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X.1 Introduction

Electricity and lighting, heating and cooling, computers, cars, planes—the
hallmarks of modern life are synonymous with energy consumption.® 2 Since much of the
world's ever-growing population lives in societies striving to modernize, the world's need
for sources of clean and renewable energy is more urgent than ever.? Although the sun
offers more than enough power to satisfy humanity's appetite for energy, technologies for
solar energy conversion remain too costly to compete with fossil fuels on a worldwide
scale.®* Research into new and improved technology is part of the solution, and
photovoltaics and artificial photosynthesis are two approaches with much practical
potential.>”’ Photovoltaics converts sunlight into electricity: small installations can power
individual homes or solar farms can light up cities. Nevertheless, storing the sun's energy
as a fuel to balance out daily fluctuations or for transportation remains an important
demand of modern life. Artificial photosynthesis uses photoelectrochemistry to transform
sunlight directly into chemical fuels for these applications. Both of these approaches have
a promising future as part of the portfolio of renewable energy technologies that will be
needed to wean the world from its dependence on fossil fuels.® For this breakthrough to
occur, however, these technologies will need to be more efficient and less costly, two
challenges that nanowires can help overcome.

The potential of nanowires in solar energy applications lies in their tunable
geometric effects and high surface-to-volume ratio. Since the nanowires typically
employed in photovoltaic (PV) and photoelectrochemical (PEC) cells are too large to

show quantum confinement effects, conventional semiconductor physics applies. In



comparison with planar devices, however, they offer a much larger surface-to-volume
ratio, with roughness factors reaching up to ~300.% ® Because the dimensions of the
nanowires are on the same scale as the wavelength of visible light and the minority
carrier diffusion lengths in many solar materials, their geometry can improve light
absorption and charge collection in energy conversion devices. Additionally, the high
surface-to-volume ratio of nanowires is especially useful for artificial photosynthesis
because it increases the surface area available for the fuel-producing chemical reactions.
For all these reasons, the unique properties of nanowires make them promising
candidates for efficient PV and PEC devices.

This chapter has been organized to emphasize some of the commonalities
between photovoltaics and artificial photosynthesis, the contributions that nanowires can
make to each field, and the evolution of these contributions. After a brief introduction to
each field in sections 2 and 3, section 4 presents some advantages of nanowire devices for
solar energy conversion that are common to both fields; the following two sections then
address topics that are specific to the individual fields. Section 7 then offers a history of
the Yang Group's work in photovoltaics and artificial photosynthesis as a case study of
their development over the past eight years. This perspective on the past offers lessons
for future achievement in nanowire photovoltaics and artificial photosynthesis, and lastly,
section 8 highlights some of the challenges still to be addressed in using nanowires for

solar energy conversion.

X.2 Principles of Photovoltaics



Photovoltaics is the conversion of sunlight into electricity using solar cells. In
conventional semiconductor solar cells, a p-n junction establishes a built-in electric field
within the material'® ! (Fig. X.1a). At the contact interface between the p-type and n-
type semiconductors, excess holes and electrons recombine until the chemical potential
difference is counterbalanced by an electrical potential difference. The extent of the area
devoid of carriers, or depletion region, depends upon the doping levels of the two sides of
junction and the materials' dielectric constants. When a semiconductor absorbs photons,
electrons are excited from its valence band to conduction band, producing an electron-
hole pair. The built-in electric field at the junction, or band-bending, separates the
electron and hole and accelerates them toward the solar cell's contacts to be collected as
current. This current and the built-in field's voltage transform the sun's energy into
electrical energy. If the photogenerated carriers originate in the semiconductor far from
the p-n junction, the minority carriers must diffuse to the depletion region to be separated.
Recombination during this diffusion process and recombination within the depletion
region are two of the main loss mechanisms that reduce a solar cell's efficiency.

[Figure X.1 near here]

Several metrics are used to evaluate and compare the performance of solar cells.
The current-voltage (I-V) curve is measured under illumination from a solar simulator,
which is a light source that produces 1-sun intensity (100 mW/cm?) with an AM1.5G
spectral profile (Fig. X.1b). It provides the open-circuit voltage (Voc), the short-circuit
current (lsc), and the fill factor (FF); the product of these three metrics is the maximum
power produced by the solar cell (Fig. X.1c). If the material properties of the solar cell

are known, the thermodynamic limits for these metrics can be calculated™® ** to analyze



the solar cell's experimental performance and diagnose areas for improvement. Efficiency
(), which is the maximum power produced by the solar cell divided by the power of the
light incident on it, is the most important metric of performance. Since the two primary
processes in a solar cell are generation of electron-hole pairs and their collection,
measuring both the wavelength-dependent absorption of the solar cell and its efficiency at
each wavelength, referred to as the external quantum efficiency (EQE) or incident
photon-to-current conversion efficiency (IPCE), allows the calculation of the wavelength-
dependent internal quantum efficiency (IQE) or absorbed photon-to-current conversion
efficiency (APCE). While EQE provides the net performance of the solar cell that
comprises effects from both absorption and charge collection, IQE indicates how well the
solar cell collects charges once they are generated.

Research into nanowire PV falls into two categories: nanowire array solar cells
and single-nanowire devices. Although other designs have been proposed,'* *°
conventional nanowire array cells consist of vertical nanowires electrically contacted in
parallel so that they generate currents comparable to thin-film PV cells. These devices are
the most relevant for calculating efficiencies and comparing metrics with planar solar
cells, and they take advantage of the improved charge collection, transport, and light
trapping that occurs in nanowire films. In contrast, single-nanowire solar cells offer
fundamental information about the optical and electronic properties of the solar cell's
materials and the quality of its charge-separating junction. They provide insight into

improving the performance of array solar cells.

X.3 Principles of Artificial Photosynthesis



Photovoltaics converts sunlight into electricity, but transforming solar energy
directly into chemical fuels is also important. The direct conversion of sunlight into

16-20 mimics natural

energy stored within chemical bonds, termed artificial photosynthesis,
photosynthesis that occurs in plants.? This concept was originally demonstrated in the
1970s, using TiO, as a photocatalyst to split water into H, and O,.%

The classic operation of a PEC cell used for artificial photosynthesis takes
advantage of the semiconductor/electrolyte interface and resembles a photovoltaic: a
photocatalytic semiconductor is immersed in an electrolyte, which forms a built-in
electric field at the semiconductor/electrolyte interface (Fig. X.2a). Light absorbed by the
semiconductor produces electron-hole pairs, and the built-in field at this junction
separates the charges so they can perform separate chemical reactions: an oxidation and a
reduction. Typically, the minority carrier reacts at the surface of the semiconductor while
the majority carrier travels through the bulk of the semiconductor electrode and performs
the complementary reaction at a counter electrode (Fig. X.2b). Alternatively, two light-
absorbing semiconductors can be used in the biomimetic "Z-scheme": one semiconductor
acts as a photocathode for reduction and the other as a photoanode for oxidation (Fig.
2¢).18 232 |n each of these electrodes, photoexcited minority carriers move to the solution
for the half-reactions, while majority carriers recombine at the interface connecting the
light absorbers. Often the surfaces of the electrodes are decorated with co-catalysts to
facilitate the chemical reactions. Since the product of a PEC cell is a chemical fuel rather

than electricity, the entire structure can be miniaturized into powder form. This version is

particularly attractive because it is extremely low cost: powder is mixed into electrolyte



and, upon exposure to sunlight, produces chemical fuels. Disadvantages include the high
losses to back-reactions since the cathode and anode are in close proximity and the
difficulty of separating and collecting the product fuel.

[Figure X.2 near here]

In contrast with a photovoltaic cell, the efficiency of a PEC cell can be
benchmarked in different ways.?’ For an individual photoelectrode that facilitates a redox
half-reaction, e.g. reducing H" to H, or oxidizing H,O to O,, the efficiency of the PEC
device can be calculated in the same way as that of a solar cell, taking the thermodynamic
electrochemical potential of the redox species as the short-circuit condition. This
measured efficiency can be interpreted as the efficiency of the photon's assistance in
driving the redox reaction, neglecting the additional energy required for the other half-
reaction to maintain charge neutrality. In this context, this calculated efficiency is in
accord with the efficiency of conventional electrochemistry, which uses a three-electrode
setup. The efficiency of the sunlight-to-fuel conversion process, however, can also be
defined as the overall energy stored in the chemical bonds of the produced fuel,
normalized to the energy density of the incident photons. Here the efficiency is defined in
the context of the overall chemical reaction rather than a redox half-reaction; this method
is relevant to the full process of artificial photosynthesis.

Acrtificial photosynthesis shares similarities with photovoltaics, but it has
additional flexibilities as well as restrictions. Both processes require absorption of light
and use a junction's built-in electric field”® to separate photogenerated charges; however,
since in artificial photosynthesis a liquid electrolyte facilitates the electrochemical

27,28

reactions,® the electric field is created by semiconductor/electrolyte interfaces or



embedded solid junctions.?® ** The materials used must also be stable against
photocorrosion in the electrolyte under illumination. Additionally, unlike photovoltaics,
which aims simply to maximize overall power output, a minimum voltage is required to
produce fuels from sunlight, which is imposed by the energetics of the desired chemical
reaction. Driving reactions such as splitting water into hydrogen and oxygen or reducing
carbon dioxide into organic fuels requires thermodynamic potentials greater than 1V. To
overcome the Kinetic barrier to achieve a high reaction rate, an electrochemical
overpotential is also required.* This voltage restriction limits the choice of materials to
semiconductors with wide band gaps if only one light-absorber is used.** To achieve high
efficiency, however, two light-absorbers with small band gaps can provide the voltage for
the chemical reaction in the "Z-scheme."** ** This design means that many materials with
small band gaps developed in photovoltaic research could be used, provided they are
stable in the electrolyte. The additional flexibility of the "Z-scheme" design makes it a
promising approach for converting solar energy into chemical fuels.

Implementing the "Z-scheme" for artificial photosynthesis is an engineering
challenge that comprises the optimization and integration of many components. It
requires maximizing and matching the voltage and current performance of the
photocathode and photoanode, as well as pairing them with appropriate catalysts, and all
of these components must be functional and stable under the same operating conditions.
In nature, the photosynthetic components in chloroplasts are carefully arranged:
photosystems | and 11 exist side by side on the thylakoid membrane with the electron
transport chain between them for efficient charge transfer, while the reduction and

oxidation catalytic centers are spatially separated to minimize undesirable back-reaction



of the photosynthetic products.*” #*® Achieving such microscopic spatial control is a
critical goal in artificial photosynthesis. Once researchers understand the behavior of
nanoscale PEC systems on a modular level, they can then examine and engineer how
these components interact at the system level.** The final achievement will be assembling

all the pieces to demonstrate an optimized integrated system for artificial photosynthesis.

X.4 Nanowires for Solar Energy Conversion: Commonalities between

Photovoltaics and Artificial Photosynthesis

The similarities between PV cells and PEC cells used for artificial photosynthesis

mean that certain features of nanowires can be beneficial to both technologies.

X.4.1 Charge Collection and Transport
[Figure X.3 near here]

One of the key advantages of nanowires for the conversion of solar energy is
their potential for more efficient separation and collection of photogenerated charges.
Radial junctions orthogonalize the directions of light absorption and charge separation:
absorption occurs along the long axis of the wire, while the photogenerated minority
carriers travel only the radial distance to be separated and collected (Fig. X.3).** Once
separated, the now majority carriers have a direct path to their electrode through the
continuous and conductive core of the nanowire. Materials whose optical absorption
length is much longer than their minority carrier diffusion length benefit most from this

geometry, but it is still useful for materials with excellent absorption and transport such



as GaAs.* Because the core-shell geometry relaxes the requirements on minority carrier
diffusion length,* nanowires can allow solar cells or photoelectrodes to be made from
materials that are unsuitable in a planar geometry. In PV, candidates include sulfides,*’
oxides,*® and low-purity* or heavily doped silicon,*® which have the advantages of being
inexpensive and abundant in the earth's crust. Dye-sensitized solar cells**** and
semiconductor-organic hybrid solar cells** also employ this geometry in order to improve
charge collection from the dye or low-mobility organic phase. Such an idea of sensitizing
a conductive nanowire scaffold has also been used in photoelectrodes, in which the
surrounding electrolyte forms a core-shell-shell structure.*>4®
[Figure X.4 near here]

Equivalent circuit models are used to describe the transport of electrons within a
PV or PEC cell and to analyze how to improve its performance (Fig. X.4a). In a solar
cell, the p-n junction is a rectifying diode because the built-in electric field allows current
to flow appreciably in only one direction. The forward bias current increases
exponentially as the applied bias counteracts the built-in potential of the junction,
lowering the barrier for carriers to diffuse across it (diffusion current).’® The reverse
saturation current arises from thermally generated carriers that drift to their respective
contacts via the built-in field (drift current). Additional diodes, which can also be
conceptualized as voltage-dependent variable resistors, can be added in parallel with the
drift-diffusion diode to represent recombination processes, such as the recombination

10.47 or at grain boundaries.*® Shining light on the solar cell

within the depletion region
generates a constant flow of electrons and holes, modeled as a current source that

opposes the diode's diffusion current and shifts the 1-V curve on the current axis.



Resistance that impedes transport through the quasi-neutral regions of the solar cell or its
contacts is labeled series resistance and reduces the current output and fill factor of the
solar cell. Stray current paths that bypass the potential of the junction lower the solar
cell's shunt resistance and reduce its open-circuit voltage and fill factor. The ideal diode
model of a solar cell exhibits no series resistance and infinite shunt resistance; for best
performance from a practical standpoint, the series resistance should be much smaller and
the shunt resistance much larger than the characteristic resistance of the solar cell (Rcp),
which is given by Voo/ls..** *° In the equivalent circuit of a photoelectrode, the
semiconductor/electrolyte junction functions as a diode, the electrochemical charge
transfer behaves as a voltage-dependent series resistor, and the recombination of
photogenerated carriers acts as a voltage-dependent shunt resistor. An additional series
resistance from mass transport limitations can also arise under conditions of intense
illumination or low concentration of redox species.” The high surface area of an array of
nanowires can reduce series resistance and therefore increase the photocurrent curve's fill
factor by allowing more chemicals to be produced at a lower voltage. Both this reduced
overpotential and more efficient charge collection are reasons cited in the literature for
the enhanced performance of nanostructured electrodes as compared to planar
benchmarks (Fig. X.4b-d).?" 2

Radial junctions offer many opportunities for improved PV and PEC cells, but
careful design and control over material properties are necessary to realize their benefits.
To avoid degrading the device's efficiency with low built-in voltage or high series
resistance, fully depleting the carriers of either side of the junction must be avoided.

Because of their small size, the core or shell of a nanowire with low carrier concentration



can be easily depleted if the junction's other side is more heavily doped. For this reason,
the core and shell thicknesses and doping levels or redox concentrations must be
carefully controlled to ensure optimized performance.*?*°

Additionally, interface and surface states play a much larger role in nanowire
devices than in their planar counterparts. Nanowire PV and PEC cells are particularly
sensitive to depletion-region recombination because of their large junction area.***® In
PV, experimental work on silicon and CdS/Cu,S single-nanowire solar cells indicates that
the quality of the junction is crucial to their efficiency. By controlling the crystallinity of
the shell and the abrupt doping structure of the homojunction, the V. of p-i-n silicon
single-nanowire solar cells has improved from 260 mV to up to 500 mV and the FF from
55% to 73%.>*° These figures still trail those of planar crystalline silicon PV, whose
record values are 706 mV and 83%, and such a difference is typical for single-nanowire
solar cells produced from other materials such as GaAs®" *® and the GaN/InGay«N
system.*® CdS-Cu,S single-nanowire solar cells, however, exhibit V. and FF values that
slightly exceed those of their planar counterparts, which is attributed to their high-quality
heteroepitaxial junction.*” In PEC, this principle translates into control of the
semiconductor-electrolyte interface, and it has been demonstrated that without
consideration of the interface, a nanowire electrode may not outperform a planar one.®® ©*
Electrochemical impedance spectroscopy can be used to understand the role of surface

states, 5163

and the interface should be engineered to minimize detrimental effects such as
surface recombination® and Fermi-level pinning.®> Work on TiO, photoanodes has
demonstrated improved performance by modifying the surface with TiO, deposited by

atomic layer deposition (ALD),®® and applying catalysts to the electrode's surface is also



a form of engineering the interface to reduce surface recombination. Another common
strategy for junction engineering adds a core-shell heterojunction at the
semiconductor/electrolyte interface to produce an additional built-in field for charge
separation.®” ® Sometimes the shell is also designed as a sensitizer, allowing light to be
absorbed at the surface, while the conductive core provides charge transport along the
wire's length.

One challenge inherent to charge collection within a nanowire array is its dilution
of photogenerated carriers across a larger interface, resulting in lower V. or photovoltage
as compared to planar PV or PEC cells.*® Assuming that the dominant recombination
mechanisms in the planar and nanowire solar cells are the same, which is an assumption
that depends on the specific material system,° this effect is analogous to a planar cell
with the equivalent junction area operating in lower light conditions. Because of the
chemical reaction that occurs in PEC cells, this disadvantage is counterbalanced by the
lower overpotential required to perform that reaction. No such mitigating factor exists for
PV, however, suggesting that concentration of incident light might improve the efficiency

of nanowire solar cells.

X.4.2 Light Trapping in Nanowire Arrays

Nanowires in ordered or random arrays exhibit light-trapping effects because of
their microscopic arrangement and sub-wavelength diameters. These effects allow a film
of nanowires to absorb more light than would a thin film made from the equivalent
volume of material. A portion of this increase arises from the nanowires' acting as an

anti-reflection coating, which can be understood as grading the refractive index



difference between air or the electrolyte and the material of the nanowire;*® ® however,
the specific geometry of the interfaces within the nanowire film dictates the film's optical
modes, which also lead to increased absorption.”* The record nanowire solar cell, made
from InP nanowires with axial p-i-n junctions (Fig. X.5), relies on light trapping: its
nanowires cover only 12% of the area of the cell but produce 83% of the short-circuit
current of the best InP planar cells.”? Although even random arrays exhibit light trapping,
carefully engineered arrays in theory can exceed the light trapping of a randomly textured
surface” and produce a nanowire solar cell whose efficiency exceeds that of its planar
counterpart.”* " Much experimental work has demonstrated increased absorption within
72,76-78

nanowire and microwire films.

[Figure X.5 near here]

X.4.3 Approaches for Reducing Costs

The commercial relevance of a solar technology depends both on its efficiency
and its cost of implementation.® Even the most efficient technologies, such as
multijunction concentrator solar cells, are not in widespread use because they are still
prohibitively expensive.”® Lower production costs, as compared to crystalline silicon

8.81 and nanowires can

modules, have driven the expansion of the thin-film PV industry,
be viewed as the natural heir in this succession of inexpensive, yet efficient technologies.
PEC cells that convert sunlight directly into chemical fuels, rather than using an
electrolyzer coupled to a PV cell, and in particular powder photocatalysts, are a way to

reduce the complexity and cost of solar energy conversion even further. The extensive

literature on low-temperature, solution-based, and scalable syntheses of nanowires



indicates that nanowire PV and PEC cells will ultimately be less expensive to produce
than their thin-film counterparts. In addition, the unique optical and transport properties
of nanowires will allow less actual material to be used in a PV or PEC cell to achieve
similar efficiencies.”> ™ The development of scalable atomic layer deposition (ALD)
processing also bodes well for nanowire PV and PEC cells because it can coat high-
aspect-ratio nanowire arrays with ultrathin semiconductor films to form transparent
contacts, heterojunctions, or encapsulation layers.? ® It also provides a method for
loading catalytic materials uniformly along high-aspect-ratio structures and offers
unprecedented control over small loading amounts of expensive catalysts such as Pt.%*
Finally, like organic solar cells and some thin-film PV, nanowire array cells can be
produced using lightweight, flexible substrates that will make them less expensive to

implement and suitable for mobile applications.®

X.5 Single-Nanowire Photovoltaics

Single-nanowire devices are useful platforms with which to study the electrical
and some of the optical properties of nanowire PV cells. The typical device geometry in
which the nanowire lies flat on an insulating substrate does not capture the benefits of
orthogonal light absorption and charge separation, but it does provide a way to
investigate the quality of the charge-separating junction, the charge transport through the
nanowire, and the wavelength-dependent photocurrent of the nanowire solar cell. Since
the fabrication of array solar cells can be plagued with difficulties in reducing series

resistance and maximizing shunt resistance, single-nanowire solar cells allow some



fundamentals of the material system to be investigated before extensive effort is put into

developing an array solar cell.

X.5.1 Transport within Single-Nanowire Solar Cells

Current-voltage (I-V) curves of single-nanowire solar cells determine if the
chosen material junction rectifies and separates photogenerated carriers. Reducing
parallel and series resistances in single-nanowire solar cells is simpler than in an array
device. While low shunt resistance often obscures rectifying behavior in array solar cells,
the shunt resistance of single-nanowire solar cells arises from the quality of the material
junction since much spatial separation exists between the top and bottom contacts. Series
resistances are also less important than in array solar cells because single-nanowire
devices source only pico- or nanoamperes of current; consequently, their junction's
characteristic resistance is many orders of magnitude larger than that of an array solar
cell, allowing the Is. and FF to remain relatively unaffected by kilo- or even mega-ohm
series resistances. Additionally, ohmic behavior and quantitative contact resistance at the
metal/semiconductor interfaces can be evaluated by four-point resistance measurements
on the devices. Although absorption of light in single-nanowire solar cells can be a
challenge because of the small path length and potentially small active area for axial
junctions, power and temperature dependencies of the solar cell's parameters under
concentrated light sources can still offer insight into the junction quality. Because the
excitation geometry of typical single-nanowire solar cells does not match that of an array
device, efficiency estimates based on single-nanowire solar cells are less relevant. Also,

since single-nanowire solar cells are typically smaller in diameter than the wavelength of



light in the visible spectrum, their absorption cross-section can exceed their geometrical

cross-sectional area, which increases their apparent efficiency.™

X.5.2 Optical Properties of Single Nanowires
[Figure X.6 near here]

Because of their subwavelength dimensions, single nanowires exhibit optical
resonances in the visible portion of the spectrum that increase their absorption of light.
These resonances are modeled as the electromagnetic modes of a dielectric cylinder and
can be either bound modes or leaky modes, depending on whether their propagation
constant is real or complex, respectively.®® Bound modes confine and guide incident light
along the axis of the cylinder, while leaky modes allow energy to radiate from the system
as the light propagates along the wire.** °8- 889 At the wavelengths of these resonances,
the nanowire's absorption cross-section is much larger than its geometrical cross-section,
essentially concentrating light within the wire. The positions and intensities of these

modes depend sensitively on the nanowire's refractive index and diameter,™* *>*° put

similar trends are seen for nanowires with various cross-sectional geometries (Fig. X.6)."
Two- and three-dimensional numerical electromagnetic simulations, which solve
Maxwell's equations for the light-wire system, can be used to predict enhancements in
absorption that agree well with experimental results.> % These resonances increase the
estimated efficiency of a single-nanowire solar cell because they allow the wire to collect
light from beyond its geometrical cross-section, meaning that the external quantum

efficiency of the wire can exceed unity at resonance wavelengths even when the internal

quantum efficiency is lower and limited to unity (Fig. X.6d).>> *® This increase in single-



wire efficiency, however, does not necessarily translate into more efficient array solar
cells. Using these modes to improve the efficiency in array devices implies sparse
coverage of a substrate with nanowires, since dense arrays would make the concentrating
effect unnecessary. In this case, since nanowire solar cells operate more efficiently under
concentrated light, an array device might perform better by concentrating light into a few
nanowires rather than harvesting dilute light over a dense array of many nanowires.”® ®
Achieving such an optimal architecture requires predicting the diameter and pitch of the
nanowire array necessary to create sufficient concentration of light within the nanowires,
as well as experimental realization of such a design. Numerical electromagnetic
simulations will therefore continue to play a key role in the design of nanowire PV,
although they must be complemented with synthetic techniques that can achieve spatial
control over the growth of regular nanowires. The next step will be to integrate

electromagnetic simulations with models of the device physics to understand where

charges are generated within the wires so that they can be collected most effectively.”

X.6 Nanowires for "Z-scheme" Artificial Photosynthesis: Electrochemical

Considerations

X.6.1 Stability Against Photocorrosion

In contrast to PV cells that can be encapsulated to protect them from degradation
by the elements, PEC photoelectrodes must remain stable during operation in an
electrolyte under illumination. The oxidative environment at the photoanode is

particularly corrosive and suggests the use of a stable protection layer, especially for



compound semiconductors in aqueous electrolytes. The technique of atomic layer
deposition (ALD),% with its capability to form uniform, pinhole-free coatings on high-
aspect-ratio nanostructures, is a particularly promising approach for protection layers, as

demonstrated in the case of a Si photoanode® and a Cu,O photocathode.*®

X.6.2 Principles of System Design

To optimize the performance of the "Z-scheme" in artificial photosynthesis,
charges should move through the multi-component system unhindered. Achievement of
this goal requires matching the charge flux between the current-generating light-
absorbers and the current-consuming electrocatalysts. At the same time, current densities
between the two light absorbers must also be matched while they maintain a voltage
sufficient to perform the desired chemical reaction. Nanowires offer several new
possibilities for tackling these challenges.

Generation of photoexcited carriers within a semiconductor is typically much
more rapid than the chemical reaction that occurs at the electrocatalyst on the
photoelectrode's surface. A solar-to-fuel efficiency of 5-10%, which is considered the

lower limit for a commercially viable PEC technology,® % %

corresponds to a
photogenerated flux of ~10 mA/cm? under 1-sun illumination, equivalent to 620
electrons nm™ sec™. The typical density of surface atoms on a material is ~10" atoms cm®
2 or equivalently 10 atoms nm. This sets a ~62 sec™ lower limit for the electrocatalyst's
turn-over frequency (TOF) on a planar electrode, assuming that all surface atoms are

electrochemically active. Practically, a higher TOF is needed because many surface

atoms are inactive, a reduced co-catalyst loading might be necessary to avoid blocking



the photon flux, or to reduce the cost from an expensive co-catalyst. To achieve a higher
TOF and therefore a higher current density, an increased overpotential is required based
on the Butler-Volmer equation,® which reduces the system's energy conversion

efficiency. Based on the data of several electrocatalysts used for hydrogen evolution,®*%

102-108 109-111

oxygen evolution, and CO; reduction, a non-negligible overopotential loss
may be present because of an inadequate TOF (Fig. X.7). A nanowire array electrode
reduces the overpotential required for a given rate of solar-to-fuel conversion®** because
the same light-induced current density passes through the larger surface area of a
nanowire electrode, reducing the TOF demanded of the electrocatalyst. Nanowire
electrodes therefore facilitate reactions that are kinetically slow,**? reducing the required
loading amount of noble-metal electrocatalysts® or allowing the substitution of less
active earth-abundant materials.*** *** Creating branched nanowire structures increases
the surface area further, which improves the electrode’s saturation photocurrent and fill
factor' because of enhanced charge collection and reduced series resistance from the
electrochemical reaction. Demonstrations of the benefits of high-aspect-ratio
nanostructures have been reported in many material systems, including TiO,,**? hematite
(n-Fezog),”S’ 116 ZnO,m’ 118 WO3,119' 120 GaAs,36 GaP,121' 122 GaN,123' 124 and Si,62’ 125-130
confirming the generality of this approach.
[Figure X.7 near here]

Optimized use of the "Z-scheme™ also requires matching the flux between the
photoanode and photocathode. The two materials must possess suitable band gaps and a
low-resistance pathway for their majority carriers to recombine.*** Theoretical

33,94

calculations that account for overpotentials and other losses, propose target band gaps



for a pair of electrodes of around 1.1 eV and 1.7 eV, but the selection of appropriate
binary materials with band gaps ranging between 1.5 eV to 2.0 eV is limited (Fig. X.8).
In addition, driving the chemical reactions in artificial photosynthesis requires a
minimum voltage, so both the band gaps of the materials and their band alignment and
resultant photovoltage are important.

[Figure X.8 near here]

While photocathodes are well developed, the improvement of photoanodes
deserves more attention."*” Photocathodes of Si‘?"*** (E,= 1.1eV) and InP™** (E, =
1.3eV) generate high current densities with photovoltages exceeding 500 mV. Research
on photocathodes therefore focuses on reducing the use of raw materials and fabrication
costs, for example through the low-cost solution-phase synthesis of semiconductor
nanomaterials.*?" *# In contrast, currently no stable photoanode can produce a
photocurrent greater than 10 mA/cm?, while also providing adequate photovoltage to
couple with a photocathode. Oxide and nitride materials are the conventional
photoanodes because of their stability against photocorrosion and appropriate valence
band positions, yet their large band gaps limit the maximum photocurrent they can
produce and their intrinsically low hole mobility, arising from the localized p-orbital
nature of their valence band, impedes charge transport.*> Novel materials, such as
ternary semiconductors with tunable band gaps or corrosion protection layers for unstable

existing semiconductors, are key areas of development in photoanode research.

X.7 Progress in Nanowire Photovoltaics and Artificial Photosynthesis



In the Yang Laboratory early work on dye-sensitized solar cells (DSSCs) was the
beginning of a path toward PV and PEC cells using nanowires.® *3** A DSSC represents
something of a hybrid technology between a solid-state PV cell and a PEC cell. Although
it outputs electricity like a conventional solar cell, a DSSC relies on a redox reaction at
the surface of a semiconductor, similar to a PEC cell. In a conventional DSSC, light
absorbed by an organic dye excites an electron in the dye. This excited electron is then
injected into a nearby metal-oxide film and collected by the underlying electrode. A
redox couple in solution, often 171*, reduces the oxidized dye to close the circuit. In this
way, light absorbed by the dye generates a current and voltage in the DSSC. The
interfacial structure of the sensitized electrode and the electronic structure and light
absorption of the dye determine the efficiency of the DSSC."*" Electrodes made of metal-
oxide particulates are typically used because their extensive surface area allows
adsorption of large quantities of dye, which increases the light absorption of the DSSC. In
order for the photoexcited electron from the dye to be collected, however, the electron
must be transferred to the metal oxide and pass through the electrolyte-bathed metal-
oxide electrode to the underlying contact without recombining; consequently, the
distance from the dye to the back contact must be less than the characteristic carrier
diffusion length within the nanoparticulate film, which is typically ~10 um.**® Sensitizing
such a thin film with enough dye to absorb all the light in the solar spectrum, particularly
in the red and infrared regions, however, remains a challenge. Thus DSSCs exhibit a
mismatch between the length scales required for absorption of light and collection of

charges. A DSSC fabricated using ZnO nanowires as the electron-collecting electrode



exhibited better charge collection than ZnO nanoparticulate films, pioneering the use of
nanowire arrays to achieve collection of charges through an optically thick absorption
layer (Fig. X.9).2%® Additionally, faster electron injection from the dye into the ZnO
nanowires than into ZnO nanoparticle films reinforced the critical role that surfaces play
in electrochemical reactions. These observations of the benefits of geometry and
sensitivity to interfacial structure proved foundational for subsequent work on nanowire
PV and PEC cells.
[Figure X.9 near here]

After the promising results of improved charge transport in the ZnO nanowire
DSSC, the next step was to understand the role that interfaces play in solar energy
conversion devices. A detailed study of DSSCs produced from ZnO nanowire arrays
overcoated with either Al,O3 or TiO, demonstrated that such interfacial layers strongly
affect the device's efficiency.? Al,O; acts as a blocking layer both for recombination as
well as charge transfer, yielding increased Vo but lower Js; and efficiency. Layers of
anatase TiO, with optimized thickness, however, increased the efficiency by yielding
higher Voc and comparable Js.. The TiO;'s crystallinity was essential to achieving good
electronic injection and transport, and the n*-n junction between the ZnO and TiO,
provided a built-in electric field to drive electrons away from the surface, reducing their
rate of recombination. A similar result was obtained in the study of photoanodes for
water oxidation fabricated from Si nanowires coated in TiO2.**> The n-Si/TiO.
heterojunction produces a built-in field that helps channel majority carriers away from the
surface to minimize recombination with the minority carriers that perform the PEC

reaction. The built-in potential of the illuminated n-n™ junction also provides a boost to



the V... Reinforcing the optical advantages of nanowires, the nanostructured electrodes'
high surface area and therefore larger area of TiO,, as well as their low reflectance,
produced increased photocurrent in comparison to planar control samples.

Investigations into nanostructured solid-state solar cells have also suggested the
critical importance of interfaces. ZnO-P3HT (Poly(3-hexylthiophene)) nanorod array
solar cells were rectifying only with the addition of a TiO; interlayer to improve the
charge separation at the inorganic-polymer interface.** Careful engineering of the ZnO-
P3HT interface by chemical grafting produced rectifying devices with higher Vo and FF
than array devices.** This improvement can be attributed either to the fewer available
shunt paths in these devices as compared to array solar cells or to the higher quality of the
grafted interface; however, array solar cells whose ZnO nanowires were coated with
ALD ZnO to reduce shunt resistance paths through the substrate performed similarly

poorly,***

and work by other groups has confirmed the sensitivity of charge separation
and device performance to modification of the ZnO-P3HT interface.X*® *** Similar results
were found in the case of solar cells made from ZnO nanowires and Cu,O nanocrystals.
Without an intervening layer of crystalline TiO, deposited by ALD, the solar cells
exhibited almost negligible photocurrent and photovoltage, but the efficiency increased
over fifty times upon the addition of 10 nm of TiO,.*** While this improvement can be
attributed to an increase in the shunt resistance of the array solar cell, it is possible that
the mechanism of this increase in resistance is similar to that found in the n-Si/TiO,
photoanodes: the n-n* junction siphons electrons away from the interface, making them

less likely to recombine at the Cu,0O/Zn0O junction and increasing the shunt resistance.

Lastly, single-nanowire CdS/Cu,S solar cells have also confirmed the importance of



junction quality in producing devices with high efficiency.®” CdS nanowires were
exposed to CuCl solution in a low-temperature, aqueous cation-exchange reaction in
which the Cu* cations replace the Cd®* cations while the sulfur sublattice remains intact.
In single-crystalline CdS nanowires, this reaction produces an epitaxial heterojunction in
which both sides are single crystals with few defects at the interface. The structural
quality of the heterojunction produced V. and FF values that surpassed the literature
values for planar solar cells produced using this method, demonstrating the benefit of
nanoscale interfacial control (Fig. X.10). Although the single-nanowire solar cell's
efficiency suffered from poor light absorption as a result of its thin Cu,S shell, integrating
such structures into an array solar cell to increase absorption would likely remedy this
deficiency.

[Figure X.10 near here]

Dramatic improvement was also found between first- and second-generation
silicon nanowire array solar cells. Initially, silicon nanowires were produced using
electroless etching, which leaves extremely rough surfaces.*® The p-n junction was then
created by depositing a p-type polycrystalline film onto the n-type wires, yielding 0.5%-
efficient solar cells with 0.29 V Vi, 4.28 mA/cm? Ji, and 0.33 FF.** When nanowires
were etched from wafers using the Bosch process (Fig. X.11a,b), which yields much
smoother surfaces, and the junction made through high-temperature diffusion rather than
deposition of a polycrystalline film, efficiencies reached 5% with Vo 0.52 V, Jsc 16.82
mA/cm? and FF 0.61.”” Some of the Js. and FF increase can be attributed to reduced
series resistance in the p-type shell and the n-type core of the nanowires, while about

~150 mV of the V. can be attributed to the shorter and thicker wires used in the second-



generation solar cells. Wires with less surface area offer less junction area for
recombination, which directly influences the dark current of the solar cell and therefore
its V.. It is also possible that the single-crystal quality of the diffused junction
contributed to its better performance, in comparison with the polycrystalline junction in
the original array solar cells, which is consistent with single-wire measurements on
silicon nanowire solar cells.”®

[Figure X.11 near here]

The better performance of the silicon nanowire array solar cells then allowed their
light trapping properties to be studied in detail. Longer nanowires clearly showed less
transmission in the red region of the spectrum, but a tradeoff existed between increased
photocurrent from light absorption and decreased V,. and FF from junction and surface
recombination (Fig. X.11c,d). By varying the thickness of the nanowire films, the
enhanced path length could be calculated; for nanowires with roughness factors ~30 it
was found to exceed the limit of purely randomized light trapping. This work
demonstrated experimentally and quantitatively the significant enhancement in
photocurrent that can be produced by nanowire arrays, which is important for increasing
efficiency in both PV and PEC cells.

Nanowires themselves exhibit light trapping because of their size and periodicity
in arrays, but even more strongly absorbing systems can be constructed by coupling
nanowires with nanoscale metal particles and thin films. Metal nanostructures support
collective excitations of the free electrons at their surface, known as surface plasmons.
Light's alternating electromagnetic field can drive this collective electronic motion and

transfer its energy to the surface plasmons, whose resonance frequencies depend on the



metal's free electron density and band structure, the nanostructure's size and shape, and
the local dielectric environment.*'* By changing these characteristics, the resonances
of metal nanostructures are tunable throughout the visible and near-infrared regions of the
spectrum. Excitation of surface plasmons creates intense evanescent fields near the
nanostructure's surface as well as increased scattering and absorption cross sections.*®
Both evanescent and scattered fields have been shown to enhance absorption of light

within the surrounding dielectric media,""**

meaning that plasmonic structures function
like frequency-dependent nanoscale light concentrators. This concentration leads to
higher energy conversion efficiencies in PV and PEC cells, which can be demonstrated
by measuring the photocurrent as a function of wavelength. For example, thin films of
iron oxide (Fe,Os3) were coated onto gold nanorods to improve the films' absorption of
light and performance as a photoanode.** Fe,0s is known for its small minority carrier
diffusion length,** so the larger surface area of the nanorod geometry offered better
charge collection, while the plasmonic resonance of the gold nanorods increased the

absorption of light near the band gap of Fe,Os (Fig. X.12a,b).*>*

When coupling
plasmonic nanostructures with absorbing materials that exhibit their own optical
resonances, however, the combined system must be designed carefully in order to avoid
decreasing absorption in the active material. Decorating a silicon single-nanowire solar
cell with an octahedral silver nanocrystal decreased absorption at the nanowire's own
optical resonances, while it increased absorption at the resonances of the nanocrystal
(Fig. X.12¢,d).®° This fundamental study highlighted the importance of performing

detailed simulations of any proposed dielectric-metal nanostructure in order to ensure that

the system will increase absorption rather than reduce it. To achieve the most complete



understanding of solar cells with nanoscale dimensions, the next step is to integrate
electromagnetic simulations with simulations of the device physics to optimize where
charges are generated and collected within the solar cell. As such calculations become
more routine, they will offer a powerful way to screen new designs.
[Figure X.12 near here]

Nanowires also provide benefits in the development of new materials for PV and

PEC applications and low-cost methods for producing old ones. Gas-phase>® 1*®

or liquid-
phase’? syntheses can yield single-crystalline nanowires of high electronic and optical
quality. 111-V semiconductor alloys, such as In,GaiP and In,GaixN,™’ with tunable
band gaps between 1.5 and 2.0 eV, are of particular interest for artificial photosynthesis,
in addition to compound 111-V semiconductors such as GaAs® and GaP.**" % A liquid-
phase synthesis of large quantities of surfactant-free GaP nanowires was demonstrated,*
which also allowed careful control of carrier type and concentration through the addition
of dopant precursors during the synthesis (Fig. X.13).?* Such doping control is crucial
for any core-shell heterostructure, both in PEC and PV, to ensure that the core remains
conductive for charge collection. This synthesis, which can be extended to other
compound semiconductors, offered a new approach to produce low-cost 111-V materials
for solar energy applications.
[Figure X.13 near here]

With the synthetic development of nanowire versions of well-understood
materials such as silicon and TiO,, the precise influence of the nanowire geometry on

PEC performance could be more fully investigated. Current matching between the

photogenerated flux of the electrode and the TOF of the catalyst is one way that



nanowires can offer improved efficiency. With this concept in mind, the loading of Pt
nanoclusters onto Si nanowire photocathodes for hydrogen evolution was investigated
quantitatively.?* A conformal coating of Pt nanoparticles with sizes ranging from 0.5-3
nm was deposited using atomic layer deposition (ALD) (Fig. X.14a). The electrochemical
and photoelectrochemical performance were measured using as little as 1 cycle of ALD
Pt, which corresponds to a surface mass loading of ~10 ng/cm?, or equivalently about
2.7% of a monolayer of surface coverage (Fig. X.14b). Despite these low Pt loading
quantities, Si nanowire photocathodes still yielded sufficient photocurrent for solar-to-
fuel conversion, and varying the sub-monolayer Pt mass loading controlled the slope of
the J-V curve. This exploration of the lower limits of Pt co-catalyst loading on high-
surface area nanowire photoelectrodes established a general approach to minimize the
cost of precious metal co-catalysts.

[Figure X.14 near here]

After much work studying and improving the individual components necessary
for artificial photosynthesis, the culminating step was to produce a prototype integrated
system. Work toward this goal began with the fundamental study of an asymmetric
nanowire composed of a silicon core coated with a TiO; shell (Fig. X.15a-c). This
structure is a minimized photocathode (p-Si) and photoanode (n-TiO,) linked together at
a nanoscale interface. Kelvin probe force microscopy verified the "Z-scheme" motion of
charges when the asymmetric structure was illuminated: minority holes moved to the
surface of the TiO,, increasing its surface potential, while the majority electrons
recombined at the Si/TiO; interface. Building on this fundamental study, similar Si and

TiO, heterostructures were used to demonstrate solar water splitting in an integrated



45,131 was

nanosystem (Fig. X.15d-f).2° Fundamental knowledge of the system's interfaces
applied to fabricate tree-shaped nanowire-based heterostructures that were loaded
selectively with electrocatalysts for hydrogen and oxygen evolution. Established design
principles of nanowire photoelectrodes® motivated the use of small TiO, nanowires:
Ti0, possesses a shorter minority carrier diffusion length than Si, and the oxygen
evolution reaction exhibits slower reaction kinetics than hydrogen reduction. The
ultraviolet band gap of the TiO, photoanode also limited the overall current density and
solar-to-fuel conversion efficiency, which was 0.12% and comparable to that of natural
photosynthesis.'” %! The key advantage of this this proof-of-concept integrated device is
that improvement can be achieved by updating individual components, such as replacing
the TiO, nanowires with an improved nanostructured photoanode.**

[Figure X.15 near here]

In the past eight years, much fundamental insight has been gained into the basic
components of nanowire PV and PEC cells. Now the task ahead is to implement these
lessons in increasingly complex and integrated designs. Aided by the development of
numerical simulation tools and the rapid increase in available computing power,
researchers can now predict the best nanowire length or doping level for a specific
application. Yet significant challenges remain: the optoelectronic properties of
unconventional semiconductors, the chemistry of interfaces, and the system-level®*

interactions within integrated structures are all areas awaiting further exploration and

insight.

X.8 Future Outlook



With the world's need for renewable energy becoming ever more urgent, the time
is fast approaching to realize the full potential of nanowire photovoltaics and artificial
photosynthesis. Success begins with the right materials, including newly synthesized
light-absorbers and catalysts. For widespread application, these materials will need to be
made from relatively abundant elements and processed inexpensively at large scale.
Solution-processed nanowires offer a solution, but currently many of the best-performing
solar devices rely on high-temperature vapor-phase techniques. Little work has been done
to compare the electrical and optical properties of solution-grown nanostructures with
their vapor-phase counterparts. Creating, understanding, and controlling high-quality
interfaces at the nanoscale are also crucial tasks for improving PV and PEC cells.
Additionally, this synthetic control must be combined with integrated device physics and
optical simulations to optimize performance. Although the basic principles have been
determined, simplified models will continue to fall short of predicting the nuances of real
devices without a detailed understanding of interfacial charge-transfer processes. Further
into the future, commercial considerations such as device stability and lifetimes,
availability of materials, and production costs will need to be evaluated as well. It will
take the combined, collaborative efforts of chemists, physicists, and engineers, both
experimentalists and theorists, to achieve the next level of understanding in these systems

and to realize the potential of nanowires for solar energy conversion.
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Figure Captions

Figure X.1: Principles of solar cells. a) Schematic and energy band diagram of a p-n
homojunction that produces the built-in electric field used to separate photogenerated
charges in a solar cell. b) The AM 1.5G solar spectrum from 300-1500 nm. c¢) |-V
characteristic of a solar cell in the dark and light showing the metrics for quantifying its

performance.

Figure X.2: Principles of photoelectrochemical cells. a) Energy diagram of the electric
field (band-bending) at the semiconductor/electrolyte interface. b) When the circuit is
closed by a metal counter electrode, the illuminated junction produces a net current flow.
c) The "Z-scheme™" uses two semiconductors of different band gaps to perform the redox
reactions that store the energy of absorbed photons in chemical fuels. At each electrode,
the photogenerated minority carriers react at the surface, while the majority carriers

recombine at the interface connecting the two electrodes.

Figure X.3: Benefits of the nanowire geometry for charge collection. a) In a nanowire's
radial p-n junction, photogenerated carriers travel only a short distance to be separated by
the built-in electric field. b) Nanowire arrays orthogonalize the directions of light
absorption (axial) and charge separation (radial), facilitating the use of materials whose
optical absorption lengths significantly exceed their minority carrier diffusion lengths.
Nanowire arrays can also provide in-plane light-trapping effects because of scattering and

optical modes that arise from the interactions among the nanowires. The length scales



given are approximate and will depend upon the material properties of the

semiconductor.

Figure X.4: Equivalent circuit models of PV and PEC cells. a) Diagrams and
corresponding equations for ideal and practical devices. Only a single diode is shown,
representing the drift-diffusion current, although others can be added to model additional
transport processes. lllumination of the cells produces a current (1.) that opposes the
diode's current and gives rise to a photogenerated voltage (V). Various resistances (Rseries
and Rshunt) reduce the efficiency of the cells. In the PEC cell, the circuit's chemical
reaction is modeled by the Butler-VVolmer equation and causes an overpotential (n)-
dependent series resistance (Rg.v). The high surface area of the TiO, nanorods (NRs) and
branched nanorods (B-NRs) shown schematically and in scanning electron microscopy
(SEM) images (b) allows more current to be generated at the same overpotential,
dramatically improving the fill factor of the photocurrent curve (c). Additionally, the
nanorods also benefit from increased light absorption and improved charge transport as
compared to the nanoparticle film (NPs). Because the light absorption of the NRs and B-
NRs is similar (not shown), the enhanced IPCE of the B-NRs (d) suggests that their
increased surface area reduces the overpotential-dependent series resistance and therefore
improves charge collection at the surface. Figures b-d are adapted with permission from

reference 112. Copyright 2011, American Chemical Society.

Figure X.5: A 13.8%- efficient nanowire array solar cell. a) Top-view and tilted-view

(inset) SEM images of an array of InP nanowires used to form the most efficient



nanowire array solar cell to date. b) Side-view SEM and schematic of the completed solar
cell. Note that the junction is axial rather than radial, implying that this device does not
take advantage of a nanowire array's ability to orthogonalize the directions of light
absorption and charge separation. ¢) Current density-voltage (J-V) curve of the record
nanowire InP solar cell, normalized to the device's entire unmetallized cross-sectional
area, including gaps between the wires. This figure is adapted with permission from

reference 72. Copyright 2013, American Association for the Advancement of Science.

Figure X.6: Optical properties of individual semiconductor nanowires. a) Numerical
simulations showing the theoretical maximum photocurrent density in nanowires under
one-sun, AM 1.5 illumination based on their diameter and cross-sectional geometry
(inset). Trends are similar for different cross-sections, and photocurrent densities far
exceed those produced in a thin film of equivalent volume. b) The spectral dependence of
the nanowires' absorption efficiency at the second enhancement peak in (a) near 130 nm
(180 nm for the triangular wire). ¢) Plots of the electric field intensity of the mode near
700 nm in (b) in nanowires of differing cross-sections, showing that the mode profile is
similar for all cross-sections. In a-c, the optical properties of amorphous silicon were
used. Figures a-c are reprinted with permission from reference 14. Copyright 2010,
American Chemical Society. d) Experimental and numerical simulations of the EQE of
two different silicon single-nanowire solar cells, normalized to their geometrical cross-
sections. The experiments match well with the simulated results, and both show that the
nanowire's absorption cross-section can exceed its geometrical cross-section, which

appears as an EQE exceeding unity. The nanowires absorb much more strongly than a



planar film of equivalent thickness. Figure d is adapted with permission from reference

55. Copyright 2012, National Academy of Sciences.

Figure X.7: Matching charge flux densities between electrocatalysts and light absorbers.
The required overpotential (n) to reach 10 mA/cm? (the threshold of commercial
relevance) is plotted versus the exchange current density (io) of a planar electrode loaded
with various catalysts. The percentage of voltage lost, relative to the 1.23V required
thermodynamically to split water, is also shown (right y-axis). The dashed blue curve is a
calculation for 100% surface coverage of the catalyst, assuming a 59 mV/decade Tafel
slope in the Butler-Volmer equation, while the yellow curve assumes only 10% surface
coverage. Pt,”*" NiMo,% and MoS,*****are catalysts for hydrogen evolution, while
IrO/RUOy, %% CoPi and its derivatives,'**'* and amorphous NiCoFe oxide'%®* are
catalysts for oxygen evolution. (The overpotential required to achieve 10 mA/cm? using

catalysts for CO, reduction exceeds the values in this plot.'®*™*

) The solid red curve
indicates that a nanowire electrode with a roughness factor of 1000 and 10% catalyst
coverage can significantly reduce the overpotential required to achieve the target current
density. It should be noted that the catalytic activities listed here are intended to be planar
monolayers for fair comparison and fundamental analysis; however, this information is
not available for every electrocatalyst under 10 mA/cm?, so some extrapolation and

approximations were made. Detailed information about individual catalysts can be found

in the references.



Figure X.8: Theoretical photocurrent densities for semiconductors under one-sun
illumination. Based on integration of the one-sun, AM1.5G solar spectrum, maximum
photocurrent densities for bulk semiconductors of interest in solar energy conversion are
plotted versus their band gaps. Arrows at the bottom indicate the ultraviolet (below 400
nm), visible (400-750 nm), and infrared (beyond 750 nm) regions of the spectrum.

Figure X.9: A dye-sensitized solar cell (DSSC) based on ZnO nanowires.**

a) Schematic
of the design of the DSSC. b) SEM image of the ZnO nanowire array. Scale bar is 5 pum.
¢) J-V curves of two DSSCs under simulated one-sun, AM1.5G illumination, one with

0.8 cm? active area and the other with 0.2 cm? area. The EQE of the larger cell peaks near

the dye's maximum absorption (inset).

Figure X.10: CdS/Cu,S single-nanowire solar cells.*” a) High-resolution TEM image of
the high-quality interface between the CdS nanowire and its Cu,S shell produced by a
cation-exchange reaction. b) A reconstructed image of the square shown in (b) produced
from the inverse fast Fourier transform (FFT) of diffraction spots from the nanowire's
growth direction. Most of the lattice planes are continuous across the interface, although
a distortion is highlighted in green. c¢) I-V characteristic of a single-nanowire solar cell

showing a Voc and FF that exceed those of planar CdS/Cu,S solar cells.

Figure X.11: Silicon nanowire array solar cells.”” a) Tilted cross-sectional SEM image of
the silicon nanowire array produced by top-down etching. Scale bar is 1 um. b) Optical

image of the large-scale periodicity of the nanowires that make up 36 array solar cells.



Scale bar is 4 cm. c) Optical transmission of the films of etched silicon nanowires
showing their reduced transmission at long wavelengths, which suggests that significant
light trapping occurs within the nanowire films. d) Metrics of the radial p-n junction
silicon nanowire array solar cells demonstrate that increasing the length of the nanowires
(their roughness factor) increases their photocurrent and especially their photocurrent
normalized to the volume of material present. Vo and FF significantly decrease,
however, because of increased recombination and dilution of the incident light across a

larger junction area.

Figure X.12: Plasmonic nanostructures for solar energy conversion.*** a) Gold
nanorods coated with hematite (Fe,Os) produced larger photoanodic current than the
planar control because of their enhanced light absorption. b) The enhancements
correspond well with the simulated plasmonic resonances of the gold nanorods near 624
and 681 nm (simulation not shown). c) Side-view SEM image of a silver octahedral
nanocrystal (inset) suspended from a silicon single-nanowire solar cell, a system designed
to investigate the interactions between plasmonic and dielectric nanostructures. d)
Numerical simulations of the electric field distribution within the wire-nanocrystal
system indicate that the wavelength-dependent changes in the solar cell's photocurrent
arise from increased absorption at the nanocrystal's plasmonic resonances (e.g. 750 nm
and 981 nm) and reduced absorption when the nanocrystal locally disrupts one of the

wire's own optical resonances (e.g. 661 nm).



Figure X.13: Solution-processed GaP nanowires for PEC.'?? a) A one-liter bottle of
surfactant-free, SLS-grown GaP nanowires, demonstrating the scalability of this synthetic
technique. b) TEM image of the SLS-grown GaP nanowires. ¢) The photocurrent and
photovoltage of the GaP nanowire photocathode can be tuned and optimized by doping
the wires with Zn during their synthesis. The photocurrent is normalized to that of a
planar GaP photocathode operated under the same conditions, showing that because of its
high surface area and more efficient charge collection, a very thin layer of solution-

processed nanowires can produce photocurrent similar to that of a bulk electrode.

Figure X.14: Ultra-low loading of electrocatalytic Pt using ALD.* a) A scanning TEM
high-angle annular dark-field (STEM-HAADF) image showing that ALD can coat high-
aspect-ratio nanowires uniformly with sub-monolayer electrocatalysts. Here 10 cycles of
ALD Pt was deposited onto a Si/TiO, core-shell nanowire. b) PEC performance of a
Si/TiO, nanowire photocathode with increasing amounts of Pt loaded by ALD ranging
from 1-10 cycles. 1 cycle corresponds to approximately 2.7% of a monolayer of surface

coverage.

Figure X.15: "Z-scheme™" artificial photosynthesis using an integrated system of

nanostructures. 4%

a) SEM image of the Si/TiO, asymmetric core-shell nanowires used
to investigate the "Z-scheme" dynamics pictured energetically in (b) and detected by the
UV-light-induced change in surface potential using scanning Kelvin probe force

microscopy (c). Upon illumination, photoexcited minority carriers move to the surface of

the two materials, while majority carriers recombine at the Si/TiO, interface. d) This



design was then further developed to produce Si/TiO, nanotrees for solar water-splitting.
e) A false-color SEM image of the nanotrees shows the dense TiO, nanowires designed
to match better the higher charge flux of the Si nanowire. f) These nanotrees perform

unbiased solar water-splitting, producing a 2:1 ratio of hydrogen and oxygen.
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