Chapter 8

PHOTOVOLTAIC - ELECTROLYSIS
CELLS

8.1 Introduction

Steam reforming of methane is currently the most common method
of producing hydrogen and, as a by-product, CO,,

a) CH4 + H,O - CO + 3H;
b) CO + H,0 — H, + CO,

which does the world no favors with respect to issues of global
warming. As discussed in Chapter 2 water electrolysis is another way
to produce hydrogen, however the electricity we use today is
predominately obtained by the combustion of the fossil fuels that, like
methane, are of finite supply and produce as a combustion product
CO; as well as other noxious pollutants such as mercury vapor.
Electricity generated from sunlight offers a viable pathway
for hydrogen production by water electrolysis [1-34], see Fig. 8.1,
with photovoltaics (solar cells) converting solar energy into the
electric energy needed to achieve water electrolysis resulting in the
production of very pure hydrogen. Solar cells are commonly referred
to as photovoltaic (PV) cells; Photo (light) and Voltaic (electricity).
Several review articles consider the characteristics and performance
of such systems, comprised of a photovoltaic converter and
electrolysis device [5,6,9,16,17,19,21,29]. The global efforts at
developing thin-film solar cell technology over the past decade,
moving towards low-cost (plentiful) raw materials for their
manufacture coupled with inexpensive (low energy input) mass
production techniques, suggest that electricity from PV systems (and
therefore PV hydrogen) should become increasingly less costly. The



486 Photovoltaic - Electrolysis Cells

‘less costly’ equation becomes particularly meaningful when the true
costs of fossil fuels are factored into the equation, e.g. the military
costs spent on ensuring oil flow from the Middle East, the associated
political bargains necessarily made to keep the oil flowing, pollution
and their associated medical affects, and of course the consequences
of undesired global climate change.

Solar cells are silent, have no moving parts, cause no
environmental pollution in operation, can generate power locally
where it is needed, and can operate across extensive temperature
regimes. Devices combining photovoltaic solar cells and water
electrolysis may be described as integrated, or monolithic, tandem
PV-electrolytic devices [35-39]. Multiple bandgap PV devices lead
to a more efficient conversion of solar energy, hence a greater
production of hydrogen [35-45] but at greater cost.

| Solar energy |

| Photovoltaics

Electrical
energy  [-——-- -} Photoelectrolysis

Electrolysis

| Hydrogen |

Fig. 8.1: Photovoltaic cell in combination with water electrolysis device
for producing solar hydrogen.

8.2 General Description of Solar Cell Technology
8.2.1 From Past to Present
The recorded development of solar cell technology begins with the

1839 research of French experimental physicist Antoine-Edmond
Becquerel [46,47]. At the age of nineteen he discovered the
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photovoltaic effect while experimenting with an electrolytic cell
containing two metal electrodes. He found that certain metals and
solutions would produce small amounts of electric current when
exposed to light. In 1883 Charles Fritts formed photovoltaic
junctions by coating selenium with an extremely thin layer of gold
[48]. Russell Ohl invented the first silicon solar cell in 1941 [49].
The era of modern solar cell technology began in 1954, when G. L.
Pearson, D. Shapin and C. Fuller demonstrated a silicon solar cell
capable of 6% energy conversion efficiency with direct sunlight
[50]. The first gallium arsenide (GaAs) solar cell was reported in
1956, with a photoconversion efficiency of 6.5% [51]. In 1976
Carlson and Wronksi [52-54] reported solar cells comprised of
amorphous silicon. Modern multi-junction solar cells can be viewed
as a series of p-n junction photodiodes, each of different bandgap,
that commonly include such III-V or II-VI materials as gallium
arsenide (GaAs), gallium indium phosphide (GalnP), copper indium
diselenide (CIS), copper indium-gallium diselenide (CIGS), and
cadmium telluride (CdTe). In 1987, Jerry Olson [55-57] reported a
two-junction tandem photovoltaic device consisting of an upper
GalnP layer and lower GaAs layer, with a photoconversion
efficiency up to 29.5% under concentrated solar light. The addition
of a third junction further increases the conversion efficiency, to
34% for a GalnP/GaAs/Ge solar cell [58], to 40% for a
GalnP/GaAs/GalnAs cell [59,60]. It is believed that the
photoconversion efficiency of multi- (or many) junction solar cells
can be increased up to 55% [61]. For example, highly mis-matched
alloys such as Zn;,Mn,O,Te;x have shown utility in the high
performance high dollar solar cell markets, such as in space
satellites, where dollars are no issue but high photoconversion
efficiency is [62]. Unfortunately issues of cost limit application of
solar cell technology in the ‘real” world. The solar cell market
continues to be dominated by silicon, the fabrication of which is
energy-intensive requiring a manufacturing energy input equal to
several years of energy output of the solar device. Furthermore
modest device [63,64] efficiencies correspond to large land area
requirements to meet the intrinsic energy demands of modern
society. Generally speaking, as of today the cost of energy from
solar cells is = five times that produced by the burning of fossil
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fuels. However since fossil fuels are freely provided by nature, and
still so cheap as to be commonly treated as free (and not treated as
an irreplaceable precious commodity), the factor of five looks pretty
modest.

Following M. A. Green [65], 3" generation photovoltaic
solar cells refer to any device that exceeds the efficiency of a single
junction solar cell, including the well-known tandem solar cells as
well as other approaches that may, for example, circumvent previous
assumptions such as one quasi-Fermi level separation existing in a
solar cell, one photon generating one electron-hole pair, or a
constant temperature existing across the device, etc., giving an
approach or pathway to high device efficiencies such as: (A)
Multiple absorption path solar cells, in which the absorption process
is altered such that either two (low-energy) photons are absorbed to
create a single electron-hole pair or alternately one photon creates
multiple electron-hole pairs. (B) Multiple spectrum solar cells,
where the solar spectrum is changed into a different spectrum with
the same energy. (C) Multiple temperature solar cells, which involve
the extraction of energy from variations in either carrier or lattice
temperature. (D) Multiple energy level solar cells, which have more
than a single quasi-Fermi level separation.

8.2.2 Operational Principles

On earth, as opposed to outer space, the most common solar cell
material is silicon. An atom of silicon has 14 electrons, arranged in
three different shells, 1s*2s*2p®3s®3p”. The first two shells are full,
while the outer shell is half full, hence there are four electrons a
silicon atom can and does share with its neighboring atoms. Pure
silicon is a poor conductor of electricity since none of its electrons
are free to move about.

‘ ‘@ ‘@

1 T T
—Si—S8i—Si— —Si—Si—Si— —Si—Si—Si—
Si Si Si

Intrinsic silicon n-type silicon p-type silicon



8.2 General Description of Solar Cell Technology 489

When a Si atom is replaced with a Column V atom (e.g. P or
As), there is an electron more than that which can be bonded through
nearest neighbor associations. Relatively little energy is required to
manipulate this extra electron; the resulting silicon is called n-type
(n for negative net charge). When silicon is doped with a group III
atom (e.g. B or Al), which have only three electrons in their outer
shells the result is p-type silicon (p for positive net charge). The
absence of an electron is considered a hole that carries positive
charge. When p-type Si is adjacent to n-type Si the concentration
gradients result in diffusion of the holes from the p-type side into the
n-type side, and diffusion of electrons from the n-side into the p-
side. The uncompensated charge result in an electric field across
this space charge region that serves to separate any electrons and
holes created by photon absorption, see Fig. 8.2; the electric field
will send the electron to the n-side and the hole to the p-side. This
causes further disruption of charge neutrality, and if an external
current path is provided electrons will flow through the path to the
p-side to unite with the holes the electric field sent there, doing
useful work along the way. The electron flow provides the current,
and the electric field of the junction provides the voltage; with
current and voltage we have power.
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Fig. 8.2: Operation mechanism of single-crystal silicon p/n junction
solar cell.
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8.2.3 Crystalline Silicon Solar Cells

Since silicon accounts for the large majority of terrestrial solar cells
we briefly consider some of their design issues. To minimize series
resistance good electrical contacts are of critical importance,
commonly achieved by covering the bottom with a metal film
contact, and on the top using a transparent conductor such as SnO,
or metallic contact grid that reduces the distance traveled by the
photogenerated electrons while covering only a small part of the cell
surface, see Fig. 8.3. Antireflection coatings, such as silicon
monoxide (SiOx) or silicon nitride (SiNy), are used to minimize
surface reflections without which silicon will reflect more than 30%
of the incident light. Texturing of the surface by selective etching
can also be used to reduce reflection. To protect the cell from the
environment the cell is covered with a glass plate. PV modules are
made by connecting several cells in series or parallel to achieve
useful levels of voltage and current, and putting them in a sturdy
frame complete with a glass cover and electrical terminals.

Back contact
p-type Si
n-type Si
<+————Contact grid
Anti-reflection coating

Pl

Cover glass
Fig. 8.3: Generic design of single-crystalline solar cell.
8.2.4 Types of Solar Cells

Single crystal silicon (sc-Si), polycrystalline silicon (p-Si), and
amorphous silicon (a-Si) can all be used to make solar cells, with
fabrication cost and device photoconversion efficiencies decreasing
as one moves from single-crystal to amorphous materials. Various
properties of these materials are summarized in Table 8.1. Other
relatively common solar cell materials include gallium arsenide
(GaAs), copper indium diselenide (CIS), copper indium-gallium
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diselenide (CIGS), and cadmium telluride (CdTe). Amorphous
silicon is one of the most developed thin film technologies to-date,
and offers interesting possibilities in further development through
the use of "microcrystalline" silicon which seeks to combine the
stable high efficiencies of crystalline Si technology with the simpler
and cheaper large area deposition technology of amorphous silicon.
However different semiconductor materials, or combinations
thereof, are only suited for responding to a specific spectral range.
Therefore for a given semiconductor a portion of the radiant energy
spectra cannot be used because some of the light quanta will not
have enough energy to activate the charge carriers, and some of the
light quanta will have surplus amounts of energy that will be
transformed into heat rather than electrical energy. There are also
optical losses due to reflection, or shadowing of the cell surface.
Other losses occur due to the electrical resistances of the
semiconductor and connecting cables. Losses intrinsic to a
semiconductor photovoltaic include material contamination, surface
effects, and crystal defects. Loss mechanisms associated with a
bandgap lead to a theoretical maximum efficiency, which in the case
of sc-silicon is approximately 33%. The efficiency of a solar cell is
calculated by:

B Voe X Jgo X FF

Ngiobar =
& 1
s

where V. represents open circuit voltage, Ji. short-circuit current
density, FF the fill factor, and I the power of the incident light. The
fill factor is the ratio of solar cell’s actual power to that obtained
from its Jgc and Voc values.

Table 8.1: Description of silicon based PV solar cells and their efficiencies.

Types [ Crystal size Deposition method Laboratory Production
range efficiency (%) | efficiency (%)
Single-crystal silicon, se-Si 10-15 ¢m Czochralski, Floal Zone ~25 21.8
Multi-crystalline silicon, me-Si < 10em Sawing (Cast) ~20 18.1
Polyerystalline silicon, p-Si = lmm Chemical Vapor Deposition ~18 15.0
Amorphous, a-Si Plasma Deposition ~13 7.0
(Microcrystalline silicon) (< Imm)

Solar cells are broadly classified into five types based on
their intrinsic structures, that we now briefly consider.
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Homojunction

Selective doping alters a single semiconducting material to form
within it a p-n junction. Single-crystal or multi-crystalline silicon are
the most common examples of this type of cell, with other examples
including GaAs and InP, see Table 8.2. In order to improve
conversion efficiency various design aspects can be considered and
varied such as material purity and crystallinity, depth of the p/n
junction below the materials surface, and amount and distribution of
dopant atoms on either side of the p/n junction.

Heterojunction

Hetero-junction devices are comprised of two different
semiconductors. The top, or window, layer uses a material of higher
bandgap while the bottom layer uses a material of lower bandgap.
Thin-film p-CdTe[n-CdS solar cells are one such promising hetero-
junction device, see Table 8.2. The 2.4 eV bandgap of CdS makes it
transparent down to a wavelength of 515 nm. The p-CdTe layer
(bandgap = 1.5 eV) is doped less than that of the n-CdS layer, hence
the depletion region is mostly within the p-CdTe Ilayer.
Consequently most of the carrier generation and collection occurs
within the p-CdTe layer, with ~99% of the incident light absorbed
by a 1 um layer (compared with = 10 um for Si).

Table 8.2: Yarious solar cells (modules) and their efficiencies at global AM 1.5
spectrum (1000 W/m?) [10]

Classification Efficiencies Classification Efficiencies (%)
(%)
m-v Multi-junction (tandem cell)
GaAs(Crystalline) 251 GalnP/GaAs 303
GaAs (thin film) 24.5 GalInP/GaAs/Ge 320
GaAs (Multi-crystalline) 182 GaAs/CIS 258
InP (crystalline) 219 a-Si/nC-Si 117
Thin film GalnP/GalnAs/Ge 31.3
CdTe (thin film cell) 16.5 a-Si/a-Si/a-SiGe 12.1
CdTe (thin film 10.6 AlGaAs/GaAs 28.6
submodule)
CIGS (thin film cell) 18.4 Concentrator Cell
CIGS (thin film 16.6 GalnP/GaAs/Ge 347
submodule)
GaAs (thin film cell) 245 GalnP/GalnAs/Ge 390
GaAs (single cell) 27.8
Si (single cell) 26.8
CIGS (film, single 21.5
cell)
InP (single cell) 253
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p-i-n Devices

These devices consist of a three-layer stack, with an intrinsic (i-type
or undoped) layer between a n-type layer and p-type layer. This
geometry results in an electric field between the p- and n-type
regions that stretches across the resistive intrinsic region. Each
photon absorbed in the intrinsic layer generates an electron-hole pair
that is then separated by the electric field. In 1977 Carlson reported
an amorphous silicon (a-Si) solar cell with a photoconversion
efficiency of 5.5%, produced by glow-discharge decomposition of
silane [66]. Twenty years later, Yang and co-workers reported an
amorphous silicon p-i-n device with a photoconversion efficiency of
13% [67]. It was first shown by Guha et al. [68] that hydrogen
dilution of the active gas mixture during deposition of the
amorphous silicon thin films can be used to improve material quality
(hydrogenated amorphous silicon, a-Si:H). The promise of a-Si:H
solar cells is currently incomplete because of the light induced
photo-degradation of its electronic properties known as the Staebler-
Wronski effect [69]. As the hydrogen dilution is increased, the
transition from amorphous to microcrystalline phase takes place;
recent work has shown that the best amorphous silicon alloy is
grown at a dilution just below the edge of amorphous to the
microcrystalline (pc) transition (pne-Si:H) [70-72]. Materials such as
Ge, B, and N have been used to form amorphous silicon alloys to
obtain higher open circuit voltages.

Since a-Si:H holes have limited mobility relative to that of
electrons, the devices are designed so that light enters through the p-
layer to enable efficient hole collection [72], see Fig. 8.4. a-Si:H
differs from crystalline silicon by the lack of long range order and
the high (bonded) hydrogen content (~10% in device quality a-
Si:H), with a key feature of this material its relative stability to light
induced photodegradation. Although the overall properties of a-Si:H
and sc-Si materials are similar due to similarities in short range
order, the long range disorder in a-Si:H results in bond length and
bond angle distortions, bond defects and microvoids. The major
deposition variables in fabrication of a-Si:H p-i-n devices include
the hydrogen dilution ratio (H,/SiH4), total gas pressure, and
substrate temperature which determine the growth regime and



494 Photovoltaic - Electrolysis Cells

resultant surface characteristics of the intrinsic layer [73-75].
Optimum i-layers are obtained at the maximum possible dilution of
H,/SiHs without crossing the amorphous to mixed-phase (atuc)-
Si:H boundary [73-75].
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Fig. 8.4: Device structures of Glass/TCO/p-i-n/contacts and glass/contacts/
n-i-p/TCO a-Si:H solar cells.

Multijunction

This structure, also called a tandem or stacked cell, can achieve
relatively higher total conversion efficiencies by capturing a larger
portion of the solar spectrum. Different semiconductor materials,
suited for different spectral ranges, are arranged atop each other; the
higher bandgap material is on the top surface, absorbing high-energy
photons, while allowing lower-energy photons to be absorbed by the
lower bandgap materials underneath. These selective absorption
processes continue through to the final cell possessing the smallest
bandgap. Such cells, see Fig. 8.5, have achieved efficiencies of
about 40% [76] but are of course more costly to make than single
junction devices. Table 8.2 summarizes the performance of various
highly efficient multi-junction or tandem cells.
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Fig. 8.5: Light harvesting processes in a multi-junction solar cell. The top
cell, of relatively larger bandgap, BG(1), absorbs light of shorter
wavelength. Subsequent junctions, of decreasing bandgap, absorb longer
wavelength (lower energy) light.

Dye-sensitized Solar Cells

Dye-sensitized solar cells (DSSCs) [77,78] are photoelectrochemical
cells that use photo-sensitization of wide-band-gap mesoporous
oxide semiconductors. DSSCs are promising, at least in principle,
due to their use of low-cost materials and relatively simple apparatus
for manufacturing. Figure 8.6 is a schematic representation of a DSSC
comprised of: (1) TCO-glass. (2) Granular TiO, forming a
nanoporus structure. (3) A dye (N719), which is a visible light-
absorbing substance spread on the TiO; surface. (4) A redox couple
located in the space between the dye and the cathode. (5) A solvent
for the redox couples (I'/I3") e.g. an organic solvent or Room Temp.
Ionic Liquid. (6) Counter electrode.

The current energy conversion efficiencies for a DSSC are
11.1% for an aperture area of 0.219 cm?, and 6.8% for a larger cell
with an aperture area of 101 cm?® [79]. The energy conversion
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efficiency of the DSSCs has not yet reached the level of silicon solar
cells, however silicon solar cells have a head-start in development of
several decades.

TCO Mesoporous layer Counter electrode, Pt

Fig. 8.6a: Schematic representation of a dye-sensitized solar cell (DSSC).
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Fig. 8.6b: Molecular structure of N-719 dye, commonly used in dye-
sensitized solar cells.
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Figure 8.7 illustrates DSSC operation, with the numbered arrows
representing process steps as described. Solar light passes through an
electrically transparent conductive glass electrode (commonly fluorine
doped indium tin oxide) resulting in photoexcitation of dye molecules
(Process 1) adsorbed onto the surface of sintered nanocrystalline
TiO,. The excited electron makes a jump from the dye to the TiO,
conduction band (Process 2); this jump occurs in approximately 107"
s. The electron percolates through the TiO, film, reaching the
transparent conducting layer upon the glass electrode, goes through
external circuit to the counter electrode (Process 3). At the same time
dye regenration takes place by receiving one electron from an iodide
ion, in turn oxidizing the iodide to triodide (Process 4). The iodide ion
regenerates upon receiving one electron from counter electrode,
thereby completing the circuit (Process 5).

Primary energy loss pathways include radiative and non-
radiative deactivation of the dye sensitizer (Process 6),
recombination of the conduction band electrons by the oxidized
sensitzer S” (Process 7), or recombination of the conduction band
electrons by the the oxidized form of the redox system (Process 8).
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TCO TiO, Dye Electrolyte Counter
electrode

Fig. 8.7: Schematic illustration of DSSC operation. Arrows 1-5 represent
the primary pathways for device operation, and arrows 6-8 pathways in
which energy can be lost.
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HoOC.

Z-907

Fig. 8.8: Molecular structures of: [Z-907] Ru-(4,4'-dicarboxylic acid-2,2'-
bipyridine)(4,4'-dinonyl)-2,2'-bipyridine) (NCS),; [K-19] Ru-(4,4'-dicar-
boxylic cid-2,2'-bipyridine)(4,4"-bis(p-hexyloxystyryl)-2,2'-bipyridine) (NCS),;
[K-73] Ru-(4,4'-dicarboxylic acid-2,2'-bipyridine)(4,4'-bis(p-methoxystyryl)-
2,2'-bipyridine) (NCS),.
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Overall power conversion efficiencies of 6-10% have been
achieved by a variety of photoanode nanoporous morphologies [80-
82] incorporating hydrophobic tails onto the light sensitive dyes, e.g.
K-19 and K-73 (Fig. 8.8) [83] and using solvent free electrolytes
[84,85]. A DSSC using Z-907 dye (Fig. 8.8), underwent a stability
test of 1000 hours at 80°C demonstrating a 6% conversion
efficiency, losing 4% of its overall performance [86]. This is in
contrast to amorphous silicon, which commonly demonstrates over
12,000 hours full-intensity operation with no signs of photo
degradation.

8.3 PV-Electrolysis Systems for Hydrogen Production
[1-34,41,43,87-92]

This system employs a PV solar cell to generate electricity that is
subsequently passed to a commercial-type water electrolyzer
(discussed in Chapter2), see Fig. 8.9(a). An alternative system
involves immersion of the semiconductor photovoltaic cell directly
in an aqueous system, see Fig. 8.9(b).
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Fig. 8.9: Schematic diagram of PV-electrolysis systems proposed for solar
water splitting: (a) Electricity generated from photovoltaic cell driving
water electrolysis; (b) PV assisted cell with immersed semiconductor
p/n junction as one electrode.
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Commercial single-crystal Si solar cells generally have
efficiencies in the 12-16% range, while water electrolysis units have
energy efficiencies of about 85%. Thus the efficiency of the
combined PV/electrolyzer system using commercially available
components is close to 10% [43]. The system shown in Fig. 8.9(b)
eliminates the costs and mechanical difficulties associated with
separate  construction and interconnection of solar and
electrochemical cells; in these systems the electrodes are composed
of single or multiple semiconductor p/n junctions that are irradiated
while they are within the cell. This apparatus can be constructed
with proper encapsulation of the semiconductors to protect them
from the aqueous environment. Since PV-electrolysis units for
hydrogen generation are expensive to build it is important to
maintain maximum output power independently of variations in
solar insolation and temperature [17]. Consequently commercial
systems will require the integration of PV arrays with maximum
power point tracking (MPPT) devices, see Fig. 8.10, which are
described by average power conversion efficiency as a function of
partial load [17,87].

Germany, Saudi Arabia, Brazil, Spain, Egypt, India,
Switzerland and several other countries have chosen PV-electrolysis
systems for solar hydrogen production. HYSOLAR (HYdrogen from
SOLAR Energy) [17,88,89] is a German-Saudi Arabian cooperative
research program that has built a 350 kW photovoltaic-electrolysis
hydrogen production plant near Riyadh. The PV-cells are made from
5.7 cm diameter single-crystal silicon wafers mounted behind plastic
Fresnel lenses that concentrate sun light by =~ 33x. Alkaline water
splitting is used for hydrogen production, with a mixture of water
and potassium hydroxide (KOH). At start-up this lens-cell
combination had a reported conversion efficiency of 13 - 15%
depending on the ambient temperature.  The electrolytically
produced hydrogen contains only small amounts of oxygen, nitrogen
and carbon dioxide from the basic water, as well as KOH vapors
from the production process [89,90].
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Fig. 8.10: Schematic diagram of PV-electrolysis system pilot plant [88-90].

Ohmari and co-workers [91] used a rf magnetron sputtered p-
type c-Si/n-type a-Si:H thin film solar cell for photovoltaic assisted
water electrolysis, with a solar to hydrogen conversion efficiency of
3.0%. Currao and co-workers [92] used an amorphous silicon solar
cell in combination with a photoelectrochemical cell for water
photoelectrolysis, with an AgCl photoanode and Pt cathode; two
separate compartments comprising the anode and cathode were
connected through a salt bridge. Illumination of both the AgCl
photoanode and the amorphous silicon solar cell resulted in
photoelectrochemical water splitting, with the voltage generated by
the solar cell used to bias the electrodes.

8.4 Multi-junction PV Tandem Cells for Hydrogen
Production [35-39,44,45,93-101]

Kocha et al. [93] reported a photovoltaic tandem cell consisting of
GalnP, homojunction grown epitaxially upon a GaAs homojunction,
connected through a (transparent) GaAs tunnel diode. This tandem
cell is equivalent to two solar cells connected in a series, each
utilizing a separate portion of the solar spectra. The GalnP, p/n
junction, bandgap of 1.83 eV, absorbs visible light while the GaAs
p/n junction, bandgap of 1.42 eV, absorbs in the near-infrared
region. The voltages of the two cells are additive. After modifying
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the illuminated front surface by a Pt colloid to reduce
photocorrosion, photoelectrochemical water decomposition was
carried out in 1 M H,SOs. The stoichiometry of the simultaneously
evolved H, and O from the illuminated surface was found to be
2.8:1, after 8 hours O, ceased to evolve. Prior to sample
decomposition the measured efficiency was found in the range of 4-
10% for water splitting.

Khaselev and Turner [35] reported a novel direct water
splitting system, shown schematically in Fig. 8.11. The integrated,
monolithic photovoltaic-photoelectrochemical device consists of a
4.0 um thick top layer of epitaxially grown p-Gay szIng 4P, which is
connected in a series via a tunnel junction to a GaAs p/n junction
bottom cell on a GaAs surface. This device differs from a standard
solid-state tandem cell in that a PEC schottky-type junction has
replaced the top p/n junction. Under illumination electrons flow
toward the illuminated surface and holes flow toward the ohmic
contact. For the device to function properly and efficiently the GaAs
solar cell must provide sufficient voltage to overcome any energetic
mismatch between the band edges of the GalnP, and the water redox
reaction, and must also provide any additional voltage needed to
overcome overvoltage losses from the H,; and O, evolution
reactions. Hence total photovoltage output must include the
thermodynamics of water splitting, polarization losses for anodic
and cathodic processes, and the current-resistance potential drop in
the bulk of the electrolyte which can be significant when gas
evolution occurs. Upon illumination with a 150 W tungsten-halogen
lamp, water (freshly prepared 3.0 M H,SO, + 0.01 M ¢
octylphenoxypoly ethoxyethanol used as an electrolyte) splits
directly to produce H; at the semiconductor electrode and O, at the
counter electrode in the ratio of 2:1 with a light-to-hydrogen
conversion efficiency of 12.4% [35]. Two reasons have been cited
for the preferred hydrogen production at semiconductor electrode:
one is low overvoltage loss for the H, evolution reaction and the
other is the cathodically protected semiconductor surface [94].
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Fig. 8.11: Schematic model of a photoelectrochemical-photvoltaic p-
GaAs/n-GaAs/p-Gag spIng 4P device [35].

Several monolithic, multi-junction integrated PV/electrolysis
configurations and their efficiencies are summarized in Table 8.3. A
solar-to-hydrogen conversion efficiency of over 16% has been
demonstrated by a tandem configuration of n/p-GalnP,n/p-
GaAs(Pt)[KOH|Pt [95]. Triple junction p-i-n-a-Si(Pt)]KOH|Pt
exhibits 7.8% conversion efficiency [95]. The low current density of
the a-Si system results in water electrolysis with an equivalent
efficiency of 86% (effective electrolysis voltage 1.42 V). Litcht and
co-workers [96] designed a novel multi-junction AlGaAs|Si-
RuO;|Ptylack photoelectrolysis cell demonstrating water splitting at a
record solar driven conversion efficiency of 18.3%. The cell
structure consists of a thin top layer of sequentially grown p-
Al 15GaggsAs (bandgap = 1.6 eV) on a GaAs cap layer atop a p -
Si|n-Sijn"-Si multi-junction. The bipolar configured semiconductors
generate an open circuit voltage of 1.30 V and maximum power
potential of 1.57 V, well suited to the thermodynamic potential of
water splitting.

The principal solar water-splitting models predict dual-band
gap photoelectrolysis efficiencies of 16% [40], and 10-18% [41].
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These predicted efficiencies are lower than the observed water-
splitting efficiency reported by Licht and co-workers [96,97], most
likely due to underestimation of the experimental optical energy
conversion (Mphoto)  attained by contemporary devices or
underestimation of the attainable redox conversion of water to H,
and Oz (Meleetrolysis)- For example, the estimated values of Nphoto <
20% by Bolton and coworkers [41] are inherent to an estimated 10%
reflection loss, 10% quantum-yield loss, and 20% absorption loss.
However as summarized in Table 8.3, demonstrated mpnoto values
are considerably higher than 20%. Furthermore all cells shown in
Table 8.3 exhibit an open circuit photopotential greater than the
minimum potential needed to split water, with most of these cells
generating a photopotential in excess of 2 V. For example, two
GalnP|GaAs cells in series, each cell having a maximum
photopotential of 2.0 - 2.1 V and an open-circuit potential of 2.3 V,
will drive three series-connected 1.3 - 1.4 V water electrolysis cells.
Water electrolysis at 1.36 V yields electrolysis efficiencies of over
90% [97]. Predicted maximum Mphotoelectrolysis Values using observed
Nphoto Values of various dual bandgap sensitizers are summarized in
Table 8.3. A challenge remains to select bipolar (multiple) band
gaps with a combined maximum power point voltage tuned to the
electrolysis potential of water [42,98].

A single chip photovoltaic water electrolysis device with 3%
solar to hydrogen conversion efficiency is reported under AM 1.5,
100 mW/cm? illumination [99]. The stacked p-i-n a-Si solar cell was
deposited on a SnO, substrate by plasma CVD. Co—Mo and Fe—Ni—
O electrodes were prepared on, respectively, a stainless steel and Ni
sheet by rf magnetron sputtering. The two electrodes were then
adhered to the solar cell with conducting Ag paste, then submerged
within a KOH solution for testing. Kelly and Gibson [100] designed
a robust photoelectrochemical device using triple junction n-i-p a-
Si:H solar cell coated with a fluorine doped tin oxide layer (FTO),
that protected it from corrosion, and arranged in such a way that the
outer p-type layer remained in contact with KOH electrolyte for
water splitting.
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Table 8.3: Predicted and measured photoelectrolysis efficiencies derived from equation

Photovoltaics Light M phote (Measured) Tl bt Ref.
level (Predicted
GalnP/GaAs 1 Sun 30.3% | 27-29% | - 97
GalnP/GaAs 180 Sun 30.2% 27-29% - 97
GaAs/Si 350 Sun 29.6% 27-28% [ ) 97
InP/GalnAs 50 Sun 31.8% 29-30% - 97
GalnPy/GaAs; p, n/p 11 Sun - e 12.4% 35
GalnPy/GaAs; n/p, nip 1 Sun 28 5% B | 16.5% a5
p-i-n a-Si (triple junction) 1 Sun 9.0% - 7.8% a5
AlGaAs/Si 1 Sun 21,2% 19-20% 18.3% 96,97
p-i-n a-8i (tripleiunclixm)! 1 Sun - - 2.5% 99
n-i-p a-Si (triple junction} 1 Sun - - 5-6% 100
CdTe:C1GS2 1 Sun 16.5%: 18.4% - 6.77% 102

" one-chip PV device dipped into electrolvie.

Multiple Bandgap Tandem Thin-film PV Cells for H; Production

This approach is distinct from multi-junction thin-film PV tandem
cells where the individual PV cells are grown upon the other
[101,102]. Here two PV cells grown on a transparent conducting
layer are connected in series. The infrared photons not absorbed by
the PV cells are incident on the photoanode to reduce the needed
overvoltage required for water splitting. An illustrative PEC set up
is shown in Fig. 8.12 [103], consisting of two illuminated PV cells,
with a RuS, photoanode for oxygen evolution and a platinum foil
cathode for hydrogen evolution.

NitAl

— I — Glass
-Zn0O:Al
B=eng Sno,iF =
n-Cds
cds
p-CIGS2 oy
-TCO
P p-TCO
Glass S L L]
v

u RusS, u Pt

Fig. 8.12: Illustrative photoelectrochemical setup consisting of two thin-
film PV cell and RuS, photoanode for oxygen evolution and Pt cathode for
H; evolution [103].
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DSSC-based Tandem Cell for Solar Hydrogen Production

A DSSC-based tandem cell has been described [104] composed of
two cells in series. The first, or front cell absorbs the high-energy
ultraviolet and blue light in sunlight through nano-crystalline metal
oxide (e.g. WOs3) thin films to generate electron-hole pairs, with the
valance band holes used to oxidize water. The second cell, a
nanocrystalline TiO, DSSC cell captures light, passed by the first
cell, in the green to red region of the solar spectrum. The electrons
photogenerated in the conduction band of the second photosystem
are used to generate hydrogen. The two cells operating together in a
manner analogous to the Z-scheme of photosynthesis, provide the
necessary potential required for water splitting, with an overall solar
to hydrogen conversion efficiency of 6% [104], see Fig.8.13.

-1.0=1 H2 § R
H,O A
E(H,/H,0)
0.0
-——— CB 1.6 eV
A
1.0
E(H,0/0,) + 4+
Dye-sensitized TiO,
0= 26 eV Photoanode
H,O
3.0~ 2
+ 4+ + VB 02
WO,
Counter electrode
4.0 =1

Fig. 8.13: Z-scheme approach to photocatalytic water splitting using a
DSSC based tandem cell.
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