength (most notably the electric field E(r, )) everywhere inside the
solar cell.

2. With the electric field at hand, the locally resolved absorption is given by the
divergence of the time averaged Poynting vector S(r, w) as div(S(r,w)) = —
%S{wP(r, w)E* (r,w)} with P(r, ) and w being the dielectric polarization and
the angular frequency of the light, respectively.

3. Integrate this local absorption over the entire spatial domain of interest, i.e. the
light absorbing solar cell material, for obtaining the global absorption.

4. Weight the global absorption with the AM1.5G spectrum to obtain a measure
how many photons are absorbed.

5. Iterate these steps over the entire relevant spectral domain to compute the total
number of absorbed photons for a given angle of incidence.

6. If necessary, repeat the procedure above for the relevant angles of incidence for
determining the characteristics of a nontracked solar cell.

Eventually, the number of absorbed photons has to be normalized with the number
of absorbed photons in the same solar cell without photon management to evaluate
the absorption enhancement. This quantity is sufficient to estimate the performance
of a certain approach for the photon management. Moreover, the outlined pro-
cedure only allows to access the optical properties of the solar cell. An entire
opto-electronical simulation in 3D would involve too many unknown electronical
parameters to allow for an extraction of design guidelines. However, under the
simplifying assumption that each absorbed photon generates one electron-hole pair
and by assuming an external quantum efficiency of unity, the short-circuit current
can be derived from the number of absorbed photons.

The key step in this procedure is the rigorous computation of the electromagnetic
field, which is a very challenging task. For this purpose, various methods were
developed in the past. They can be roughly divided into three categories.
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The first category allows predominantly to analyze the scattering of light at single
objects embedded in a dielectric environment. Techniques like the Discrete Dipole
Approximation [53], the Multiple Multipole Method [54] and the Boundary Element
Method [55] fall in this category. Although such methods are not widely used to
quantify the absorption in a solar cell since only a single or a few elements are
analyzed, the methods can be used to quantify the optical response from objects with
complicated geometries and to optimize their plasmonic response to the absorption
spectrum of the solar cell [56].

The second category allows to describe light propagation in and the diffraction
of light at periodically arranged structures. Devoted techniques, like the Rigorous
Coupled Wave Analysis [57], the Fourier Modal Method [58], or the Chandezon
method [59], make intrinsically use of the periodicity by formulating Maxwell’s
equations in the spatial Fourier domain and solving them with a plane wave
ansatz. The required perfect periodicity is met if structures are fabricated with a
deterministic technique such as electron beam lithography. Moreover, consideration
of such deterministic structures allows for a straightforward optimization of the
structures’ geometry. Therefore, they are perfectly suitable to estimate an upper limit
for the absorption enhancement. In the following, we rely mostly on the assumption
of such periodically arranged particles for this reason. Besides, the computational
techniques are so sophisticated that they allow for an analysis of the considered sys-
tem in a reasonable amount of time using state-of-the-art computational facilities.

The third category comprises general purpose tools, which can be applied to
periodic structures as well as to single elements. Such methods solve Maxwell’s
equations either in the frequency domain, e.g. the Finite Element Method [60]
or in the time domain, e.g. the Finite-Difference Time-Domain (FDTD) method
[61-63]. They are always valid and a good choice in the optical simulation of a solar
cell. Nonetheless, frequency domain methods seem to be preferred since the proper
incorporation of the material dispersion is much simpler there when compared to
time-domain methods. In the time domain, the material response function needs to
be implemented by a superposition of several oscillators leading to a Drude—Lorentz
type material dispersion. When tabulated material properties shall be considered,
the number of oscillators that need to be taken into account is large, rendering the
simulation computationally demanding.

5.4 Use of Localized Surface Plasmon Polaritons
in Solar Cells

The direct use of LSPP excited in metallic nanoparticles is probably most appealing
since the concept is rather simple. The metallic nanoparticles in the solar cell
can be either fabricated on top [64] or on the bottom [65] of the cell by using
either deterministic technologies [66] or various forms of self-organization [67,68].
A sketch of a documented photovoltaic device in which metallic nanoparticles are
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Fig. 5.4 (a) Sketch of the layout of an a-Si:H solar cell, which contains metallic nanoparticles and
(b) a micrograph of the actual nanoparticles, which were fabricated by a self-organized process
(Both figures were reprinted with permission from [65]. Copyright 2009. American Institute of
Physics). (¢) Alternatively, nanoparticles can be also fabricated by deterministic techniques to
provide well-defined shapes. (Reprinted with permission from [66]. Copyright 2008. American
Institute of Physics)

incorporated along with an image of fabricated nanoparticles using either a self-
organized or a deterministic technique are shown in Fig. 5.4. The size of the metallic
nanoparticles is usually adjusted such that the resonance matches the absorption
edge of the solar cell material where its impact is most tremendous. Then the local
near-field as well as the scattering cross section is significantly enhanced, which will
lead to a much larger amount of light absorbed in the solar cell. Additionally, for
a periodic arrangement of the metallic structures guided modes in the solar cell are
potentially excited that will also cause a significantly elevated absorption. We wish
to mention once again that also other effects, such as the enhanced light absorption
at the plasmon resonance wavelength that leads to an enhanced photoemission
of electrons from the metals, will contribute to an enhancement of the external
current [65].

For nondeterministic approaches, the procedure to integrate metallic nanos-
tructures consists in adjusting a fabrication parameter in the self-organization
process and observing its effect either on the morphology of the generated metallic
nanostructures [69] or directly on the performance of the solar cell [70]. This very
parameter is then continuously tuned to optimize a quantity of interest, such as
e.g. the light absorption or the efficiency. Whereas such approaches are low cost
and suitable for up-scaling, they usually do not fully exploit the ability of LSPPs
since a large portion of the fabricated metallic nanostructures act off-resonant and
do not contribute to light trapping. This limits its use. Moreover, with the advance of
large-scale nanofabrication technologies that allow to fabricate periodic patterns of
nanoscopic particles at a macroscopic extent, more sophisticated design strategies
were put forward to fully exploit their capabilities [71, 72]. Such an approach
[73,74] is detailed in this section. The analysis is performed to reveal fundamental
guidelines universal to all solar cells that shall be optimized in their design.
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Fig. 5.5 (a) Geometry of the considered structure made of metallic nanodiscs on top of a layer of
amorphous silicon. The parameters, which can be arbitrarily chosen in principle, are indicated. (b)
Absorption enhancement in the silicon layer as a function of the size of the nanodiscs. The period
was chosen to be 1.5% the nanodisc diameter D and the thickness of the silicon layer was chosen
to be 80 nm. Surrounding material is assumed to be air. (¢) Absorption spectrum of the structure
weighted by the illuminating photon density, showing the largest absorption enhancement in (b).
(d) Amplitude of the electric field on a logarithmic scale in the x—z plane. The incident electric
field is x-polarized and the wavelength was chosen to be A = 484 nm. Geometrical parameters of
the system correspond to those shown in (¢). (e) The same amplitude is shown but at a wavelength
of A =350 nm, where the nanodiscs are non-resonant [74]

5.4.1 Thin-Film Solar Cells

The approach we consider at first consists of placing metallic nanoparticles with a
predefined shape on top of the solar cell. The geometrical sketch of the structure
is shown in Fig. 5.5. The choice of nanodiscs is motivated by the simple shape that
reduces the number of free parameters, the polarization independent response of the
structure and the ease in fabricating such nanodiscs. The solar cell is assumed to be
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made of a-Si:H, as motivated in the introduction. The nanodiscs are made of silver.
It was chosen since, as we will see later, their LSPP resonance wavelengths are
favorable when compared to gold. In all simulations, we rely on material properties
as documented in literature [44, 75]. The structure is illuminated by a linearly
polarized plane wave. The chosen C; symmetry excludes pronounced polarization-
dependent resonances, which could affect the conclusions.

Depending on some selected geometrical parameters, the achievable absorption
enhancement is shown in Fig. 5.5b. In this particular case, it is shown as a function of
the size of the nanodiscs. Remaining parameters were motivated by supplementary
simulations [74]. The period of 1.5x the nanodisc diameter D represents a
compromise. On the one hand, the particles are sufficiently separated for a reduced
coupling between neighboring nanodiscs, which would otherwise lead to excessive
nonradiative losses, i.e., absorption. On the other hand, the nanodisc arrangement is
yet sufficiently dense to show an appreciable absorption enhancement. Naturally,
the larger the period the less the absorption enhancement. The thickness of the
solar cell is also chosen by purpose since, at this thickness, the first Fabry—Perot
resonance of the absorption enhancement occurs. For larger thicknesses similar
maxima occur, though they are smeared out since an integration was performed over
the entire relevant spectrum [15]. If the free spectral range of Fabry—Perot response
becomes smaller, the resonant features disappear. Nevertheless, the conclusions do
not depend on a specific thickness.

The spectrally resolved absorption weighted by the AM1.5g spectrum is shown
in Fig.5.5c. It can be seen that when compared to the LSPP resonance of the
nanodiscs (which was estimated to be at 410nm), the absorption is reduced at
lower but enhanced at larger wavelengths. This is a universal feature. Since, as
for all resonance phenomena, the response is in-phase with the driving field at
frequencies smaller than the resonance, the field scattered by the nanodisc interferes
constructively with the illumination. This increases the local field inside the solar
cell and so the absorption. By contrast, at higher frequencies the scattered field is &
out-of-phase with the illumination and interferes destructively. Evidently, this leads
to the reduced absorption at smaller wavelengths [76,77]. For exactly this reason the
use of gold nanoparticles on top of the solar cell is not beneficial, since the lowest
feasible resonance wavelengths occur already above the absorption edge. This will
lead to a reduction of the light absorption in a spectral domain, where the solar cell
usually provides its largest contribution to the photo current. Nevertheless, a simple
exit strategy would be the incorporation of nanoparticles on the back side, since
short wavelength light is already sufficiently absorbed in the solar cell upon a single
passage [72].

The resonant character can be recognized in looking at the amplitude distribution
of the electric field in the solar cell. In Fig.5.5d, e, the local amplitude of the
electric field is displayed for a selected cross section. Only at resonance the field
is significantly enhanced. Moreover, from the Fabry—Perot resonances of the field
that occur inside the solar cell, it can be concluded that not only the enhanced
near-field amplitude contributes to the absorption enhancement but also the strong
scattering. Only for a much smaller solar cell thickness the enhanced near-field



5 Surface Plasmon Polaritons in Metallic Nanostructures 147

contributes predominantly, the absorption even tends to diverge for a vanishing
thickness. However, this is trivial, since the absolute absorption also approaches
zero and the absorption enhancement is not a useful quantity [74].

As the main result of this section, we have shown that, although with a slightly
artificial solar cell geometry (no substrate and no superstrate), the absorption can
be enhanced by a factor of ~1.5 when compared to the same solar cell without the
light trapping structure. This is observed by only placing the nanoparticles on top of
the solar cell. This achieved absorption enhancement seems to be likewise feasible
by considering other geometries [78]. However, it remains to be noted that in the
design of a real solar cell, the entire geometry needs to be considered to provide
reliable predictions. The enhancement as documented here should therefore merely
be regarded as an optimal value to which the performance of a real system should
be compared. Such a more feasible system is considered in the section below.

5.4.2 Tandem Solar Cells

The efficiency of a single junction a-Si:H cell can be enhanced by passing on to
a tandem cell concept, where the a-Si:H top cell is series connected to a pc-Si
bottom cell [79]. This bottom cell can usually be made such thick that the amount
of absorbed photons in pc-Si equals that one in a-Si:H [80]. This renders the
solar cell to be current matched. Since the voltages provided by each cell will
add and the formerly unused long wavelength range can be exploited as well,
the overall efficiency is enhanced. Due to the aforementioned thickness limitation
of the a-Si:H cell, maximizing its current contribution is the primary goal in the
cell design. Besides the methods mentioned already in Sect.5.2, an additional
intermediate reflecting layer (IRL) directly underneath the top cell helps to localize
more light within the a-Si:H cell. The simplest approach consists of a layer made
of a transparent conducting oxide [81] (TCO) whose refractive index is less than
the indices of the surrounding silicon. Due to increased Fresnel reflection at both
TCO interfaces, this TCO layer forms a Fabry—Perot cavity which features high
back reflection for its resonance wavelengths. By optimizing the TCO thickness,
the spectral domain of high reflection can be adjusted to match the absorption edge
of the a-Si:H cell. However, off-resonance high back reflection can still be observed,
especially in the long wavelength range, where reflected light cannot be absorbed
anymore by the top cell. This is detrimental since it will then also not contribute to
the current of the bottom cell. Therefore, more advanced schemes employ spectrally
selective photonic crystals [82] or asymmetric (additional) structuring of the TCO
layer [83, 84].

The incorporation of metallic nanoparticles as a spectrally selective IRL into
a silicon-based tandem solar cell [85] shall be investigated in detail as a second
example in this section. Such a cell is depicted in Fig. 5.6a, where silver nanodiscs
are embedded in a dielectric ZnO IRL, whose permittivity was set to ¢ =4.0. By
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Fig. 5.6 Incorporation of metallic nanoparticles into a tandem cell (a). Spectral properties of the
optimized nanodiscs when embedded in infinite ZnO (b). Absorption spectra of the top (solid lines)
and the bottom cell (dashed lines) for different IRL concepts: no IRL, optimized ZnO layer, and
optimized silver nanodiscs (c)

optimizing the shape and distribution of the nanodiscs, the LSPP resonance will be
adjusted to the absorption edge of the a-Si:H top cell.

The spectral properties of 29-nm-thick Ag nanodiscs for varying diameter are
shown in Fig. 5.6b assuming normal incidence of unpolarized light. The nanodiscs
are arranged on a square lattice and embedded in infinite ZnO. To reveal the
resonance wavelength, there is no need to take the silicon layers into account
since the nanoparticles are buried in ZnO in the final cell such that the deviating
dielectric surrounding of the silicon affects the resonance wavelength only negligi-
bly. A constant metal fraction is realized by setting the period to 1.78 x the diameter.
As was detailed already in Sect. 5.3, the resonance wavelength can be tuned by
the surrounding medium and the particle shape. The latter can also be observed
in Fig.5.6b, where the resonance is accompanied by enhanced absorption and
reflection. Furthermore, the resonance wavelength cannot be shifted below 500 nm
even for a vanishing particle size. If shorter resonance wavelengths are required, the
surrounding medium has to have a smaller permittivity.

Thinner nanodiscs feature similar spectra (not shown), except for less pro-
nounced resonances which also have a smaller line width. For particle sizes in



5 Surface Plasmon Polaritons in Metallic Nanostructures 149

excess, higher order LSPP resonances can be excited in thicker nanodiscs, which
disturb the reflection by adding bands of high transmission (not shown). This
imposes an upper limit on the particle size. Decreasing the period leads to stronger
interparticle coupling and the non-radiative losses are enhanced. More light can be
absorbed in the bottom cell by increasing the period at the cost of less back reflection
into the top cell. Therefore, by properly choosing the metal fraction, the aspect ratio
of the nanodics, and the permittivity of the IRL, the spectral position, as well as the
strength of the back reflected light can be adjusted to match the spectral demands of
the considered tandem cell. These parameters can be subject to optimization.

Figure 5.6¢c shows the absorption spectra of a-Si:H (solid lines) and puc-Si
(dashed lines) for various IRL concepts. The black lines correspond to a cell,
where no IRL is present. The top cell thickness was set to 350nm, thus setting
the spectral range, where the top cell absorption can be significantly enhanced to
500-750nm. The bottom cell was 4.0 um thick and followed by a perfectly
reflecting substrate. Due to the coherent calculations and the finite thickness of
the bottom cell, strong Fabry—Perot resonances would be observable in the pc-
Si spectra. In order to simplify the assessment of the results, these oscillations
were smeared out. The dark gray lines represent a cell, where the top cell current
was maximized by adjusting the IRL thickness. Already an enhancement of 1.06
could be achieved. The light gray lines correspond to an IRL, which contains Ag
nanodiscs arranged in a square lattice. For this purpose, the height and diameter
of the nanodiscs, their lattice constant, as well as their distances to the top and the
bottom cell were optimized. Such a tandem cell features a matched current, which is
by a factor of 1.14 higher than that of a cell without any IRL at all. These optimized
discs correspond to the spectral properties shown already in Fig. 5.6b.

5.5 Use of Propagating Surface Plasmon Polaritons
in Solar Cells

As outlined already in Sect.5.3, propagating surface plasmon polaritons can be
excited at the interface of a metal and a dielectric. Since most solar cells do have a
metallic backside reflector, it is an obvious choice to rely on this interface for the
excitation since no additional actions need to be undertaken for its incorporation.
However, it is by far not obvious that the excitation of PSPPs is beneficial, since the
energy dissipated in the metal obviously will not contribute to an external current
and is a source of losses. Since the primary contribution of this metallic backside is
the strong reflection of light, the excitation of such PSPPs at the back contact is often
suppressed either by a dielectric intermediate passivation layer or by an supportive
structure, which shifts the PSPP resonance wavelength outside the spectral domain
of interest [86].

To control the excitation of PSPPs various schemes are feasible and some of
them are shown in Fig.5.7. In general, a supportive structure is required, which
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Fig. 5.7 Various principal configurations for the excitation of a propagating surface plasmon
polariton. (a) Otto configuration, (b) Kretschmann configuration, (c) grating coupler, (d) isolated
scatterer. The black arrows indicate the external illumination, whereas the white ones indicate
schematically an excited PSPP

compensates the wave vector mismatch between the light impinging from free space
and the PSPP; as outlined in Sect. 5.3. Moreover, the surface of the metallic structure
itself might be corrugated, either periodically or randomly, which allows for the
excitation of PSPPs as well [87].

In any case, the possible excitation of a PSPP constitutes an additional degree
of freedom, which can be exploited in the solar cell. A careful analysis is required
where pros and cons have to be checked against each other. Their balancing may
result in pros an absorption enhancement for various types of solar cells; such as
GaAs solar cells [88], organic solar cells [89], or also for amorphous silicon thin film
solar cells [90]. All of them rely on the option to change the propagation direction of
the incident light by 90° by redirecting it to propagate along the surface of the metal
and hence along the direction, where the solar cell material is infinitely extended.
This of course will significantly enhance the absorption of light in the solar cell
material. Such an application is concisely detailed in this subsection.

5.5.1 Thin-Film Solar Cells

The experimental results we present in this section were taken from literature [22].
Itis a simple, yet illustrative example how to take advantage of PSPPs in a solar cell.
The solar cell consists of an organic material, namely copper phthalocyanine (CuPc)
(layer thickness 33 nm). The material is absorptive in a narrow spectral domain and
shows a double hump spectrum that peaks at 620 and 720 nm [91]. By using vacuum
evaporation techniques, it is deposited on a thin aluminum layer (13 nm) that was
deposited on a glass substrate. To excite a PSPP, a thin silver layer (21 nm) was
finally deposited on the solar cell. The CuPc acts as a p-type semiconductor and
a Schottky barrier is formed at the interface to the aluminium. The silver layer
provides in addition to its plasmonic properties also the necessary ohmic contact
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to complete the solar cell [92]. By eventually attaching copper wires to the solar
cell, the current—voltage characteristics could be measured [22]. The entire structure
was mounted on a glass prism and illuminated through it under an angle such that
light suffers from total internal reflection at the prism facet. The excitation scheme
corresponds exactly to that as shown in Fig. 5.7b.

By using a white light Xe-lamp with a flat and broad spectrum at first, the
normalized short circuit current was measured as a function of the angle of incidence
and the polarization (see Fig. 5.8a) where normalization was done against the short
circuit current at normal incidence. It can be seen that no enhancement was observed
for s-polarized light (TE polarization) because PSPPs cannot be excited in this case
(see Sect.5.3). For p-polarization, the wave vector mismatch is provided at each
wavelength for a slightly different angle. In the spectral domain of interest where
CuPc is absorptive, this occurs at angles around 45° for the given configuration.
Once a PSPP is excited, the short circuit current is significantly enhanced (by a
factor of 1.7) since the optical path of the photons is prolonged when compared to
their passage through the film at normal incidence. Moreover, as can be deduced
from Fig. 5.8b, which shows the entire current-voltage characteristic of the cell for
normal incidence and for an incidence angle of 45°, the power conversion efficiency
is enhanced by a factor of 2.3.

However, it remains to be mentioned that such large enhancement was only
possible because of the rather narrow absorption line width of CuPc. This permits
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Fig. 5.8 Experimental characteristics of an organic solar cell that exploits PSPP excitation under
white light illumination. (a) Normalized short circuit current as a function of the angle of incidence
and the polarization. (b) Current—voltage characteristics of the solar cell for two different angles
of incidence (Reproduced from [22] with permission. Copyright: Institute of Pure and Applied
Physics, 1995)
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for a proper match of the line width of the excited PSPP and hence a global increase
of the solar cell efficiency. For other solar cell materials with broader absorption
bands, the PSPP will only contribute to a narrow spectral domain and one has
to take care that the dissipation in the extra metal film does not annihilate the
positive contribution from the PSPP in a narrow spectral domain. Nevertheless,
design strategies are documented in the literature where this is possible, though
they do wait yet for their experimental implementation [90].

5.6 Conclusions

In summary, in this chapter we have shown that metallic nanostructures sustaining
surface plasmon polaritons, being either localized or propagating, are an excellent
tool for photon management. They facilitate the trapping of light inside the solar cell
and provide an efficiency enhancement. The most appealing advantage of metallic
nanostructures is their characteristics to act as an add-on to any existing solar cell
concept. Physically, by exciting a surface plasmon polariton, the light is coupled to
a charge density oscillation, where it remains bound to the surface, hence resonantly
enhancing the interaction with any matter surrounding the metallic nanostructures.
The only detrimental aspect is the unavoidable absorption of light inside the
metal, which leads at first glance to a degradation of the solar cell performance.
However, once such negative aspects are compensated by a careful design of the
plasmonic structure, a benefit remains. Incorporation of metallic nanostructures is
advantageous for any solar cell which has, by physical constraints, a finite thickness,
which cannot be increased to ensure complete absorption of light. In this chapter,
we have detailed applications of metallic nanostructures to thin-film solar cells
made of amorphous and/or microcrystalline silicon as well as to organic solar cells.
Nevertheless, before being ready for use in a solar cell various questions have to be
answered. Such questions concern foremost the entire opto-electronical properties
of solar cells containing metallic nanostructures, since, unfortunately, most cells
are currently analyzed from an optical perspective only. Such a comprehensive
theoretical/numerical analysis is currently beyond the available capabilities. Further
experimental data is required underlining the potential of metallic nanoparticles for
an efficiency enhancement. This relates to finding answers on such questions as
what are possible surface effects occurring at the interface between a metal and a
semiconducting material in a solar cell or if there are any long-term degradation
effects of fabricated devices. It will be furthermore vital to verify the potential of
such metallic nanostructures to act as an add-on to any solar cell, to exploit their
possible use also in the context of more sophisticated solar cell concepts, such as
organic bilayer [93], organic bulk heterojunction [94] or quantum dot solar cells
[95], where they can likewise contribute to an efficiency enhancement within the
framework of effects likewise described in this chapter. Only if such questions are
answered in a satisfactory manner the exploitation of plasmonic effects will be also
fostered in an industrial environment. If such level is reached, also end-consumer
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oriented issues have to be solved, e.g, if the integration of metallic structures into
solar cells will pay off economically. If the benefit is worth the effort, then there
should be no obstacle to see the implementation of metallic nanostructures emerging
in the next generation of solar cells.
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Chapter 6
Non-Coherent Up-Conversion
in Multi-Component Organic Systems

Stanislav Baluschev and Tzenka Miteva

Abstract The requirements for observing efficient energetically conjoined
triplet—triplet annihilation (TTA) up-conversion (UC) in multi-component organic
system are stated. The fundamental advantages of the TTA-UC regarding the
other up-conversion techniques in the context of solar photonic applications are
established. The device-architecture, optical and electrical characteristics of a
photonic device comprised of a combination of upconvertor-device (UCd) and
dye sensitized solar cell (DSSC) excited with sunlight are demonstrated.

6.1 Comparison Between Up-Conversion Processes

For photonic applications in the field of organic optoelectronics, of a great impor-
tance is the ability to blue shift the emission photons regarding the excitation
photons by energy shift of 0.25 up to 2.5eV. The main goal of the organic
optoelectronics devices is to increase the efficiency of the organic photovoltaic cells
by such means of UC-convertors or UC-sunlight concentrators. However, these
specific applications modify radically the requirements of the UC-process used.
Four principle requirements are discussed below.

First, the excitation intensity necessary for effective UC needs to be small — as
low as some W-cm™2; such light intensities could be obtained by moderate
concentration of the sunlight. However, if higher sunlight concentration is required,
the next technical problem arising is the necessity of tracking of the Sun. Most
tracking devices are complicated systems with complex management. A general rule
of thumb is that the costs for sunlight concentration and tracking are comparable,
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or may even exceed the cost of the photovoltaic device. Therefore, it is desirable
to avoid or greatly simplify the necessity of both sunlight concentration and
tracking. Once the excitation intensity problem is successfully solved by the organic
UC-devices (UCA), a variety of futuristic solar devices will become possible.

Second, the spectral power density required for effective UC needs to be
comparable with that of the terrestrial sunlight. For instance, at best the solar
spectral irradiance (at global tilt of 37°) does not exceed 200 WW-cm™2nm™"'. In
comparison, the spectral power density achievable by most of the laser systems is of
the order of W-nm™!. Nevertheless, for the organic UCd efficient excitation by light
with a low spectral power density is an ultimate requirement.

Third, the Sun is a non-coherent excitation source, therefore a priori the desired
UC-process must efficiently utilize non-coherent photons.

Fourth, the UCd should not restrict the technological advantages of the organic
solar cells already demonstrated, such as flexibility (robustness against mechanical
distortions of the substrate material), small specific weight and easy up-scaling.
Implicitly, the demonstrated possibilities for cost-effective fabrication of organic
solar cells via ink-jet printing or roll-to-roll processing techniques have to be
maintained.

Until now the examples of UC described in the literature such as simultaneous or
sequential absorption of two or more photons with lower energy, second and higher
harmonic generation of the fundamental wavelength and parametric processes have
been commonly associated with the use of very high excitation intensities [1]. The
required intensities are of the order of MW-cm™2 up to GW-cm™2. Additionally,
except for the process of sequential absorption of two or more photons, all of them
ultimately require excitation by coherent light sources (lasers).

In the context of photonic applications, special attention is deservedly placed
upon the UC-systems based on rare-earth (RE) doped phosphors. The process of
UC in ion-doped systems has been observed in various types of solids such as
crystals and glasses — both in bulk and in waveguide forms [2], as well as in
solutions containing nanocrystals or nanoparticles [3]. Furthermore, rare-earth ions
have discrete energy levels with the potential for the UC process to occur from
the individual ions alone. However, all RE-UC material systems have a common
drawback, they put very high requirements on the spectral power density of the
excitation source. As a consequence, efficient UC emission is experimentally shown
only with laser excitation, never with sunlight. Additionally, these UC-systems
can only produce UC emissions under moderate (kW-cm™?) to strong (MW-cm™2)
excitation densities [2,4, 5]. As the background to our hypothesis as to a possible
solution to some of the aforementioned problems we propose a multicomponent
system comprised of an emitter part (such as conjugated semiconductor polymers or
aromatic hydrocarbon derivatives) and a sensitizer (such as metallated macrocycles).
Conjugated polymers, such as the polyfluorenes (PF), have established themselves
as functional materials in light-emitting diodes [6] and solar cells [7]. These
polymers have good thermal and oxidative stability. Two-photon absorption (TPA)
and its associated fluorescence have been also observed in PF [8]. Consequently, the
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Fig. 6.1 Energetic schema of the process of TTA-UC in multi-component systems. (a) When the
energy of the emitter triplet state is much higher than sensitizer triplet state (UC-Typel) and (b)
by overlapping sensitizer and emitter triplet states (UC-Typell)

very appealing idea to enhance this UC emission led us to search for more efficient
mechanisms and processes of low-energy photon excitation of PF.

Recently has been reported TTA-UC in thin films of metallated porphyrin
macrocycles (MOEP), which act as sensitizers, blended in a matrix of blue emitting
polymers with high fluorescence quantum yields, such as polyfluorenes [9-11] and
polypentaphenylenes [12]. A schematic representation of the proposed process of
TTA-UC is shown in Fig.6.1a After the absorption of a photon in the singlet
Q-band of the MOEP molecule, the long-lived triplet state of MOEP (Fig. 6.2b)
is populated due to the efficient inter-system crossing (ISC) enhanced by spin-orbit
coupling of the heavy metal centre [13]. This triplet state can be considered as a
reservoir of excited states for subsequent energy transfer [14, 15]. Beyond the trivial
depopulation channels for this triplet state, which include radiative decay (sensitizer
phosphorescence) and non-radiative decay, there is an additional decay channel: the
TTA-pathway. This up-conversion (UC) relaxation pathway, represented by the gray
lines in Fig. 6.1a, is a consequence of a triplet—triplet annihilation process between
two excited MOEP-molecules. One of the molecules returns to the ground state
whilst the other is excited to a higher singlet state. This excitation is followed by an
effective transfer of the MOEP higher singlet excitation to the excited singlet state
of the emitter. Consequently, efficient matrix fluorescence is observed.

Solutions of PF2/6 (Fig.6.2a) were prepared in dry toluene with a mass con-
centration of 10mgml~". For all sensitizers, the level of doping was kept constant
-3 wt.%. Films of the MOEP/PF2/6 blends were prepared via spin-coating of the
solutions onto quartz substrates in a nitrogen filled glove-box. In order to remove the
residual amount of organic solvent, the samples were dried under low dynamic pres-
sure (~10~'mbar) and at a slightly elevated temperature ~40 °C. The film thickness
for all samples was adjusted to be ca. 80 nm. The UC-efficiency measurements were
conducted in a vacuum chamber with a dynamic vacuum higher than 10~* mbar.
An electronically controlled multi-stage Peltier-element was used to adjust the
temperature of the sample. This active temperature control is obligatory, because
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Fig. 6.2 (a) Structure of the sensitizer — (2,7,8,12,13,17,18-octaethyl-porphyrinato)M(II),
M = Pt; Pd; Zn and Cu. (b) Structure of the emitter — poly(9,9-bis(2-ethylhexyl-fluorene-2,7-diyl)
(PF2/6))

Fig. 6.3 The intensity
dependence of the UC in PF
2/6 films, blended with 3%
wt. MOEP on the excitation
intensity, as follows: PtOEP
(squares), PAOEP (circles),
CuOERP (hollow triangles)
and ZnOEP (triangles)
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the TTA-rate between the sensitizers excited triplet states depends drastically
on the matrix temperature. Obviously, controlling the substrate temperature only
reduces the experimental variance, without completely resolving the temperature
uncertainty — for instance, the local (across the excitation spot) temperature gradient,
for which was not effectively compensated. As a pumping source an intracavity
frequency doubled (532 nm) diode pumped cw — Nd: YAG laser was used.

The dependence of the integral UC-fluorescence on the excitation intensity
is shown in Fig.6.3. The solid lines are power law fits: Pyyconv=2a - Pi’xc with
b = 1.06£0.02 for the system PtOEP/PF2/6; b = 1.0940.02 for the system
PdOEP/PF2/6; b = 1.4240.05 for the system CuOEP/PF2/6 and » = 0.93+0.02
for the system ZnOEP/PF2/6. Of particular note is the very broad region of excita-
tion intensities, where the blends of MOEP/PF2/6 exhibit well approximated linear
intensity dependence, more than 2 orders of magnitude wide! Furthermore, only the
CuOEP-blend shows a steeply inclined intensity dependence. The intensity of the
UC fluorescence of the most effective blend — PtOEP/PF2/6 — is more than 100 times
greater than the intensity of the least effective one — the ZnOEP/PF2/6. This huge
difference cannot be explained only by the difference between the optical densities
of the samples at the wavelength of excitation (ODpogp ~10 - ODz,0pp). Instead,
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more importantly it is the difference between the ISC-coefficients: IS Cz,opp
~0.065 is almost 10 times less than the /.S Cpiogp ~0.5. This means, that even if
both blends are absorbing the same number of photons, the PtOEP blend will store
approximately 10 times more optical energy for the subsequent energy transfer. The
second possible UC—pathway (Fig. 6.1b) is characterized by a triplet-triplet transfer
(TTT) of the MOEP — triplet excitation directly to the emitter triplet state, followed
again by effective TTA, but now between the triplet states of the emitter molecules.
As a consequence of this process, one of the emitter molecules returns to the ground
state, but the other emitter molecule is excited to the higher singlet state and strongly
blue shifted emission is observed [16]. In order to evaluate the application potential
of both possible UC-pathways, a direct comparison between the UC-efficiencies of
model UC—compounds can be done. In the example model systems that follow the
matrix emitter molecules were varied against a fixed sensitizer molecule. There are
two reasons to use model compound systems. The first is that the energy position of
the oligomer triplet level is higher (for OF7 ~ 2.16eV [17]) than the energy of the
triplet level of the corresponding polymer (for PF ~ 2.11eV [17]). The triplet level
of PtOEP is 1.91 eV. Therefore, the probability for triplet—triplet transfer between
PtOEP and OF7 in a blended PtOEP/OF7 system will be more strongly reduced in
comparison with a system containing PF (PtOEP/PF2/6 — blend) because the energy
gap between the two corresponding triplet levels is broader. The second reason
is that the fluorescence lifetime increases with decreasing chain length [17]. This
behaviour can be explained by the decreased probabilities of intersystem crossing as
the chain length decreases, hence more efficient UC is to be expected. To continue,
the DPA molecule has a suitable triplet level (1.78 eV, [10]) with regards to the triplet
level of the PtOEP. Therefore, TTT between these levels is highly probable. Finally,
the DPA has a relatively long-lived triplet states at room temperature (~5 ms, [10]).

Solutions of the blue emissive matrix (OF7 or DPA, Fig. 6.4) were prepared in
dry toluene with mass concentration of 10 mg/ml. In order to compare the absolute

Fig. 6.4 (a) Structure of the
sensitizer — PtOEP.(b)
Structure of the emitter
-9,10-diphenylanthracene
(DPA) and (c) oligo((9,9-
bis(2-ethylhexyl))fluorene
heptamer (OF7)
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Fig. 6.5 (a) Luminescence a T T T T

spectra at room temperature Lo -'-( ###) T
of films of PtOEP/OF7 and OF7:PtOEP 6 wt. % film  :%

(b) — PtOEP/DPA. For (a) and _ -2

(b) the excitation wavelength KCXC_532 nm, 3.6 kWem
was suppressed more than
10~ times by using a notch
filter (A =532 nm).
Additional suppression only

os} CONE SR

Luminescence (a.u.)

for (a), whereby the exc
porphyrin phosphorescence \ ’5
was suppressed 10 times ( #)

(A =646 n1m <+ A = 800 nm) oL/~ -4

400 500 600 700

Wavelength (nm)

o

Lof {.‘(#) ]

5 DPA:PtOEP 2wt. % film
) _ 2
p hexc=332 nm, 2 kWem
Q
: A (#4)
Q 0,5F : 4
EH :
£ H
E :
3 : (#H#)
L3
0,0 LJ . N . >
400 500 600 700
Wavelength (nm)

number of emitted UC photons, optimal blending conditions for the both blends
were used; these are as follows: 2 wt.% for the blend PtOEP/OF7 and 6 wt.% for
the blend PtOEP/DPA. Thin films were prepared via spin coating of the solutions
onto quartz substrates in a nitrogen filled glove box.

The cw-luminescence spectra for both model systems clearly shows the fluo-
rescence of PtOEP (region ##, with maximum at A = 545 nm, partially suppressed
due to the notch filter used) and the phosphorescence of PtOEP (region ###, with
maximum at A = 662nm), as well as the fluorescence of OF7 (Fig. 6.5a, region #,
with maximum at A =418 nm) and the fluorescence of the DPA (Fig. 6.5b, region
#, with maximum at A =435nm). The strong dependence of the UC-efficiency
on the studied UC-pathways is clearly manifested through comparing Fig. 6.5a,
b. Recalling that the UC-pathway (Fig.6.1b, UC-Type II) is characterized by a
transfer of the triplet excitation of the PtOEP directly to the triplet state of the
emitter molecules, followed by TTA, has much higher efficiency. This efficiency
improvement is evident from a comparison of the total amount of UC-photons
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from the UC-Type II system, which is an order of magnitude higher regarding the
number of UC-photons from the UC-Type I system. Additional evidence is that the
phosphorescence emission of the PtOEP molecule in the case of UC-Type II is more
than 2 orders of magnitude weaker than the phosphorescence observed from the UC-
Type I (Fig. 6.1a). Moreover, the existence of strong sensitizer phosphorescence is
further direct proof of the less effective use of the stored optical energy (Fig. 6.5a) in
an UC-Type I system. Conversely, for the UC-Type II the sensitizer phosphorescence
is almost quenched, which indicates very efficient use of the stored optical energy.

From the cw-luminescence spectra, also from the decay characteristics of the
fluorescent species, one can understand the nature of the excitation pathways.
The decay time of the delayed UC fluorescence of the studied model systems is
drastically different. In Fig. 6.6, the decay time of the phosphorescence together
with the delayed fluorescence for both UC channels are shown. Whereas the decay
time of the PtOEP phosphorescence is comparable for both films, the decay time
of the delayed fluorescence markedly differs by more than 2 orders of magnitude.
For UC-Typel , the decay time of the UC fluorescence is defined by the decay time
of the PtOEP-triplets. However, in the other UC-pathway, the decay time of the
UC fluorescence (UC-TypelI') is not dependent on the decay time of the PtOEP
triplets, but is instead dependent on the decay time of the emitter triplets (at room
temperature, the triplet life time for DPA is on the order of 5 ms [10]).
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It is evident that in both UC-pathways an optimal doping concentration exists by
which the built up triplet population of the sensitizer is used most efficiently by the
emitter (Fig. 6.7). It is important to notice, that whereas for systems of UC-Typel
the optimum doping concentration requires relatively high doping levels, e.g. 6 wt.%
(Fig. 6.7a), yet for UC-Typel I systems the optimal doping level is rather lower, and
corresponds to doping concentration of 2 wt.% (Fig. 6.7b). From a practical point
of view, the external efficiency of the UC process is of critical importance. The
definition of the UC-efficiency will be done later. For now we need only mention
that the Q.Y of the demonstrated systems is in order of 5-10~2 for the solid-state
film of PtOEP/OF7 (UC-Typel), but for the solid-state film of PtOEP/DPA (UC-
Typel I') is much higher ~ 2-1072. A final remark is that the excitation intensity at
which these example UC-systems are working is still relatively high — in order of
kW-cm™2,

The results demonstrated (Figs. 6.3 and 6.5) can be summarized as follows: the
process of TTA-supported UC in multi-component organic systems can work in
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solid state thin polymer (oligomer/single emitter) films with an overall efficiency
comparable to the overall UC-efficiency of the earlier developed techniques such
as UC in RE-ions doped glasses [2]. Unfortunately, the necessary intensity of the
excitation light is also comparable [2] — as high as several kW-cm™2. For instance, if
we assume a central excitation wavelength of A =700 nm and spectral width of the
UC-absorption in order of AA = 10 nm, then an intensity of 1 kW-cm™2 can only be
obtained by focusing of the sunlight (AM 1.5) more than 8-10™ times! Technically
such focusing of Sunlight is neither easy not inexpensive.

A possible solution of this problem would be if the necessary excitation intensity
for observation of efficient UC could be drastically lowered. This is indeed the case
when the studied TTA-supported UC is performed in liquid media. By increasing
the local mobility of the molecules participating in the chain of multi-molecular
interactions, the light intensity at which the TTA-UC process occurs is decreased
drastically. A complete understanding as to exact mechanisms involved does not
exist at the moment, but nevertheless the huge potential for applications can be
already revealed. In order to distinguish the UC-process demonstrated in this
work from the already known and described in [13] sensitized TTA-process, we
will henceforth call the process energetically conjoined triplet—triplet annihilation-
supported up-conversion process (TTA-UC). In the following sections, this process
of TTA-UC will be elucidated. In contrast to the all earlier described UC-methods,
the fundamental advantage of the TTA-UC is its inherent independence [18] on the
coherence of the excitation light. Another principal advantage of this UC process is
the very low intensity (as low as 20 mW-cm™2) and extremely low spectral power
density [19] (as low as 125 uW-nm™!) of the excitation source required (indeed,
we have demonstrated, that it can be the Sun [18, 19]). This therefore allows for the
possibility of a step-wise UC of the green and red (IR-A) part of the terrestrial solar
spectrum into blue wavelengths; this was first demonstrated in [20]. Subsequently,
the excitation band for effective TTA-UC was extended to the NIR region [21] and
then even to the IR-A region [22], whilst preserving all advantageous characteristics
of the TTA-UC process —i.e. high quantum yield under non-coherent excitation and
extremely low spectral power density of the excitation source (sunlight).

The characteristic parameters, contrasting the classical types of UC with the
TTA-UC studied in this book, are summarized in the Table 6.1.

6.2 Requirements of an Organic System for Observation
of Efficient TTA-UC

The process of TTA-UC (Fig. 6.1b) has to be considered as an inherently connected
chain of three processes [23-26]: first intersystem crossing, then triplet—triplet
transfer and finally triplet—triplet annihilation.

The first process in the chain is the intersystem crossing (ISC), which is strongly
enhanced by the spin-orbit coupling to the metal centre of the metallated macrocycle
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Table 6.1 Comparison between the optical parameters of the classical types of UC and the
TTA-UC

“Classical”’-type UC TTA-UC (studied here)

— Coherent excitation required (except energy ~+ Non-coherent excitation (inherently)
transfer UC (ETU) two-steps absorption)
Proof-of-principle shown experimentally
in [18]

— High or very high excitation light intensity + Low excitation intensity
~kW-cm™2 (typically MW-cm™2) ~20mW-cm™?
Proof-of-principle shown experimentally
in [21]
— Extremely high spectral power density needed + Low spectral power density needed
~1W-nm™! ~100 pW-nm ™!

Proof-of-principle shown experimentally
in [19]

— Strongly restricted width of the absorption ~+ Broad absorption band ~20 or up to
bands ~GHz or up to ~nm (only in the case 200 nm (in case of senitizer ensembles)
of ETU)

Proof-of-principle shown experimentally
in [19,20]

sensitizer molecules [23,24]. The efficient ISC within the sensitizer molecules (for
instance, the ISC-probability is almost 1 for the metallated porphyrins [13]) ensures
a very efficient population of the sensitizer triplet level via single photon absorption.

On the other hand, the very weak ISC of the emitter molecules (its probability for
various aromatic hydrocarbon derivatives has vanishing values [13]) substantially
prohibits the depopulation of the excited emitter triplet states via phosphorescence
and thus stores the created triplet population of the emitter for the process of
TTA. Therefore, the first requirement of the molecular system is that a very large
difference between the ISC-coefficients of the sensitizer and emitter molecules must
exist:

ISC ISC

Csensitizer ~ = Cemitter* (61)

The second process [25] in the chain is the transfer of the excitation of the

sensitizer triplet to the emitter triplet (triplet—triplet transfer (TTT)). This process
can be expressed through the equation:

T° (6.2)

* 0 0
7—;ensitizer +S emiller_)S sensitizer + emitter

where the subscripts * and © identify the first excited triplet state, and the ground

state, respectively. The efficiency of the TTT is determined by the extent of overlap

of the sensitizer and emitter triplet manifolds, thus the second requirement of the
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molecular system is:

triplet __ p-triplet

Esensitizer: Eemiller' (63)

The third process is the subsequent triplet-triplet annihilation (TTA), which in
our system occurs mostly between the triplets of the emitter molecules [26].

* 0
2 emitter S

emitter + e*miller—>2SeOmitter + ]’l\), (64)
where the subscripts * and © identify the first excited triplet or singlet state, and
the ground state, respectively. As a precondition for efficient energetically conjoined
TTA-UC, there are two requirements related to the molecular structure of the emitter

and the sensitizer molecules:
2E e Eeninar (6.5)

This requirement ensures that the sum-energy of two excited emitter triplet states
is enough to populate the first excited singlet state of the emitter molecule, without
using thermal energy.

The last requirement is related to the structure of the absorption spectrum of
the sensitizer. In order to reduce the re-absorption of the UC emission generated
via the sensitizer molecules in ground state, the so-called “transparency window”
of the sensitizer molecule has to be sufficiently large. Serendipitously, metallated
macrocycles such as porphyrins and phthalocyanines have a band-like absorption
spectrum, with only more or less two strong bands — the Soret-band and the
Q-band. Therefore, photons with energies lying far enough away from these two
local absorption maxima will be hardly absorbed. For the energy positions of the
absorption maxima of the sensitizer and the first excited singlet state of the emitter,
it thus follows from the above the third requirement of the molecular system:

Soret—band singlet* Q—band
sensitizer Eemiller >> Esensiﬁzer‘ (66)

In summary, the main outcome of these theoretically and experimentally deter-
mined requirements to the multi-component organic system is that: if the require-
ments specified in (6.1), (6.3), (6.5) and (6.6) are fulfilled, then it follows that it
is likely that the requirements of (6.2) and 6.4 will be fulfilled also, and thus very
efficient energetically conjoined TTA-UC will be observed.

Special attention must be drawn to the fact that all molecular energy levels,
involved in the process of TTA-UC, are real molecular levels — no virtual energetic
levels are involved. Therefore, the processes of internal energy conversion (i.e. ther-
malisation of the electronic states of the molecules involved) cannot be neglected.
During the process of TTA-UC, there are three routes of internal energy conversion.
The first of these internal energy conversion processes happens at the Q-band of the
sensitizer molecule — the photons absorbed either at the Soret-band or in Q-band
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Fig. 6.8 (a): Structures of the sensitizer — meso-Tetraphenyl-octamethoxide-tetranaphtho[2,3]
porphyrin Palladium (PdTNP, X=0OMe) and (b): the emitter — 4,4’-bis(5-tetracenyl)-1,1’-
biphenylene (BPBT); (¢) Structures of the sensitizer — fetrakis-5,10,15,20-( p-methoxycarbonyl-
phenyl)tetraanthra[2,3-b,g,/ ,q]porphyrin (PATAP, R =COOH) and (d): the emitter rubrene

are equilibrated to the bottom of the Q-band. This energy conversion channel also
includes the energy lost due to the process of ISC and the subsequent equilibration of
the energy to the bottom of the sensitizer triplet state 7). For instance, for the UC—
couples PATNP/BPBT (Fig. 6.8a, b) the energy lost caused from the first internal
energy conversion channel can be estimated to be:

AE = Eg™er — Eie  ~0.39V.

The second internal energy conversion channel represents the Stokes-shift at the
excited triplet state of the emitter molecules. In fact, the emitter molecules must have
vanishing ISC-coefficient (6.1). Therefore, characterisation of the energy position
and spectrum of the emitter triplet state is not a trivial experimental or theoretical
problem. Following the Mirror-Image Rule, one can estimate that the triplet state
Stokes shift for the emitter molecule BPBT is approximately:

itterT __
AEG s = ~0.06eV.
The third internal energy conversion channel represents the Stokes-shift at the
excited emitter singlet state. Therefore, emitter molecules with a small Stokes-shift
are essential in order to minimize the energy-lost via this third channel. The

Stokes-shift for the emitter BPBT is:

AEENET — 0.06eV.
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As a consequence, these described processes of internal energy conversion lead
to a noticeable loss of excitation energy; therefore, the up-converted emission a
priori has a frequency lower than the doubled frequency of the excitation light.

6.3 Characterization of the TTA-UC

From a practical point of view, the external quantum efficiency of the up-conversion
process is certainly of decisive importance. For organic photonic applications, such
as UC-sunlight concentrators, a transparent, clear and rigorous definition of external
quantum efficiency of the UC-process is needed. Therefore, the UC-efficiency
definition must be free from possible uncertainties, and give lucid estimation of
the expected UC-photon flux. On the other hand, the UC-efficiency definition
must allow for a direct and meaningful comparison between the UC-efficiencies
of different UC-methods at given experimental conditions, in order to choose
the most appropriate method for a certain application. Of crucial importance is
to be able to compare the UC-methods at realistic experimental conditions. For
sunlight-UC, these conditions are: non-coherent excitation, excitation intensities
of the order of mW-cm™2 and a spectral power density of the light source of
the order of 200 WW-cm™2nm™", that is, to use light parameters comparable to
low concentrated sunlight. The classical definition for quantum yield (the JUPAC-
definition) is stated, devised and derived for a single species. Therefore, it is not
entirely directly applicable to more complicated, multi-species TTA-UC in organic
systems. Nevertheless, that said, the main benefit of using such a rigorous quantum
yield definition arises from the clear and transparent evaluation for the reader of the
application potential of the TTA-UC.

For estimation of the quantum yield of the TTA-UC, we accepted the
methodology commonly used for the determination of fluorescence quantum yields
of single emitters. As such, we consider the TTA-UC as a one-step process with
“absorption” — corresponding to the absorption of the sensitizer molecules — and
“emission” — corresponding to the fluorescence of the emitter molecules (Fig. 6.9).
The particulars of these processes, happening inside the “up-conversion black-box”

Number
Photons Absorbed

- =

UC - “black box"”
1 Number

Photons Emitted

Fig. 6.9 Cartoon, depicting {}
the UC-efficiency definition
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are neglected. After this simplification of the TTA-UC, we compare the system
under study to a reference standard of known quantum efficiency, together with other
measurable parameters. The unknown quantum yield (Qx) of the fluorescence,
excited in UC regime is thus presented in (6.7):

Ox = Or(Ex/ER)(hvx/hvr)(n%/n3)(Ir/Ix)(Ar/ Ax). (6.7)

Here, E is the emission integral, I is the light intensity at the excitation
wavelength, A is the absorbance of the solution at the excitation wavelength, 7 is the
refractive index of the solvent at the emission wavelength, hv is the energy of the
excitation photons. The subscripts x and r, respectively, refer to the up-conversion
system and to the optical standard. In order to minimize the influence of boundary
effects, such as those caused by the diffusion of excited states onto the annihilation
controlled process of up-conversion, we used for the excitation a collimated beam
with diameter of 3.9-10~* m and an excitation intensity of the order of 10 mW-cm™2.
The quantum yield is an integral parameter describing the overall efficiency of a
chain of events, starting with the absorption of a single photon in the Q-band of
the sensitizer. The TTA-UC relies on the presence of the relatively long-lived triplet
states of the sensitizer molecules. With this and the well-known fact that oxygen
molecules are renowned to be very effective quenchers of the excited triplet states of
the metallated macrocycles (such as the porphyrins — see for example [13]) then this
predetermines the strong dependence of the up-conversion efficiency even upon a
residual oxygen concentration in the order of ppm. So, correspondingly, all solutions
investigated were prepared from degassed solvents and sealed in a nitrogen-filled
glove-box. Therefore, the reported UC-efficiencies must be treated as only estima-
tion values valid for the particular sensitize/emitter couple and for the given sample
preparation techniques, but not as an absolute efficiency for this TTA-UC process.

6.3.1 Replacement of the Volatile Organic Solvent

In this chapter, a close connection to and consideration of the realistic experimental
conditions for a practical working UC-device has been deserved. As such, it
has to be mentioned that the UC-devices based on volatile organic solutions
[20-22], although showing relatively high external quantum yields under realistic
pumping conditions (low intensity non-coherent excitation), are not suitable for
UC-applications. Sealing of these devices is neither efficient nor robust. As a
consequence of the presence of organic solvent, fast aging of the sealing layer is
observed, followed by ambient oxygen penetration. The result of molecular oxygen
penetration is the strong reduction of the up-conversion efficiency. Additionally,
photo-induced oxidation of the active molecules is observed.

Polymers with a high glass transition temperature have very good mechanical
properties and high processability. Thus, the straightforward solution of the sealing
problem, namely to use a polymer matrix embedding the UC-molecular couples has
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already been demonstrated in a number of UC-experiments [27-30]. Nevertheless,
no reliable data about the efficiency of the demonstrated TTA-UC process were
published, and more importantly, no UC-device excited with sunlight could be
demonstrated. This failure supports the results (Figs. 6.6 and 6.9) and explanation
of the TTA-UC mechanism demonstrated in this chapter. A possible explanation for
the low UC-efficiency could be that the polymers with glass transition temperature
significantly higher than room temperature have a very low degree of local viscosity,
and as a consequence a low mobility of the UC-molecules. This aspect of the
TTA-UC process certainly needs a deeper understanding. Importantly, this greatly
limits the UC-applications, because in polymer films the efficiency of the TTA-
UC is an order of magnitude lower than it is in organic solution — keeping all
other experimental conditions identical [16,31]. Instead of using the aforementioned
embedded encapsulation one can use a different solvent that does not destroy the
sealing layers. Exchanging the volatile organic solvent (toluene) with a non-volatile
(under normal conditions) trimer/tetramer mixture of styrene oligomers (Fig. 6.11d)
satisfies all requirements for efficient and robust sealing: indeed, for such a system
over a period of more than 100 days no observable change of the sealing material
could be registered. More importantly, such UCd were able to work without any
change in their efficiency over this period.

Unfortunately, the UC-dyes are not directly soluble in styrene matrix. Thus, a
solvent-exchange procedure, sketched in Fig. 6.10d is used. The mother solution
of the sensitizer and emitter is prepared in the conventional way, using as a
solvent degassed HPLC-grade toluene. Moderate heating (up to 73 ~40°C) is
necessary, when highly concentrated (on level of 1073 M) solutions are prepared.
The necessary amount of trimer/tetramer mixture of styrene oligomers is added

Fig. 6.10 Sequential steps _).|l ! — | |
by the solvent-exchange
procedure e Tty rTxt rsTsty

Fig. 6.11 Structures of (a) sensitizer — meso-Tetraphenyl-tetrabenzoporphyrin Palladium
(PdTBP); (b) emitter Dibenz[de,kl]anthracene (perylene); (¢) volatile solvent—toluene and (d) non-
volatile solvent—styrene oligomers (PS400)
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at the end of this first heating stage. At normal conditions, the styrene oligomer
mixture (PS400) is a highly viscous liquid (Mw ~400 D). For the period of #, ~20-
30 h, the sensitizer/emitter/toluene/styrene solution is dried in an Uhr-glass pot. The
pressures (p;, i = 1-+3) are the ambient pressure of the glove box (p; = p2).
The residual amount of toluene is removed by placing the Uhr-glass pot in a low
dynamic pressure chamber. In this third stage of the solvent-exchange procedure, it
is very important to apply in controlled manner a gradually increased temperature
ramp, starting at room temperature (~20°C) and slowly increasing up to (73 ~50°C)
over a period of more than #3 ~ 5-8h. The pressure in the chamber must be kept
constant, at a level of p3 ~ 1-2-1073 bar. Lower pressure (i.e. at a level of 10~ bar)
in the chamber, or stronger heating, will cause very fast evaporation of the volatile
solvent and a situation close to “boiling” of the mixture, consequentially resulting in
phase separation, or even the formation of emitter molecule microcrystals. Crucially,
during the whole procedure all preparation stages must be done in an argon (or
nitrogen) filled glove-box; the residual concentration of oxygen must be kept lower
than 1-2 ppm throughout. The UC-device is prepared by the well-known “doctor
blade” technique and sealed with glues, which do not need oxygen for their curing
process. By following this procedure, a variety of non-volatile solvents or other than
styrene oligomers could be used. With the following, a straightforward comparison
of the UC-efficiency of particular UC-couple in volatile and non-volatile solvent
will be done. The sensitizer, emitter and solvents used are shown in Fig.6.11. The
UC-efficiency will be calculated via the parameters and method defined in (6.7).

In Fig.6.12a, comparison between the UC-efficiency of the UC-couple
PdTBP/perylene dissolved either in a styrene oligomer mixture or in toluene is
shown. It is evident, as expected, that the UC-efficiency in a volatile solvent is
still higher than in a non-volatile one, but nevertheless already the efficiencies are

a b
— PS400 4l
’g_‘ 1,4X105 L Toluene | § R
b 5
(9]
& 5
o 5]
2 = 2 °
% 7,0x10% &= /
‘g ©)
: 3 ,
— o« Toluene
0.0 Lo | 1 oL e~ PS400
400 600 800 0 2 4 6 8
Wavelength (nm) Emitter molar concentration, 10

Fig. 6.12 (a) Luminescence spectra of the UC-couple PdTBP/perylene in toluene (grey line)
and in PS400 (black line). Molar concentration of the active molecules ~2-107> M/8-10~* M.
Excitation intensity ~200 mW-cm™2; spot diameter ~1090 jum; sample thickness ~400 wm. (b):
Dependence of the UC-efficiency on the emitter molar concentration in toluene (the grey points)
and in PS400 (the black points) obtained from both constant excitation intensity and constant
sensitizer molar concentration (2-10~> M)
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comparable. In Fig. 6.12b, the dependence of the UC-efficiency on the molar ratio
of sensitizer/emitter is shown. By increasing the molar ratio from 1:10 up to 1:40,
the UC-efficiency in non-volatile solvent is increased proportionately much more
than the efficiency in volatile solvent. Consequently, with a high molar ratio of
sensitizer/emitter (on order of 1/40) the UC-efficiency in a non-volatile solvent
approaches the efficiency in a volatile organic solvent. This result clearly shows
that styrene oligomer mixture can replace the volatile organic solvent without
significant loss in UC-efficiency. This fact opens the possibility to construct viable
UCd working with low intensity coherent or non-coherent light (sunlight) and
having good sealing characteristic and long lifetimes.

6.3.2 Materials and Methods

The specific behavior of the energetically conjoined TTA-UC will be demonstrated
using examples of UC-couples shown in Fig. 6.13.

The absorption spectra of the sensitizer and emitters are shown in Fig. 6.14. The
sensitizer has significant Q-band absorption (around A = 635nm). Of mention is
that the absorption of all the emitter molecules is negligible at wavelengths close to
the Q-band absorption of the sensitizer. Consequently, neither perylene and BPEA
nor rubrene, singlet emission can be observed when these emitters are exposed to
red excitation light in their pure solutions.

6.3.3 Transparency Window

Figure 6.15 is demonstrating the meaning of the transparency window — a require-
ment stated earlier in this chapter (6.6). The importance of a transparency window

Fig. 6.13 Structures of the
sensitizer — PATBP (a); and
the three emitters, as follows,
(¢) — perylene; (d) -9,10-
Bis(phenylethynyl)anthracene
(BPEA) and (e) -5,6,11,12-
Tetraphenylnaphthacene
(rubrene). The non-volatile
solvent is PS400 (b)
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Fig. 6.15 UC-transparency window. Normalized absorption spectra of the sensitizer — PdATBP
(black line) together with the normalized fluorescence spectra for sensitizer/emitter couples, as
follows, PATBP/perylene (line a), PATBP/BPEA (line b) and PATBP/rubrene (line c). All excited

in UC-regime. Excitation wavelength A =635 nm. For convenience, the fluorescence spectra are
normalized to a peak maximum of 0.6

is due to the inherent complexity of the UC-process in multicomponent organic
systems. The complexity arises because simultaneously in the UC-medium there
exist both excited triplet states of the sensitizer and emitter molecules as well as
sensitizer molecules in ground state. All of these states can absorb the generated
emitter fluorescence, either through the process of excited state absorption to higher
lying triplet states, or by absorption from the ground state of the sensitizer. This
last process is mainly responsible for the low efficiency of TTA-UC-based systems
[32], where sensitizers with consolidated and continuous absorption spectrum,
such as Ir(ppy); are used. In such systems, the singlet absorption band of the
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sensitizer completely overlaps the fluorescence spectrum of the emitter, causing a
strong re-absorption of the UC light. Conversely, metallated macrocycles such as
porphyrins and phthalocyanines have a band-like absorption spectrum, with more
or less two strong bands — the Soret-band and the Q-band. For this reason in
such systems it is possible to ensure that these absorption bands of the sensitizer
do not overlap significantly the fluorescence spectrum of the emitter. This is
evident from Fig. 6.15, where more than 90% of the emission bands of the chosen
emitter molecules lay within the transparency window of the selected sensitizer
molecule.

6.3.4 Triplet Harvesting

As a consequence of the well-pronounced heavy atom effect in metallated porphyrin
macrocycles, the optical excitation is followed with a very effective population
of the sensitizer triplet states [13]. On the other hand, there is large body of
experimental evidence [13], that such deep lying triplet states decay mostly through
non-radiative relaxation channels. On this point, we would now like to demonstrate
the characteristic parameter of the energetically conjoined TTA: a phenomenon
observed very rarely-namely, a system where non-radiative relaxation channels to
the ground state can be effectively suppressed, thus allowing energy relaxation of the
excited system via optical pathways. In other words, in multi-component systems,
where the process of TTA-UC is effective and keeping all other experimental
parameters the same, then the integral UC-fluorescence of the sensitizer/emitter
couple will be larger than the integral sensitizer phosphorescence (in a single
solution alone). We call this behaviour triplet harvesting.

The evidence for triplet harvesting behaviour is shown in Fig. 6.16. All four
samples shown, described in Fig. 6.13, have equal optical density at the wavelength
of excitation (A = 635 nm). Therefore, for identical excitation intensities the amount
of excited sensitizer triplet states in all samples is similar. The energy stored in
the sensitizer triplet ensemble can be dissipated differently: in the case of pure
sensitizer solution alone, only a small portion of the stored energy will be relaxed
via phosphorescence; whereas in the case of UC-systems, this energy portion will
be significantly larger. Figure 6.16b represents and compares the dependences of
the integral sensitizer phosphorescence on the excitation intensity. It is evident that
for the given relative concentrations of the sensitizer/emitter couples, the excitation
intensity strength at which the total emitter fluorescence in the blended solutions
exceeds the total phosphorescence of the pure solution of the sensitizer is different:
for instance, in the case of PdTBP/perylene this intensity is 0.2 W-cm™2, but in
the case of PATBP/rubrene the corresponding intensity is 5 W-cm™2. For excitation
intensities higher than 5 W-cm™2, the total number of emitted fluorescent photons
in blends exceeds the total number of phosphorescent photons of the pure solutions
by more than 2-6 times (Fig.6.16b). Taking into account the necessity that for
the generation of one upconverted photon at least two excited triplet states of the
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Fig. 6.16 (a) Comparison
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sensitizer are used, then the amount of non-radiatively decaying triplet states is
reduced much stronger than could be estimated directly from Fig. 6.16b.
This is evidence for the efficacy of the “triplet harvesting” behaviour.

6.3.5 Intensity Depence

From the examples of UC shown in Fig. 6.16, the dependence of the integral UC-
fluorescence upon the excitation intensity will now be discussed. The solid lines are
power law fits: Pypcony =@ - PCZ;C with the following values for the UC-couples:
for PATBP/perylene b = 0.97+0.05, b = 1.01+0.05 for PATBP/BPEA and
b = 1.37£0.05 for PATBP/rubrene. Please note, the region of excitation intensities
where the couples PATBP/perylene and PATBP/BPEA show intensity dependence
well approximated with linear function is more than 4 orders of magnitude wide!

At a first glance, this behaviour of the studied TTA-UC is contradictory with the
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classical representation [13] of the TTA-process: indeed, the probability for TTA
depends quadratically on the concentration of the excited emitter triplets. Actually,
in the classical experiments for TTA, where emitter triplets were created through
direct absorption of a UV-photon by the emitter singlet, followed from the strongly
prohibited process of intersystem crossing in the emitter molecule, then there is a
linear relationship between the created triplet states and the excitation intensity. As
a consequence, classically a quadratic dependence between the excitation intensity
and the intensity of the TTA-signal is observed. Furthermore, in the classical TTA-
schema [13], delayed fluorescence is observed at excitation intensities, comparable
with those for the non-linear optical processes (MW-cm™2 [1]) or UC in RE ion-
doped systems (hundreds of kW-cm™2 [2]). In the presently reported schema of
energetically-conjoined TTA-UC, realized in diffusion controlled oligomer matri-
ces, the concentration of the excited emitter triplets is orders of magnitude higher
than the corresponding concentration of excited emitter triplets states observed in
classical experiments for TTA. Nevertheless, just as in the classical experiments,
at high excitation intensities (and, hence high concentration of the excited triplet
states) linear or sub-linear dependencies between the excitation intensity and the
intensity of the generated UC-fluorescence are observed [33]. The crucial benefit of
the energetically conjoined TTA-UC studied in this book is that a high concentration
of excited triplet states is obtained at extremely low excitation intensities, actually
more than 5 orders of magnitude lower than the intensities in the case of classical
TTA. Finally, it must be noted that for the new TTA-UC schema the intensity
regions within which the UC-signal of the specific UC-couple is linear versus the
excitation intensity can vary. These dynamical properties are specific for each UC-
couple, and furthermore may depend on the experimental parameters such as local
temperature, total molar concentration of the optically active species (and their
relative molar concentrations), viscosity of the oligomer/polymer matrix, and degree
of re-absorption of the generated UC-emission. Therefore, as mentioned earlier,
all the intensity dependencies of the energetically conjoined TTA-UC systems
presented throughout this chapter should be treated as examples, certainly not as
material parameters, independent from the actual experimental conditions.

6.3.6 Dependence on the Beam Diameter and Viscosity
of the Optically Inactive Solvent

Earlier in that chapter, it was stated that the efficiency of the UC-process depends
on the local mobility of the sensitizer and emitter molecules. With the following
paragraphs, experimental results supporting this hypothesis will be demonstrated
and discussed. This discussion will be open ended: it is certain that more questions
will arise, than will have been answered. In addition, experimental data which lies
beyond the realm of classical TTA-theory and -experiment will be demonstrated,
further proving the uniqueness of the energetically conjoined TTA-UC.
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Fig. 6.17 Dependence of the
decay time of the
UC-fluorescence on the
molecular mass of the
styrene-oligomer matrix
mixture; UC-couple
PdTBP/perylene; excitation
wavelength A = 635 nm;

(a) -with large excitation
beam (diameter ~4,000 jLm)
and (b) -with small excitation
beam (diameter ~100 pm).
Excitation intensity for both
(a) and (b) is the same; room 0,0 -
temperature; constant 0 20'00 40'00
absolute molar concentration
for the emitter and sensitizer
molecules
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The decay time of the UC-emission mostly depends upon the strength of the
TTA between the emitter triplets as shown in Fig.6.17a. By gradually increasing
the effective mass of the oligo-styrene mixture (and so gradually increasing the
viscosity of the non-volatile solvent, working as optically inactive matrix) a strong
increase of the decay time of the delayed UC-fluorescence is observed. This
measured increase in the decay time is almost an order of magnitude greater as
the effective molecular mass is changed from M,, = 400D to M,, = 800D.

The process of TTA-UC requires a high density of excited sensitizer and emitter
triplet states. Therefore, all processes leading to the decrease of the local density of
the excited triplet states are found to strongly influence not only the efficiency of
the TTA-UC process, but also its characteristic dynamics. One such example of a
non-emissive decay channel, leading to a strong decrease of the local density of the
excited triplet states, is demonstrated in Fig. 6.17b.

The emitter triplet states are relatively long-lived. Consequently, the diffusion
of triplet excitons through the borders of the optically addressed spot becomes
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significant. As a result, a large amount of the excited emitter triplet states are spread
into the non-optically excited neighbouring area. These states are effectively lost to
the process of TTA-UC. In Fig. 6.17b, the very strong dependence of the measured
decay time of the UC-emission versus the diameter of the excitation beam is shown.
Comparing the decay time in collimated beam (d = 4,000 um) and focussed beam
(d = 100 um) a difference in the decay time of larger than order of magnitude is
observed. It is important to notice that the initial densities of the sensitizer triplet
states at the both measurements are equal. This example proves once more our
statement that both the dynamical parameters and especially the efficiency of TTA-
UC must be measured and compared at well-determined experimental conditions.

6.3.7 Molar Concentration Dependence

The dynamical characteristics of the energetically conjoined TTA-UC differs
significantly from the already described sensitized TTA [13]. The classical theory
predicts a simple relation between the decay time of the sensitizer phosphorescence
and the decay time of the delayed emitter fluorescence, namely:

delayed _ 1
flourescence

(6.8)

? Tphosphorescence :

However, such a simple dependence is observed only for a defined sensi-
tizer/emitter combination in specific experimental conditions namely: fixed molar
ratio of sensitizer/emitter, sample temperature, total concentration of the active
compounds and viscosity (or 7) of the optically inactive matrix. In Fig. 6.18, the
dynamical properties of the blend PAOEP/PF2/6 are shown.

The energetic schema for TTA-supported UC-Typel is presented in Fig. 6.1a.
After optical excitation, the created sensitizer triplet ensemble is depopulated via
radiative decay channel (sensitizer phosphorescence, region ### Fig. 6.5a) and non-
radiative channels. Particularly, strong pronounced is the TTA between two excited
MOEP-molecules. As a consequence, one of the PAOEP-molecules returns to the
ground state, but the other PAOEP-molecule is excited to a higher excited singlet
state (S;). The energy of this S,-state either could be effectively transferred to
the excited singlet state (S;) of the blue emitter (in this example PF2/6, thus
UC-delayed fluorescence could be observed, region # Fig. 6.5a), or it can be relaxed
inside the PAOEP-molecule, in the same manner, as blue photons, absorbed at
the Soret-band of the neat porphyrin species: namely, it can create with some
probability an excited triplet state or to participate the delayed fluorescence of
the PdAOEP molecule (region ## Fig. 6.5a). The dynamics of the observed delayed
processes differs completely from the classical prediction: only for very low
concentrations of the sensitizer molecule (0.1% wt.) is the duration of the delayed
sensitizer fluorescence approximately 1/2 that of the decay time of the sensitizer
phosphorescence (42 s, and 90 s, respectively). At this concentration, the decay
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Fig. 6.18 Dependence of the decay time of the UC-fluorescence (black filled circles), the
sensitizer fluorescence (grey filled circles) and sensitizer phosphorescence (dark grey squares)
upon the concentration of the sensitizer. Conditions: constant sample temperature (room); solid-
state film of the PAOEP/PF2/6; excitation wavelength A = 532nm. The structures of the active
materials are shown in Fig. 6.2

time of the delayed emitter fluorescence (the UC-emission) is almost 3 times shorter
(35 us). However, with increasing sensitizer concentrations the decay time of the
delayed emitter fluorescence decreases monotonically, approaching 10us at 3% wt.
doping level. On the contrary, in total disagreement with the classical behaviour,
with increasing sensitizer concentrations the decay time of the delayed sensitizer
fluorescence increases monotonically, consequently equalising with the sensitizer
phosphorescence lifetime! In the example of PF2/6 doped with PAOEP, both of these
decay times are around 62 s at a 3% wt. doping level.

6.3.8 Molar Concentration Dependence

The UC-sunlight concentration devices are designed for outdoor applications.
Therefore, for real-world applications of the overall UC-device, the temperature
cannot be considered as constant; even more it is technically not undemanding to
stabilize it at some temperature range. Taking into account the nature and large
dynamic range of the sunlight intensity change during the day then technological
solutions to the temperature problem becomes even more mandatory.

The examples given to show the dependence of the UC-efficiency upon the
sample temperature shown in Fig. 6.19 verify the complex nature of the process
of energetically conjoined TTA-UC. Indeed, upon the inclusion of the viscosity
of the optically inactive non-volatile solvent as an experimental parameter, then
the dependence of the UC-efficiency on the sample temperature can be completely
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Fig. 6.19 The dependence of the integral UC-fluorescence in non-volatile solvents with different
viscosities on the sample temperature. The UC-couple is PATBP/Perylene (1/20-10~* M, respec-
tively) dissolved in styrene oligomer mixture of varying masses, as follows: My = 400D
(black hollow circles), My = 600D (grey triangles) and My = 800D (black filled circles).
Conditions: excitation wavelength A = 635 nm; excitation intensity ~80 mW-cm™2, constant for
all measurements; large excitation spot (3 x 4-1073 m); sample thickness ~125 jum

changed: from that of decreasing efficiency with the increasing sample temperature
at lower viscosities through to the absence of temperature dependence at a particular
middling viscosity to the increasing efficiency with the increasing sample temper-
ature at higher viscosities. This complex behaviour opens an additional “degree of
freedom” by choosing the proper UC-system designed for certain applications.

In Fig. 6.20a, the common tendency of a decrease in the sensitizer phosphores-
cence with increasing sample temperature is shown. This dependence is common
for all samples. Considering the ratio of the integral UC-fluorescence to the integral
sensitizer phosphorescence, Fig. 6.20b, the physical picture becomes still clearer:
as the TTA-probability increases with the sample temperature (TTA happens mostly
between the emitter triplet states, UC-Type I I') then the depopulation of the emitter
triplet states becomes more efficient. Consequently, the channel for TTT (between
the sensitizer triplet states to the emitter triplet states, Fig.6.1b) becomes more
efficient. As a result of combination of these two effects, the sensitizer triplet is
almost completely quenched.

6.3.9 Temperature Dependence in Solid-State Films

In solid-state films, the UC-efficiency drops significantly with an increase in the
sample temperature. This is mainly due to two parameters. The first parameter
responsible for this efficiency decrease is the Q.Y. dependence of the polymer
emitter itself on the sample temperature. As demonstrated in [34], the quantum
efficiency of the fluorescence emission of a PF film is decreased only by 10% for
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the temperature interval studied. Therefore, more than 2-fold decrease of the UC-
efficiency (evident in Fig.6.21) cannot be explained alone by the Q.Y. decrease
of the emitter polymer. Instead additionally in solid-state films, with an increase
of the sample temperature, the direct utilization of the sensitizer singlet states
(S», Fig.6.1a) via sensitizer singlet emission (from Sj, Fig.6.1a) becomes more
dominant. This singlet emission competes with the process of SST (Fig. 6.1a). As a
consequence, the intensity of the UC-emission drops notably.

As an additional corroborating example to support the idea of how the studied
energetically conjoined TTA-UC differs from the classical TTA [13] is shown in
Fig.6.22. Again, the decay time of the delayed sensitizer fluorescence equals the
decay time of the sensitizer phosphorescence at elevated sample temperatures.
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Fig. 6.22 Dependence of the decay time of the delayed sensitizer-fluorescence (black filled
circles) and sensitizer phosphorescence (grey filled circles) on sample temperature. Solid-state film
of 1% wt. PAOEP in PS (Mw ~ 6kD); excitation wavelength A =405 nm

6.4 Sunlight UC and Its Application for Organic Solar Cells

In the field of organic photovoltaic devices, major research efforts have been
concentrated into the synthesis of new materials and the development new device
concepts in order to increase the efficiency of photovoltaic operation [35]. An
important and restricting feature of organic solar cells is the limited spectral range
of optical absorption in organic dye molecules/polymers. The most efficient solar
cells at present are harvesting photons mainly from the blue, green, and/or yellow
parts of the solar spectrum. Therefore, it should be expected that they can benefit
greatly from being combined with photon convertor devices and more specifically
with photon up-convertor devices.
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Increasing the portion of the solar spectrum efficiently used by the organic
photovoltaic devices has been a challenge for many research and development
groups. Different concepts have been developed to overcome this challenge and
one of them has been the use of photon conversion processes. Photon conversion
processes such as down-shifting (DS), down-conversion (DC) and up-conversion
(UC) aim at converting the solar spectrum, via luminescence re-emission, so that
it matches better the absorption properties of the different photovoltaic devices
(Fig. 6.23). The main goal of these conversion processes is the increase of the
spectral power density of the Suns irradiation into the spectral region overlapping
with the absorption region of the photovoltaic devices. As energy source for these
conversion processes, the Suns irradiance, which is otherwise too far in the blue
for the photovoltaic device to absorb (in the case of DS and DC) or too far in
the red (in the case of UC), would be used. The utilization of photon conversion
processes contrasts with the other concepts all of which focus on developing the
photovoltaic devices themselves to better match the polychromatic solar spectrum,
which is usually done either by widening the absorption spectrum of the devices or
by building multi-junction devices [36,37].

The conversion efficiency of a solar cell is an integral quantity, depending on:

Al
NPCE = C(A)dk. (6.9)

A2

Following the concept of photon conversion processes, it is possible to optimize
both spectral parameters (w(A) and {(A)) independently of each other. As shown
in Fig. 6.24, it is possible to have solar cells with comparable efficiencies, but with
significant differences in the width of their IPCE-curves. In a hypothetic experiment,
after efficient DS- and UC-processes, the energy of the solar spectrum would be
concentrated to a region overlapping with spectral region of the solar cell with
the large {(A) (Fig.6.22). The next advantage of the photon conversion techniques
is that the conversion processes and devices could be considered and optimized
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Fig. 6.24 Sketch exploring the idea of independent optimization of the solar cell spectral
parameters: width of the IPCE curve — (w(A)) — and spectral IPCE coefficient — {(A) —. The shaded
zones represent two solar cell devices with comparable efficiencies. The light grey zone — cell with
narrow w(A) but very high ¢(A)—; the dark grey zone — a cell with broad w(A) and low (A)-

independently, without affecting the particular physical properties of the operating
photovoltaic material or device architectures. As an ensembled outcome, well-
developed photon conversion devices would be combined with different existing
photovoltaic devices.

6.4.1 Active UC-Media: The Molecular Couples

The extension of the -conjugated system in the metallated porphyrins by annulated
aromatic rings results in a noticeable red shift in the absorption and emission spectra.
Thus, porphyrins, such as tetranaphthoporphyrins [38] and tetraanthraporphyrins
[39] have expanded excitation spectra for UC down into the IR-A region of the
visible spectrum.

Through attentive sample preparation (Fig. 6.10) also comprising of adjustment
of the sensitizer/emitter couples the achievement of UC fluorescence excited by
using ultra-low intensity (as low as 0.1 W-cm™?) and extreme low spectral brightness
(down to 100 wW-nm™') non-coherent sunlight was successfully demonstrated.
A Dobsonian telescope (12" Lightbridge, Meade Ins. Corp.) on the rooftop of
the laboratory was used to collect the sunlight and couple it into an optical fiber
(Multimode, 1,000 um, NA = 0.48, Thorlabs Inc.). In order to reduce the thermal
stress for the optical elements, the infrared tail of the solar spectrum (wavelengths
longer than 850 nm) was rejected through the use of a large size (12”) interference
filter (AHF Analysentechnik GmbH) before focusing onto the face of the optical
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Fig. 6.25 (a): UC-fluorescence spectrum of PATNP/BPBT (black line) excited by a portion of
the solar spectrum (grey line) — near A =700nm, AA ~31nm FWHM; (b): UC-fluorescence
spectrum of PdTAP/Rubrene (black line) excited by a portion of the Solar spectrum (grey line)
—near A =800 nm, AA ~ 42 nm FWHM. For both samples: excitation intensity ~0.1 W-cm ™2

Fig. 6.26 (a) The schematic representation of the experimental combination of the UCd (##) and
the DSSC (###). The red light (#) for exciting the UCd was either a laser diode with wavelength
A = 635nm (intensity ~100 mW-cm™2) or a portion of the solar spectrum ca. AL ~30nm wide
and with maximum at A = 624 nm. (b) Photograph of the operating DSSC device (5 X 5 mm) with
the UCd (the green — looking optical cell) and optical cell, for comparison containing only the
transparent matrix material (PS400)

fiber. Finally, the necessary excitation sunlight band was selected by using a
broadband interference filter at the output of the optical fiber (Fig. 6.25).

6.4.2 Active UC-Media: The Molecular Couples

In the experiments described below, the use of TTA-based UC-devices excited
with sunlight in combination with dye sensitized solar cells (DSSC) will be
demonstrated. The corresponding device-architecture (Fig.6.26), its optical and
electrical characteristics will be discussed. The structures of the sensitizer/emitter
couple used are shown in Fig. 6.11.
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The IPCE spectrum of the DSSC used in the experiments is shown in Fig. 6.27.
The optical properties of the UC-couple sensitizer/emitter were chosen to optimally
match the excitation spectrum requirements of the organic dye used as sensitizer
in the solar cell. As shown in Fig.6.27, the UC-fluorescence emission of the
emitter covers the second half of the IPCE-spectrum of the DSSC device. On the
other hand, the Q-band absorption of the UC-sensitizer lies completely outside the
IPCE-spectrum of the DSSC device; therefore, photons from the red light region will
have negligible photon-to-electron conversion efficiency. The DSSC devices were
constructed with a 10 wm thick porous TiO, layer, sensitized with dye absorbing
down to 600 nm, a liquid electrolyte and had an illuminated active area of 0.25 cm?.
The same DSSC devices were used throughout all experiments, including excitation
with simulated solar spectrum and, with or without UCd.

First, the solar cell was characterized with simulated sunlight (Sun-simulator,
LOT Oriel Inc.) with an intensity of 100mW-cm™2. Under these conditions, the
DSSC-device had a short circuit current density Jsc = 14mA-cm™ and a power
conversion efficiency of 6.4%. The IPCE curves of the DSSC devices show that
the devices practically do not use light with wavelengths longer than 610 nm. The
experimental set-up used for the measurements of the DSSC devices when working
with upconverted red photons is shown schematically in Fig. 6.27. The combination
of DSSC+UCd was characterised by using a laser diode as a light source; the
illuminated area of the DSSC-device was ca. 0.125 cm? and the excitation intensity
again 100mW-cm™2. For the next DSSC + UCd characterization, as light source
portion of the solar spectrum collected with a telescope was used. This portion
of the solar spectrum used as light source with an intensity of 100 mW-cm™2 had
width of ca. AA =30nm and peaked at A =624 nm. This intensity corresponds
to a concentration of ca. 26 times of the Suns intensity at the location and time
of the experiments (Mainz, Germany, August, 2 PM., Blue sky). The current-
voltage characteristics of the DSSC when working with UC photons are shown
in Fig.6.28. The measurements without the UCd were done by illuminating the
DSSC through a device with the same geometry as the UCd but without any
dyes, i.e. filled only with the transparent matrix material. In this case, without an
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up-converter, the solar cell excited with 100 mW-cm ™2 red light (A = 635 nm) has a
very low (<0.1 mA-cm™2) open-circuit photocurrent density (Fig. 6.28, filled circles
current-voltage curve). When the DSSC was illuminated through the UCd device
(Fig. 6.28), the measured short circuit current density was drastically increased
up to 1.2mA-cm™2 (at 100mW-cm™2, Fig.6.28, hollow circles current-voltage
curve). Taking into account the relatively broad (AA ~30nm) UCd absorption band
represented by the Q-band absorption of the sensitizer, the necessarily red-band
excitation intensity of 100mW-cm™2 is obtained as mentioned above with only
26-fold focusing (concentrating) of the Sun intensity at the location and time of the
experiments. Such moderate sunlight focusing could be easily obtained in practical
applications.

6.5 Conclusion

The UCd reported here have no limitation for size scaling; the contrary, namely
very limited size scaling, is a common drawback for the UC-devices based on
RE-doped crystalline glasses reported so far [40,41]. The TTA-UCd device size
would be limited mainly by the size of the optical substrates, although tiling
would be fairly straightforward. Furthermore, for TTA-UCd across a broad range
of pump intensities (practically, from 1 mW-cm™2 up to 10 W-cm™2) there is a
nearly linear dependence of the UC-signal on the pump intensity, allowing to have
effective and predictable UC-emission even at impermanent solar irradiation. The
reported devices are also flexible; additionally, there is the possibility to use different
non-volatile solvents in order to tune the total index of refraction of the device.
The robustness of the materials allows efficient manufacturing techniques such as
printing and roll-to-roll processing to be used. Further material advantage is that
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the emitters, used in the molecular systems showing efficient TTA-UC, are known
as very stable and efficient optical down-shifters. This fact gives an additional
advantage to the UCd based on TTA-UC: the incorporation of such devices within a
luminescent solar concentrator (LSC) strategy [42] arises as a natural extension. The
major benefit of the LSC is to concentrate the photon flux from a broad, strongly
blue-shifted, solar band (commonly the UV-band) into the relatively narrow band
of optimal photon-to-electron transfer efficiency, for any given solar cell dye. Due
to the nature of the TTA-UC, a significant part of the red-shifted solar band will
be concentrated into the same optimal wavelength region, as a consequence of the
usage of the same emitter molecule for both of the DS- and UC-processes.
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Chapter 7
Next Generation Photovoltaics Based

on Multiple Exciton Generation in Quantum
Dot Solar Cells

Arthur J. Nozik

Abstract Next Generation solar cells based on Multiple Exciton Generation
(MEG) in semiconductor quantum dots (QDs) are described. This application of
QDs depends upon efficient MEG in QDs incorporated into PV cells, followed by
efficient exciton splitting into free electrons and holes and their efficient separation
and collection in the cell contacts to produce multiple free carriers per absorbed
photon. Using time-resolved transient absorption, bleaching, photoluminescence
and THz spectroscopy, MEG has been initially confirmed in several Group IV-VI,
III-V, II-VI, and IV colloidal semiconductor QDs. Some controversy using these
techniques have now been attributed to effects of the variable of the QD surface
chemisty and under certain conditions to artifacts arising from long-lived trapping of
photoinduced charge; in our opinion these controversies have been resolved and are
discussed here. Furthermore, various photovoltaic cell architectures utilizing QDs
have recently been constructed and the photocurrent and photovoltage character-
isitics have been studied. These photocurrent measurements provide a more direct
measurement of MEG since the photogenerated carriers are counted directly via the
current, and they are very consistent with the QY's of MEG reported using the proper
spectroscopic techniques; thus, these new photocurrent measurements confirm the
existence of enhanced exciton and carrier multiplication in QDs. The past work and
prognosis for QD-based Next Generation PV cells based on MEG are discussed.
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7.1 Introduction

Third Generation (also called Next Generation) Photovoltaic (PV) Solar Cells are
defined as PV cells that have two characteristics: (1) a power conversion efficiency
greater than the Shockley—Queisser limit of 32% [1], and (2) a very low cost per
unit area. According to Green [2], in order to be classified as a Third Generation
PV (TGPV) cell the value of the PV module cost/unit area divided by the watts
delivered/unit area should yield a cost per peak watt (W,) for the module of
about $0.20 US/W p- Thus, for example, this goal would be achieved for a PV
module having a cost of $100m™2 and an efficiency of 50% (500 watts m™~2); any
combination of efficiency and areal cost yielding $0.20/Wp would thus be classified
as a TGPV cell. To obtain the yearly averaged energy cost for the PV system
($/kWh), the balance of systems (BOS) cost ($/m?) needs to be added to the module
cost, and then the annual-averaged capacity factor for the PV system together with
other operating costs (e.g., interest rates, maintenance, taxes) need to be considered.
A simple, but rough, conversion is to simply multiple the total $ per peak watt
cost(module + BOS) by 0.04-0.05 (depending upon geographical location) to
obtain $/kWh. If the module and BOS costs for the TGPV systems remain about
equal, as they are today, then a $0.20/W , module cost would result in a total system
cost of $0.40/Wp and thus represents an energy cost of about $0.02/kWh — a cost
competitive with or even lower than that of energy from coal.

One route to achieve TGPV cells that is now being extensively investigated is
to use semiconductor nanostructures in PV cells. Nanostructures of semiconductor
materials exhibit quantization effects when the electronic particles of these materials
are confined by potential barriers to very small regions of space. The confinement
can be in 1 dimension (producing quantum films, also termed quantum wells in the
early 1980s as the first examples of quantization in nanoscale materials), in two
dimensions (producing quantum wires or rods), or in three dimensions (producing
quantum dots (QDs)). Some authors refer to these three nanostructure regimes as
2D, 1D, or 0D, respectively, although these terms are not as precise. Nanostructures
of other classes of materials, such as metals and organic materials, are also possible,
but the present discussion will be limited to semiconductor nanostructures.

Nanostructures of crystalline materials are also referred to as nanocrystals (NCs);
and this term includes a variety of nanoscale shapes with the three types of spatial
confinement, including spheres, cubes, rods, wires, tubes, tetrapods, ribbons, discs
and platelets [3]. The first six shapes are being studied for renewable energy appli-
cations, but the focus here will be on the use of spherical semiconductor NCs (QDs).

One ubiquitous feature of all present PV cells is that photons having energies
greater than the semiconductor bandgap create free carriers or excitons that have
energies in excess of the bandgap; these carriers or excitons are called “hot
carriers” or “hot excitons”. This excess electron energy is kinetic free energy and
is lost quickly (ps to sub-ps time scales) through electron—phonon scattering, thus
converting the excess kinetic energy into heat. The free carriers or excitons then
occupy the lowest energy levels (the bottom and top of the conduction and valence
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bands, respectively) where they can be removed to do electrical work or lost through
radiative or non-radiative recombination. In 1961, Shockley and Queisser [1] (S-Q)
calculated the maximum possible thermodynamic efficiency of converting solar
irradiance into electrical free energy in a PV cell assuming: (1) complete carrier
cooling, and (2) that the only other free energy loss mechanism was radiative
recombination. This detailed balance calculation in the radiative limit yields a
maximum thermodynamic efficiency of 31-33%, depending upon the details of the
AM1.5 solar spectrum utilized, with optimum bandgaps between about 1.1-1.4eV.

One way used presently to reduce the energy loss due to carrier cooling is
to stack a series of semiconductors with different bandgaps in tandem with the
largest bandgap irradiated first followed by decreasing bandgaps. In the limit of
a large number of different multiple bandgaps matched to the solar spectrum, the
conversion efficiency can reach 67% at one-sun intensity. However, in practice only
2-3 bandgaps are used because for these multijunction PV cells most of the gain
in efficiency is obtained with 3 bandgaps; after that there are diminishing returns.
Detailed Balance calculations show that with 2 bandgaps the maximum efficiency
is 43%, with 3 it is 48%, with 4 it is 52%, and with 5 it is 55%.

7.2 Solar Cells Utilizing Hot Carriers for Enhanced
Conversion Efficiency

In 1982, thermodynamic calculations [4] showed for the first time that the same
high conversion efficiency of solar irradiance into free energy in a tandem stack
of different bandgaps can be also be obtained by utilizing the total excess kinetic
energy of hot photogenerated carriers in a single bandgap semiconductor before they
cooled to the lattice temperature through electron-phonon scattering; in the limit of a
carrier temperature of 3,000 K the conversion efficiency also reaches 67%, the same
value as for a tandem PV cell with a multiple stack of bandgaps matched to the solar
spectrum. This can be achieved by transporting the hot carriers to carrier-collecting
contacts with appropriate work functions (either into an electrolyte redox system in
a photoelectrochemical fuel producing cell [5] or a solid state ohmic contact in a PV
cell [6], before the carriers cool. These cells are called hot carrier solar cells [2,5-8].

Another approach to beneficially utilize hot electron—hole pairs is to use their
excess kinetic energy to produce additional electron—hole pairs, and thus increase
the possible photocurrent. However, this approach yields a lower maximum con-
version efficiency of about 45% at one-sun intensity. This lower efficiency occurs
because to satisfy energy conservation the photon energies between 1 and 2 E,, are
lost through electron—phonon scattering and produce heat. In bulk semiconductors,
this process is called impact ionization [9] and is an inverse Auger type of process.
However, impact ionization (I.I.) cannot contribute to improved quantum yields
(QYs) in present solar cells based on bulk semiconductors such as Si, CdTe,
Culn,Ga;—,Se;, or III-V semiconductors in a multi-junction, tandem structure
because the maximum QY for L.I. does not produce extra carriers until photon
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energies reach the ultraviolet region of the spectrum (kv > 3.5eV), where solar
photons are absent. In bulk semiconductors, the threshold photon energy for LI.
exceeds that required for energy conservation alone because crystal momentum (k)
must also be conserved [9]. Additionally, the rate of I.I. must compete with the
rate of energy relaxation by phonon emission through electron—phonon scattering.
It has been shown that in bulk semiconductors the rate of I.I. becomes competitive
with phonon scattering rates only when the kinetic energy of the electron is many
multiples of the bandgap energy (E,) [10-12]. In bulk semiconductors, the observed
transition between inefficient and efficient I.I. occurs slowly; for example, in Si the
LI efficiency was found to be only 5% (i.e. total quantum yield = 105%) at hv =
4eV (3.6 E,), and 25% at hv ~ 4.8eV (4.4 E,) [9,13].

7.3 Quantum Dots, Multiple Exciton Generation, and Third
Generation Solar Cells

Because of spatial confinement of electrons and holes in quantum dots: (1) the
e —ht pairs are correlated and thus exist as excitons rather than free carriers, (2)
the rate of hot electron and hole (i.e., exciton) cooling can be slowed because
of the formation of discrete electronic states [3], (3) momentum is not a good
quantum number and thus the need to conserve crystal momentum is relaxed [3],
and (4) Auger processes are greatly enhanced because of increased e "—h+ Coulomb
interaction [14—17]. Because of these factors, it has been predicted [14—17] that the
production of multiple e"—A™ pairs will be enhanced in QDs compared to bulk
semiconductors; the threshold energy (hvg) for electron hole pair multiplication
(EHPM) should be reduced and the EHPM efficiency, nggpm (defined as the number
of excitons produced per additional bandgap of photon energy above the EHPM
threshold photon energy) is expected to be enhanced. In Qs we label the formation of
multiple excitons Multiple Exciton Generation (MEG) [11]; free carriers can only be
subsequently collected as separated electrons and holes upon the dissociation of the
excitons in various PV device structures. Very recent reports [18-20] propose that
the high energy photons required for MEG produce separated e —h™ pairs (ie, free
carriers) in either isolated QDs or in electronically-coupled QD arrays very rapidly
(femtosecond time scale or essentially immediately); thus, it is presently unclear
whether carrier multiplication and separation in QD arrays first require dissociation
of thermalized excitons in individual QDs, followed by inter-QD transport, or
whether these processes occur essentially instantaneously upon photon absorption
in the QD array.

The possibility of enhanced MEG in QDs was first proposed in 2001 [14,15] and
the original concept is shown in Fig.7.1. Figure 7.2 presents S-Q detailed balance
calculations in the radiative limit for conventional solar cells compared to QD solar
cells exhibiting various MEG characteristics regarding the threshold photon energy
(hvy) and nggpm [22]. The nature of the MEG characteristics corresponding to
the various S-Q calculations presented in Fig. 7.2 are shown in Fig. 7.3. The My,
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Fig. 7.1 Multiple exciton generation (MEG) in semiconductor quantum dots. Reproduced with
permission from [21]

characteristic is a staircase function where the threshold for MEG is 2 E; with N
excitons being produced when the photon energy increases to N times E,, and the
QY remains constant between N E, and (N + 1) E,. The characteristics labelled
L(N) have thresholds equal to N E, and the increase in QY after the threshold
is linear with a slope related to the MEG efficiency. It has been shown [22] very
recently that the threshold photon energy for MEG to occur and its efficiency, nggpm,
are related by the expression:

hva/Eg = 1+ 1/ngnpM. (7.1

This recent paper [22] also presents a rigorous derivation of why the appropriate
parameter to use when comparing the efficiency of MEG in QDs vs. impact
ionization in bulk materials is ~v/E, and not just the absolute photon energy /v.
When hv/E, is used, the linear slope of plots of MEG QY vs. hv/E, is the MEG
efficiency, ngupm [22]. The use of just Av in such plots was proposed in a prior
publication [23] and led to the invalid conclusion that there is no difference between
MEQG in QDs and LI. in bulk semiconductors. Our counter-view is clearly supported
by Fig.7.4, which is based on experimental data for the MEG QY obtained as a
function of photon energy for bulk PbSe [23] and PbSe QDs [22]. From Fig. 7.4,
the EHPM efficiency for PbSe QDs is calculated to be twice that of bulk PbSe, the
threshold photon energy for EHPM is calculated to be much lower (about 3—4 E,
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vs. about 6 E,), and the rate of EHPM vs the rate of hot exciton cooling is calculated
to be 3 times faster in PbSe QDs compared to bulk material [22].

Multiexcitons have been initially detected using several spectroscopic measure-
ments [17,21-26]. More recently [27, 28], MEG and subsequent carrier multi-
plication has been measured in the photocurrent of QD-based solar cells. The
photocurrent measurements are more direct since the electron population is counted
via the photocurrent; nevertheless, the photocurrent results confirm the validity and
accuracy of careful spectroscopic measurements. The first spectroscopic method
used was to monitor the signature of MEG using transient (pump-probe) absorption
(TA) spectroscopy [24]. The multiple exciton analysis relies on time-resolved TA
data taken as a function of the photon excitation (pump) energy. In one type of TA
experiment, the probe pulse monitors the interband bleach dynamics with excitation
across the QD bandgap [17,24] ; whereas in a second type of experiment the probe
pulse is in the mid-IR and monitors the intraband transitions (e.g. 1S,—1P,) of the
newly created excitons [17,21, 25,26]. In the former case, the peak magnitude of
the initial early time (3 ps) photoinduced absorption change created by the pump
pulse together with the faster Auger decay dynamics of the generated multiexcitons
and the resultant TA signal after the extra excitons have decayed (>300ps), are
related to the number of excitons created. In the latter case, the TA dynamics of the
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photoinduced mid-IR intraband absorption after the pump pulse is monitored and
analyzed. In [17,21-26], the transients are detected by probing either with a probe
pulse exciting across the QD bandgap, or with a mid-IR probe pulse that monitors
the first 1S,~1S, intraband transition; both experiments yield the same MEG QYs.

The first experimental report of exciton multiplication was presented by Schaller
and Klimov [24] for PbSe NCs and they reported an excitation energy threshold for
the efficient formation of two excitons per photon at 3 Ez. Subsequent work reported
that efficient MEG occurs also in PbS [17] and in PbTe QDs [29]. Additional
experiments observing MEG have now been reported for PbSe [30, 31], CdSe
[32,33], PbTe [29], InAs [34], Si [35], InP [36], CdTe [37] and CdSe/CdTe core-
shell QDs [38]. For InP QDs, the MEG threshold was 2.1 E, and photocharging
(see next paragraph for significance of QD charging for MEG) was claimed not
to be present in the QD samples [36]. For the CdSe/CdTe QDs, time-resolved
photoluminescence (TRPL) was used to monitor the effects of multiexcitons on
the PL decay dynamics to determine the MEG QY. The timescale for MEG has
been reported to be <100fs [17]. This ultrafast MEG rate is much faster than the
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hot exciton cooling rate produced by electron—phonon interactions, and MEG can
therefore beat exciton cooling and become efficient.

However, a few published reports [39—41] could not reproduce some of the
reported early positive MEG results (for example, InAs) [39-41] , or if MEG was
indeed observed the efficiency was claimed to be much lower [23,42], and in one
report MEG was claimed to be only equivalent to impact ionization in bulk materials
[42]. Thus, some controversy has arisen about the efficiency of MEG in QDs.

The reason for this inconsistency has been attributed to the influence of QD
surface treatments and surface chemistry on MEG dynamics compared to cooling
dynamics [3,21,22,25,26,43], and in some cases to the effects of surface charge
produced during transient pump-probe spectroscopic experiments to determine
MEG quantum yields [44, 45]. In the latter case, long-lived charge could produce
trions (two electrons and a hole or two holes and an electron) in the QDs after
the absorption of an additional photon in the QDs in a pump-probe experiment.
Trions can also undergo fast Auger recombination compared to single excitons
and thus could confound the fast early time decay of transient absorption or
bleaching signals that are the signature of MEG, and lead to over-estimation of
the MEG QY [44, 45]. However, recent work [30, 36, 46] shows that charging
effects may not always be significant, since they depend upon the specific QD
surface chemistry, photon fluence, photon energy, and QD size [46]. In any case,
the possibility of photocharging effects can be eliminated in MEG experiments
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based on time-resolved TA or PL spectroscopy by flowing or stirring the colloidal
QD suspension to refresh the sample volume of QDs being probed [44—46]. To be
absolutely certain about MEG QY values determined by pump-probe spectroscopy,
the possibility of charging needs to be examined for all experiments done on static
solutions or solid-state films, and experiments need to be done to ensure trion or
trapped charge-influenced decay is not affecting the determined MEG QYs.

It is noted that in addition to many reported MEG effects in semiconductor
QDs, MEG has also been recently reported in single wall carbon nanotubes [47,48]
and in PbSe quantum rods [49]. Theoretical considerations [50] suggest that MEG
should be enhanced in nanotubes and nanorods compared to QDs. This has been
attributed in part to stronger Coulomb coupling and the absence or reduction of
surface states in nanotubes and nanorods. Further research is underway on these new
and interesting direction for exciton multiplication in various nanostructures other
than spherical semiconductor QDS, and in general advances in theory and additional
experiments to better understand MEG in various nanostructures are expected.

7.4 Configurations of QD Solar Cells

The two fundamental pathways for enhancing the conversion efficiency (increased
photovoltage [4, 51] or increased photocurrent [14, 15,52, 53]) can be accessed, in
principle, in three different QD solar cell configurations [3]; these configurations
are shown in Fig.7.5 and they are described below. However, it is emphasized
that these potential high efficiency configurations are theoretical and to date no
actual enhanced power conversion efficiencies significantly greater than present
high efficiency PV solar cells have yet been reported. Notwithstanding, hot electron
and hot exciton effects to increase the photovoltage and photocurrent in various
semiconductor structures have indeed been reported. In one recent publication
[54] on hot electron effects in a nanoscopically thin Si solar cells, a very small
increase in photovoltage (~17 mV) due to hot electron collection was reported in an
amorphous nanoscale p—i—n Si cell [54]. Furthermore, two other recent publications
have reported hot electron effects in QD-sensitized single crystals of TiO,. In one
publication [55], PbSe QDs were deposited on single crystal rutile and the process of
hot electron injection from the QDs into the TiO, conduction band and its timescale
(<50fs) were measured using ultrafast second harmonic generation. In a second
paper [28], a monolayer of PbS QDs was deposited on single crystal anatase TiO,
in a photoelectrochemical cell and the measured photocurrent QY at Av=3.2 E,
was twice that measured below the MEG threshold (2.5 E,). In a third recent
publication [27], both external quantum yields (photocurrent/incident photon flux)
and internal quantum yields (photocurrent/absorbed photon flux) above 100% were
reported for photocurrent in solar cells based on PbSe QDs. These are encouraging
results, and the potential payoff of success in highly efficient MEG in QD-based or
nanostructured solar cells justifies continued research in this area.
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Fig. 7.5 Various architectures for QD solar cells. Reproduced with permission [14]

7.4.1 Photoelectrodes Composed of Quantum Dot Arrays

In this configuration (Fig. 7.3 bottom right), the QDs are formed into an ordered 3-D
array with inter-QD spacing sufficiently small such that strong electronic coupling
occurs to allow long-range electron transport. If the QDs have the same size and
are aligned, then this system is a 3-D analog to a 1-D superlattice and the miniband
structures formed therein [56]. The moderately delocalized but still quantized 3-
D states could be expected to produce MEG. Also, the slower carrier cooling and
delocalized electrons could permit the transport and collection of hot carriers to
produce a higher photopotential in a PV or photoelectrochemical cell.

Significant progress has been made in forming 3-D arrays of both colloidal
[57] and epitaxial [58] IV=VI, I-VI and II-V QDs. The former two systems
have been formed via evaporation, crystallization, or self-assembly of colloidal
QD solutions containing a reasonably uniform QD size distribution. Although the
process can lead to close-packed QD films, they exhibit a significant degree of
disorder. Concerning the III-V materials, arrays of epitaxial QDs have been formed
by successive epitaxial deposition of epitaxial QD layers; after the first layer of
epitaxial QDs is formed, successive layers tend to form with the QDs in each layer
aligned on top of each other [58, 59]. Major issues are the nature of the electronic
states as a function of inter-dot distance, array order vs disorder, QD orientation and
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shape, surface states, surface structure/passivation, and surface chemistry. Transport
properties of QD arrays are also of critical importance.

7.4.2 Quantum Dot-Sensitized Nanocrystalline TiO,
Solar Cells

This configuration (Fig. 7.3 top right) is a variation of the type of photovoltaic cell
that is based on dye-sensitization of nanocrystalline TiO, layers [60-62]. In this
PV cell, dye molecules are chemisorbed onto the surface of 10-30nm-size TiO,
particles that have been sintered into a highly porous nanocrystalline 10-20 um
TiO; film. Upon photoexcitation of the dye molecules, electrons are very efficiently
injected from the excited state of the dye into the conduction band of the TiO2,
affecting charge separation and producing a photovoltaic effect.

For the QD-sensitized cell, QDs are substituted for the dye molecules; they
can be adsorbed from a colloidal QD solution [63] or produced in-situ [64—67].
Successful PV effects in such cells have been reported for several semiconductor
QDs including InP, InAs, CdSe, CdS, and PbS [63-67]. Many reviews of this
approach are published [68—72]. Possible advantages of QDs over dye molecules
are the tunability of optical properties with size and better heterojunction formation
with solid hole conductors. Also, as discussed here, a unique potential capability of
the QD-sensitized solar cell is the production of quantum yields greater than one
by MEG.

7.4.3 Quantum Dots Dispersed in Organic Semiconductor
Polymer Matrices

Recently, photovoltaic effects have been reported in structures consisting of
QDs forming intimate junctions with organic semiconductor polymers. In one
configuration, a disordered array of CdSe QDs is formed in a hole-conducting
polymer—-MEH-PPV  {poly[2-methoxy, 5-(2<ethyl)-hexyloxy-p- phenyleneviny-
lene]} [73]. Upon photoexcitation of the QDs, the photogenerated holes are injected
into the MEH-PPV polymer phase, and are collected via an electrical contact to the
polymer phase. The electrons remain in the CdSe QDs and are collected through
diffusion and percolation in the nanocrystalline phase to an electrical contact to the
QD network. Initial results show relatively low conversion efficiencies [73, 74], but
improvements have been reported with rod-like CdSe QD shapes [75] embedded
in poly(3-hexylthiophene) (the rod-like shape enhances electron transport through
the nanocrystalline QD phase) and recently [76] with newer polymers (PCDTBT,
Konarka) that allow for better electrical properties (3.13%, NREL-certified). In
another configuration [77], a polycrystalline TiO, layer is used as the electron
conducting phase, and MEH-PPV is used to conduct the holes; the electron and
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holes are injected into their respective transport mediums upon photoexcitation of
the QDs.

A variation of these configurations is to disperse the QDs into a blend of electron
and hole-conducting phases, such as conducting polymers (Fig. 7.3 bottom left) and
fullerene derivatives. This scheme is the inverse of light emitting diode structures
based on QDs [78—82]. In the PV cell, each type of carrier-transporting phase would
have a selective electrical contact to remove the respective charge carriers. A critical
factor for success is to prevent electron—hole recombination at the interfaces of the
two polymer blends; prevention of electron—hole recombination is also critical for
the other QD configurations mentioned above.

All of these possible configurations for QD solar cells are being investigated in
various laboratories and reviews are available [83]. Although reasonably high and
reliable MEG efficiencies have been reported, including photocurrent QYs >100%
from QDs bound to single crystal TiO, surfaces at photon energies of 3.2 £, [28]
and QD arrays [27], no QD-based PV device has yet shown an enhanced power
conversion efficiency due to MEG effects. Further research is necessary to establish
these charge separation dynamics in the various QD solar cell configurations.

7.5 Schottky Junction and p—-nr Junction Solar Cells Based
on Films of QD Arrays

To date, MEG has been studied in NCs of the lead salts [17, 24, 29, 84], InAs
[41, 85, 86], CdSe [39,87] and Si [35] using several time-resolved and quasi-CW
spectroscopies; negative results were reported for InAs [41] and CdSe [39]. It
is therefore important to establish whether significant MEG photocurrent can be
collected from a NC solar cell [85,88-92]. A simple, all-inorganic metal/NC/metal
sandwich cell has been reported [93] that produces a large short-circuit photocurrent
(~25 mA cm?) by way of a Schottky junction at the negative electrode. The PbSe
NC film, deposited via layer-by-layer (LbL) dip coating, yields an AM1.5G power
conversion efficiency of 2.1%. This NC device produces one of the largest short-
circuit currents of any nanostructured solar cell, without the need for sintering,
superlattice order or separate phases for electron and hole transport. The report by
Sambur, Novel, and Parkinson [28], described above, is the first result showing a
QY > 1 for photocurrent in a photovoltaic device (a photoelectrochemical cell based
on semiconductor — liquid junctions); the IQE value is 160%, but is uncorrected for
reflection and absorption outside the QDs, and is twice the QY value below the
MEGQG threshold photon energy.

The PbSe NC film device was fabricated by depositing a 60-300 nm-thick film
of monodisperse, spheroidal PbSe NCs onto patterned indium tin oxide (ITO)
coated glass using a layer-by-layer dip coating method, followed by evaporation
of a top metal contact. In this LbL method [93], a layer of NCs is deposited
onto the ITO surface by dip coating from a hexane solution and then washed in
0.01 M 1,2-ethanedithiol (EDT) in acetonitrile to remove the electrically insulating
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oleate ligands that originally solubilizes the NCs. Large-area, crack-free and mildly
conductive (0 =5-10">S-cm™") NC films result. The NCs pack randomly in the
films are partially coated in adsorbed ethanedithiolate, and show p-type DC
conductivity under illumination [93]. Working devices were also fabricated from
PbS and CdSe NCs, which indicates that the approach is not restricted to EDT-
treated PbSe NCs and that it should be possible to improve cell efficiency by
engineering the surface of the NCs to attain longer carrier diffusion lengths.

Multiple lines of evidence suggested that the photogenerated electron—hole pairs
in the device are separated by a Schottky barrier at the evaporated metal contact,
and also recently observed in films of PbS NCs [94].

However, changing the contact metal from gold to calcium (|A¢p,|= 2.3eV)
resulted in only a 0.15V increase in Voc, which suggested that the surface Fermi
level is pinned and the barrier height is relatively independent of the metal. Schottky
barrier formation is often due to defects formed at an interface by deposition of a
metal [95]. Direct evidence for the Schottky junction was obtained by capacitance-
voltage (C-V) measurements on complete cells [93]. The location of the Schottky
junction was determined by comparing the EQE spectra from cells of different
thickness [93].

This film concept has been further extended into heterojunction nanocrystalline
p-n PV devices with a p-type PbS or PbSe QD layer acting as the main absorber,
while n-type ZnO was the window layer. This was the first demonstration that the
polarity of charge can be inverted and the junction be relocated to the light-incident
side of the device [96]. Other groups [97] have employed ZnO to increase the Voc
of the device, yet only smaller PbSe NCs with a large bandgap can effectively
inject charge across the PbSe/ZnO barrier. Recent results show a much enhanced air
stability of devices when employing ZnO below a PbS layer deposited in air with
Au as the back electrode. In this configuration, the maximum certified (by NREL)
device efficiency was 4.4% which was stable in air for months [98]. The same p-n
solar cell structure using n-type PbSe and n-ZnO very recently was shown [27] to
yield internal quantum efficiencies above 100% starting at a photon energy of 2.7
eV and reached 130% at a photon energy of 3.4 eV; the bandgap of the PbSe QD
for these efficiency results was 0.72 eV.

7.6 Conclusions

Many classes of semiconductor quantum dots (also called nanocrystals) have been
synthesized, including Groups II-VI, III-V, IV=-VI, IV and their alloys, various
inter-Group and intra-Groups core-shell configurations, and various nanocrystal
shapes.

The application of QDs photovoltaics solar cells to enhance their conversion
efficiencies is a promising and increasingly active field of research. Such cells are
termed “Next Generation” or “3rd Generation” solar cells. One approach to enhance
efficiency in QD-based PV cells compared to conventional bulk semiconductor-
based-PV is to create efficient MEG from a large fraction of the photons in the solar
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spectrum. Enhanced MEG quantum yields have now been confirmed by several
groups in isolated colloidal QDs of PbSe, PbS, PbTe, Si, InP, CdTe, core-shell
CdSe/CdTe, and in QD solar cells based on QD arrays of PbS, PbTe, and PbSe.
It is noted that MEG has also been reported in single-wall carbon nanotubes and
PbSe quantum rods.

The most common initial method for determining the MEG QY has been ps to
ns time-resolved spectroscopy (transient absorption, bleaching, photoluminescence,
and THz); steady-state photocurrent spectroscopy measurements at solar intensities
have now also been used to show MEG and the results agree with the spectroscopic
measurements. Discrepancies in the literature for reported MEG QY values for PbSe
and CdSe are explained by variations in the surface chemistry of the QDs and in
some cases the effects of charging of QDs when photogenerated electrons or holes
are trapped at the surface producing a charged QD core. After accounting for these
variations and effects, MEG has been confirmed in the many QD materials discussed
here, and for these materials have threshold photon energies for MEG ranging from
2.1 E4 to 3 E, and total QYs at 3.0 E, for example, ranging from 120% to 200%.
With these MEG characteristics the improvement in PV power conversion efficiency
is relatively minor; to achieve significant increased power conversion efficiency the
MEG threshold needs to be close to 2 E,. The threshold photon energy for MEG has
been shown to be related to the MEG efficiency (number of extra excitons produced
per bandgap of photon energy excitation beyond the MEG threshold energy).

Three generic types of QD solar cells that could utilize MEG to enhance conver-
sion efficiency can be defined: (1) photoelectrodes composed of QD arrays that form
either Schottky junctions with a metal layer, a hetero p—n junction with a second
NC semiconductor layer, or the i-region of a p—i—n device; (2) QD-sensitized
nanocrystalline TiO2 films; and (3) QDs dispersed into a multiphase mixture
of electron — and hole-conducting matrices, such as C60 and hole conducting
polymers (like polythiophene or MEH-PPV), respectively. Additional research and
understanding is required to realize the potential of MEG to significantly enhance
solar cell performance.
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Chapter 8
Fundamentals of Intermediate Band Solar Cells

Antonio Marti and Antonio Luque

Abstract Intermediate band solar cells aim to exploit the energy of below bandgap
energy photons. They are based on materials that are characterised by the exis-
tence of an additional electronic band (intermediate band) located in between the
conduction and valence band. An optimised IBSC has near the same limiting
efficiency potential (63.2%) than a triple junction solar cells but without requiring
tunnel junctions to connect the single gap solar cells. This chapter reviews its
fundamental theory and introduces the different approaches that are being followed
towards its implementation: quantum dots, the insertion of suitable impurities into a
semiconductor host at sufficiently high densities (bulk approach) and the molecular
approaches.

8.1 Introduction

Figure 8.1 sketches the basic structure of and intermediate band solar cell (IBSC).
It consists of the so-called intermediate band material sandwiched between conven-
tional p- and n-type semiconductors (emitters). Later on in this chapter we will
describe how the IBSC is capable of preserving the output voltage of the cell. In this
respect, we advance that the emitters, by preventing the IB region from contacting
the metallic external contacts, allows for this preservation.

The intermediate band material is characterised by the existence of a set of
energy levels located inside the semiconductor bandgap and separated from the
conduction band (CB) and valence band (VB) by a null density of states. We
designate this collection of energy levels as band to emphasise that we want them
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to behave differently from conventional deep centres. This differentiation mainly
relies on the fact that, while deep centres introduce non-radiative recombination
in the semiconductor, an ideal band only introduces radiative recombination (and,
perhaps, Auger recombination). This immediately raises the question about how a
collection of deep centres can be turned into a band. The answer to this question has
been provided by Luque et al. from fundamental basis in [1]. Basically, a collection
of deep centres will evolve into a band when its density is sufficiently high (typically
beyond the Mott transition, 6 x 10" cm™3, under some standard conditions) and
the electron wavefunction becomes extended. Under this fundamental view, any
impurity responsible of a deep centre in a conventional semiconductor can produce
an intermediate band if it can be diluted into it at this high concentration without
producing additional defects or clusters. Experimental results confirming these
predictions have been recently obtained in silicon samples implanted with Ti [2].
Notice that, traditionally, it has been considered that the formation of an electronic
band as a consequence of the occurrence of the Mott transition only had the
implication on the fact of allowing carrier transport through the band; after the
analysis in [1], we also accept that the formation of the band inhibits non-radiative
recombination through the deep centre. In this way, recombination to and from
the IB becomes no different than recombination between standard conduction and
valence bands in semiconductors.

The intermediate band (IB) splits the semiconductor bandgap, Eg, into two
subbandgaps: Ep, and Ey. Ep denotes the lowest bandgap without implying
necessarily it is located above or below the IB. Ey denotes the highest bandgap. For
simplification purposes, the reference level for determining these gaps is usually
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taken at the middle of the IB. The IB allows two below bandgap energy photons
creating a single electron-hole pair as follows: one below bandgap energy photon
(photon 1) pumps an electron from the VB to the IB and a second one (photon 2)
pumps an electron from the IB to the CB. For these two process being possible,
it is necessary that the IB is partially filled with electrons so it can host both
empty states to receive electrons from the VB as filled states to supply electrons
to the CB. This semifilling can be achieved: (a) naturally, because the IB material
intrinsically exhibits a metallic IB (several examples are given later in this chapter);
(b) by compensating doping (that is, by adding acceptors to a material that naturally
exhibits a completely filled band or donors to a material that naturally exhibits
an empty band) and (c) by the operating conditions of the cell (for example,
under strong illumination [3]). In addition to these below bandgap absorption, the
conventional absorption of photons (photon 3) by means of transitions from the VB
to the CB exists.

The absorption of below bandgap photons described above allows increasing the
photogenerated current of the cell when compared to the photocurrent that would be
generated by a single gap cell without IB. However, increasing the photocurrent
of a solar cell is not sufficient to increase its efficiency if its output voltage is
not preserved. In the case of the IBSC, this “voltage preservation” means that,
although the IB introduces additional recombination (even if this is radiative),
the trade-off between increased photo-current vs voltage loss becomes favourable.
In fact, in the case of the IBSC, this trade-off can become so favourable that
allows increasing the limiting efficiency from 40.7% (single gap solar cells) to
63.2% (both figures at maximum light concentration) [5, 6]. This last figure is
similar to the limiting efficiency of a triple junction solar cell and is obtained
for optimised bandgaps of E;, = 0.71eV, Eg = 1.24eV and Eg = 1.95eV
(Fig. 8.2). It is worthwhile mentioning, for example, that, operating at one sun, the
increment in photocurrent produced by introducing an IB in a semiconductor host
with Eg < 1.14 eV would not compensate the voltage loss even if the recombination
introduced by the IB is only radiative [7]. The IBSC limiting efficiencies have
been reviewed recently [8] and it has been found that, as the light concentration
decreases, the insertion of selective reflectors increases the limiting efficiency from
those previously calculated.

In the IBSC, due to the existence of a null density of states between the CB and
the IB and between the IB and the VB, carrier relaxation within bands is assumed
to be a much faster process than carrier relaxation between bands. Therefore, each
band has associated its own quasi-Fermi level (Egc, Ery and Egy for the CB, IB
and VB, respectively). The output voltage of the cell, V, is given by the split between
electron and hole quasi-Fermi levels:

eV = EF,C — EF,V (81)
being e the electron charge. The highly doped p emitter determines the hole quasi-

Fermi level and the highly doped n emitter, the electron quasi-Fermi level. From the
plot in Fig. 8.1, it is easily understood that the output voltage of the IBSC is limited
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Fig. 8.2 Limiting efficiency of an IBSC as a function of its bandgaps. The value of the
low bandgap, Ep (€jin the plot), is given in the x-axis and the value of the total bandgap,
Eg(€gin the plot), is marked on the plot. The efficiency limit is compared to that of a single gap
solar cell and a tandem of two solar cells connected in series. In this case, the figure on the plot
indicates the bandgap of the top cell and the figure in the x-axis, the value of bandgap of the bottom
cell (Reprinted with permission from [5]. Copyright 1997. American Physical Society)

by the total bandgap of the cell, Eg, and not by the sub-bandgaps (EL nor Ey). Itis
in this context that we mean that the IBSC has the potential to preserve the output
voltage of the cell.

It is worthwhile mentioning that the emitters have not to be necessarily made
of the same semiconductor than the material that hosts the intermediate band
although, probably, should be lattice matched to it to avoid the introduction of
non-radiative recombination. Actually, the emitters can have a larger bandgap (they
can limit the output voltage of the cell if made with a semiconductor with lower
bandgap). Effectively doping these large bandgap emitters, however, can become
challenging [9].

The idea of using intermediate energy level to boost the efficiency of a solar cell
was first considered by Wolf [10] in 1961. The approach was apparently disregarded
until in 1997 Luque and Marti [5] calculated its limiting efficiency using detailed
balance arguments and proposed [6] the use of single gap emitters to achieve the
necessary electron and hole quasi-Fermi level split in order to preserve the output
voltage. By now, the theory has been reviewed several times [11, 12], and it is not
our intention to review it again exhaustively in this chapter but to provide a self-
contained guide to the other chapters in this book that have been written in relation
to this concept and provide some highlights of the international research about the
concept.
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8.2 Intermediate Band Solar Cell Model

The ideal performance of the IBSC is calculated according to detailed balance
arguments. Taking again Fig. 8.1 as reference, this means, for example, that the
total number of electrons, Gy that per unit of area and time are pumped from the
intermediate band to the conduction band is given by:

En Ey
Gcr = Hs b (€, Ts,0) de + (Hc — Hs) b(e,Tc,0) de,  (8.2)
EL EL

where Hs is the étendue [13] of the sun per unit of cell area, including the possible
use of a concentrator (Hs = 7 at maximum concentration), Hc is the étendue per
unit of cell area with which photons can enter into the cell (Hc > Hs) and

2 e
h3crexp (TF)—1

b(e,T, 1) = (8.3)

Within this definition, b (e, Ts, 0) corresponds to the spectral photon flux from
the sun per solid angle when assumed as a black body at temperature 75 and
b (e, Tc, 0) are the thermal photons received from the ambient assumed at the cell
temperature 7¢. The use of (8.2) assumes that total photon absorption exists for
photons with energy between Ey and Ey.

Detailed balance arguments [5] imply that, associated with the generation process
described by (8.2), a radiative recombination process between the CB and the IB, at
arate of Rcy electrons per second and unit of area, also exists being given by:

Ey
Rer = He b (e, Tc, picr) dx (8.4)
EL

being pcr = Epc— Erg the split of quasi-Fermi levels between the conduction band
and the intermediate band. The use of 8.2 and 8.4 also implies photon selectivity,
which means that each photon can only be absorbed be one kind of transition (in the
case being illustrated here, if a photon can be absorbed through a transition from the
IB to the CB, it cannot be absorbed by means of a transition from the VB to the IB
nor from the VB to the CB). Readers interested in a model for the IBSC that avoids
photon selectivity can consult [14]. Similar equations, with similar notation, hold
for transitions from the VB to the IB and from the VB to the CB so that the current
voltage (J(V')) characteristic of the cell is given by:

J(V)=e(Gcr + Gev — Rer — Rev) (8.5)
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where the following conditions have to be satisfied:

Gcr — Rer = Gy — Riy (8.6)
eV = pcr + v = pev. (8.7)

The first equation means that no current is extracted from the IB while the
second simply states the relationship between external voltage and electrochemical
potentials.

A few comments are in order before finishing this section. First, it must be
realised that the operation of the IBSC does not imply the simultaneous concurrence
of two photons in order to pump an electron from the VB to the CB. In other words,
the electron that is pumped from the CB to the IB has not to be the same one being
pumped from the IB to the CB.

It is clear that there is a limitation for the maximum energy bandwidth that the
IB can have (for example, it cannot extend itself to the conduction and valence
band since then there would not be IB). The main fundamental limitation to this
bandwidth comes from the appearance of stimulated emission. In this respect, it
has to be fulfilled that the distance between band edges from the IB and the CB
(CBL—1By, see Fig. 8.3) and from the IB and the VB (I B, — VBy) have to be higher
than the corresponding quasi-Fermi level splits (CBL—IBy, > Egc—Egjand B —
BVy > Er1 — Egpy). The maximum IB energy bandwidth becomes then dependent
on the injection level. In this respect, for example, it has been calculated [15] that the
optimum IBSC can tolerate an IB bandwidth of ~100meV for operation at 1,000
suns and ~700 meV for operation at 1 sun.

In the model described above, the quasi-Fermi levels Er ¢ and Egy are allowed
to shift but the IB quasi-Fermi level, Er; is assumed to be fixed at its equilibrium
position. The physical background for this assumption is to consider that the density
of states at the IB is sufficiently high as to provide sufficient charge with an

Conduction Band

Fig. 8.3 Drawing showing
the upper and lower limits
of the bands together with
the quasi-Fermi levels

Valence Band VB,
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infinitesimal displacement. In practical terms [16], this means that for operation
at 1,000 suns the density of states at the IB can be one order of magnitude lower
than the density of states at the CB and VB. A model has been developed [17] that
allows shifting also the IB quasi-Fermi level.

As mentioned, there is no current extracted from the IB. This means that, in
principle, carriers at the IB have not necessarily to have a high mobility what is
compatible with an IB with a thin bandwidth (a thin IB has associated a high
effective mass and, therefore, low mobility). Nevertheless, it has been advanced
[18] that some mobility in the IB might be required in practical devices, in particular
when carrier generation through the IB is not uniform. This would be, for example,
the case in which the absorption associated with the VB — IB transition is stronger
than the one associated to the IB — CB transition. In this case, the IB should
transport carriers from the top part of the cell (where VB — IB would mainly take
place) to the rear part of the device (where IB — CB) transitions take place.

The limiting efficiency of the IBSC has been calculated assuming ideal photon
selectivity. It has been shown [14] that when no ideal photon selectivity exists,
the limiting efficiency can be recovered as the absorption coefficient associated
with the VB — CB transition is much stronger than the one associated with the
VB — IB transition and this, indeed, is much stronger than the one associated
to the IB — CB transition. If the IBSC is implemented with a material in which
the absorption coefficients have such differences in strength, it is foreseen [19]
that light management architectures will have to be used in order to confine the
light that is absorbed the weakest. Among the concepts that are being studied with
this application in mind they are the use of diffracting grids [20,21] and plasmon
resonance [22, 23] (Fig.8.4). In this respect, Chap.5 in this book expands the
plasmon theory.

Along the following sections, several systems will be identified as intermediate
band material candidates. The systems can be grouped in quantum dot systems
and bulk systems. In all of them, the term intermediate band will be used
indistinguishably. However, the nature of the IB is different in one system from the
other. Hence, in the QD case, the IB arises from the energy levels associated with
the quantum confinement of the electrons, typically in the CB. However, it is not
necessary (in an ideal system) that this confined energy levels form an actual band
in the sense of being connected from one dot to the next by tunnelling (although
it might be a desirable property according to the discussion above related to the
non-uniform generation of light). In this regard, these states in individual quantum
dots might be already sufficiently extended as to inhibit non-radiative recombination
without requiring connection with neighbouring quantum dots. In bulk systems,
however, the formation of a band in the sense of allowing electrical conductivity
through the band might be necessary. This is so because, conduction through the
IB, when formed through the insertion of some kind impurities, is associated with
the occurrence of a Mott transition and, according to our discussion in [1], the
occurrence of a Mott transition is also related to the inhibition of non-radiative
recombination, which is the actual property for the band seek under the IBSC
approach.
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Fig. 8.4 (a) Illustration of the concept of using diffracting grids to increase the optical path of
those photons that are absorbed weakly (Reprinted with permission from [20]. Copyright 2008.
American Institute of Physics). (b) Illustration of the aspect ratio (a/c) of a silver nanoparticle that
would be required to enhance the near field in the range of 0.3 or 1.1eV. These are the optical
ranges, for example, where the subbandgap absorption of an InAs/GaAs quantum dot IBSC are
located (Reprinted with permission from [23]. Copyright 2009. American Institute of Physics)
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8.3 Quantum Dot Intermediate Band Solar Cells

Figure 8.5 illustrates an IBSC implemented with quantum dots (QD-IBSC). In this
cell, conventional p- and n-type emitters sandwich an array of QDs where the IB
arises from the confined energy levels of the electrons in the conduction band [24].
The electron confinement is due to existence of a conduction band offset between
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the dot and barrier material. We have chosen the conduction band to illustrate the
formation of the IB because, typically, electrons in the CB have a lower effective
mass than holes what facilitates a higher separation between energy levels and,
therefore, the formation of an IB separated from the conduction band by a null
density of states.

Quantum dots and not wells are preferred to implement the IBSC because, on the
one hand, quantum wells do not provide a true null density of states between
the intermediate band and the conduction band but it is actually a continuum. On
the other hand, what it would be the absorption of light from the IB to the CB is
forbidden in a quantum well for front illumination [25]. The reader interested in a
first approach to the design constrains of an IBSC implemented with quantum dots
can consult [26].

InAs quantum dots in GaAs barriers were the first IBSC prototypes where the
principles of operation of the IBSC, such as the existence of three separated quasi-
Fermi levels [28] and the absorption of two below bandgap energy photons could be
tested [29]. Chapter 10 in this book gives more details about the growth process of
these structures.

Several groups in the world have manufactured by now QD-IBSCs [30-35].
Their work shows results in common that allow extracting the following lessons
related to the practical implementation of the QD-IBSC [36].

e The QD-IBSC prototypes have not exceed the limiting efficiency of their GaAs
reference counterparts (cells with nearly identical structure but without quantum
dots). In this respect, Fig. 8.6 shows a typical current-voltage characteristic of
a QD-IBSC compared with a GaAs reference. Results have been obtained by
Hubbard et al. from the Rochester Institute of Technology and NASA Glenn
Research Centre [31]. On the one hand, this result is expected since, even in the
ideal case, in an IBSC implemented with GaAs as host material, when operated
at one sun, the current gain does not significantly exceed the voltage loss [4].
In fact, the voltage loss observed is similar to what the ideal model predicts
when only ideal radiative recombination with unity radiation emittance exists.
However, in this case, it must be due to undesirable non-radiative recombination
since, if it were radiative, it should be accompanied by a significant increase
in photocurrent that the ideal model for unity absorbance (as required by the
Kirchhoff law when the emittance is one) also predicts. Either way, the result is
very good and demonstrates that strain balanced layers of QDs introduce very
small non-radiative recombination.

Considered globally, the main reason for the general lack of efficiency
enhancement in the different QD-IBSCs manufactured, as will be emphasised
next, is likely the poor performance of the IB — CB transition both in terms
of absorbing photons as to issue a clear bandgap between the IB and the
CB. As mentioned, QD-IBSCs can be accompanied by additional non-radiative
recombination provided by the host structure [37], particularly stronger when
strain uncompensated layers are grown [38].

e The quantum efficiency of the prototypes manufactured show production of
photocurrent for below bandgap energy photons what, at first sight, could be
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Fig. 8.6 Current-voltage characteristics of QD-IBSC (with different number of QD layers and
with and without GaP strain compensating layers) compared with a GaAs reference (baseline,
14.4%) (Reprinted with permission from [39]. Copyright 2008. IEEE). The 3.7% efficiency curve
corresponds to the cell without strain compensating layers and the 11.5% and 12.4% curves to the
cells containing 7 and 5 monolayers (ML), respectively

regarded as an evident success of the theory (see Fig.8.7). However, most
of the quantum efficiency measurements have been carried out (we assume)
illuminating the devices with monochromatic light (that is, using a single light
source) and measuring the output the current. If this is the case, notice from the
ideal theory that no sub-bandgap current should be produced (since the second
photon is missed and also assuming that, due to the existence of ideal photon
selectivity, a photon that pumps an electron from the VB to the IB is not able
to pump an electron from the IB to the CB). A careful analysis reveals that
the extraction of photocurrent for below bandgap energy photons without the
concurrence of the second photon is still possible if, instead, the electron is
thermally pumped from the IB to the CB [12]. This certainly produces cells with
increased photocurrent (although small due to the poor QD light absorption) but
cannot provide an increment in efficiency due to thermodynamic reasons [40].
Essentially, when thermally pumped, electrons take their energy from phonons
at the lattice temperature but since these have no electrochemical energy, no
work (and therefore, efficiency) can be gained from them. A different case would
be that in which the electron in the IB would gain its energy from an electron
recombining from the IB to the VB (impact ionisation). Under this circumstance,
efficiency enhancement over single gap solar cells is possible [41]. In fact, it has
been experimentally proven that, when thermal and tunnel scape are effectively
blockade (by decreasing the temperature and increasing the barrier thickness)
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Fig. 8.7 Representative quantum efficiency of a QD-IBSC compared with a GaAs reference cell
(Reprinted with permission from [17]. Copyright 2006. American Institute of Physics)

open-circuit voltage close to the total bandgap Eg are obtained [42] (see also
Sect. 10.6 in Chap. 10).

e Absorption provided by the quantum dots, in particular to what it refers to the
IB — CB transitions is weak. It is this weakness precisely what prevents, in
another field, the achievement of efficient quantum dot infrared photodetectors
and increases the need for achieving efficient light management techniques that
increase the absorption of light in this energy range. It is foreseen that success
in enhancement of the intraband IB — CB absorption in QDs will lead also to a
new generation of QD infrared photodetectors. Actually, some recent results in
this field have begun to be analysed from the perspective of IBSC operation [43].

* In spite of using QDs, the bandgap between the IB and the CB is not free of
additional states corresponding to excited states [44]. Chapter 9 in this book
shows detailed calculations of the states appearing in between the IB and the CB.
The presence of additional levels introduce additional paths for recombination
[37]. The use of concentrated light has been predicted as a means to minimise
the impact on the performance of the cell of these additional levels [4] but no
clear experimental confirmation in this respect has been obtained yet.

8.4 Thin-Film Intermediate Band Solar Cells

The insertion of transition elements in I-III-VI, compounds has been predicted to
produce an intermediate band [45]. Figure 8.8 summarises the limiting efficiency
of thin-film intermediate band solar cells [7] candidates where the position of the
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IB has been calculated on the basis of an elemental model that assumes that the
position of the energy level introduced by the transition element is independent of
the host when referred to the vacuum level [9] (the model has been proven to apply
to III-V and II-VI compounds and was extrapolated to I-III-VI,’s). Related to these
predictions, researchers at the Helmholtz Centrum Berlin (HZB) [46] have inserted
Ti in CulnS; as a first step towards its insertion in a more optimum system as it
is CuGaS,;. Their results have shown an efficiency enhancement when compared
with the host cell without Ti. However, this enhancement cannot be attributed to
the existence of an intermediate band but perhaps to an improved (an unexpected)
passivation of the grain boundaries. Thin-film intermediate band solar cells (TF-
IBSC) will be discussed in detail in Chap. 11 of this book.

8.5 InGaN Intermediate Band Solar Cells

As mentioned, one hint for the implementation of bulk IBSCs goes through
the identification of suitable impurities that, when inserted at low concentration,
introduce deep centres at the appropriate position into the semiconductor. However,
for the practical implementation of this approach, these impurities have to be
inserted at sufficiently h