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Abstract: Solar cells are a promising renewable, carbon-free electric energy resource to
address the fossil fuel shortage and global warming. Energy conversion efficiencies around
40% have been recently achieved in laboratories using I11-V semiconductor compounds as
photovoltaic materials. This article reviews the efforts and accomplishments made for
higher efficiency I11-V semiconductor compound solar cells, specifically with multijunction
tandem, lower-dimensional, photonic up/down conversion, and plasmonic metallic
structures. Technological strategies for further performance improvement from the most
efficient (Al)InGaP/(In)GaAs/Ge triple-junction cells including the search for 1.0 eV
bandgap semiconductors are discussed. Lower-dimensional systems such as quantum well
and dot structures are being intensively studied to realize multiple exciton generation and
multiple photon absorption to break the conventional efficiency limit. Implementation of
plasmonic metallic nanostructures manipulating photonic energy flow directions to enhance
sunlight absorption in thin photovoltaic semiconductor materials is also emerging.
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1. Introduction

The current world consumption of electric energy is around 12-13 TW and the earth receives more
solar energy in one hour than the energy used globally in one year, considering the solar constant
1.7 x 10° TW at the top of the earth’s atmosphere [1]. However the solar energy incidence, around
1 kw/m?, is quite dilute and thus a vast area of energy converters would be required to meet the
world’s energy consumption. Therefore high efficiency solar energy conversion is crucial. Solar cells,
also called photovoltaics, are devices that convert sunlight energy into electricity by the photovoltaic
effect discovered by the French scientist Henri Becquerel in 1839. Electron—hole pairs are generated
by the energy of the incident photons overcoming the energy bandgap of the photovoltaic material to
make a current flow according to the built-in potential slope in the material. Solar cells have been
recognized as an important alternative power source especially since the oil crises in the 1970s. Solar
cells are also promising as a carbon-free energy source to suppress the global warming.

The energy conversion efficiency of a solar cell is defined as the ratio of the electric power
generated by the solar cell to the incident sunlight energy into the solar cell per time. Currently in
laboratories the highest reported cell efficiencies are around 40%, while the energy conversion
efficiencies for thermal power generation can exceed 50%. This fact however does not mean that
thermal generation is superior since its resources such as fossil fuels are limited, while solar energy is
essentially unlimited. The incident energy flux spectrum of sunlight for reported solar cell efficiencies
is standardized as some specifically defined spectra such as Air Mass 0 (AMOQ), Air Mass 1.5 Global
and Direct (AM1.5G and AM1.5D) [2-4]. Figure 1 shows the AM1.5G spectrum, most commonly
referred for terrestrial-use solar cells under non-concentrated sunlight spectrum measurements. The
solar spectrum widely ranges through 300 nm to 2,000 nm with its peak around at 500-600 nm and a
large fraction stems from the visible range. The dips prominently observed around at 1,100 nm,
1,400 nm etc. are due to the absorption, mainly by CO, and H,0O, in the atmosphere. The energy
fraction of the solar spectrum utilized by an ideal single-junction (i.e., one p-n junction equipped) solar
cell with an energy bandgap of 1.4 eV determined by the detailed balance limit calculation
representing the thermodynamical solar energy conversion efficiency limit developed by Shockley and
Queisser [5] is shown in Figure 1. The area ratio of this energy generation spectrum by the solar cell to
the solar irradiation spectrum corresponds to the energy conversion efficiency and is 31% in this case.
Concentration of sunlight into a smaller incident area using lenses has two advantages for solar cell
applications. The first is the material cost reduction with smaller area of cells required to generate the
same amount of energy. The second is the efficiency enhancement with the higher open-circuit voltage
Vocincreasing logarithmically with the ratio of the photocurrent to the constant dark or recombination
current, while the photocurrent simply increases in proportion to solar concentration. However, too
much sunlight concentration would rather reduce Voc with increased temperature and also induce
significant power loss by the series resistance. There is therefore an optimized concentration factor for
each solar cell, practically a couple of hundred suns. Although this paper will not discuss the details of
concentrators, interested readers can refer [6-8].
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Figure 1. Solar irradiation spectrum of AM1.5G, 1 sun and energy utilization spectrum by
a single-junction solar cell with an energy bandgap of 1.4 eV. Calculated energy
conversion efficiency n = 31.3%.
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In this paper, we focus on solar cells made of I11-V semiconductor compounds since these types of
solar cells have exhibited the leading energy conversion efficiencies, rather than the other materials
represented by silicon [9]. Besides the potential for high efficiency, 111-V semiconductor compound
materials have advantages including the bandgap tunability by elemental compositions, higher photon
absorption by the direct bandgap energies, higher resistivity against high-energy rays in space, and
smaller efficiency degradation by heat than Si solar cells. The energy conversion efficiencies of 111-V
solar cells have been steadily increasing year-to-year and are approaching 40% for the laboratory-scale
cells, as seen in Figure 2 [10]. A lot of efforts have been made to date to improve the cell performance
further for the purpose of the development of space activities and as a solution for the upcoming
energy crisis and global environmental issues. In this paper, key factors recently being studied
intensively for performance enhancement of 111-VV semiconductor compound solar cells were selected
for review. The principle, history and recent developments of multijunction I111-V solar cells are
described in Section 2. Section 3 focuses on the fabrication and characteristics of the materials with
bandgap energies around 1.0 eV, one of the most critical issues for the further development of 111-V
multijunction cells in the near future. An overview of the strategies for effective use of higher and
lower energy photons than the photovoltaic materials’ bandgaps is given in Sections 4 and 5,
respectively. Newly emerging solar cells with plasmonic metallic nanostructures manipulating
photonic energy flow directions to enhance sunlight absorption in thin photovoltaic semiconductor
materials is are introduced in Section 6.
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Figure 2. Chronological record energy-conversion efficiencies of solar cells. Two latest
highest records have been added to the “Best Research-Cell Efficiencies” table available at
http://en.wikipedia.org/wiki/Solar_cell. Originally generated by Sarah R. Kurtz, Lawrence
L. Kazmerski et al. at National Renewable Energy Laboratory/National Center for
Photovoltaics (as a work of the U.S. federal government, the image is in the public
domain).
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2. Developments of Multijunction 111-V Solar Cells

One of the major factors of energy loss in a solar cell is the gap between the photon energy and the
bandgap energy E, of the photovoltaic material. No absorption would occur if the photon energy was
smaller than the bandgap energy and merely the part equal to the bandgap energy out of the photon
energy could be extracted as electric power leaving the other part wasted as heat if larger.
Multistacking of photovoltaic materials of different bandgap energies is therefore commonly used for
high efficiency 111-V solar cells to reduce this energy loss and absorb the photon energy from the
sunlight spectrum more widely and efficiently, taking advantage of the tunability of bandgap energies
and lattice constants with the compositions of I11-V semiconductor compounds, called multijunction or
tandem cells. For instance, Figure 3 shows an energy utilization spectrum for a series-connected
AlInGaP (1.9 eV) / GaAs (1.4 eV) / Ge (0.66 eV) triple-junction solar cell calculated as 50.1%
efficient with Shockley and Queisser’s detailed balance limit scheme under 1,000 sun concentration
(41.4% under AM1.5G, 1 sun), exhibiting significantly higher efficiency represented by the spectral
coverage relative to single-junction solar cells, e.g., Figure 1. A detailed balance limit calculation
estimated by Henry shows that a 36-gap or -junction cell ideally would reach 72% efficiency at a
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concentration of 1,000 suns relative to the 37% for a 1-gap cell [11]. A theoretical calculation for the
ideal efficiencies according to the bandgap energy combinations of the top and bottom semiconductor
materials in dual-junction (2J) solar cells are mapped in Figure 4 [12]. Similar calculations under
different conditions are found in [13,14].

Figure 3. Solar irradiation spectrum of AM1.5D, 1,000 suns and energy utilization
spectrum by a series-connected AlInGaP (1.9 eV) / GaAs (1.4 eV) / Ge (0.66 eV) triple-
junction solar cell calculated with the “detailed balance limit” scheme with current-match
restriction. Calculated energy conversion efficiency n = 50.1% (y = 41.4% under AM1.5G,

1 sun).
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For multijunction cells, series-connected or two-terminal monolithic structures are generally
favored and used rather than expensive and impractical three- or four-terminal structures [15]. A
schematic cross-sectional diagram of a monolithic 3J solar cell structure is shown in Figure 5.
Multijunction solar cells have been layered by epitaxial growth generally with metalorganic chemical
vapor deposition (MOCVD) requiring lattice matching among the stacked semiconductor
materials [16-19]. Figures 6 and 7 [20] show the relation between the lattice constants and the
bandgap energies for commonly used I11-V semiconductor compounds.

One of the most common and highest efficiency two 2J cells consists of a combination of
Ino.49Gaos1P and GaAs with the same lattice constant of 5.64 A and the bandgap energy of 1.86 eV and
1.42 eV, respectively [21-23]. This InGaP/GaAs cell has the highest efficiency of 30.3%
under AM1.5G solar spectrum with 1-sun intensity (100 mW cm™) among monolithic 2J cells [9,23],
while 4-terminal configuration allowed the highest 2J efficiency of 32.6% under AM1.5D spectrum at
100 suns for a lattice-mismatched GaAs/GaSb stack (GaSh: 6.09 A, 0.70 eV) [24]. Quite recently,
a 32.6% efficient monolithic InGaP/GaAs 2J cell under AM1.5D at 1000 suns has been also
reported [25].
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Figure 4. Calculated isoefficiency map for dual-junction four-terminal solar cells under
AM1.5G spectrum at one-sun illumination according to the top and bottom cell bandgaps
(reprinted from [12]; © 1992, with permission from The Japan Society of Applied

Physics).
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Figure 5. Cross-sectional schematic of a triple-junction cell structure.
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Figure 6. Bandgap energies plotted as a function of the lattice constant of semiconductors.
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For 3J cells, the most common so far, a Ge bottom cell is added to the InGaP/GaAs 2J cell to form
an InGaP/GaAs/Ge structure for Ge’s lattice constant of 5.66 A nearly equal to that of InGaP/GaAs.
This 3J structure is grown on a Ge substrate and an advantage that Ge is a cheaper and
mechanically stronger material than GaAs relative to cells grown on GaAs substrates. Spectrolab,
a leading manufacturer of high performance I1I1-V cells, presented a lattice-matched
INg.495Gan 505P/1Ng.01Gap.eeAS/Ge 3] cell with a 39.0% efficiency at 236 suns under AML1.5D
in 2005 [26,27] followed by a metamorphic (i.e., slightly lattice-mismatched)
INo.56Ga0.44P/1Ng 0sGag 92AS/Ge with 40.7% at 240 suns in 2007 [28,29]. Higher indium content in top
InGaP and middle InGaAs subcells pulls their bandgap energies down and increases photocurrent in
those subcells to obtain a better current-matching to the bottom Ge subcell. Fraunhofer Institute have
achieved a 41.1% efficiency at 454 suns under AM15D with a metamorphic
INg.65Gap 35P/1Ng.17Gag g3As/Ge 3J cell in 2009 [30].

Solar cell efficiency records have been generated mostly indeed with InGaP/(In)GaAs/Ge 3J and its
derivative InGaP/(In)GaAs/InGaAs, discussed in the next section, structures in the past twenty years.
The efficiency record is this way is still being increased little by little and year by year just by
modifications of this InGaP/GaAs/Ge 3J system. However, it should be noted that the 0.66 eV bandgap
energy of Ge is not optimal as the material for the bottom subcell in a 3J cell. This point will be
discussed in the following section.

Specifically for the space use, very thin, light and flexible InGaP/GaAs 2J and InGaP/GaAs/Ge 3J
cells are being developed recently [31-33]. Figure 8 shows a photograph of a flexible InGaP/GaAs 2J
device [33]. Although the fabrication processes have not been well disclosed, the photovoltaic layers
are attached to metal or polymer supporting films and the parent substrates for the epitaxial growth are
removed somehow.

Figure 8. Photograph of a flexible thin-film InGaP/GaAs dual-junction 4 x 7 cm? film-
laminated cell (reprinted from [33]; © 2006, with permission from IEEE).
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For further improvement of the cell efficiency, cells with more junctions are being proposed such as
an InGaP/GaAs/InGaAsN/Ge four-junction (4J) structure [34], which will be also discussed in the
following section. Recently an (Al)InGaP/InGaP/Al(In)GaAs/(In)GaAs/InGaAsN/Ge 6J cell has been
demonstrated [35]. The efficiency of this 6J cell was 23.6% under AMO at 1 sun (135 mW cm?). (Note
that the intensities of 1 sun for AM1.5 and AMO are different. See [4,36] for the detail of the standard
artificial solar spectra for cell measurements.) This efficiency is much lower than the highest
efficiency 3J cell regardless of more number of junctions presumably due to the current-limiting
InGaAsN layer with low quantum efficiency. Voc of this 6J cell was however 5.33 V, significantly
higher than the 3.09 V of the highest efficiency 3J cell, simply because of the series connection of six
semiconductor materials.

In-Ga-N nitride compound solar cells have been proposed and are currently being studied for the
requirement of high-£, top subcells, with E, higher than 1.8 eV of Ing49Gags:1P, for >3J multijunction
stacking [37-40]. A fascinating advantage for this In-Ga-N system is its wide range of available E,,
from 0.7 eV of InN to 3.4 eV of GaN [41]. Incorporation of aluminum forming Al-In-Ga-N would lift
the upper edge even further, up to 6.2 eV for AIN. For quaternary compounds, lattice-matched
multijunction cells could be constructed in principle by their independent tunability of lattice constants
and bandgap energies, while their growth with proper dislocation densities and p/n doping looks still
challenging at this point.

A collaborative US team based on a Defense Advanced Research Projects Agency’s (DARPA)
program are working on a novel type of solar cell module with sunlight spectral splitting by dichroic
filters and independently located cells with varied bandgap energies [42,43]. In this architecture, each
cell will receive a fraction of the solar spectrum most efficiently absorbed and converted into electrical
power and can avoid the current-matching issue among subcells and free carrier absorption loss [44—
46] in upper subcells for monolithic devices. They have tested independent InGaP/GaAs 2J, Si 1J and
InGaAsP/InGaAs 2] cells without the optical splitting architecture but with proper filters to mimic
spectral incidence to each cell and reported a 42.7% efficiency simply by summing up the three cells’
efficiencies to suggest a potential for very high efficiency photovoltaic modules.

3. 1.0 eV Bandgap Subcells

The optimal bandgap energy for the bottom cells in 3J solar cells is known to be around 1.0 eV
considering the current matching among three subcells, assuming the top 2J structure is the
(ADInGaP/GaAs. For example, detailed balance limit calculation for a series-connected AllnGaP
(1.9 eV) / GaAs (1.4 eV) / 1.0 eV 3J solar cell under 1,000 suns gives a 55.0% efficiency, higher than
50.1% for an AlinGaP/GaAs/Ge cell in Figure 3, with an excellent current matching (Figure 9) (44.4%
under AM1.5G, 1 sun). Therefore materials of ~1.0 eV bandgap lattice-matched to GaAs and Ge have
been intensively researched. As well as replacing the Ge subcell with a 1.0 eV bandgap material,
insertion of a 1.0 eV material between the GaAs and Ge subcells would also improve the efficiency.
The detailed balance limit efficiency of a series-connected AlInGaP (1.9 eV) / GaAs (1.4 eV) /1.0 eV
/ Ge (0.66 eV) 4J solar cell under 1,000 suns is calculated as 60.9% (Figure 10) (47.7% under
AML15G, 1 sun). The GaAs middle subcell in an InGaP/GaAs/Ge 3J cell limits the overall
photocurrent (i.e., has the smallest photocurrent among the three subcells) and therefore an increase of
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the InGaP top subcell bandgap by adding Al and increasing Al content in the AlInGaP quaternary
would improve the efficiency. However addition of Al induces a significant reduction of the
photocurrent of the InGaP cell probably due to the adverse effect of Al and the associated oxygen
contamination on minority-carrier properties [47]. Lowering the bandgap of the current-limiting GaAs
middle subcell by substituting a portion of the Ga content with In is another approach for higher
efficiency than the InGaP/GaAs/Ge 3J cell, although this approach accompanies lattice mismatch and
requires graded buffer layers or suffers from large density of dislocations otherwise [27,48]. Thinning
of the InGaP subcell to pass a fraction of photons to the GaAs subcell is an alternative, moderate
solution [13].

Figure 9. Solar irradiation spectrum of AM1.5D, 1,000 suns and energy utilization
spectrum by a series-connected AlInGaP (1.9 eV) / GaAs (1.4 eV) / 1.0 eV triple-junction
solar cell calculated with the “detailed balance limit” scheme with current-match
restriction. Calculated energy conversion efficiency = 55.0% (y = 44.4% under AM1.5G,
1 sun).
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InxGai1-xAsi.yNy can be lattice matched to GaAs for compositions satisfying x = 3y and can have a
bandgap of ~1.0 eV [49]. Although this InGaAsN has been thought to be the most promising
candidate, its minority carrier diffusion length has been too short, resulting low output photocurrent
[50-52]. Other candidates such as ZnGeAs,, GaTIP, and InGaAsB have not shown very promising
properties either [15].

Sb has been recently incorporated in the nitride system to form InGaAsNSb cells lattice-matched to
GaAs with 0.92 eV bandgap and demonstrated relatively high quantum efficiency and current density
enough for current-matching to the InGaP/GaAs cell [53,54]. The low Vo observed at this point
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obscures advantage of this INnGaAsNSb over Ge cells, but improvement of grown crystal quality would
be able to push this new compound up to the list of promising candidates.

Figure 10. Solar irradiation spectrum of AM1.5D, 1,000 suns and energy utilization
spectrum by a series-connected AllnGaP (1.9 eV) / GaAs (1.4 eV) / 1.0 eV / Ge (0.66 eV)
four-junction solar cell calculated with the “detailed balance limit” scheme with current-
match restriction. Calculated energy conversion efficiency n = 60.9% (n = 47.7% under
AML.5G, 1 sun).
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An alternative is a 1.0 eV InGaAs material lattice-mismatched to GaAs with graded compositions in
epitaxial growth [55]. The U.S. National Renewable Energy Laboratory (NREL) grew a ~1 eV InGaAs
subcell lattice-mismatched to GaAs by 2.2% on an inversely grown GaAs/InGaP 2J subcell via
transparent compositionally graded layers. This epitaxial structure was mounted to a pre-metallized Si
supporting wafer and then the parent GaAs substrate was selectively removed resulting an
InGaP/GaAs/InGaAs 3J cell [56,57]. This inversely grown cell achieved a 40.8% efficiency under
AM1.5D at 140 suns [58] as well as the highest efficiency (as of January 2009 [9]) for AM1.5G, 1 sun
condition of 33.8% [59].

Direct wafer bonding could be also wused for lattice-mismatched stack. A bonded
GaAs/Ings3Gag.a7As monolithic 2J cell with a lattice mismatch of 4% has been prepared, indicating
potential for an InGaP/GaAs/InGaAsP/InGaAs 4J cell, as depicted in Figure 11, through bonding of an
InGaP/GaAs 2J subcell and an InP-based 1eV-InGaAsP/0.73eV-InGaAs 2J subcell with the 4% lattice
mismatch [60]. As a strategy to lower manufacturing costs by reusing expensive I11-V semiconductor
compound substrates, Ge/Si and InP/Si alternative growth substrates fabricated through wafer bonding
and layer transfer of Ge and InP thin films onto Si substrates and growth of InGaP/GaAs 2J and
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InGaAs 1J cells on each with comparable cell efficiencies relative to cells grown on bulk Ge and InP
substrates, respectively, have been demonstrated [61,62].

Figure 11. Cross-sectional schematic of a direct-bonded monolithic lattice-mismatched
four-junction solar cell.
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4. Utilization of Higher Energy Photons

The most crucial loss mechanism for solar cell efficiency is the energy mismatch between the
photons and the bandgap of photovoltaic materials, as mentioned in Section 2. Some concepts to
utilize the photons with energy higher and lower than the semiconductor bandgap will be discussed in
Sections 4 and 5.

One method to utilize higher energy photons is multiple carrier excitation from one photon by
impact ionization, schematically depicted in Figure 12, the inverse process of Auger
recombination [63,64]. This nonlinear phenomenon is more commonly called “multiple exciton
generation” or *“carrier multiplication”. In semiconductor quantum dots (QDs), also called
“nanocrystals”, the carrier cooling rate can be significantly reduced due to the discrete character of the
carrier density of states. Also, the impact ionization rate is greatly enhanced because of the moderated
momentum-match condition and enhanced Coulomb interaction between excitons due both to the
three-dimensional carrier confinement. Multiple carrier excitation can thus be quite efficient in
quantum-confined semiconductor QDs, while it is inefficient in bulk semiconductors due to the much
faster carrier recombination rate than the impact ionization rate [65]. Currently quantum efficiency
enhancement using this multiple carrier excitation process is intensively studied with PbSe, PbS
and CdSe QDs using high energy incident optical beam. Surprisingly a quantum efficiency (QE) of
300% [66], excitation of three electron-hole pairs from each incident photon, has been demonstrated
with PbSe QDs followed by the even more striking news of a 700% QE in 2006 [67]. They verified
generation of more-than-one exciton pairs from each incident photon in QDs through detection of
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exciton population evolution by time-transient absorption measurements in the time scale of biexciton
decay lifetime [64,68,69]. Multiple exciton generation has been observed also in InAs [70,71] and
Si [72] QDs.

Figure 12. Schematic energy diagram for impact ionization generating two carrier pairs
from each incident photon (reprinted from [63]; © 2002, with permission from Elsevier.)
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One issue for efficient utilization of multiple carrier excitation is the existence of the threshold or
onset of multiple excition generation in terms of incident photon energy. In most experimental studies,
carrier multiplication energy threshold Ecy, has been observed as significantly higher than naively-
expected 2E,. This phenomenon is even more prominent in bulk semiconductors, where Ecy ~ 4E,
provided electron effective mass m,. ~ hole effective mass m;, [73,74], due to the requirement of energy
and momentum conservation among carriers involved in impact ionization. Successful Ec), reduction
down to ~2E, however has been recently observed utilizing momentum spread and small m:./m, ratio in
InAs QDs [71]. In this Ecy, aspect, 111-V semiconductor compound QDs can be practically more useful
than 11-VI QDs for smaller m./m, ratio and stronger exciton-exciton Coulomb coupling due to smaller
dielectric constants as well as established device fabrication technologies and circumvent of
lead-salts’ toxicity.

Detailed balance limit calculations for solar cell efficiency with multiple carrier excitation have
been carried out [75-77]. For example, the efficiency limit for single-junction cells generating up to 8
electron-hole pairs from one photon was estimated as 58% under a 1,000-sun illumination (39% for 1
sun) relative to 38% (31% for 1 sun) without multiple carrier excitation with their optimized energy
bandgaps assuming Ecy ~ 2E, (Figure 13) [77].

Incidentally, the mechanism for multiple carrier excitation is still unclear and being intensively
discussed [78]. Some new physical models for instance are proposed suggesting a contribution from
confinement-enhanced Coulomb interactions in nanocrystals and large spectral densities of high-
energy single-exciton and multi-exciton states with a claim that such high quantum efficiencies
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experimentally observed cannot be explained merely by impact ionization [66,79]. Even the existence
of multiple carrier excitation process itself is still somewhat controversial [80] because no direct
observation of multiple carrier excitation in the shape of photocurrent extracted from a semiconductor
has been made yet.

Figure 13. (Left vertical axis) Solar irradiation spectrum of AM1.5D, 1,000 suns and
energy utilization spectrum by a single-junction solar cell with the optimized energy
bandgap to obtain the maximum efficiency for each case with and without multiple carrier
excitation (MCE). Eg = 0.5 eV, energy conversion efficiency n = 57.6% for the cell with
MCE and Eg = 1.1 eV, 5 = 37.6% for the cell without MCE. (Right vertical axis) The
carrier multiplication factor at each wavelength for the cell with MCE was also plotted.
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Another idea to utilize of higher energy photons is to induce emission of two lower-energy photons
from incident of one higher-energy photon by introduce an impurity level in the bandgap of the
photovoltaic material. This concept is called down-conversion and was demonstrated in Eu**-doped
LiGdF, emitting two visible photons for each absorbed UV photon through a two-step energy transfer
from excited Gd** into Eu®* emitting two photons [81]. It is suggested that I11-V semiconductor
compounds such as AlAs and GaP doped with proper impurities could be down-converters [82]. A
similar down-converting process has been recently demonstrated in Si QDs with Er®* ions in SiO.
matrices [83].

5. Utilization of Lower Energy Photons

An emerging idea is to utilize the photons with lower energy than the bandgap of photovoltaic
materials, which would be wasted as heat in conventional solar cells, by up-converting the lower-
energy photons into higher energy photons. Two IR photons absorbed by a vitroceramic doped with
certain rare earth’s, for instance, could emit one visible photon [84]. Sub-bandgap photons can be
utilized by putting such an up-converting material in front of a solar cell or behind a solar cell with a
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reflector behind the up-converter. This concept was proven for a
vitroceramic up-converter, as depicted in Figure 14, showing powe

518

GaAs cell with a rare-earth-doped
r output from IR incident light [85].

The upper limit of cell efficiency with an up-converter was estimated to be 48% and 63% under 1 sun
and 46,200 suns, the geometrical concentration limit, respectively [86].

Figure 14. Cross-sectional schematic of the experimental

coupling of a substrate-free

GaAs solar cell to a vitroceramic doped with Er** and Yb** (reprinted from [57]; © 1996,

with permission from The Japan Society of Applied Physics.)
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Figure 15. Schematic energy band diagram of a quantum-well solar cell (reprinted from

[63]; © 2002, with permission from Elsevier.)
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Another idea to utilize lower-energy incident photons is to add intermediate bands inside the
semiconductor photovoltaic material itself rather than an external up-converter described above.
Insertion of impurity levels in the bandgap of photovoltaic materials to excite carriers by photons with
energies lower than the bandgap is proposed [87,88]. Quantum well (QW) or quantum dot (QD)
structures can also enable photons of lower energy than the bandgap of the original photovoltaic
material to be absorbed by QWSs/QDs with narrower bandgap incorporated in the original
material [63,89-91]. The carriers or excitons generated in the QWs/QDs can thermally escape onto the
conduction band for electrons or valence band for holes to contribute to the total photocurrent
enhancement ideally maintaining the photovoltage of the original material, as schematically depicted
in Figure 15. Photocurrent enhancement for a GaAs solar cell with InGaAs/GaAs multi-quantum wells
(MQWs) relative to a GaAs cell without MQW in the IR region was observed [92]. The efficiency
limit for such solar cells with intermediate bands was estimated as 63% under 46000 suns [93],
inevitably equal to the value in [86].

6. Plasmonic Nanometallic Structures for Light Absorption Enhancement

Metal nanoparticles are known to exhibit distinctive optical characteristics, such as surface-
enhanced Raman scattering (SERS) and second harmonic generation (SHG), relative to the bulk form
of metals [94-96]. Representatives of the use of metal nanoparticles are biomolecular manipulation,
labeling and detection with SERS [97,98]. Other optoelectronic fields inspired by metal nanoparticles
are also emerging, such as multiphoton absorption and fluorescence excitation for microscopy,
microfabrication and optical data storage [99,100].

These characteristics highly rely on the surface plasmon absorption, an enhanced absorption of light
or electromagnetic fields by coupling between the incident photons and collective oscillation of free
electrons at the metal surface [101,102]. It was theoretically suggested that electromagnetic energy can
be guided along periodic chain arrays of closely spaced metal nanoparticles that convert the optical
mode into non-radiating surface plasmons [103]. Such plasmonic devices exploit light localization in
the dipole-dipole coupling, or collective dipole plasmon oscillations of electrons, in neighboring
nanoscale metal particles at the plasmon frequency. Plasmon waveguides consisting of closely spaced
Ag nanoparticles with diameters around 30 nm have been experimentally observed to guide
electromagnetic energy over distances of several hundred nanometers via near-field particle
interactions [104]. Furthermore it has been suggested that light can be routed efficiently around sharp
corners of nanoparticle chain arrays [105]. Such plasmon waveguide technologies can potentially be
utilized for construction of all-optical nanoscale network [106-108].

Solar cell structures have been suffering from such a trade-off on the thickness of the active
photovoltaic layers as follows. Thinner photovoltaic layers will have less light absorption while thicker
layers will have more bulk carrier recombination, as schematically depicted in Figure 16. Both of these
two factors would be losses for the solar cell electrical output converted from the incident sunlight
energy. Therefore the thickness of the active photovoltaic layer is usually optimized to maximize the
energy conversion efficiency through that trade-off. Metallic nanostructures can excite surface
plasmons and can dramatically increase the optical path length in thin active photovoltaic layers to
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enhance overall photoabsorption. In this Section, | describe two schemes to utilize surface plasmons
for solar cell applications.

Figure 16. Schematic for the trade-off issue in photovoltaic layer thickness. Thinner
photovoltaic layers will have less light absorption (left) while thicker layers will have more
bulk carrier recombination (right).

050 65
B

Metal nanoparticles placed on solar cell surfaces can act as “antennas” to collect the incident light
with their large extinction cross section near the surface plasmon resonance and then scatter the
incident light into a wide range of angles to increase the optical path length in the absorber layer
(Figure 17a). This effect has potential for cell cost and weight reduction resulting from use of thinner
absorber layers and also for efficiency enhancement associated with increased carrier excitation level.
Much higher optical scattering rates over absorption rates can be obtained for noble metal particles to
minimize absorption loss by properly choosing particles’ diameters, around 100 nm as a rule of thumb.
The ratio of scattering/absorption rates becomes larger for larger particles in the quasistatic limit
approximation valid for subwavelength-scale particles, while particles with sizes comparable to or
larger than incident wavelengths would suffer from electrodynamic damping to lose the solar energy
just as heat generated in the particles. Several research groups have observed photocurrent
enhancement for Si cells by this scheme [109-115]. Applications of such plasmonic metal
nanoparticles to other types of solar cells such as dye-sensitized solar cells and organic solar cells have
been also reported [116-118].

The very same trade-off between the absorption length and the carrier diffusion length exists of
course also in I11-V semiconductor compound solar cells. A couple of groups have experimentally
studied optically-thin GaAs solar cells with arrays of subwavelength-size metal particles on top and
observed enhancement in photocurrent particularly in near-IR region and even in overall cell
efficiencies [119-121].

By placing a metallic layer at the bottom of a photovoltaic layer as schematically depicted in
Figure 17b, incident light can couple into surface plasmons propagating at the semiconductor/metal
interface via some subwavelength-size feature such as nanoscale grooves [108,122-124]. In this way,
we can convert the direction of energy flux from normal to lateral direction relative to the photovoltaic
layer. This is a novel concept to utilize such surface plasmon propagation for solar cell applications to
harvest more energy from the sun in thin photovoltaic active layers [119,125].
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Some types of conventional solar cells such as silicon solar cells also have metallic back reflectors
to increase optical path, while I11-V semiconductor compound solar cells such as GaAs cells have thin
photovoltaic active layers on top of thick substrate. However, the plasmon-induced absorption
enhancement by metallic back structures observed in this study would occur significantly only for
strongly absorbing or direct bandgap semiconductors accounting for the energy dissipation in metals.

Figure 17. Schematic cross-sectional of solar cell structures with (a) metal nanoparticles
on top and (b) a back metal layer. (a) Incident sunlight is collected by subwavelength-scale
metal particles with their large extinction cross-section and reradiated into semiconductor
in multiple angles to increase optical path length in thin film photovoltaic layers. (b)
Incident sunlight is incoupled into surface plasmons propagating at the
semiconductor/metal interface via subwavelength-size grooves to increase the optical path
by switching the light direction from normal to the photovoltaic layer to lateral.
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Figure 18. Schematic cross-sectional diagram of the waveguide-like GaAs solar cell with
metal back layer.
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A calculation for energy dissipation fraction of coupled surface plasmon polaritons propagating at
material interfaces into metals and semiconductors showed that most energy is absorbed by GaAs
rather than metals for the visible optical wavelength range, which solar cell applications concerns,
particularly for the cases with Ag and Al [126]. This result means GaAs can effectively harvest the
energy extracted from the coupled surface plasmons beating the Ohmic loss in metals with its strong
absorption or large imaginary part of dielectric function. On the other hand, silicon, which is a weak
absorber, has much lower energy absorption fraction suffering from Ohmic loss in metals. This is a
great benefit for direct bandgap semiconductor materials, which are stronger absorbers, for such types
of “plasmonic” solar cell applications. Based on this concept, prototype thin film GaAs solar cells with
Ag back layers have been fabricated with net photocurrent enhancement throughout the solar spectral
range relative to the reference GaAs cell with an absorbing GaAs back layer (Figure 18) [119]. A peak
for the normalized photocurrent around at the GaAs bandedge was found and attributed to multiple-
angle reflection at the Ag back layer. Another photocurrent enhancement peak was found at 600 nm
and is due either to surface plasmon coupling at the GaAs/Ag interface or Fabry-Perot resonance
effect.

7. Conclusions

In this paper, recent developments in the field of 11I-V semiconductor compound photovoltaics
were introduced and possible strategies for further efficiency improvements were discussed. Around-
40% efficiencies have already been achieved with multijunction solar cells. For further efficiency
improvement, a 1.0 eV bandgap material lattice-matched to GaAs and Ge is currently being sought.
Nitrides are the strongest candidates, while suffering from their low quantum efficiencies. Lattice-
mismatch strategies are also going on, such as compositionally graded growth and direct wafer
bonding. Lower-dimension systems such as quantum well and dot structures are emerging to realize
multiple-carrier excitation and multiple-photon absorption to break the conventional efficiency limit.
Metal nanoparticles and metallic thin films with subwavelength-scale grooves are expected to assist
sunlight absorption in thin film photovoltaics with surface plasmon resonance.
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