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Chapter 1: Introduction

Chapter 1: Introduction
With the demand for energy increasing every day; new energy solutions are required.
Solar power is an abundant source, which could easily meet all of our energy needs;
however the supply of power is intermittent. By converting solar energy directly into a
burnable fuel source, such as hydrogen, energy can be made available at times of low
solar light intensity, such as during winter and the night. Semiconductor systems are of
interest for photoelectrochemical cells, as they allow the direct conversion of solar light
into fuels. The simplest photoelectrochemical reaction, for fuel production is the splitting
of water to form hydrogen and oxygen. Planar III/V material systems demonstrate high
efficiencies; however they are expensive, brittle, and require large amounts of expensive
catalyst. By moving to the nanowire regime the demand on material quantity is reduced,
as is the demand for noble metal catalysts. A further benefit of the nanowire regime is
the possibility of transferring the nanowires into polymer films, for the production of
cheap flexible devices.
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1.1 Solar Energy
Energy is one of the key industries on the planet, with the current demand exceeding
15TW, and the projected energy demand in 2050 being 30TW1. Renewable energies
currently only meet 15% of this demand, with the burning of fossil fuels making up the
difference. This is a problem, not only because of the limited supply of fossil fuels, but
because of the more important problem of climate change which is caused by green
house gasses, such as CO2, produced when fossil fuels are burned. In 2011 the
concentration of CO2 in the atmosphere was 394ppm, and was increasing steadily by
2ppm per year. This may sound low, but if the concentration increases to 450ppm, the
average temperature on the earth’s surface will rise by 2°C, causing the ice caps to melt,
disrupting deep sea currents, and devastating many eco systems, not to mention the loss
of land to the rising sea levels, and the irreversible impact to humanity.

Figure 1.1 A map of the world with a red square over Africa showing the
0.16% of the planet’s surface required to produce 20TW with 10% efficiency
solar cells.

Renewable energies either produce no CO2 or recycle CO2, leading to no further increase
in atmospheric levels. There are many options for renewable fuels, including wind,
hydroelectric and biomass; however the option with the most potential for our future
needs is solar power. An almost unlimited amount of energy, approximately 120,000TW,
reaches the earth’s surface in the form of solar power. By covering only 0.16% of the
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planet with solar cells of only 10% efficiency, 20TW of energy can be harvested, as shown
in Figure 1.1.
While solar energy is a highly promising solution, a typical semiconductor photovoltaic
(PV) solar cell converts solar energy into electricity, which is a commodity that is difficult
to store and to transport. The main problem being that over 80% of current energy
consumption is fuels2. A more functional option, therefore, is to convert solar power into
energy stored in chemical bonds, similarly to photosynthesis in plants. The simplest
option for a chemical fuel is hydrogen, which can be produced by splitting water:

2H 2O Sunlight
 O2  2H 2

(1.1)

Molecular hydrogen represents energy stored in the form of chemical bonds, which can
be released by reaction with oxygen. Hydrogen can also be used to convert carbon
dioxide to hydrocarbons by the reverse water gas shift reaction3

CO2  H 2  CO  H 2O

(1.2)

and then by reverse steam reforming4

CO  3H 2  CH 4  H 2O

(1.3)

Hydrogen is generally produced by steam reforming, which produces CO2 as a waste
product, so is not a sustainable process. Whereas hydrogen produced by electrochemical
water splitting is a sustainable process, as it is produced by two highly abundant sources,
namely sunlight and water, and its only waste product is oxygen as shown in equation
1.1.
Solar energy can be used for water splitting applications by the combination of PV and
electrolyser technologies; however most electrolysers require a working current of
1A/cm2. To achieve this current requires a voltage of at least 1.9V, whereas the
thermodynamic potential for water splitting is only 1.23V. This required potential limits
the efficiency of PV/electrolyser technologies to 65% (1.23/1.9) of the PV efficiency. A
more elegant solution is found in the form of semiconductor photoelectrochemical (PEC)
cells, where the working current is limited only by the light absorption.
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1.2 Photoelectrochemical Cells
Semiconductor (PEC) cells present a promising option for direct conversion of solar
energy to fuels5–7. The photoelectric effect was first discovered in 1839 by the French
scientist Edmund Becquerel8. This discovery led to research and advances in photovoltaic
technologies, and photoelectrochemistry. As early as 1954 a crystalline silicon PV cell with
6% efficiency9 was produced by Bell laboratories, and in 1968 the photoelectrochemical
production of oxygen from water was reported10. This was followed in 1972 by Fujishima
and Honda who published their results showing hydrogen and oxygen production on
rutile Titanium dioxide (TiO2)11. A sketch of their device is shown in Figure 1.2. Since this
time, using sunlight to split water molecules into hydrogen and oxygen gas is seen as the
“holy grail” for clean and renewable energy technologies12.

Figure 1.2 A sketch of the Fujishima Honda device13.

In order to reach a high efficiency for PEC water splitting it is important that the
semiconductor used meets these main requirements:


Good solar light absorption



Suitable band edge positions with respect to the redox system (water)



Chemical stability in solution, both in the dark and under illumination

Figure 1.3a14 shows the standardized air mass 1.5 (AM1.5) solar spectrum used for solar
cell comparisons. It is evident from this Figure that smaller band gaps are required in
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order to harvest a reasonable proportion of the solar irradiance. Figure 1.3b
demonstrates that although smaller band gaps are necessary for the absorption of a
larger portion of the solar spectrum, energy is lost through thermal losses when the
absorbed photon is of a greater energy then the band gap (hν>>Eg). Also the
thermodynamic potential for water splitting is 1.23eV, so a band gap larger than this is
required. Once overpotential and thermodynamic losses have been accounted for it has
been calculated that the semiconductor band gap must be above ~1.7-1.9eV6,15,16. It has
been calculated that a hypothetically ideal material, with a band gap of 2.03eV could
attain a maximum efficiency of 16.8%17. It has also been argued that if the band gap is
above ~2.2eV the solar light absorption would be too low to achieve a reasonable
efficiency4,13. This unfortunately makes the original TiO2 device by Fujishima and Honda
unsuitable for water splitting applications. Also, the only material to demonstrate
unbiased water splitting without a junction is SrTiO318. Due to the large band gap of this
material (3.2eV) the efficiency is limited to less than 1%, therefore making this style of
device unsuitable.

a

b

Figure 1.3 a) AM1.5 solar spectral irradiance, highlighted areas show the
light absorbed by materials with 3.2eV, 1.6eV, and 0.92eV band gaps14. b)
Schematic representation of the absorption of different energy photons by a
semiconductor.

Figure 1.4 shows the band gap and band positions of several semiconductors with respect
to the water oxidation and reduction potentials of water. If the semiconductors valence
band edge is more negative than the water reduction potential, and the conduction band
edge is more positive than the water oxidation potential it is possible for that material to
perform both the reduction and oxidation of water while using only one single
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junction19,20. Many semiconductors are, however, limited to one side of the reaction21,22
(Figure 1.4), due to their electronic band structure, or require an external bias (which can
be provided by a tandem junction) to achieve water splitting23–26. Materials such as Fe2O3
and TiO2 appear promising, and have been studied in great detail, as their band gaps
straddle the redox potentials of water (as shown in Figure 1.4). Unfortunately, as already
mentioned, the large band gap limits the maximum solar light absorption27,28. Smaller
band gap semiconductors like Si26,29 and InP30, show larger solar light absorption, resulting
in higher currents for nanowire arrays combined with catalysts, but the reported
photovoltage for water reduction is generally too low, limiting the possibilities for full
water splitting with a single material, or junction cell.

Figure 1.4 Band gaps and positions of several important semiconductors with
respect to the reduction and oxidation potentials of water, the band–edge
positions of zinc-blende Gallium Phosphide (GaP) and wurtzite GaP are
calculated from Mott-Schottky plots (shown in chapter 7).

A real world PEC system should be expected to work at a stable efficiency for months or
years, therefore the semiconductor should have a good chemical stability in the working
environment16,31. In general, PEC systems work in extreme conditions, such as acidic or
basic solutions, this makes chemical stability even more important. To ensure long-term
operation, a highly stable material is required. Many metal oxides, such as Fe2O315,
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Al2O332–36 and TiO237,38 have high stability, however the band gaps of these materials is
high. Therefore a combination of an effective photoelectrode and a protective oxide layer
is a suitable solution to this problem. This is addressed in more detail in chapter 6.
This need for a suitable material has lead to an explosion of research avenues including
metal oxides39–41, organic materials42, III/V materials6,37,43,44, dye sensitized cells45,46 and
silicon29,37,47. However, there are few semiconductor materials that come close to fulfilling
all of the important criteria. Possible material solutions include Cobalt oxide (CoO),
Copper Oxide (Cu2O), and Gallium Phosphide (GaP). A transmission electron microscopy
(TEM) image of CoO nanoparticles is shown in Figure 1.5a48. these nanoparticles have
already demonstrated unbiased solar water splitting48, however the large bandgap
(2.6eV) will limit the light absorption and, due to the nanoparticle form, gas separation
will become an issue. The research on these nanoparticles showed exciting behavior as a
result of the nanostructuring. By moving to the nanoparticle regime the light reflection
was decreased over a range of wavelengths, and due to the quantum confinement in the
nanoparticles the band edge positions were observed to shift (Figure 1.5b). The nanoscale
geometry of the device therefore greatly enhanced the PEC properties.

a

b

Figure 1.5 a) TEM image of CoO nanopowder, b) Band positions of CoO
nanocrystals and micropowders according to the bandgaps and flat-band
potentials obtained from Mott-Schottky measurements (CB, conduction
band; VB, valence band)48
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The long term stability of Cu2O in aqueous solutions is an issue, as it is difficult to control
the stoichiometry. This stability issue has been combated effectively by the addition of a
metal oxide bilayer49 (Figure 1.6), as mentioned above. However even with the use of
precious metal catalysts the highest reported output currents on Cu2O are limited to
~50% of the theoretical maximum49, and perhaps more importantly, the oxidation
reaction has not yet been reported on Cu2O. The surface structuring of the electrode is
reported to improve performance, due to the increased surface area.

Figure 1.6 The architecture of the Cu2O photocathode. ALD layers are
deposited on the electrodeposited Cu2O film, followed by platinum catalyst
deposition49.

GaP is a promising material for a single junction device, with photovoltaic cells reporting
open circuit potentials as high as 1.6V50, demonstrating that it is possible to use GaP to
drive the water splitting reaction. In the zinc-blende (ZB) crystal phase, GaP has been
shown to both reduce water (p-GaP photocathodes)38,51,52 and oxidize water (n-GaP
photoanodes)37,53, as well as having reasonable stability in aqueous solutions51. A recently
reported p-GaP photocathode with a TiO2 protective layer reported a record high VOC for
PEC devices of 0.71V (vs.RHE) for ZB GaP38. However, reported ISC values for GaP are as
yet far from the theoretical maximum current with the best PV cell achieving 2.5mA/cm2,
and the best PEC photocathode achieving only 1.5mA/cm2. For a semiconductor with a
band gap of 2.3eV illuminated by one sun (AM1.5) solar radiation the maximum
theoretical current has been calculated to be 8.9mA/cm2. The low currents reported are a
direct consequence of the indirect band gap of ZB GaP, leading to poor light absorption
(explained in more detail in chapter 2).
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There are therefore problems associated with the development of single material, single
junction devices, as no material has achieved the maximum hypothetical efficiency of
16.8%17. This theoretical maximum efficiency also discourages the development of these
single material single junction devices. The use of tandem device structures enables the
move to much higher efficiencies and allows the use of materials previously thought to be
unsuitable for PEC applications. By combining different materials the problem of band
alignment is greatly reduced. There is also the added benefit of combining band gaps to
increase light absorption. By combining two different semiconductors with different band
gaps it is theoretically possible to produce PEC efficiencies greater than 30%54.

Figure 1.7 Reported solar to hydrogen (STH) conversion efficiencies as a
function of year and sorted by the number of tandem photovoltaic junctions
used (2 or 3). The degree of integration of photovoltaic and catalyst elements
is also distinguished. The fill colour represents the semiconductor materials
used in the photovoltaic portion of the device. All STH conversion efficiencies
are as reported in the original publications55.
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Figure 1.7 shows the best tandem devices up to 2015. The combination of band gaps
allows for the efficient absorption of a larger portion of the solar spectrum. And the
multiple junctions allow an increased VOC. The current is generally reduced in tandem
cells as the light absorption occurs in several semiconductors.
This principle of increased VOC is best demonstrated by the use of silicon triple junction
cells. This style of device has demonstrated remarkable solar to hydrogen efficiencies of
greater than 7% when combined with noble metal catalysts56,57, in a wired configuration.
A wireless device of this sort, using only earth abundant catalysts achieved a solar to
hydrogen efficiency of 5%58. It should however be emphasized that a multiple-junction
Silicon device does not harvest the entire solar spectrum in an efficient way. This device is
shown in Figure 1.8a.

a

b

Figure 1.8 Schematic representations of a) a Silicon triple junction silicon
cell58 and b) A bismuth vanadate photoanode in tandem with a double
junction solar cell5.

Oxide based tandem devices have also demonstrated reasonable efficiencies. bismuth
vanadate (BiVO4) has been the focus of much research59–61, as it can function well as a top
cell in a tandem device. Purely oxide based devices using this material have achieved
efficiencies of >0.8%61, and a combination of a BiVO4 photoanode and a double junction
silicon PV cell (Figure 1.8b) has demonstrated an efficiency of 4.9%.
While silicon and oxide based technologies show promise, the most efficient devices thus
far have been III/V based. As early as 1998 a double junction cell of GaAs and GaInP
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(Figure 1.9a) reported efficiencies of 12.4%6. This was followed in 2001 by triple junction
cells with efficiencies of 16.5%56 and 18.3%62. These results have not yet been beaten by
any other technologies, however a recent p-InP nanopillar based photocathode (Figure
1.9b) with surface n-type doping has reported photocathode efficiencies of 15.8% (Figure
1.9c)63. These record efficiencies make these III/V materials the most promising materials
for PEC devices.

a

b

c

Figure 1.9 a) Schematic representation of a monolithic III/V double junction
tandem PEC cell6. b) 45° tilt and cross section (inset) SEM images of the NP
array on n+/p-InP63, c) I-V curve (black solid line) and photocathodic efficiency
(η, blue squares) of platinum catalyzed nanopillar device in b63.
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Although the main challenges of light absorption, band position and stability can be
overcome by the use of III/V materials and the combination of band gaps in tandem
devices there are further challenges associated with the development of PEC devices and
tandem cells:


Reduction of defects when combining materials with different lattice constants



Low cost materials or cheap production costs



Efficient charge carrier transport within the semiconductor

As can be seen in Figure 1.10a there is a large discrepancy in lattice constants between
materials that would combine well in tandem devices, such as silicon (Si) and gallium
arsenide (GaAs) for PV cells (Figure 1.10b). This will lead to the incorporation of many
defects during the growth of planar thin film devices. By moving to the nanowire regime,
this problem can be reduced. Radial strain relaxation during growth allows the
combination of materials with different lattice constants without the incorporation of
stacking faults and other defects.
Group III elements such as indium are notoriously expensive, making the high efficiency
III/V materials less attractive for large scale applications. However, it has been calculated
for a GaP nanowire array, with optimum geometry for light absorption and the substrate
removed, that only 1g of material is required per m2 of device area. Therefore by growing
nanowire devices the cost of the device can be greatly reduced. Especially considering the
use of concentrator technology which has proven to be beneficial for III/V materials6,55.
Efficient charge carrier transport becomes less of an issue in the nanowire geometry as
the small diameter of nanowires reduces the distance minority charge carriers must
travel to reach the electrolyte, due to the decoupling of the axis for light absorption and
charge seperation64.

12

Chapter 1: Introduction

a

b

Figure 1.10 a) Energy bandgap and lattice constant of various
semiconductors at room temperature65. b) Proposed five Junction multijunction PV structure50.

1.3 Nanowires
In various fields of research, such as thermoelectrics66–68, biosensors69–71, photovoltaics72–
74
and photoelectrochemical cells30,75,76 the use of nanowires and nanostructures is
currently being considered for device applications. On top of all these benefits the
nanowire geometry also gives us the ability to tune our devices electronic properties by
combining different materials77,78 or by changing the crystal structure of existing
materials79.
There are two types of approaches for the fabrication of nanowire arrays: top-down and
bottom-up. For the top down approach, the benefits of material combination are not
realized, as any defects introduced during layer growth will persist in the nanowires. For
the bottom up approach, nanowires are assembled from individual atoms, allowing more
freedom of design and more control over the structure.

13

Chapter 1: Introduction

a

b

Figure 1.11 Radial Strain. Schematic representations of GaP grown on InP in
a) the thin film geometry showing the creation of misfit dislocations (arrow)
and b) the nanowire geometry. InP is represented by red dots and GaP is
represented by blue dots.

b

a

Figure 1.12 nanowires grown by VLS producing Si-GaP-Si structures with
large lattice mismatch80

Nanowires are uniquely suited to tandem PEC applications as their almost one
dimensional geometry greatly reduces strain when combining different materials77,78. This
geometry also enables the growth of known materials with new crystalline orietnations 79.
As can be seen in Figure 1.10a materials with different band gaps generally have different
lattice constants, which lead to many stacking faults and dislocations during growth
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(Figure 1.11.a). The nanowire geometry allows radial expansion, as seen in Figure 1.11.b.
Nanowires have been demonstrated with III/V silicon junctions, and lattice mismatches of
greater than 7%80, as shown in Figure 1.12.

1.3.1 Vapor Liquid Solid nanowire growth
Vapor liquid solid (VLS) growth is a bottom-up growth mechanism. VLS growth was first
reported in 1964, where silicon micro-whiskers were grown on a Si wafer, catalyzed by
liquid gold nanoparticles81.
In VLS growth a metallic seed particle, generally gold is deposited on the growth substrate
prior to growth. The size of the deposited gold particle dictates the wire diameter. The
substrate is then heated and an overpressure of precursor gasses is applied. In our case
the precursors used are tri-methyl gallium and phosphine. The gold particle will increase
the decomposition efficiency of the precursor gasses. The decomposed precursors and
the gold form a molten eutectic alloy at the high temperature. The growth species
transition from the “vapour” precursor phase into the “liquid” eutectic phase until
supersaturation is reached. At this point nucleation of the semiconductor crystal “solid”
occurs at the VLS triple phase line82. Subsequent growth will occur from the nucleated
seeds at the liquid-solid interface also. A continuous flow of precursor gasses maintains
the supersaturation of the molten eutectic alloy, allowing continuous growth. A separate
growth mechanism, namely vapor-solid (VS), causes lateral growth on the nanowire
sidewalls during VLS growth. As no catalyst is present in VS growth, it has a much slower
rate than VLS growth. VS growth can cause unwanted tapering of the nanowires, and can
be hindered by adding HCl gas to the precursor flow. VS growth can also be employed to
increase the diameter of the nanowires. Changing nanowire diameter has been shown to
shift the optical and electronic properties of nanowires83,84. All the nanowires in this
thesis are grown using VLS growth mode, although some are modified with VS growth.
Figure 1.13 shows a schematic representation of the VLS growth mechanism.
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Figure 1.13 Different stages in the nanowire growth process using VLS
mechanism: (from left to right) Au particle is deposited on substrate; The gold
particle forms alloy with higher temperature and precursor flow; When the
particle is supersaturated, nucleation and nanowire growth start; With
further precursor supply, nanowire continues grow longer; During axial
growth, lateral growth occurs on nanowire sidewall.

Besides VLS, many other growth mechanisms have also been used to fabricate
semiconductor nanowires such as vapor-solid-solid (VSS)85 and solution-liquid-solid
(SLS)52,86. However these growth mechanisms are outside the scope of this thesis.

1.3.2 Wurtzite Gallium Phosphide Nanowires
GaP nanowires can be grown with the wurtzite (WZ) crystal structure in ordered arrays
patterned by nanoimprint as shown in Figure 1.14a79. The crystal structure causes a shift
in the band gap from 2.35eV to 2.1eV, as evidenced by the photoluminescence (PL)
spectra in Figure 1.14b. The band gap also becomes direct as proven by the decreased
exiton lifetime demonstrated in Figure 1.14c.
The direct band gap will decrease the absorption depth of solar photons, allowing more
of the absorbed charge carriers to reach the electrolyte, therefore increasing the
measured current. The slightly decreased band gap will allow more of the solar spectrum
to be absorbed resulting in an increased current output of up to the theoretical maximum
of 12.5mA/cm2. The band gap of the WZ GaP nanowires is well positioned with respect to
the ZB GaP substrate for the reduction reaction, as seen in Figure 1.4. The valence band
offset has been calculated as only 135meV87, and has been measured to be less (chapter
7), presenting little or no barrier for hole transport between the p-doped WZ GaP
nanowire base and the p-doped ZB-GaP substrate. The conduction band of the ZB is
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higher than that of the WZ, providing an electric field, driving any excited electrons from
the substrate into the nanowires. The band gap also remains reasonably well aligned to
the water reduction and oxidation potentials (Figure 1.4), theoretically maintaining GaPs
ability to catalyze the oxidation reaction, and it is expected to produce the voltage
required for water splitting50. This makes WZ GaP even more suitable for PEC water
splitting devices than ZB GaP. The nanowire geometry should also act to improve the PEC
properties, as discussed in chapter 2, section 2.7.

a

c

b

Figure 1.14 a) SEM picture of GaP/Al0.4Ga0.6P core/shell nanowires in a
nanoimprint pattern (tilting angle 70°). Scale bar corresponds to 1μm. b)
Photoluminescence spectra of a ZB (100) GaP substrate (red spectrum) and of
WZ GaP/Al0.4Ga0.6P nanowires (blue spectrum). For both spectra, an
excitation wavelength of 405 nm at a power of 0.6 W/cm2 is used. c) Timeresolved measurements of the samples in (a), showing a fitted lifetime of 254
ns for the ZB substrate and 0.78 ns for the WZ wires, demonstrating the
direct nature of the WZ GaP semiconductor material79.

1.4 Flexible devices
For many applications, nanowires in highly ordered arrays with vertical alignment are
favored. Periodic nanowire arrays provide a large functional surface area88 as well as
offering the opportunity to have almost 100% light absorption across all wavelengths due
to photonic effects73,89, light concentration occurs in each nanowire, and the average
refractive index is lowered leading to decreased reflection losses when compared to
planar samples44,73.
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High-quality nanowires are, however, usually grown on expensive and brittle crystalline
substrates. For large-area applications, such as solar cells, it is essential to reduce
substrate cost, and it would be beneficial to make flexible devices containing arrays of
ordered NWs, possibly grown from cheaper nanoimprint90 patterned substrates. Growth
of nanowires on polymer substrates has been reported, however ordered arrays of highly
crystalline nanowires has not yet been achieved91,92. Therefore a method of transferring
nanowires to a more flexible and lightweight material is desirable93–96. Recently, a method
of transferring microwires from the growth substrate into a polymer has been
demonstrated97, as shown in Figure 1.15. Arrays of vertically oriented Si microwires were
etched and embedded in a layer of polydimethylsiloxane (PDMS). The layer is peeled off
containing the wires, which maintain their position and orientation with respect to each
other (Figure 1.15a). This method has been proven to be useful for wires with diameters
of 1.5 – 2µm, lengths of up to 100µm and wire-to-wire spacing of 7µm. and results in
ordered nanowire arrays in a flexible substrate as demonstrated in Figure 1.15b. A similar
method has also been used for the transfer of micrometer scale multiwalled carbon
nanotube networks into a PDMS matrix98. However, this process has to be scaled down to
much smaller dimensions, in order to fully exploit the advantageous properties of
nanowires. This has been done in part, by Michael E. Reimer et al. who have
demonstrated the removal of randomly positioned nanowires grown from colloidal Au
nanoparticles deposited on the substrate from solution99, with large inter wire distances
(>5µm). However ordered nanowire arrays with much smaller inter wire distances (<1µm)
are of greater interest, as this will allow the transfer of nano imprint patterned arrays for
device applications, or smaller EBL patterned arrays for study by methods such as PL
without substrate interference.
a

b

Figure 1.15 a) Schematic representation of the wire array embedding and
removal process. Photographs show (b) a flexible, free-standing polymerembedded wire array, the near black color achievable with these films
demonstrates the presence of the microwires97.
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The scaling down of this process for nanowire arrays with pitches of down to 200nm
applications introduces three main challenges: 1) Maintaining a uniform nanowire length
after detachment. 2) Achieving a high yield of transfer/ transferring complete arrays of
nanowires. 3) Successful transfer of nanowire arrays with different pitches. The first
challenge can be overcome by the introduction of a position in the wires where removal
will be favored. For top down grown nanowires a crack can be incorporated part way
along the length of the nanowires, this method has been demonstrated by J. M. Weisse et
al. on Si nanowires93, however we have opted for a method where vapor liquid solid
(VLS) grown nanowires will be broken off just above the nucleation site, this is a thicker
section of the nanowire formed when initializing growth. The 2nd and 3rd challenges can
be overcome by careful tuning of the PDMS properties during deposition and curing. Due
to the different surface energies of the nanowires and the polymer this can be difficult, as
the PDMS does not easily penetrate between the wires.

1.5 State of the art nanowire PEC
The nanowire geometry offers the perfect platform for PEC devices. The optimum device
has been described by many sources as a tandem nanowire cell suspended in a flexible
membrane with the photo-anode and cathode on opposite sides of the membrane. A
schematic representation of this device is shown in Figure 1.16. A device such as this, if
the flexible membrane allows proton transfer, will allow efficient conversion of solar
energy to fuels, with minimal material usage, therefore allowing for low cost devices,
even if expensive III/V materials are used.
For a dual band gap tandem cells different band gap combinations will theoretically
achieve the highest efficiencies. Therefore many materials have been studied.
The small band gap cells of most interest are InP and Si. p-type InP planar and structured
cells have demonstrated very high photocathode efficiencies44,101 due to the high
crystalline quality achievable for this material and its direct band gap. Si does not have a
direct band gap, however it is the second most abundant material on the planet, after
oxygen102. This makes Si a very attractive material for large scale applications, and there
has been much research performed on this material103,104. From planar devices made
from these materials, currents in excess of 30mA/cm2 can be expected under
100mW/cm2 AM1.5 illumination; however, nanowire devices30,105 thus far have been
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limited to closer to 20mA/cm2. This is generally due to limitations in the nanowire growth
process leading to less than optimal light absorption.

Figure 1.16 A schematic representation of the “ideal” device for PEC water
splitting100.

Recent developments in nanowire growth have allowed for the production of nanowire
tandem cells. The combination of InGaN and GaN nanowires with silicon, microwire106 or
planar107, substrates has resulted in high currents, for tandem devices, of >20mA/cm 2.
This principle has also been attempted for GaP nanowires on planar Si substrates43,
resulting in high currents for GaP of >2mA/cm2, however this current is poor compared to
the expected result from this material combination.

1.6 Scope of the Thesis
This thesis mainly focuses on the photoelectrochemical characterization of p-GaP
nanowire photocathodes for use in water reduction. However the development of
flexible devices is also discussed, as this is a possible future for nanowire devices.
The theoretical background behind photoelectrochemistry, and the principles used
therein are discussed in chapter 2. Initially the basic principles of semiconductor band
structure and the Fermi level are discussed, followed by a description of the
semiconductor/electrolyte interface in the dark. Light absorption is then discussed,
allowing the semiconductor/electrolyte interface under illumination to be discussed.
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Towards the end of this chapter, surface modifications are discussed, including
passivation layers and catalysts. Finally nanostructuring of electrodes is discussed
outlining the benefits and disadvantages of nanostructured devices.
In chapter 3 the experimental setups and techniques used for the growth and analysis of
the nanowire arrays are discussed. Firstly the procedures used for the production of the
nanowire arrays are described, including the lithography techniques used for substrate
patterning and the metalorganic vapor phase epitaxy growth techniques. Next the
microscopy methods used for characterizing the nanowire morphology and crystal
structure are described. The photoelectrochemical methods are described in detail,
including catalyst deposition and analytical procedures. Also described in this chapter is
the method used for the transfer of nanowires into polydimethylsiloxane (PDMS).
A more in depth study of the method used for transferring nanowire arrays into the
flexible PDMS polymer is found in chapter 4. In this chapter several different PDMS
preparation procedures are used to transfer arrays and their merits are discussed.
Towards the end of this chapter a device for stretching PDMS films is described. This
device can stretch large PDMS films of different thicknesses with good reliability.
In chapter 5 the first analysis of p-GaP nanowire photocathodes is found. In this chapter
the optimum nanowire geometry is discovered through experiment, and with the careful
use of catalyst high photocathode efficiencies are achieved. The photocathodes are
analyzed with the photoelectrochemical procedures of linear sweep voltammetry,
chronoampeometry, and impedance spectroscopy, as well as microscopy studies carried
out by transmission electron microscopy (TEM) and scanning electron microscopy (SEM).
In chapter 6 passivation of the nanowire surface by atomic layer deposition of oxides is
discussed. The effect of the passivation layers on the PEC properties of the nanowires is
addressed as is the effect on stability. TEM studies of the oxide film thickness are carried
out to study the oxide film morphology and coverage. Linear sweep voltammetry,
chronopotentiometry and chronoampeometry carried out to study the effect of the oxide
films on the PEC properties and stability of the GaP photocathodes, as are impedance
measurements to measure the effect of film thickness on the systems resistance. SEM
and TEM studies are carried out on the wires before and after experiments to observe
any changes in morphology that may occur during long time experiments.
In chapter 7 the nanowires are modified with a radial doping profile, in order to improve
electron transport towards the semiconductor electrolyte interface. Band structure
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modeling is compared with experimental results to explain tends in the change of PEC
properties with different radial doping profiles.
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Chapter 2: Principles of
Photoelectrochemistry
In this chapter the author discusses and describes the scientific principles and methods
used in the photoelectrochemical study of a material. The interactions between the
semiconductor and the electrolyte are discussed in detail, including charge transfer and
the possible surface reactions, most specifically those involved in the reduction of water.
The behavior of the semiconductor in the dark and under illumination is described, both
in the absence and the presence of an external electric field. Finally the behavior of
nanowire electrodes is described, as is the functionality of catalysts.
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2.1 Introduction
The semiconductor-electrolyte interface is of great importance, knowledge of this
interface has impacted research on microelectronics, environmental remediation and
sensors, solar cells and energy storage. Research on this interface has been ongoing since
the early 1970s, but many important discoveries did not occur until the 1990s, as interest
in renewable energies reinvigorated the field. It has been observed that the interface
between the semiconductor and electrolyte is similar to semiconductor–metal and
metal–electrolyte interfaces.

2.1.1 Conduction Band, Valence Band and the Fermi Level
At zero temperature, the valence band (VB) is fully occupied with electrons while the
conduction band (CB) is completely empty. Thermodynamically, the position at which the
probability of finding an electron is ½ is known as the chemical potential or Fermi level
(EF). For an intrinsic, undoped, semiconductor at 0K, this position is found exactly half way
between the VB and the CB (Figure 2.1a). The EF is considered to be the electrochemical
potential of an electron in a particular phase.

2.1.2 Semiconductor doping
By doping the semiconductor it is possible to shift the position of the Fermi level, and
therefore change the electrochemical properties. In the case of single crystal
semiconductors, such as are studied in this thesis, the only method of doping is the
addition of foreign elements. There are other methods of doping in amorphous and semicrystalline semiconductors; however they will not be discussed here, as they are of no
importance in the discussion of crystalline WZ and ZB GaP. By adding foreign elements to
a crystalline lattice the number of valence electrons can be changed. The addition of a
group III element, such as Ga, to a group IV semiconductor, such as silicon, will decrease
the number of valence electrons. For every Ga atom in the tetrahedral Si lattice there will
be a bond with a missing electron. This is known as positive or p-type doping. This type of
doping reduces the probability of finding an electron in the top of the valence band and
shifts the EF closer to the VB (Figure 2.1b). Equally, if a group V element, such as P, is
added to a Si lattice there will be a bond with an extra electron, increasing the likely hood
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of finding an electron in the CB, and shifting the EF closer to the CB (Figure 2.1c). This is
known as negative or n-type doping.
a

c

b

Figure 2.1 A schematic representation of the energetic positions of the Fermi
Level in an a) intrinsic b) p-doped and c) n-doped semiconductor.

2.2 Semiconductor-electrolyte interface
When the semiconductor comes into contact with an electrolyte, the EF of the electrolyte
also comes into play. The EF of the electrolyte is given by the Nernst expression:
0
Eredox  Eredox


RT  cox 
ln 

nF  cred 

(2.1)

Where Eredox is the redox potential of the electrolyte (or the electrolytes EF), E0redox is the
standard redox potential, R is the gas constant, T is the absolute temperature, n is the
number of moles of electrons transferred in the redox reaction, F is the Faraday constant,
cox is the concentration of oxidized species in the electrolyte, for example H3O+ in water,
and cred is the concentration of reduced species in the electrolyte, for example OH- in
water. Therefore, it is possible to shift the EF of an aqueous electrolyte by the addition of
and acid or a base.
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2.2.1 Fermi Level Equilibration
When a semiconductor is initially immersed in an electrolyte EF(semiconductor)≠EF,redox (Figure
2.2a), therefore equilibration of the chemical potentials is required. Charge will flow
between the electrolyte and the semiconductor, leading to “band bending” in the
semiconductor, as can be observed in Figure 2.2b. Once equilibrium is reached
EF(semiconductor)=EF,redox=EF(equilibrium). As can be observed in Figure 2.2b, a built in voltage (VSC)
is created within the semiconductor. The charge transfer that occurs upon equilibration is
mainly charge passing from the semiconductor to the electrolyte. In this process, the
neutral impurities near the semiconductor electrolyte interface become ionized. Since the
density of the impurities is relatively low, a space charge layer forms, which penetrates
into the semiconductor, containing charges from the ionized impurities. This leads to the
EF(semiconductor) shifting much further than EF,redox. Beyond the space charge layer the
impurities remain neutral, and there is no further band bending. This band bending
process is similar to that which occurs when a semiconductor and metal make contact to
form a Schottky junction. The fact that the space charge layer is depleted of majority
carriers leads to its other name, the “depletion region”. If the dopant concentration (ND)
and VSC are known the space charge layer width (W) can be calculated as:

W

VSC
 qN D

 2 S

(2.2)





Where q is the standard electronic charge and  S is the static dielectric constant. From
this we can deduce that W  1 N D .
When a metal and an electrolyte make contact equilibration must also happen, however
metals cannot support an electric field in the same way as semiconductors, so the
potential shift occurs in the Helmholtz layer of the electrolyte. As is shown in Figure 2.2c
there are three regions in which the potential drop can occur, these are the space charge
layer of the semiconductor (VSC), the Helmholtz layer of the electrolyte (VH) and the Gouy
region of the electrolyte (VG). So the total potential shift can be seen as:
(2.3)

Vt = VG+VH+VSC
And the equivalent circuit is as shown in Figure 2.2d.
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b

a

c

d

e

Figure 2.2 a) Fermi level positions of the redox electrolyte (EF,redox) and a ptype semiconductor (EF) prior to equilibration. b) Fermi level positions of the
redox electrolyte and a p-type semiconductor after equilibration (EF,equilibrium).
c) A schematic representation of the voltage shift that occurs within the
semiconductor and electrolyte, with the Gouy region, Helmholtz layer and
space charge layer highlighted. d) The equivalent circuit for the system
described in c. e) The generally accepted equivalent circuit for the system
described in c in a concentrated solution.
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In concentrated solutions VG is negligible, so can be removed from the equation and
equivalent circuit. The width of the Helmholtz layer is formed by the adsorption of
solution species onto the semiconductor surface, and is generally 0.4-0.6nm, whereas W,
calculated from equation 2, is generally 10-100nm, therefore the capacitance at the
interface is more dependent on CSC, and it is generally accepted that VSC >>VH, hence the
equivalent circuit in Figure 2.2d.

2.2.2 Mott Schottky
Through capacitance models it is possible to calculate the band edge positions of
semiconductors. The simplest, and most widely used of which is the Mott-Schottky
equation:


1
2 
V  VFB   kT 


2
q 
CSC N D q S 

(2.4)

Where VFB is the flat band potential, the potential at which there is no band bending
within the semiconductor, and k is the Boltzmann constant. A plot of 1/C2 vs. V will yield
much information. The dopant concentration can be calculated from the gradient of the
slope, and the sign of the slope will inform us as to whether the semiconductor has ntype (negative) or p-type (positive) doping. Additionally the extrapolated x intercept
informs us of the position of the flatband potential (VFB) which is the potential of EF in Fig
2.2a with respect to the reference electrode used, and can be approximately considered
as the VB position for a p-type semiconductor (or the CB position for an n-type). An
example of Mott-Schottky measurements for planar n- and p-type ZB GaP is shown in
Figure 2.3. From such measurements it is possible to measure the approximate band
positions and band gaps of many semiconductors, however the measurement actually
informs us of the relative position of EF at VFB of the semiconductor in question. If the
band gap is already known, from absorption measurements or PL, only one Mott-Schottky
measurement is required, as the position of the other band can be calculated from the
band gap. This allows the production of plots such as that shown in Figure 2.4. This model
is however developed for systems where VSC>>VH, the semiconductor surface is flat and
there are no surface states which could affect the measurement.
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Figure 2.3 Mott-Schottky plots taken from ZB n- and p-GaP in aqueous
solution with 1M HClO4 as supporting electrolyte.

Figure 2.4 Band energies and positions for several semiconductors as
calculated from Mott-Schottky type measurements.

2.2.3 Surface states
Surface states arise because of the abrupt termination of the crystal lattice. This leads to
many surface atoms having dangling bonds, which can bond with neighboring atoms, or
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solvent molecules, causing surface reconstruction. Due to this difference in structure, the
surface will have different energy levels compared to the bulk. These surface energy
states are usually located within the band gap and might contain charges which affect the
band bending within the space charge layer. In some cases the surface states will dictate
the VSC instead of the EF,redox, this is referred to as Fermi level pinning. In such cases, it is
the Fermi level that is pinned, not the band edges, so the potential shift on equilibration
must happen within the Helmholtz layer. Surface states are generally deep levels, and
quickly become filled by the band bending that occurs at the semiconductor/ electrolyte
junction, and cause minimal complications.

2.2.4 Charge Transfer
EF,equilibrium is stable under constant conditions, however the equilibrium is dynamic. Charge
will continue to pass between the semiconductor and the electrolyte, but no net current
flow is observed. This is because the current flow (ic) is proportional to the surface
electron concentrations:

iC  nS  nS 0 

(2.5)

Where nS is the surface concentration of electrons and nS0 is the surface concentration of
electrons at equilibrium. In Figure 2.5a, when the system is at equilibrium,

nS  nS 0

(2.6)

so the net current is zero. When a negative bias, great enough to lift the VB above E F,redox,
is applied (Figure 2.5b),

nS  nS 0

(2.7)

a negative current will flow, as the band bending will drive electrons from the
semiconductor and into the electrolyte, causing reduction of species in the electrolyte to
occur. Similarly, when a positive bias is applied (Figure 2.5c),

nS  nS 0

(2.8)
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a positive current will flow, as the band bending will drive holes to the electrolyte from
the semiconductor; this can also be viewed as electrons flowing into the semiconductor,
causing oxidation of species in the electrolyte.



This current under applied bias is called the drift current ( I ), and is not only related to

the electric field strength (  ) but is also related to the charge carrier mobility (  )



I  qn n

(2.9)

Where for the electron drift current n is the number of available electrons.

a

b

c

Figure 2.5 Schematic representations of a p-type semiconductor electrolyte
system at a) equilibrium ns=ns0, b) under negative bias ns>ns0 and c) under
positive bias ns<ns0. The arrows indicate the flow of electrons (minority
carriers).

The mobility is determined by the scattering with phonons and impurities in the
semiconductor, and the effective mass (m*) of the charge carrier and is described as



q c
m*

(2.10)
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where  C is the scattering time.

The scattering time will decrease as dopant

concentration increases, and as the electric field increases. Therefore, the drift velocity
will eventually saturate at high electric fields.
It is assumed, in the case of applied bias, that all of the potential change occurs within the
space charge layer, and not within the Helmholtz layer. This means that the band
positions are pinned at the surface of the semiconductor, and Fermi level pinning is not
apparent.

2.3 Light absorption and charge carrier collection
When light with energy greater than the band gap (Eg) strikes the semiconductor, it is
absorbed and an electron from the VB is excited to the CB, creating a free electron in the
CB and a free hole in the VB. This process is known as a band to band transition. There are
two types of band to band transitions, direct and indirect. In a direct transition, electron
momentum is conserved, and the VB maximum and the CB minimum are at the  point
(Figure 2.6a), and the absorption coefficient (α) is given by:

  Ah  Eg  2
1

(2.11)

Where A’ is a proportionality constant. In an indirect transition the VB maximum and CB
minimum do not align at the  point (Figure 2.6b), the transition involves phonon
modes, and α is given by:

  Ah  Eg 2

(2.12)

The absorption depth (AD) can then be calculated from α:

AD  1

(2.13)



The direct/indirect nature of a semiconductor is dictated by the crystal structure, not the
material. Gallium phosphate demonstrates this fact well, as in the zinc blende crystal
form it has an indirect band gap of 2.35eV (Figure 2.6b), whereas in the wurtzite crystal
form it has a direct band gap of 2.1eV (Figure 2.6a). Figure 2.6c shows a transmission
electron microscopy image of a pure wurtzite nanowire.
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a

b

c

d

Figure 2.6 a) Predicted band structure for wurtzite GaP calculated with the
DTF-LDA-1/2 method. Adapted from87 b) Band structure of zinc blende GaP
calculated using the empirical pseudopotential method. Adapted from108. c)
Transmission electron microscopy image of a pure wurtzite GaP nanowire. d)
A schematic representation of the photogeneration of electron-hole pairs,
and their recombination in the bulk. The characteristic regions defined by the
Absorption depth (AD), Debye length (LD) and space charge width (W) are
depicted.

AD is greatly increased in indirect semiconductors, which has a dramatic effect on the
quantum yield (Ф):
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NC
NG

(2.14)

Where NC is the number of carriers collected, and NG is the number of optically generated
carriers.
If a photon is absorbed within the space charge region, the generated charge carriers will
be separated by the electric field, and therefore have a very low chance of recombining.
Equally, carriers generated within the Debye length (LD), which is defined as the maximum
distance at which charge carriers are affected by the electric field, will be quickly
separated and have a very low chance of recombination. Therefore, Ф is highly
dependent on the AD. From Figure 2.6d it appears that any carriers generated deeper
than W+LD will definitely recombine. However, some carriers generated in this region will
be collected (reach the semiconductor/electrolyte interface). The number of collected
charge carriers in this region is related to the minority carrier diffusion length (Ln)

Ln 

kT
 n n
q

(2.15)

where  n is charge carrier mobility and  n is the minority carrier lifetime, the subscript n
denotes that this value is calculated for minority electrons. The diffusion length can be
quite large; however, diffusion is a random motion, therefore not all generated carriers
will diffuse towards the semiconductor/ electrolyte interface, and many will recombine.
As diffusion length is related to mobility, it will decrease as dopant concentration
increases, therefore recombination will increase with dopant concentration.
It is also possible for charge carriers within the region LD+W to recombine, however this is
much less likely. This recombination process is known as bulk recombination. Surface
recombination occurs when charge carriers recombine on the surface, when in contact
with the electrolyte. The electric field, in Figure 2.6d, acts to drive electrons to the
semiconductor/electrolyte interface and holes to the back contact (away from the
semiconductor/electrolyte interface). Once at the semiconductor/electrolyte interface
electrons are dependent on Faradaic reactions with the electrolyte. The rate of the
reactions with the electrolyte is determined by how the Fermi levels compare with the
equilibrium situation discussed earlier. The difference can be quantified in terms of quasiFermi levels, as will be discussed later.
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2.4 Quasi-Fermi Level
When a semiconductor is illuminated the band bending in the space charge region is
reduced and the Fermi level splits into quasi-Fermi levels for electrons and holes. In a ptype semiconductor, the quasi-Fermi level for the electrons (EqF,e) will remain aligned with
EF,equilibrium, or the electrolytes reduction potential. The quasi-Fermi level for the holes
(EqF,h), however, will remain slightly above the VB109. The splitting between EqF,h and EqF,e
is the photovoltage, or open circuit potential (VOC). The flux of above bandgap photons
will dictate the level of quasi-Fermi level splitting, and therefore the VOC110,111. Figure 2.7
shows the Fermi level splitting and the magnitude of the VOC for several illumination
intensities.

a

b

c

Figure 2.7 Schematic representations of quasi Fermi level splitting caused by
illumination; a) in the dark, b) under high intensity illumination and c) under
saturated illumination.

2.4.1 Surface passivation
In the situation presented in Figure 2.7 the EqF,e will align with the Fermi level of the
electrolyte, as the excited electrons from the conduction band will transfer to the surface
and interact with the adsorbed species. In this case the VOC is related to the VB position
with respect to the EF,electrolyte. Therefore the material that is in contact with the surface of
the semiconductor plays a role in dictating the level of quasi-Fermi level splitting60 and
the VOC. In a real semiconductor, surface states will be present on the surface, and excited
electrons will fall to their level, generally resulting in a lower VOC than expected (Figure
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2.8.a), due to Fermi level pinning60,112. In this case the contacting material plays little or no
part in dictating the VOC.
By modifying the surface, removing the problem of surface states the quasi-Fermi level
splitting can be increased and the VOC can be improved. A simple surface layer, such as
aluminum oxide, or sulfide113, will help to passivate the surface. The passivation layer can
work via two mechanisms: (1) chemical passivation, (2) field-effect passivation114. Field
effect passivation is the introduction of a surface electric field, which will change the
behavior of minority carriers.
Chemical passivation will reduce the effect of surface states, and the quasi-Fermi level
splitting will be closer to that described in Figure 2.8.b, where the valence band position
with respect to EF,electrolyte dictates the VOC. A passivation layer, such as titanium dioxide
will not only chemically passivate surface states, but will also introduce an electric field at
the surface, and will aid in increasing the Fermi level splitting within the semiconductor.
The large band gap of the titanium dioxide will act to passivate surface states, but as the
CB is positioned only slightly above the reduction potential of water, this will lie within
the bandgap of the semiconductor used as the photocathode (Figure 2.8.c). The EqF,e will
align with the CB of TiO2 rather than with EF,electrolyte, leading to a noticeable improvement
of VOC.

a

b

c

Figure 2.8 Schematic representations of quasi Fermi level splitting within the
semiconductor a) in the presence of surface states, b) with Al2O3 passivation
and c) with TiO2 passivation.
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2.5 Reactions at the electrode
Figure 2.7 and 2.8 describe the equilibrium situation for an illuminated semiconductor,
under open circuit conditions, or zero applied bias. In these cases, although electrons
from the semiconductor are transferring to the electrolyte, there are an equal number of
electrons from the electrolyte travelling into the semiconductor (or holes from the
semiconductor travelling into the electrolyte) just as in the dark in Figure 2.5. This lack of
net charge transfer means no current will pass between the electrodes so the reduction
of water (in this case) will not occur.
Figure 2.9a-c describes the band bending within the semiconductor under extreme
negative bias (Figure 2.9a), at the flat band potential (Figure 2.9b), and under extreme
positive bias (Figure 2.9c). Figure 2.9d shows a representation of the current/ potential
(I/V) behavior of a standard semiconductor.
Under extreme positive bias (Figure 2.9c) negative band bending is observed, driving
holes from the valence band to the surface and a positive current is observed (Figure 2.9d
1). This is known as the majority carrier current, as holes are the majority carrier in a ptype semiconductor. The holes will cause oxidation of the electrolyte, and to a certain
extent of the GaP electrode.
The flat band region (Figure 2.9d 2) is around the flat band potential (VFB) (Figure 2.9b). In
an ideal case, under illumination the open circuit potential is the VFB as shown in Figure
2.7c, however without light saturation some band bending remains in the semiconductor.
Therefore by applying a small positive bias, initially there will be little or no change in the
net current, as the level of band bending is decreased towards the flat band potential
(VFB) (Figure 2.9b).
Due to the band bending already present within the space charge region, a minimal
applied bias is required before a negative current is observed (Figure 2.9d shift from 2 to
3). As the bias is increased the Fermi level of the bulk semiconductor is raised115 and, as in
the dark, the band bending will increase (Figure 2.9a). This increases the electric field and
drives more electrons to the semiconductor/electrolyte interface to react 110, causing the
current to increase further (Figure 2.9d 3). However at a certain applied bias the number
of surface electrons will equal the number of available excited charge carriers and a
plateau in current is observed112 (Figure 2.9d 4). The magnitude of current at this plateau
is dependent on the number of available minority carriers (electrons), and therefore
dependent on the light intensity.
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Figure 2.9 Schematic representations of the band bending achieved by a)
negative bias, b) Flat band potential, minimal positive applied bias and c)
positive bias. d) is the I/V curve that is expected from a standard
semiconductor when exposed to the bias as shown in Figures a-d. The
numbers 1-4 highlight parts of the curve discussed in the text.

2.5.1 The Reduction of Water
Now that the behavior within the semiconductor is understood, the reactions on the
surface must also be discussed. Figure 2.10 and equations 2.16.1-2.16.9 summarize the
reactions that occur on a p-type semiconductor during the water reduction reaction.
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Figure 2.10 Schematic representations of the reactions that happen within
the semiconductor and at the semiconductor surface. The numbers in the
Figure correspond to the equations 2.167.1-7.
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where S is a surface state. This summary includes all possible pathways to generating H·
and H2 including surface state mediated pathways. The surface state mediated steps are
expected to cause a reduction in VOC, and has been observed on p-GaP photocathodes in
the past112.
The reduction of water is a multi-electron process, as it requires more than one electron
to produce the end product. This type of reaction has intrinsic difficulties, as it introduces
many more opportunities for surface recombination. Both S- an H· are highly reactive
intermediates, which can be lost via the pathways described in equations 2.16.2 and
2.16.4. These loss processes are most important near Voc where flatband conditions
apply. Especially near flatband conditions, there is also the possibility of electrons
recombining nonradiatively with surface states or holes from the valence band (VB)
before they are able to react with a species in solution. As all intermediate steps include
one of these intermediates, surface recombination becomes a large problem, and not
only the recombination caused by surface states.
There are also possible side reactions that occur on some semiconductors. Such as
photocorrosion on InP (equation 2.17.1) and GaP (equation 2.17.2)

InP  3eCB
 3H  
 In  PH 3

(2.17.1)


GaP  3eCB
 3H  
 Ga  PH 3

(2.17.2)

leading to the formation of In or Ga metal. This is an unwanted reaction, as it degrades
the semiconductor surface and gives a false current signal. However it has been used in
device fabrication in microelectronics, and more recently for a p-GaP photocathode75.

2.6 Electrocatalysts
Catalysts have been shown to fundamentally change the energetics of electron transfer at
the semiconductor/ electrolyte interface. The catalyst will enhance activity and selectivity
in redox reactions because of their performance as specific catalytic active sites for
reaction evolution116. This lowers the activation energy of the reaction, thereby increasing
the reaction rate, and decreasing recombination. Catalysts can also act as electron
attractors116, thereby decreasing recombination rate. Some catalysts, such as
molybdenum sulfide75 and cobalt phosphate60 have even been shown to passivate the
surface of some semiconductor materials, decreasing recombination further.

40

Chapter 2: Principles of Photoelectrochemistry
The activity of the catalyst is related to factors such as band edge potential, and the work
function of both the photocathode/ photoanode117,118 and the loaded catalyst species119,
as these factors dictate the catalysts ability to extract and manage the photogenerated
electrons. In a pristine semiconductor electrons are excited to the CB and are transported
to the electrolyte to react from there, raising EqF,e to the level of EF,electrolyte or the
reduction potential110. When a catalyst particle is present on the surface EqF,e will align
with the catalyst particle, much as in a traditional Schottky contact110,120,121, as the
electrons will travel first to the catalyst particle and then to the electrolyte.
This can in some cases lead to a loss in VOC when a catalyst is used, due to a loss of driving
force. This is demonstrated by Tafel plots, such as that in Figure 2.11, showing the
overpotential loss associated with different catalysts at different current densities110,122.
The Tafel plot shows the voltage loss η(V) associated with each catalyst at different
current densities (j). The loss in VOC is generally outweighed by the benefit of the
stabilized charge carriers increasing catalytic turnover rate, which can greatly increase the
current and fill factor, and increase the overall device efficiency. By decreasing the
current density the voltage loss can be decreased. This can be easily achieved by
nanostructuring the electrode surface. For example: if a semiconductor electrode is
producing 30mA/cm2, RuO2 will have a lower associated voltage loss than MoSX, however,
by using a nanostructured electrode and increasing the surface area by one order of
magnitude, the actual current density is 3mA/cm2, making MoSX the more effective
catalyst. In this way earth abundant materials can be as effective as noble metals.

Figure 2.11 Tafel plot showing the Tafel slopes for several catalysts including
platinum and molybdenum sulfide.
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The catalyst loading is also a very important factor. An increase in the catalyst loading
with a good dispersion will lead to faster reaction rates. However, if the loading becomes
too high the activity will decrease, because the catalyst sites can act as recombination
centers, or impede light absorption123. This trend in performance is outlined in Figure
2.12.

Figure 2.12 Trade-off between co-catalyst loading and activity.

As has been mentioned, catalysts act as active sites for the reaction, reducing the
activation energy, and leading to an increased reaction rate. A further role that catalysts
play is to prevent recombination reactions124–128. Metal nanoparticles (NPs) in particular
act as electron scavengers, collecting CB electrons; therefore the majority of surface
electrons accumulate at catalyst particles. The Fermi level of Pt is located below the CB of
many semiconductors allowing efficient collection of photogenerated CB electrons129–133.
The transfer of electrons to the metal nanoparticle will induce an excess of negative
charge on the metal and a positive charge in the semiconductor. This results in a Schottky
barrier forming between the semiconductor conduction band and the metal Fermi
level134–137. This effectively traps the photogenerated electrons on the metal nanoparticle,
improving charge separation138,139. Smaller particle sizes have been found to induce a
larger shift in the Fermi level of the metal catalyst and therefore prevent recombination
more effectively. This effect is secondary, and is mostly important close to the open
circuit potential. This effect leads to the increased fill factor observed when catalysts are
in use.
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2.7 Nanowire Electrodes
There has been much interest in recent times in moving towards nanostructured
photoelectrochemical cells and photovoltaic devices30,43,89,105,140. This is due to
nanostructuring introducing benefits related to:


Material properties and combinations



Flexible device applications



Enhanced light absorption



Active surface area

For photoelectrochemical devices the ability to combine materials is of great importance
as tandem devices have been demonstrated to have the highest efficiencies. By using
nanowire devices material combination results in fewer complications, as explained in
chapter 1, section 1.3.
Nanowires have also demonstrated the possibility to grow existing materials with new
crystal structures, and therefore new material properties. This ability of nanowires is the
focus of this thesis. As shown in Figure 2.6 wurtzite GaP can be grown in the nanowire
geometry. This crystal structure allows a direct bandgap for GaP, as well as a slightly
reduced band gap. This greatly decreases the absorption depth, and increases the solar
light absorption capabilities of the material. The benefits of wurtzite GaP are explained in
more detail in chapter 1, section 1.3.2.
The capabilities of nanowires to produce flexible devices is described in detail in chapter
1, section 1.4.
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Figure 2.13 Picture of a GaP nanowire sample (left) and GaP planar sample
(right). Both samples have a Ti/Au back contact deposited.

Light absorption is greatly enhanced in nanowire devices. Periodic nanowire arrays have
been demonstrated to offer the opportunity to have almost 100% light absorption across
all wavelengths73,89. This is due to photonic effects including; light concentration in each
nanowire, and a lower average refractive index leading to decreased reflection losses
when compared to planar samples44,73,141. This is demonstrated in Figure 2.13, showing a
nanowire sample on the left and a planar sample on the right. Experimental results have
demonstrated that nanowire arrays with diameters of only 180nm, and pitch of 500nm,
absorb >80% of above bandgap photons75,142. The nanowire sample shown in Figure 2.13
has these geometry specifications. The reflective area on the back curved edge of the
nanowire sample is due to the absence of nanowires. This is an artifact of the
nanoimprint patterning technique. The large sample area demonstrates that nanowire
growth is a scalable process64,143.
A further benefit of the light absorption in nanowires for photoelectrochemical
applications is that the axis for light absorption and charge carrier separation are
decoupled (Figure 2.14a). In a planar photoelectrochemical cell (Figure 2.14b) the
directions for light absorption and charge carrier collection are the same. This means that
an efficient planar cell must be thick enough to absorb all of the desired light, and of high
enough electrical quality to allow all the photogenerated minority carriers to diffuse to
the semiconductor/ electrolyte junction. This requires the diffusion length (Ln) to be
greater than or equal to the absorption depth (AD) and therefore high purity materials are
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required with high crystalline quality. Whereas in nanowires it has been demonstrated,
both by device physics modeling144 and experimentally111,145, that the distance that
minority carriers must travel is greatly reduced, enabling high collection efficiencies. For a
device with high light absorption, such as shown in Figure 2.13 the photogenerated
charge carriers must only travel ~90nm, which is a demand much easier to meet than that
required for most thin film technologies38,74,109. In the nanowire geometry, therefore, bulk
recombination can theoretically be greatly reduced.

a

b

Figure 2.14 charge carrier generation and separation in a) nanowire and b)
planar PEC devices.

Another advantage of the nanowire geometry is the enhanced surface area. This will
decrease the current density, reducing over potential losses associated with catalysts.
This will allow earth abundant catalysts to replace expensive noble metal ones. This
benefit of enhanced surface area with respect to catalysts has been described in section
2.6 with relation to the Tafel plot in Figure 2.11. Standard single junction
photoelectrochemical cells working under 1 sun AM1.5 illumination7,27,30,32,75,146 have
current densities on the order of 1-30mA/cm2. III/V devices, however, have been proven
to have higher efficiencies in concentrator systems, using >10suns6,147,148, greatly
increasing the current density. The nanowire geometry will act to reduce the current
density, as the nanostructuring increases the active surface area per unit of exposed area.
This theoretically enables earth abundant catalysts to perform as well as noble metals110.
However, the increased the semiconductor/ electrolyte junction area, has been shown to
reduce the VOC, and therefore, the device performance26,110. The decrease in Voc upon
increasing the junction area is a result of a dilution of the photogenerated charge carriers
reducing the quasi-Fermi level splitting. The photovoltage is predicted to decrease by only
~60 mV per order of magnitude increase in junction area120,121. In our case, a nanowire
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array with 500nm wire spacing, 180nm wire diameter and 2µm length increases the
surface area by a factor of 4, so the voltage loss will be closer to ~25meV, and therefore
greatly outweighed by the benefits of the nanowire geometry. However it has been
argued that the enhanced light outcoupling in nanowires will increase the VOC149, making
the overall effect on VOC positive.
The increased surface area does however lead to an increased chance of surface
recombination. As the surface is larger, there will be a larger number of surface states,
and therefore more surface recombination, which will decrease the concentrations of
useable charge carriers103, and therefore also the rate of reaction. This makes the use of
passivation layers and catalysts even more important for nanowire devices.

2.8 Discussion
The nanowire geometry has great promise for photoelectrochemical devices. The
antireflective properties of nanowires enable almost 30% more light absorption with
respect to polished planar devices, enabling almost 100% absorption of the solar
spectrum. This fact, along with the decoupling of the axis for light absorption and charge
carrier separation theoretically enable full harvesting and utilization of all
photogenerated charge carriers.
By passivating the surface of the nanowires, with an oxide, surface state recombination
can be reduced, and the chemical stability of the nanowire photoelectrodes can be
increased. Combining the passivation with a catalyst will further improve the charge
carrier harvesting, and will decrease surface recombination by stabilizing the surface
charge carriers and reaction intermediates.
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Chapter 3: Experimental
Procedures
In this chapter the experimental procedures and techniques used for the sample
preparation and analysis will be described. The sample preparation involves substrate
patterning, via nanoimprint (NI) or electron beam lithography (EBL), followed by
nanowire growth in a metalorganic vapour phase epitaxy (MOVPE) reactor. Some samples
are then treated further with atomic layer deposition (ALD) of metal oxide films. The
nanowire sample analysis is performed initially using scanning microscopy (SEM) and
transmission electron microscopy (TEM) to check the morphology, and the crystal purity
of the material. Further analysis as to the suitability of the nanowire material as a
photoelectrode; is performed via photoelectrochemical techniques, and gas
chromatography. Furthermore, transfer of the nanowires into flexible polymer films is
performed with the goal of developing a flexible nanowire device.
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3.1 Substrate Patterning
For the growth of nanowires in this thesis a gold particle is required to catalyse the
growth of each nanowire. In order to have a controlled size and position of each gold
particle in the nanowire array two different procedures can be used, namely; nanoimprint
lithography (NI) and electron beam lithography (EBL). NI is a simple and cheap process for
wafer scale patterning with nanometer resolution; however the mask used dictates the
diameter and pitch over the entire wafer. EBL on the other hand allows a wide range of
tenability in both pitch (200nm-100µm) and diameter (10-400nm), as well as a high
degree of freedom in the design of the array pattern; however a long exposure time is
required, limiting its suitability for large scale applications.

3.1.1 Nanoimprint Lithography
Nanoimprint lithography is performed using a patterned polydimethylsiloxane (PDMS)
mask to cause deformations in a resist layer spun over the growth substrate. The PDMS
mask is produced from a silicon master, patterned with an array of holes by EBL. PDMS is
then poured into the silicon master and cured, producing the stamp with a pattern of
protruding pillars143,150,151.
Before patterning the growth substrate several preparatory steps must be taken. First the
2” GaP wafer is cleaned using 10% H3PO4 acid. Second, a 300 nm layer of a low-molecular
weight Poly-methyl methacrilate (PMMA, 35k) is spin coated onto the substrate and
baked at 150°C for 15 minutes. Finally a layer of silica based sol-gel imprint resist (TMOSMTMS) is applied by spin coating over the PMMA layer90 (Figure 3.1a). Now the PDMS
stamp is applied to the fluid sol-gel resist, within one minute of spin coating. The features
of the stamp are filled by capillary forces within the sol-gel (Figure 3.1b). Within 2-3 hours
the sol-gel forms a solid silica glass, and the PDMS stamp can be slowly peeled off,
resulting in a 2”wafer patterned with holes (Figure 3.1c). The wafer is then exposed to
two reactive ion etching (RIE) steps. The first CHF3 based RIE step takes 40s and removes
the small amount of sol-gel resist remaining at the bottom of the imprinted holes. The
second O2 based RIE step transferres the sol-gel pattern into the underlying PMMA. The
second step stops once the GaP wafer is reached, however, to ensure all residual PMMA
from the GaP surface is removed a short over etch is used. This over etch results in the
PMMA layer having larger diameter holes than that of the sol-gel layer (Figure 3.1d). Once
again the wafer surface is cleaned with a 10% H3PO4 solution for 1 min to remove any
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oxide formed on the GaP surface. At this stage a thin layer of gold is evaporated on to the
wafer (Figure 3.1e). Generally 8nm of gold is used, as this will allow nanowires to grow
with approximately the same diameter as the holes patterned by the stamp. Finally the
resist layers have to be removed. This is performed by placing the wafer in acetone,
which dissolves the PMMA layer, leaving only the gold droplets precisely positioned in the
array on the GaP wafer (Figure 3.1f).

a

b

c

d

e

f

Figure 3.1 A schematic representation of the nanoimprint process showing
the wafer after a) the resist layers have been spun, b) during the imprinting
process, c) after the stamp is removed, d) after the RIE steps, e) after gold
evaporation and f) after the resist is removed.

3.1.2 Electron beam lithography
Patterning in EBL is achieved by the interaction of the electron beam with an organic
resist152. The GaP substrate is initially cleaned with a heated (80°C) King’s water solution
(H2O:HCl:HNO3 3:3:2) for 90s and then rinsed in water for 2 minutes. Once clean, a layer
of PMMA 950K 2% is spun over the wafer at 5500rpm and then baked at 175°C for 30
minutes (Figure 3.2a). The electron beam exposure is performed in the Vistec EBPG5000+
machine, and results in a patterned array in the PMMA layer (Figure 3.2b). After the
exposure to the electron beam the sample is developed in a Methyl isobutyl ketone
(MIBK) and Isopropandol (IPA) (1:3) solution for 80 s and then IPA for 80 s. To enhance
the opening of the holes in the PMMA layer a 15s O2 plasma step is applied. Any oxide
that may have formed on the surface is then removed by a 7s HF (AF 87.5 - 12.5 VLSI) dip
followed by rinsing Next a thin layer of gold is evaporated onto the wafer (Figure 3.2c),
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and the resist layer is removed by placing the wafer in a PRS 3000 solution heated at 70°C
for 15 min, followed by 15 min in acetone and 5 min in IPA and finally rinsing in water for
2 minutes. This results with a precise array of gold particles on the substrate surface
(Figure 3.2d).

a

b

c

d

Figure 3.2 A schematic representation of the EBL process showing the wafer
after a) the resist layer is spun, b) during the e-beam exposure, c) after gold
evaporation, and d) after the resist is removed.

3.1.3 Pre-growth substrate cleaning
After the substrates have been patterned with gold catalyst particles, they are usually
kept for several days prior to being used for growth. This means that an oxide layer will
form on the substrate surface, which must be removed, as well as any residuals from the
lithographic steps. The GaP substrate is cleaned by first dipping in 95-98% H2SO4 for 10s,
then into a Pirana solution (H2SO4:H2O2:H2O 4:1:1) for 45s, then back into the 95-98%
H2SO4 for 10s, and finally rinsed in water for 5 minutes.

3.1.4 Substrate Suppliers
During the course of the PhD the substrate supplier was changed. The new supplier
provided substrates with a different dopant concentration, which was much higher. This
resulted in complications during the nanowire growth, such as non uniform nanowire
length, and a larger number of stacking faults throughout the nanowires. This
inconsistency, in growth quality, lead to a marked decrease in the photoelectrochemical
properties of the nanowires. Therefore there is a difference in the results between
chapters 5, 6 and 7.
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It was attempted to re-optimize the growth parameters to suit the dopant concentration
in the new wires, however the problems persisted even in intrinsically doped wires.

3.2 Metalorganic vapor phase epitaxy (MOVPE)
MOVPE is an epitaxial growth technique used for growing high quality single crystal thin
films of many different materials on a variety of substrates. This method is used widely
for semiconductor growth, most notably in the III-V semiconductor optoelectronic
industry, for producing Gallium Nitride (GaN) LEDs.
A schematic of an MOVPE reactor can be seen in Figure 3.3. Two types of precursors are
used in an MOVPE system, namely hydrides and metalorganics. A hydride carrier gas is
used (generally hydrogen) to transfer the precursors from the bubblers to the reactor.
The bubbler temperature and the carrier gas flow rate determine the amount of each
precursor that will be transported to the reactor. The growth occurs in the reactor
chamber, where the growth substrate is placed on a rotating susceptor (graphite) with a
controlled and constant high temperature. The high temperature of the substrate the
metalorganic and hydride precursors pyrolyse, leaving only the group III and V adatoms
on the substrate surface. The adatoms diffuse across the substrates surface, eventually
bonding to form a new epitaxially grown layer. The rate of diffusion is determined by
substrate temperature and surface roughness. Substrate temperature is also important,
as at low temperatures the precursors will not fully pyrolyse. A temperature of greater
than 570°C is required to achieve the complete pyrolysis of both the Tri-methyl Gallium
(TMG) and Phosphine (PH3) precursors153. Good surface mobility of the adatoms is
important for a high crystalline quality. A high V/III ratio will reduce the mobility of the
group III adatoms, whereas a low V/III ratio will cause the surface to decompose, and the
group V atoms to evaporate. Another crucial parameter is the total reactor pressure, as
this determines the partial pressures of the precursors, and therefore the deposition rate.
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Figure 3.3 A schematic representation of an MOVPE reactor.

The nanowires grown for use in this thesis were grown in a vertical (shower head) reactor
AIXTRON-CCS, as can be seen in Figure 3.4. The gasses are injected into the reactor via
the water cooled shower head surface. The many small holes distributed over the shower
head surface result in a homogeneous distribution of the precursor gasses over the whole
surface of the wafer is obtained. The short distance between the shower head and the
substrate (16mm) allows for fast gas switching. Due to the design of the gas inlet, the
different precursors are kept separate until they are injected into the reactor chamber
itself, through separate openings, which allows for good growth uniformity.
The semiconductor wafer is placed on a rotating susceptor heated by a resistive heater,
with separated heating zones to ensure a uniform temperature profile across the entire
substrate. Optical sensors mounted on top of the shower head are used to monitor the
in-situ substrate temperature profile during growth.
The GaP nanowires described in this thesis have been grown using TMG and PH3 as
precursors. During the nanowire growth, Hydrogen Chloride (HCl) gas was introduced into
the reactor chamber to prevent any sidewall growth, and avoid any tapering of the
nanowires154.
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a

b

Figure 3.4 a) A schematic representation of a shower head MOVPE reactor
chamber, b) a photo of the same.

3.3 Atomic Layer Deposition (ALD)
Thin films of Titanium Dioxide (TiO2) and Aluminum oxide (Al2O3) are deposited via Atomic
Layer Deposition (ALD); this technique allows for conformal deposition of material over
high aspect ratio structures. Prior to deposition the GaP nanowire samples are treated
with a 60 second dip in 1% HF solution followed by rinsing in water to remove any native
oxide.
The TiO2 films are synthesized by plasma ALD in an Oxford instruments FlexAL reactor.
The Ti precursor is Ti(Cp*)(OCH3)3 and the oxygen precursor is O2 plasma. Cp*=
pentamethylcyclopentadienyl, η5-C5(CH3)5. The depositions were performed at 150°C. By
cycling through the Ti precursor step (16.5s) and the O2 plasma oxidation step (8s) layers
of TiO2 are grown. 200 cycles are used for the deposition as a TiO2 layer produced by
fewer cycles was not observed to have any passivating effect.
The Al2O3 films were synthesized by thermal ALD in an Oxford instruments OpAL reactor.
The Al precursor used was Al(CH3)3, and H2O was employed during the oxidation step. The
substrate temperature during deposition was 200°C. Higher temperatures have been
shown to cause phosphorous degassing in nanowires. By cycling through the Al precursor
step (20ms) and the H2O oxidation step (100ms) layers of Al2O3 are grown, different layer
thicknesses are produced by using a different number of cycles.
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3.4 Scanning electron microscopy (SEM)

Figure 3.5 A schematic representation of the Zeiss Sigma column155.

In SEM the image of the sample is obtained by probing the specimen with a focused
electron beam which is scanned across a rectangular area of the sample (raster scanning).
In this thesis a Zeiss Sigma SEM is used to obtain information on the morphology of the
nanowires investigated. The microscope is operated with an accelerating voltage of 10 kV
and the generated secondary electrons are detected by an in-lens detector. The
schematic drawing of the SEM column is shown in Figure 3.5155. The electron beam is
emitted from the electron gun (Schottky emitter) via thermal field emission and
accelerated through the column. The beam is then focused using electromagnetic lenses
into a very narrow beam which passes into the scan coil to deflect the beam in the x-y
axes, resulting in a raster scan over the rectangular area of the sample. When the beam
interacts with the specimen the emission of back-scattered electrons (BSE), secondary
electrons (SE), Auger electrons (AE), X-rays, and electromagnetic radiation occurs. The SEs
are collected in the annular SE detector placed inside the gun column (in-lens detector)
and provide information on the surface topography. Depending on the type of
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microscope used, an SEM image can provide details of the surface with spatial resolution
down to a few nanometers. By selecting different detectors for the generated electrons it
is also possible to obtain information on the samples density contrast, surface
morphology, and chemical composition.

3.5 Transition Electron Microscopy (TEM)
The SEM allows us to study the length and diameter of nanowires, and allows the study of
large nanowire fields, however the resolution is limited. In order to study the crystalline
quality of the nanowires, as well as gain information on surface oxide thickness and
catalyst particle size Transmission electron microscopy (TEM) is employed.
TEM also utilizes an electron beam; however a much higher acceleration voltage of up to
300kV is used. The higher acceleration voltage decreases the wavelength of the electrons,
enabling the samples to be viewed with atomic resolution. The TEM images in this thesis
were obtained using the FEI Tecnai F30ST and 32 the JEOL ARM 200F Transmission
electron microscopes (operated at 300 kV and 200kV, respectively) in three different
modes: bright/dark field, high resolution TEM (HRTEM) and Scanning TEM/High Angle
Annular Dark Field (STEM/HAADF) modes. A schematic representation of a conventional
TEM microscope is shown in Figure 3.6156.
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Figure 3.6 Ray diagram for a TEM in imaging mode156.

The magnetic lenses focus the electron beam towards and through the sample, which
scatters the electrons. In the bright field TEM mode the transmitted beam is collected
using an objective aperture placed in the back focal plane, obtaining bright-field images.
Whereas dark field images are formed when one (or more) of the diffracted beams are
selected. The transmitted beam is expanded in the bottom section of the microscope, by
the projective lens, and then recorded using an imaging device, resulting in the formation
of the sample image.
In the study of the crystal structure of the nanowires high-resolution TEM (HRTEM) plays
a major role. With a lattice resolution of 0.1 nm, in the HRTEM mode the transmitted and
the scattered beams are used to form an image containing lattice fringes. The lattice
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fringes are not direct images of the atomic positions but can give information on the
lattice spacings and the atomic structure of the crystal.
In the study of catalyst position Scanning TEM/High Angle Annular Dark Field
(STEM/HAADF) is important. The electron beam is focused into a narrow spot and
scanned over the specimen in a raster with a scanning coil. The bright detector placed in
the microscope axis collects the transmitted beam independently of the beam position on
the sample (BFSTEM). Instead, by using a ring-shaped annular dark field (ADF) detector all
the diffracted electrons except the transmitted ones are collected (Figure. 3.7). The
HAADF image is generated by all the high-angle (>50 mrad) scattered electrons collected
in the ADF detector in the STEM mode. Since the contrast in the HAADF images is highly
dependent on the local average atomic number, this technique easily highlights the heavy
platinum catalyst particles, allowing the number and distribution of catalyst particles to
be easily studied.

Figure 3.7 Schematic of the STEM showing the geometry of the annular dark
field (ADF) detector and the bright field (BF) detector.
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3.6 Transfer of nanowires into flexible polymer substrates
In the study of nanowire transfer into polydimethylsiloxane (PDMS), gallium phosphide
(GaP) and indium phosphide (InP) nanowires were studied. The III/V nanowires were
fabricated by VLS growth of nanowire arrays from EBL patterned Au nanoparticles on
(111)B-oriented substrates using In(CH3)3, Ga(CH3)3, and PH3 as the precursor gasses.
Nanowires were grown from nanoparticles with diameters of 25 – 100nm with pitches
ranging from 200 to 1.5µm. The nanowires were grown in small fields of 25 by 25 wires in
order to study many pitches and diameters in each experiment.
The PDMS mixture, for the optimized process, is prepared in a vial, with an optimum
base:cure ratio of 10:4 and diluted with 65% hexane, ready for deposition. The PDMS
mixture is then deposited on the substrate and placed in a vacuum desiccator (at 10-2
Torr) with a beaker of hexane for 25 min. The hexane beaker was employed to reduce
hexane evaporation from the PDMS. The wafer was then spun at 1000 rpm for 60s to
obtain a layer thickness of 60µm.
Finally, the wafer is placed back into the desiccator without a beaker of hexane at low
vacuum (10-2/ 10-3 Torr) for approx 2 days until the PDMS has fully cured. In order to
facilitate the removal of the PDMS, and allow handling of the PDMS after removal a
second layer of standard, 10:1 base:cure, PDMS is spun on top of the initial layer at
1000rpm for 60 seconds, and cured at 150°C for 10 minutes. After curing the PDMS was
removed from the wafer by using a razor blade to cut off any excess PDMS from the side
walls of the sample, and then cutting around the edge of the sample, under the PDMS
layer, allowing the PDMS to be grasped with tweezers and peeled off. For the
experiments discussed in this paper, the PDMS preparation, pre-spin, post spin and curing
procedures are discussed in their roles for high yield nanowire transfer.

3.7 PDMS stretching
The PDMS films for use in the stretching device are prepared as standard PDMS, with a
base:cure ratio of 1:10. The PDMS mixture is deposited on a 2” SiO2 wafer and spun at
different spin speeds to achieve the different thicknesses. Once the layer is spun on the
wafer it is cured at 150°C for 5 minutes. A thick o-ring of PDMS is then attached to the
PDMS film using a layer of uncured PDMS between the film and the o-ring. This is then
cured at 150°C for 10 minutes.
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After curing the PDMS was removed from the wafer by using a razor blade to cut off any
excess PDMS from the side walls of the sample, and then cutting around the edge of the
sample, under the PDMS layer, allowing the PDMS to be grasped with tweezers and
peeled off.
In order for the extent of stretching to be measured a grid is then printed onto the PDMS,
and the sample is ready for testing.

3.8 Absorption measurements
The absorption data was derived from wavelength-dependent separate total
transmittance (T(λ)) and total reflectance (R(λ)) measurements. The GaP nanowires were
embedded in PDMS using the procedure described by A. Standing et al157. The PDMS film
with nanowires was stuck onto an aperture of a Thorlabs integrating sphere on which a
silicon photodetector was mounted. An Energetiq EQ-99 lamp combined with a Princeton
Instruments monochromator and chopper produced a light beam to illuminate the
sample, while the lock-in amplified silicon photodetector was used to detect the light
integrated in the sphere. For the transmittance measurement the sample was mounted
on the only open aperture of the sphere, in order to integrate all light transmitted
through the sample. For the reflectance measurement, the sample was mounted on one
side of the sphere under a small oblique angle (<6 degrees, to collect also the specular
reflection) and illuminated through the opposite aperture of the integrating sphere, in
order to integrate all light reflected by the sample. Both measurements were corrected
for the background and divided over a reference measurement. The references were
measured without a sample mounted in the transmittance configuration, and with a
piece of perfectly reflecting integrating sphere material mounted in the reflectance
configuration, respectively. The wavelength range of the incident light, limited by the
signal-to-noise ratio of the measurement, was set from 407 to 720 nm, with a 0.5 nm step
size. The absorptance fraction A(λ) was derived by using A(λ)=1-T(λ)-R(λ). The absorbed
power of the AM1.5G solar spectrum was calculated by multiplication of the absorptance
fraction by this AM1.5G, and integrated over the used wavelength range.
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3.9 Electrode fabrication
In order to make an ohmic back contact, layers of Ti/Au (50/100 nm) are evaporated onto
the back of the p-GaP substrate and annealed at 250 °C for 10 minutes in a nitrogen
atmosphere. The p-GaP samples are then cleaved into small pieces and either fitted into a
PEEK holder with 0.07 cm2 hole exposed to the electrolyte, or attached to a copper wire
with silver paste and insulated with epoxy and white lacquer, exposing only the active
surface of the GaP electrode.

3.10 Photochemical Electroless catalyst deposition
3.10.1 Photochemical Electroless MoSX Deposition
The cleaned GaP samples are immersed into a 1mM (NH4)2[MoS4] solution which is
freshly prepared. The sample is then illuminated for 30s by a 400nm LED under
1.4mW/cm2 intensity, the generated electrons in the conduction band of the p-GaP
reduce [MoS4]2- at the surface to form amorphous MoSx and the generated holes in the
valence band oxidize sulfide. Increasing the deposition time up to 5 minutes has little
effect on the catalytic behavior of the MoSX.

3.10.2 Photochemical Electroless Platinum Deposition
The cleaned GaP samples are immersed into a 50mM H2PtCl6, 2M HCl aqueous solution.
The sample is then illuminated for a set time by a 400nm LED under 1.4mW/cm 2 intensity,
the generated electrons in the conduction band of the p-GaP reduce the Pt4+ at the
surface to form platinum metal and the generated holes in the valence band oxidize the
[H2Cl6]4- to HCl and Cl2. For consecutive depositions a chronoampeometry step of 5
minutes, under chopped AM1.5 1 sun illumination, was performed between depositions.
Optimum performance was found for 3 consecutive 60s deposition steps, with a decrease
in performance seen after further depositions.
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3.11 PEC measurements
In order to study the photoelectrochemical properties of a semiconductor, an
electrochemical cell and a potentiostat are used. A three-electrode electrochemical cell is
used, as this includes a reference electrode which allows the voltages reported and our
results to be directly compared to those of others working in this field. The cell used in
the majority of our experiments is shown in Figure 3.8. The working electrode (WE) is the
material of interest, the reference electrode (RE) used is a saturated calomel reference
electrode, and is used to measure voltage, and the counter electrode (CE) is a Pt foil, and
is used to measure the current. All experiments are performed in 1M HClO4 (Sigma
Aldrich) electrolyte, unless stated otherwise. This highly concentrated acid removes
complications associated with the Gouy layer in the electrolyte, and provides an
abundance of solvated protons which are the main reactant in the reaction studied. The
reference potentials reported here are converted to the Reversible Hydrogen Electrode
(RHE) potential for convenience.

Figure 3.8 A schematic representation of the electrochemical cell used in
characterization experiments.

The current-potential curves are measured by Autolab 302N (Eco Chemie, Metrohm).
100mW/cm2 AM 1.5G illumination is provided by a 300 W Xenon Lamp (Newport 67005)
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with AM 1.5G filter (Newport 81094). The spectrum and intensity of the lamp is calibrated
by a spectroradiometer (IL90 International Light).
When current is flowing between the working electrode and the counter electrode,
chemical reactions will be occurring at the electrode surfaces. A negative current
indicates that reduction is occurring at the working electrode and oxidation at the
counter electrode. The water splitting reaction produces gaseous products, namely
hydrogen and oxygen. At high current densities the gaseous products can block the
electrode surface, reducing the exposed area, and the measured current. Therefore the
solution is agitated by continuously bubbling gas through, and the illumination is chopped
allowing any gas produced to bubble away.

Figure 3.9 A schematic representation of a three electrode potentiostat.

A potentiostat is a device which will control the voltage between the WE and the RE
directly, removing any effect that would be caused by the surface of the CE. The principle
of the working of a potentiostat is described in Figure 3.9. The intended voltage
difference between the WE and the RE is applied as the input voltage. The actual WE-RE
voltage is then measured by a separate amplifier, and compared with the input voltage. If
any difference is measured the input voltage is adjusted accordingly.
The I/V convertor measures the cell current, and forces it to flow through a resistor (RK).
The voltage drop measured across RK is a measure of the current. During an experiment
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the current will change between several orders of magnitude, therefore several RK
resistors are used. Large currents require small RK values and vice versa.

3.11.1 Current Voltage Curves and Efficiency
Current (I) voltage (V) measurements are a simple characterization technique for any
working electrode. An I-V curve reflects purely the electronic properties of the junction
under study, such as the semiconductor/electrolyte junction. Figure 3.10 shows a typical
set of I-V curves for a p-type semiconductor in the dark and under illumination.
In the dark the semiconductor acts as a diode, only allowing positive current to pass
under positive bias, whereas in the light negative bias results in a negative current. This
result informs us as to the type of doping employed in this semiconductor and the
plateau current under illumination informs us of the illumination intensity or the charge
carrier concentration. The prolonged period of zero current under illumination also
informs us of bulk recombination occurring within the semiconductor.

Figure 3.10 A typical I-V curve for a semiconductor in the dark and under
illumination. The ISC, VOC, and FF are highlighted.

The short circuit current (ISC) is defined as the photocurrent magnitude at 0V vs. RHE. The
open circuit potential (VOC) is defined as the potential where the measured current is 0A.
The fill factor (FF) is defined as;
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FF 

imaxVmax
VOC I SC

(3.1)

where imax and Vmax are the photocurrent, and potential at the maximum power point of
the system.
The efficiency is calculated as:

% 

(imaxVmax )100
Pin A

(3.2)

Where Pin is the intensity of the light incident on the sample (mW/cm2), and A is the
sample area (cm2)158. The efficiency calculated for the photocathode is referenced to a
hypothetical cathode with no overpotential losses at 0V vs.RHE159.

3.11.2 Chrono-methods
3.11.2.1 Chronoampeometry
By applying a constant voltage the stability of the current can be measured over long time
periods. By chopping the light during measurements, any gasses produced will evolve
away without disrupting the signal.
The samples are immersed in a 1M HClO4 aqueous solution, chopped illumination is
provided by a 300 W Xenon Lamp (Newport 67005) with AM 1.5G filter (Newport 81094)
at 100mW/cm2 AM 1.5G, and a potential of 0.0V vs.RHE is applied. This method is used to
measure the stability of semiconductor electrodes, or produce an oxide layer on the
semiconductor surface.

3.11.2.2 Chronopotentiometry
By applying a constant current, the voltage can be measured over time.
The samples are immersed in a 1M HClO4 aqueous solution and chopped illumination is
provided by a 300 W Xenon Lamp (Newport 67005) with AM 1.5G filter (Newport 81094)
at 100mW/cm2 AM 1.5G. The current is set as 0.0mA/cm2, and the potential is measured.
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As the current is set as zero, the difference in measured voltage between dark and
illumination will be the quasi Fermi level splitting within the semiconductor.

3.11.3 Impedance Spectroscopy
Impedance spectroscopy is a powerful tool for the study of semiconductor electrodes;
allowing us to obtain information on the structure of the solid/electrolyte interface as
well as on the mechanisms of electrochemical reactions.
In our case Impedance spectroscopy is used for the measurement of the systems series
resistance, as well as the calculation of Mott-Schottky plots for the measurement of the
flat band potential (VFB) and the dopant concentration.

a

b

c

Figure 3.11 FRA frequency scan. The resultant plots of an FRA frequency scan
measured on (111) p-GaP in pH0 solution with HClO4 as supporting
electrolyte. Showing a) Nquist plot, b) Bode Phase plot and c) Bode Modulus
plot.
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The dopant concentration of a semiconductor is typically between 1016 and 1018cm-3,
which is about six orders of magnitude lower than in metals. This concentration has
important implications for the charge and potential distribution at the semiconductor/
electrolyte interface as explained in chapter 2, section 2.2.
Impedance measurements are performed using an FRA frequency scan on the NOVA
software. The measurements are performed in the dark to allow for simpler
interpretation. A number of frequencies are measured in the range 1Hz to 30000Hz, with
the highest frequencies being measured first. The applied amplitude is 0.01V, as this is
lower than each measurement step, and a single sine wave is used for the measurement
to increase signal quality. The scan results in three separate plots as shown in Figure 3.11.
The important plots are the Nquist (Figure 3.11a) and the Bode Phase (Figure 3.11b). The
Nquist plot is used to calculate the equivalent circuit for the sample, giving the
capacitance and resistance. The resistance for this sample is 59.3Ω. The data acquired
from the FRA frequency scan allows the calculation of Mott-Schottky plots. These are
described in more detail in chapters 2 (section 2.2) and 7 (section 7.2). The Bode phase
plot informs us of the frequencies from which the most accurate dopant concentrations
can be calculated from Mott-Schottky plots. Frequencies where the phase is closest to 90°
give the most accurate results, so high frequencies are of importance for this sample.

3.12 Gas chromatography

Figure 3.12 A schematic diagram of a simple GC.

In gas chromatography (GC) a gaseous sample is carried, by a carrier gas, through a
chromatography column to a detector, a simple diagram of a GC is shown in Figure 3.12.
Different compounds in the sample will interact with the absorbent particles within the
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column differently and reach the detector at different times. The time taken to pass
through the column is known as the retention time, and is specific for the sample
material, column type and temperature, and carrier gas flow rate and type.

3.12.1 Detectors
The two thermal conductivity detectors are set in the gas stream; one will only ever see
the carrier gas, and is referred to as the reference detector. The detectors are continually
heated by an electric current, maintaining a constant temperature despite the cooling
effect of the carrier gas. As long as there is no sample within the carrier gas, the detectors
will have the same temperature, resulting in a zero signal.
A sample gas will have a different thermal conductivity to the carrier gas, and will
therefore change the temperature of the sample detector. The difference in temperature
between the sample detector and the reference detector will result in a peak in the
readout. The area under the peak is proportional to the amount of sample.

3.12.2 Sample Injection
The photoelectrochemical cell is kept air tight, to remove any unwanted signal from
atmospheric gasses. A constant flow of nitrogen is passed through the cell and towards
the GC, as shown in Figure 3.13. When a constant negative current is measured on the
working electrode, either during chronoampeometry or chronopotentiometry it is
assumed that hydrogen gas is being produced. Any gas that is produced will be carried
along with the N2 carrier gas to the GC.
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Figure 3.13 A schematic diagram of the PEC cell used for GC measurements.

3.12.3 Measurement
Figure 3.14a shows a calibration line, measured on platinum and a measurement
preformed on platinum catalyzed nanowires (from chapter 5). Figure 3.14b shows the GC
readout from the hydrogen detector in the presence of hydrogen during the platinum
calibration. The area under the peak is reported, and can be translated to a volume of
hydrogen, or in our case a particular current measured on the working electrode. A single
peak shows that there is only one product, and the retention time shows that the product
is hydrogen. Oxygen will also be present, however it is not observed in the readout as it
has a similar thermal conductivity to Nitrogen.
Figure 3.14c shows several measurements taken during a chronoampeometry
measurement, as shown in chapter 5, Figure 5.10. There is little fluctuation in peak height
over the 5 hours of constant current, and only 1 peak is observed, showing the only
product is hydrogen, and there are no gas producing side reactions.
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a

b

c

Figure 3.14 Gas Chromatography a) Measurements were taken from a
platinum electrode with different applied currents of 0mA, 0.05mA, 0.1mA
and 0.5mA to form the calibration line (black points). The calibration line has
an R2 value of 0.992, with small errors of ±2% for each measured value. The
red point is from a measurement carried out on a nanowire sample after a
3x60s Pt deposition. b) The data taken from the gas chromatography (GC)
measurement carried out on the platinum electrode with an applied current
of 0.5mA. c) The data taken from the GC measurement carried out on the
nanowire electrode. Several samples were taken over a four-hour period
during the long time chronoampeometry measurement shown in the main
text Figure 3.c, a potential of 0V (vs. RHE) was applied, and the current was
measured to be 3x10-5A due to the small size of the sample, the measured
data can be seen in the inset table. The Faradaic efficiency calculated from
this measurement is 97.6% with an error (calculated as 1 standard deviation
from the average) is found to be ±3%.
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Chapter 4: Towards flexible
nanowire devices
In this chapter the author discusses the transfer of nanowire fields into flexible polymer
films. The method of microwire transfer into PDMS has been adapted to be suitable for
the transfer of fields of nanowires. Experiments were carried out on gallium phosphide
nanowires with a standard length of 10 µm with varying pitch (0.2–1.5 µm). PDMS is a
two part solution that requires curing to form the polymer; this allows us to deposit the
uncured solution onto the nanowire sample, fully embedding the nanowires, then when
the polymer is cured the nanowires may be removed from the substrate. This procedure
will theoretically allow both ends of the nanowires to be contacted, producing flexible
nanowire devices from vertically aligned nanowires with defined positions.
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4.1 Nanowire Transfer
4.1.1 Nanowire devices
Nanowires are currently being considered for device applications in many fields66–74. Their
one dimensional geometry gives rise to anisotropic electronic and optical properties93,
and allows many different materials to be combined77,78. In general, highly ordered arrays
of vertically aligned nanowires are favored, as this enhances many of their properties,
such as light absorption and functional surface area88.
However, nanowire arrays with high crystalline quality must be grown on expensive and
brittle substrates. For large scale applications, such as photo-voltaic cells, lower substrate
costs and less brittle devices are required. Therefore a method of transferring nanowires
to a more flexible and lightweight material is desirable93–96. Polydimethylsiloxane (PDMS)
has been used for the transfer of micrometer scale networks97,98, and more recently for
the transfer of randomly positioned nanowires, with large (>5µm) inter-wire distances
(pitch)99.

4.1.2 Challenges in Transfer of Nanowire Arrays
We have focused on ordered arrays of nanowires with small (<1µm) pitches, with the goal
of transferring nanoimprint or EBL patterned arrays, for device applications and study.
The scaled down process must address three main challenges:
1. Maintaining a uniform nanowire length after detachment.
2. Achieving a high yield of transfer/ transferring complete arrays of nanowires.
3. Successful transfer of nanowire arrays with different pitches.
The first challenge can be overcome by the introduction of a position in the wires where
removal will be favored. For top down grown nanowires a crack can be incorporated part
way along the length of the nanowires, this method has been demonstrated by J. M.
Weisse et al. on Si nanowires93, however we have opted for a method where vapor liquid
solid (VLS) grown nanowires will be broken off just above the nucleation site, this is a
thicker section of the nanowire formed when initializing growth. The 2nd and 3rd
challenges can be overcome by careful tuning of the PDMS properties during deposition
and curing. Due to the different surface energies of the nanowires and the polymer this
can be difficult, as the PDMS does not easily penetrate between the wires.
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4.1.3 Successful Transfer of Nanowire Arrays
Figure 4.1a shows a scanning electron microscopy (SEM) image of GaP nanowires with
10µm length and 75nm diameter. It is evident that wires have grown from all of the
deposited Au particles; with few wires self nucleated wires outside of the arrays. After the
optimized PDMS deposition and peel off, no wires remain on the substrate, and only the
nucleation sites are evident, demonstrating the effectiveness of this break off site (Figure
4.1b). Some PDMS residues are, however, visible on the arrays. The PDMS films were
studied via bright field optical microscopy (Figures 4.1c and d), and the nanowire arrays
are evident, in the transferred PDMS film. The orange color evident Figure 4.1c is
expected from the GaP wires due to absorption of blue light. The higher magnification
microscopy image in Figure 4.1d shows no absent wires in this transferred nanowire field.
A cured piece of PDMS containing nanowires after removal from the substrate is shown in
Figure 4.1e. This PDMS sample was used for acquiring the images in Figures 4.1c and d.

a

c

b

d

e

Figure 4.1 Scanning Electron Microscope (SEM) images of NW fields on a
substrate a) before and b) after complete transfer into PDMS, with b)
showing only the nucleation site remaining on the substrate. Optical
microscopy images of NW fields with c) low pitch and d) high pitch embedded
in PDMS after removal. e) A photograph of a PDMS sample with NWs
embedded. All scale bars are 10µm.
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4.2 Process Optimization
a

b
PDMS layer
NW
Array

Air Pocket
Substrate

c

Figure 4.2 a) SEM image of a NW field “embedded” in PDMS while on the
substrate, showing an air pocket over part of the field, b) a schematic picture
of a). c) SEM image of band removal of nanowires, due to only partial
penetration of the fields by the PDMS. Both scale bars are 10µm.

The initial experiments were carried out using the parameters recommended by Dow
Corning, however poor transfer yields (<5%) were reported. This was mainly due to the
PDMS not penetrating the nanowire fields. A short waiting period was therefore added to
the procedure for both pre and post spinning. This slightly improved the yield of transfer,
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however, bands of nanowires were observed to be transferred into the PDMS. The reason
for band transfer can be seen in Figure 4.2a and b. The PDMS only penetrates certain
regions of the array, therefore only allowing removal of nanowires in these areas. Figure
4.2a is an SEM image showing a side view of a nanowire field, where this partial
penetration is evident. Figure 4.2b is a schematic representation of the image in Figure
4.2a. The band removal can be seen in the SEM image in Figure 4.2c. The two possible
explanations for this band removal are; the high viscosity of the PDMS impeding
penetration into the arrays, or trapped air pockets in the nanowire layer.

4.2.1 PDMS Viscosity
To combat the high viscosity of pure PDMS hexane is added as a diluting agent. The lower
viscosity improves the penetration of the PDMS into the arrays, and therefore the
transfer yield. However, if the level of dilution becomes too high the transfer yield is
reduced (Figure 4.3). This reduction in transfer yield is expected as the presence of
hexane affects the curing process of the PDMS. The most effective level of dilution was
found to be 65% hexane. Band removal was nevertheless still observed indicating that
viscosity was not the only factor affecting PDMS penetration of nanowire fields.

Figure 4.3 The effect of % dilution with hexane on transfer yield. The results
are taken from experiments performed with all other parameters at their
optimum.
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4.2.2 Trapped Air Pockets
The alternative explanation for the band removal observed is the presence of air pockets
trapped within the nanowire arrays. A vacuum desiccator was therefore implemented
after spinning to help remove the trapped air pockets. Short vacuum times of even
20minutes already increased the transfer yield. However, as expected a longer vacuum
time increases the transfer yield (Figure 4.4), therefore the PDMS is cured at room
temperature (25°C) under vacuum. Curing at 25°C has the added benefit of not exposing
the PDMS to high temperatures. Temperatures of over 80°C have been shown to
decrease the tensile strength of PDMS160,161.

Figure 4.4 The effect of vacuum time on transfer yield. The results are taken
from experiments performed with all other parameters at their optimum.

4.2.3 Tensile strength
While the above steps have increased the transfer yield, it is not yet perfect, especially for
arrays with low pitches. It is observed that, although the penetration by PDMS is
successful, the tensile strength of the PDMS is low. So the PDMS will break in place of the
nanowires, leaving chunks of PDMS attached to the substrate with the nanowire arrays
still intact. The close proximity of the wires in these arrays will also lead to a weakening of
the PDMS, similar to perforations in paper. This means that the PDMS tears at the edges
of these nanowire arrays, so the arrays will act as solid blocks rather than separate
nanowires.
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Therefore the tensile strength was improved by increasing the amount of curing agent
used162,163. The most effective percentage of curing agent was found to be 30% (Figure
4.5). As the amount of curing agent is increased the number of cross links in the polymer
will increase, however when too much curing agent is used, some monomers in the
mixture will remain unreacted, meaning the polymer cannot cure fully, weakening the
structure, and decreasing transfer yield.

Figure 4.5 The effect % curing agent with respect to PDMS Base on the
transfer yield. Each graph shows the effect of only the tested perameter
when all others are at their optimum.

4.3 Optimized PDMS
This level of optimization allows 95% transfer over a range of pitches (600-1000nm)
(Figure 4.6). Pitch between nanowires was found to have a profound effect. PDMS has
more difficulty penetrating into arrays where the nanowires have smaller pitch and
especially large pitches also present a problem as the PDMS is more flexible around them
(not held rigidly by closer wires). This increased flexibility allows some wires to slip out of
the PDMS layer without breaking off. In an attempt to improve the transfer yield of the
nanowires at high pitches the surface of the nanowires is functionalized by use of a HMDS
primer. This adds -Si(CH3)3 groups to the surface of the nanowires, improving the bonding
strength between the nanowires and the PDMS, giving the optimal transfer yield. Figure
4.6 shows that transfer with optimum conditions allows 95% transfer of all arrays with
pitches larger than 0.5µm, whereas without the use of the primer, a decrease in transfer
yield is seen at higher pitches. When no “pre vacuum” is used the nanowire arrays with
lower pitch are not removed, this will be mainly due to the PDMS not fully penetrating
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the nanowire arrays. Whereas when only 10% curing agent is used the lower pitches will
not be removed as the PDMS will lack the tensile strength to remove the field of
nanowires, as each array will act more like a solid block of material rather than separate
nanowires.

Figure 4.6 The effect of pitch on nanowire transfer yield when different
procedures are used. Showing optimum conditions (Purple upside-down
triangles), without the use of the primer (blue triangles), no pre-vacuum step
(red circles) and only 10% curing agent (black squares).

4.4 Nanoimprint Array Transfer
Once the process has been optimized for small patterned fields, it is possible to study
nanowire arrays with varying pitch using photo luminescence spectroscopy (PL) in order
to better understand the optical properties of the as grown nanowires79. However, in
order to produce a nanowire device, large scale arrays of nanowires >1cm2 need to be
transferred into the PDMS membrane.
Arrays of InP nanowires were grown on nanoimprint patterned GaP substrates with sizes
>1cm2. The resulting nanowires had an average length of 5.0±0.1µm and were
successfully transferred into PDMS membranes. An example of a PDMS film containing
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nanoimprint patterned nanowires can be seen in Figure 4.7. 100% removal was not
achieved for the whole sample, as evidenced by the transparent (white) sections.

Figure 4.7 A nanoimprint nanowire array transferred into a PDMS film. The
nanowire array is clearly evident in the film due to the coloration.

4.5 Flexibility testing
Once the nanowires are transferred into PDMS it will theoretically be possible to reuse
the expensive substrate, either using self catalyzed growth, from the remaining nanowire
stem, or by polishing the surface and re-patterning with nanoimprint gold particles.
However, this is not the only benefit of transferring the nanowire field into the polymer
membrane. PDMS is an elastic, flexible and transparent polymer; the transferred
nanowire array is therefore able to be folded and stretched, allowing the pitch between
the nanowires to be increased, or allowing the nanowire field to be wrapped around
objects.
In order to test the extent of the elasticity of the PDMS, the device shown in Figure 4.8
was developed. With this device a circular film of PDMS with a diameter of 2 inches was
able to be stretched, by increasing the pressure in the chamber under the film. Due to the
circular aperture the expansion of the PDMS will be uniform across the film. Several film
thicknesses were tested from 60µm to 1.5mm. The results from the stretching
experiment are shown in Figure 4.8d. As expected, the thicker films required a higher
pressure to achieve the same expansion, and at a certain level of expansion the PDMS
film ruptured. For the thinnest film, 60µm, the rupture occurred at greater than 120%
expansion; however for the thickest film, 1.5mm, the rupture occurred after only 50%
expansion. This tendency for thicker films to rupture at lower expansion is expected as
the film becomes more rigid, and therefore more brittle as it becomes thicker.
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Figure 4.8 a) a schematic representation of the device b) The PDMS
stretching device with a sample in place, c) the PDMS stretching device with a
stretched (inflated) sample, d) Inflations with PDMS thicknesses of 60µm
(blue diamonds), 120µm (red squares), 240µm (yellow triangles) and 1500µm
(green circles) e) Inflation and deflation hysteresis.

For a nanowire device a thinner film is required in order for contacts to be formed on
both ends of the nanowire, so further testing was carried out on the thinnest 60µm film.
Although the ability of the PDMS to stretch will be useful, it serves little purpose unless
the PDMS will return to its original form after being handled (stretched) several times. An
experiment involving the expansion and relaxation of the film was therefore performed,
where the 60µm film was expanded by 80% by applying a pressure of 2.5atm to the
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stretching device and then relaxed to the start position of 1atm. The results of this
experiment are shown in Figure 4.8e, and it is evident that the PDMS film always relaxes
back to its original shape, for the number of cycles attempted. It was only possible to
perform 33 complete cycles, as on the 34th expansion the film ruptured, meaning no
further experiments were possible.
The thicker films were all reported to rupture at 80% expansion or below, most notably
the thickest film of 1.5mm which ruptured at only 50% expansion. It is therefore
impressive that the 60µm film reported 33 expansions to 80% without rupture. Over
several expansions it is likely that the film became weakened, eventually leading to
rupture on the 34th expansion.

4.6 Conclusion
In conclusion we achieved a transfer yield of >95% for a range of NW pitches. This high
yield was achieved by adapting the procedures to tackle the many adverse factors
affecting the transfer of NWs from their substrate into PDMS films. The factors that affect
removal were found to be penetration of the PDMS into the NW fields, removal of air
bubbles trapped within the NW fields and the strength of the PDMS affecting removal.
However, by manipulation of the viscosity of the PDMS, the PDMS base-to-cure ratio and
application of a vacuum a high yield of transfer is achievable.
Transfer by this method will only allow one side of the NWs to be exposed, this allows PL
and absorption measurements to be done on the wires without interference from the
substrate. Further work regarding the etching of PDMS to expose both sides of the wires
can be performed to allow functionalization of the NWs in the composite for device
applications. The attachment of these PDMS films to a thicker, more robust substrate is
also desirable as this will yield more durable devices.
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Chapter 5: p-Gallium Phosphide
Nanowires for Hydrogen
Production
Photoelectrochemical hydrogen production from solar energy and water offers a clean
and sustainable fuel option for the future. Planar III/V material systems have shown the
highest efficiencies; but are expensive. By moving to the nanowire regime the demand on
material quantity is reduced, and new materials can be uncovered, such as wurtzite
gallium phosphide, featuring a direct bandgap. This is one of the few materials combining
large solar light absorption and (close to) ideal band-edge positions for full water splitting.
Here we report the photoelectrochemical reduction of water, on a p-type wurtzite
gallium phosphide nanowire photocathode. By modifying geometry to reduce electrical
resistance and enhance optical absorption and modifying the surface with a multistep
platinum deposition, high current densities and open circuit potentials were achieved.
Our results demonstrate the capabilities of this new material, even when used in such low
quantities, as in nanowires.
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5.1 Wurtzite Gallium Phosphide Nanowires
Pure WZ p-GaP nanowires are grown in ordered arrays, on a p-GaP ZB wafer (Zn-doped
(111)B GaP, AXT Inc.), for use as photocathodes for the production of hydrogen from
water. We show in this chapter that with optimized nanowire geometry (length,
diameter) and suitable catalyst deposition, we reach high PEC efficiencies, with a VOC of
>0.75V (vs. RHE) and an ISC of >10 mA/cm2. The reported VOC is higher than the current
record for a ZB p-GaP photocathode, and is close to the flat band potential, calculated as
1.06±0.1V (vs.RHE) from Mott-Schottky plots (chapter 7, Figure 7.7). The ISC is higher than
the theoretical maximum current for ZB GaP and close to the theoretical maximum
current of 12.5mA/cm2 for WZ GaP, showing the advantages of the direct bandgap
nanowire system.
Figure 5.1a shows a scanning electron microscopy (SEM) image of a typical nanowire
array. The WZ GaP nanowires are grown from a nanoimprint-patterned array of gold
particles; this gives an ordered array of nanowires with 495nm pitch and 90nm diameter.
The wires are grown with optimized parameters for the WZ crystal structure (Chapter 3,
section 3.2). Figure 5.1b shows a high resolution TEM image of an as grown p-GaP wire.
The GaP wires have an almost perfect WZ crystal structure with a very low stacking fault
density of <1µm-1. Figure 5.1c compares the current density–voltage (I-V) behavior of ZB
planar (100)-oriented p-GaP single crystalline substrate and WZ nanowire p-GaP
electrodes. The nanowires used in this experiment are of optimized geometry, with
lengths and diameters of ~2.0µm and ~150nm respectively. The nanowire length is
controlled by adjusting the growth time of the core. The diameter is adjusted by the
growth of a shell on the nanowire surface (see Chapter 3, section 3.2 for more details), as
this growth method enables the shell to maintain the WZ crystal structure forming single
crystal nanowires. The planar ZB GaP surface is not insulated during experiments;
however it is expected from absorption measurements performed on nanowires, after
transfer into a PDMS film (Figures 5.3 and 5.4c), that <15% of the current is due to the
substrate.
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V (vs. RHE)

Figure 5.1 a) Scanning electron microscopy image of a typical array of GaP
nanowires defined by nano imprint lithography. Scale bar, 400 nm. b) Highresolution TEM image of a typical p-type GaP nanowire with WZ crystal
structure; scale bar, 5 nm. The inset shows the Fast Fourier Transform of the
same area. c) Linear sweep voltammograms for direct comparison of
nanowire (red) and planar (black) samples with molybdenum sulphide
catalyst, performed under chopped 100 mW cm−2 AM1.5 illumination, in
aqueous solution pH 0 with HClO4 as supporting electrolyte. Also showing
open circuit potential (VOC), short circuit current (ISC) and fill factor (FF) (filled
square/empty square).

An amorphous molybdenum sulfide (MoSX) catalyst122,164,165 is deposited on both planar
and nanowire samples, the catalyst will enhance transfer of charges from the
semiconductor to the electrolyte, and stabilize reaction intermediates, which will reduce
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surface recombination. The MoSX catalyst is deposited on the samples prior to all
following experiments (unless stated otherwise). The VOC; fill factor (FF); ISC; and energy
conversion-efficiency (η%) measured for the ZB GaP planar and nanowire-array WZ p-GaP
electrodes with and without the MoSX catalyst are listed in Table 5.1. We note that our
reference planar ZB GaP sample already shows similar VOC and ISC values compared to
recently reported best values for planar ZB GaP38. The WZ GaP nanowire sample has a
higher VOC, ISC and FF than the planar sample, resulting in a much higher efficiency of
1.4%. This is due to the direct bandgap of WZ GaP decreasing the absorption depth; and
the nanowire geometry, decreasing reflection and bulk recombination losses73.

Sample
Planar, no catalyst
Planar, MoSx
NW, no catalyst
NW, with EPO
NW, MoSx, no EPO
NW, MoSX with EPO
NW, Pt 1x60s, with EPO
NW, Pt 3x60s, with EPO
NW, Pt 1x180s, with EPO

VOC
(V vs.RHE)
0.677
0.726
0.62
0.75
0.66
0.71
0.73
0.76
0.73

ISC
(mA/cm2)
1.18
1.21
1.5
4.1
5.6
6.4
6.5
9.8
6.7

FF

η%

0.21
0.25
0.27
0.18
0.37
0.33
0.18
0.39
0.20

0.17
0.22
0.28
0.55
1.37
1.50
0.85
2.90
0.98

Table 5.1 A summary of the efficiency measured for different planar and
nanowire samples after different catalyst depositions have been performed.

In the following sections the steps involved in the optimization of the GaP nanowires will
be discussed. This includes the study of nanowire geometry, an electrochemically
produced passivation layer, and a new scheme for platinum catalyst deposition.

5.2 Nanowire Geometry
In the following sections we will discuss the geometry optimization; the nanowire
geometry strongly influences the attainable ISC in a PEC cell. We independently varied
both the nanowire length and the nanowire diameter by switching between vapor-liquid86
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sold growth, which mainly increases the nanowire length and vapor-solid growth, which
mainly increases the nanowire diameter (Figures 5.2a and 5.4a). A larger nanowire length
increases the solar light absorption, but if length increases too far it becomes detrimental
due to an increased series resistance. The optimum nanowire diameter is determined by
a trade-off between a decreasing series resistance, an increased solar light absorption
and an increasing reflection loss (because of an increasing average refractive index of the
layer) as nanowire diameter increases.

5.2.1 Wire Length
Figure 5.2a shows SEM images of wires with different lengths of 0.73µm (i), 1.65µm (ii)
and 2.02µm (iii) without catalysts. In Figure 5.2b the I-V behavior, of wires with lengths
0.73µm, 2.02µm and 3.5µm and a constant diameter of 90nm, is shown. The shortest
wires (0.73µm, black line/ top panel) exhibit the highest VOC, however, when the length is
increased to 2.02µm (blue line/ middle panel), the ISC and FF improve, with only a small
decrease in VOC. With a further increase in length to 3.5µm (red line/ bottom panel) a
dramatic decrease is observed in VOC, ISC and FF, however the saturation current appears
unchanged. In Figure 5.2c the measured series resistance in the system, obtained from
impedance measurements, in the dark (black points, left axis), and the ISC, under
illumination (red points, right axis), are plotted. The lines connecting the points in Figure
5.2c are only added as a guide to the eye. In Figure 5.2c (black points) we see that
resistance increases greatly as nanowire length increases, as is expected from the
equation;

R  L

(5.1)

A

where R is the resistance of the wire, ρ is the resistivity of the material, L is the wire
length, and A is the wire cross sectional area. However this is clearly not the only factor
affecting performance as the trend for ISC is not the inverse of resistance. This is due to
the light absorption increasing with nanowire length (Figure 5.3). The light absorption
appears to saturate above 2µm, meaning that current will not increase further with
increasing nanowire length.
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(ii)

(iii)

b
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Resistance

Measured ISC

Figure 5.2 a) SEM images of Zinc-doped WZ GaP nanowires grown for (i)
6min, (ii) 14min, and (iii) 22min with lengths of 0.73µm, 1.65µm and 2.02µm
respectively. Scale bar 200nm for all images. b) Linear sweep
voltammograms of NW samples with NW lengths of 0.73µm (black/ top),
2.02µm (blue/ middle) and 3.5µm (red/ bottom), performed under chopped
100mW/cm2 AM1.5 illumination, in aqueous solution pH0 with HClO4 as
supporting electrolyte. c) Plots of resistance (black, left y-axis) and ISC (red,
right y-axis) against nanowire length. The error bars were calculated as two
standard deviations away from the average value taken from 3 or more
experiments carried out on separate samples with the same specifications
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Figure 5.3 The trend of light absorption with increasing wire length. The
nanowire samples with different lengths are transferred into PDMS157 and
absorption measurements were carried out as outlined in chapter 3, resulting
in an absorption fraction spectrum. At each wavelength, the absorption
fraction was multiplied by the power density of the AM1.5G spectrum at this
wavelength, in order to obtain the absorbed power density at this particular
wavelength, if excited with AM1.5G. Then, this power density was integrated
over the measured wavelength range, to obtain the total absorbed power per
unit area. The measurements were repeated for several different positions on
the nanowire samples. The error bars indicate the spread of the calculated
powers for each nanowire length.

Due to the increased surface area, the flux of electrons through the electrode electrolyte
junction per unit area decreases. This causes a decrease in the VOC26,103,111 as explained in
chapter 2, section 2.7. This factor, however, only accounts for a small decrease in VOC on
the order of 10s of mV; the further drop in voltage is due to the resistance and length of
the nanowire. As the nanowire length continues to increase, more voltage is lost due to
the increased resistance and surface area, causing the decrease in ISC observed in Figure
5.2c, and the change in the I-V curve shape observed in Figure 5.2b. It is found that the
optimum wire length is 2µm, yielding promising VOC and FF; this wire length allows for
good transport of charge carriers and reasonable absorption of light without too much
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voltage drop from the increased resistance and surface area. The ISC, however, should be
able to reach a much larger value of up to the previously mentioned value of;
12.5mA/cm2.

5.2.2 Wire diameter
Using the optimized wire length, the effect of the wire diameter is studied by growing a
shell on the wires, maintaining the pure WZ crystal structure, with nominally the same
dopant concentration as used for the growth of the core. Average wire diameters of
90nm, 120nm, 150nm, 180nm and 215nm are obtained by respective shell growth times
of 0, 5, 10, 20 and 30 minutes. Figure 5.4a shows the SEM images of the wires with 5, 10,
and 30 minute shell growth times. It is evident from these SEM images that the wire
length also increases with shell growth; this is due to unavoidable axial growth through
the catalytic gold particle from the initial VLS growth. Figure 5.4b shows the I-V behavior
of the samples with growth times of; 5 minutes (black line/ top panel), 10 minutes (blue
line/ middle panel) and 30 minutes (red line/ bottom panel). Very little change in VOC and
FF is observed with increasing the diameter from 90nm to 180nm; however the FF does
decrease with a further increase in diameter to 215nm. The VOC does not decrease with
the increased surface area as would be expected, this is due to the resistance, as
observed from impedance measurements, decreasing as the diameter increases, leading
to a decrease in the resistance dependant voltage drop, allowing the two effects cancel
each other out. The ISC on the other hand increases dramatically from 1.5mA/cm2 to over
5mA/cm2, reaching a plateau for wire diameters of 150-180nm and decreasing above
200nm. This trend in ISC is shown by the red points in Figure 5.4c (the line is added as a
guide to the eye).
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Figure 5.4 a) SEM images of the p-type WZ GaP nanowires grown for 16min
(2µm), with additional shell grown for (i) 9min, (ii) 10min and (iii) 30min with
respective diameters of 120nm, 150nm and 215nm. Scale bar 200nm for all
images. b) Linear sweep voltammograms of NW samples with NW diameters
of 120nm (black/top), 150nm (blue/middle) and 215nm (red/ bottom),
performed under chopped 100mW/cm2 AM1.5 illumination, in aqueous 1M
HClO4 solution. c) Plots of light absorption, measured as defined in Figure S3
(black, left y-axis), ISC (red, 1st right y-axis) and ISC normalized to the nanowire
sidewall and substrate surface area (blue, 2nd right y-axis) against nanowire
diameter. The error bars were calculated as two standard deviations away
from the average value taken from 3 or more experiments carried out on
separate samples with the same specifications

The blue plot in Figure 5.4c shows the ISC normalized to the nanowire surface area (again
the line is added as a guide to the eye). From the ISC and normalized ISC plots it is apparent
that for WZ GaP the optimum nanowire diameter, for PEC applications, is 150nm. This is
an unexpected result, as our absorption measurements show an optimum absorption at
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180nm (Figure 5.4c black plot). A decrease in absorption occurs at diameters greater than
180nm as reflection starts to occur at the top of the array, due to an increase in refractive
index166. Besides light absorption, bulk recombination also becomes a factor as the
nanowire diameter increases past double the space charge width of 30nm at (0V vs. RHE)
(as calculated in chapter 7, section 7.2), resulting in a lower ISC than expected for the
larger nanowire diameters. The ISC decreases further with diameter as the average
refractive index is increased causing reflection to become an issue. A possible further
reason for the lower ISC from the thicker nanowires is the axial growth caused by the gold
particle during shell growth. As the axial growth is not intentional, during this growth
phase stacking faults are incorporated, which could lead to recombination of charge
carriers, and a lower than expected ISC.

5.3 Electrochemically Produced Oxide (EPO)
Due to the large surface area of the 2µm long 150nm wide nanowires, an oxide layer can
help to passivate surface states115,167,168, reducing surface recombination. A simple
method for the production of an oxide layer is to apply a reducing potential to the GaP
electrode while under illumination in an aqueous acid. The surface of the GaP will be
reduced to gallium metal and phosphine (as explained in chapter 2, section 2.5). The
gallium metal is then quickly oxidized by the aqueous acid to gallium oxide, thus forming
an electrochemically produced oxide (EPO), similarly to the process observed on InP167.
The formation of this EPO layer can be observed during electrochemical measurements,
by the increase observed in the current. The chronoampeometry measurement shown in
Figure 5.5a demonstrates this clearly. In the first 150 seconds the current increases as the
oxide layer is formed. Once the oxide layer is conformal over the surface of the nanowire
the current stabilizes, and remains stable for the following 150 seconds. The experiment
in Figure 5.5a is carried out under chopped illumination so that the dark current can also
be observed. The fact that the dark current does not increase during the experiment
shows that the current under illumination is purely due to the passivating effect of the
oxide layer and not due to any surface charging, as that would also cause the dark current
to increase. Figure 5.5b shows the I-V behavior of the nanowires after the production of
the EPO layer, the ISC and VOC are both increased to 4.1mA/cm2 and 0.75V (vs. RHE)
respectively.
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Ga2O3GaP

Figure 5.5 a) Chronoampeometry measurement of a WZ GaP nanowire
sample without catalyst, showing the production of the EPO. Experiment is
performed at 0V (vs. RHE) under chopped 100mW/cm2 AM1.5 illumination, in
aqueous solution pH0 with HClO4 as supporting electrolyte. b) Linear sweep
voltammogram of a WZ GaP nanowire sample before (black) and after (red)
EPO deposition, performed under chopped 100W/cm2 AM1.5 illumination, in
aqueous solution pH0 with HClO4 as supporting electrolyte. The inset is a TEM
image of a section of a single nanowire, of optimized geometry, after EPO
deposition scale bar is 5nm. Different samples were used for Figures a and b.

The inset in Figure 5.5b shows a TEM image of a section of a nanowire after the
production of the EPO layer. The EPO layer is observed to be approximately 3nm in
thickness, and is clearly not evident prior to the electrochemical treatment in the TEM
image in Figure 5.1b. This EPO passivates surface states115,167,168, decreasing surface
recombination, leading to the observed increase in current. In the presence of the EPO
the ISC is still limited to ~4mA, so a catalyst should still be implemented to promote charge
transfer further. The production of the EPO layer is not a controllable process as it occurs
alongside other reactions. The thickness of the EPO layer is therefore difficult to
reproduce, and with further experimentation will change in thickness as discussed in
section 5.5, and evidenced in Figure 5.8.
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5.4 Molybdenum Sulfide Catalyst
In order to fully realize the potential of GaP for water reduction, a suitable catalyst is
required to promote charge transfer, thereby suppressing charge carrier recombination.
As previously mentioned, nanowires have a large surface area, and therefore a low
current density, meaning that an earth abundant catalyst such as MoSX122,164,165,169 should
yield promising results. Figure 5.6a shows the I-V characteristics for nanowires with MoSX
as catalyst. Prior to this MoSX deposition an electrochemically produced oxide (EPO)
passivation layer is formed. This EPO layer has been shown to improve the ISC of
uncatalyzed nanowires from 1.5mA/cm2 to 4.1mA/cm2 (see Table 5.1, section 5.3 and
Figure 5.5).
The MoSX catalyst is deposited for an optimum deposition time of 30 seconds (Figure
5.6c). The reaction of the precursor with the semiconductor surface also results in the
formation of sulfide30, which is widely known to passivate III-V semiconductors113,170,171.
Even so, the presence of the EPO improves the overall efficiency from 1.37% (Figure 5.1c)
to 1.5% (Figure 5.6a), demonstrating that the EPO is a more effective passivation layer
than sulfide, and will be much more important for other catalysts (that are not produced
with their own passivation layer). VOC, ISC, FF and η% values for the nanowires, catalyzed
by MoSX, with and without the EPO can be found in table 5.1. This combination of
nanowire, oxide and catalyst has already achieved the current record in VOC of 0.71V (vs.
RHE) for GaP, and has achieved a much higher ISC (6.4mA/cm2) than has yet been reported
for GaP.
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Figure 5.6 a) Linear sweep voltammogram of an optimized nanowire sample
with EPO and MoSx deposited photochemically for 30s performed under
chopped 100W/cm2 AM1.5 illumination, in aqueous solution pH0 with HClO4
as supporting electrolyte. b) High resolution TEM image of a nanowire after
MoSX has been deposited for 30s; red ovals are used to highlight the position
of some MoSX particles. Scale bar is 100nm. c) Linear sweep voltammograms
of 120nm diameter nanowire samples with MoSx deposited photochemically
for 0s (black line), 15s (red line), 30s (blue line), 60s (pink line) and 5minutes
(green line) performed under chopped 100W/cm2 AM1.5 illumination, in
aqueous solution pH0 with HClO4 as supporting electrolyte.

5.5 Platinum Catalyst
As platinum is well known to be the best catalyst for water reduction, this catalyst is
implemented to explore the full potential of wurtzite GaP. The best performance should
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be achieved with a uniform particle distribution, and an average particle size of 25nm172,173. We have achieved this by a simple and cheap electroless photodeposition
method (as outlined in chapter 3, section 3.10). Longer deposition times, as expected,
result in larger platinum particles, but remarkably the number of platinum particles
decreases as deposition time is increased.
a

1x180s
1x60s
3x60s

b

(i)

(ii)

(iii)

Figure 5.7 a) Chronoampeometry of NW samples after Platinum has been
deposited photochemically for 1x180s (black line) 1x60s (red line) and 3x60s
(blue line). Performed at 0V (vs. RHE) under chopped 100mW/cm2 AM1.5
illumination, in aqueous solution pH0 with HClO4 as supporting electrolyte. b)
Dark field TEM images of single nanowires after platinum has been deposited
photoelectrochemically for 1x60s (i), 3x60s (ii) and 1x180s (iii), scale bar is
50nm.

Figure 5.7a shows chronoampeometry measurements performed on the nanowire
samples after a single 180s deposition (black line), a single 60s deposition (red line) and
after 3 consecutive 60s depositions (blue line). During the chronoampeometry
measurements, after a single 60s deposition (red line), an increase in current is observed
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over time. The increase is, however, not observed after 3 consecutive 60s depositions
(blue line), and only a slight increase is observed for the 180s deposition (black line). It
can be seen from Figure 5.5b and Figure 5.8b that the oxide layer increases slightly in
thickness after 3 consecutive platinum depositions. When the platinum coverage is low,
as is the case for 1x60s (and to a lesser extent for 1x180s), reactions will still occur on the
nanowire surface without the aid of the catalyst. This, has in this case, most likely, lead to
the oxide being reduced back to gallium metal, and exposing the GaP surface, allowing for
the production of a thicker (passivating) oxide layer, which will act to reduce surface
recombination and therefore increase current. Once the catalyst loading is high enough,
as is the case for 3x60s, the catalyst particles are used preferentially for charge transfer
from the semiconductor to the electrolyte, allowing for an increased reaction rate. The
preferential use of the catalyst particles for charge transfer will also reduce the chance of
oxide layer removal and surface reduction, leading to the reasonable stability observed in
Figure 5.10.

Deposition Process

Particle size (nm)

1x60s
3x60s
1x180s

3.5±2.5
5±3
14.5±12.5

Particles per
100nmx100nm square of
nanowire surface
100±10
50 ±6
34±16

Table 5.2 Platinum catalyst depositions: A summary of the platinum particle
size and distribution after different types of deposition.

When the deposition time is increased from 60s to 180s; the number of particles per
0.01µm2 decreases from 100 to 34 (Figure 5.7b and Table 5.2). This shows that the
platinum deposition is a dynamic process in which larger particles are growing while
smaller particles are dissolved, typical for Ostwald ripening. By interrupting the
deposition process, and performing chronoampeometry on the sample, the platinum
particles are exposed to hydrogen gas, which adsorbs onto their surface174, changing the
properties of the platinum particles, and therefore the Ostwald ripening effect during the
following deposition step. Multiple deposition steps lead to a, close to optimum, particle
size of 5±3nm and a uniform particle distribution over the wire, as can be seen in Figure
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5.8b. There is also the added benefit in the multi deposition case of a slightly thicker EPO
layer, produced during the chronoampeometry step, improving surface passivation. The
trend in ISC achieved by the interrupted deposition process is shown in Figure 5.8c. By
performing 3 depositions of 60s, a high ISC of up to 10.9mA/cm2 can be achieved (Figure
5.9). The same deposition time, without the interruptions, results in a lower ISC of only
6.7mA/cm2 (Figure 5.8c red point). This is due to the poor uniformity and large particle
size caused by the long continuous deposition (Table 5.2). When more than 3 60s
depositions are performed the platinum particles no longer have optimum size and
coverage, leading to light scattering and a decrease in current. The I-V characteristics for
nanowires with the optimum platinum catalyst deposition can be seen in Figure 5.8a.
With this deposition procedure, record high ISC and VOC values of 9.78mA/cm2 and 0.76V
(vs.RHE) respectively are obtained. However the FF remains relatively low, below 0.4 for
all samples, due to the large surface area of the nanowires. The best sample, with a FF of
0.39, never the less resulted in a record efficiency of 2.90% for a GaP large bandgap PEC
cell. Higher ISCs of up to 10.9mA/cm2 were recorded for other samples (Figure 5.9);
however the overall efficiency was best in the sample used for the data in Figure 5.8a.
The measured ISC of >10mA/cm2 corresponds to >80% of the theoretical maximum
current of 12.5mA/cm2. For this high efficiency WZ p-GaP device, with this level of
platinum coverage, merely tens of milligrams of platinum are required for every square
meter of device area. III/V devices have been shown to work well under >10 times
concentrated light6, by combining our device geometry with light concentrators, the
amount of platinum catalyst can be cut even further.
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Figure 5.8 a) Linear sweep voltammogram of the best nanowire sample with
optimum platinum catalyst deposition resulting in an efficiency of 2.9%, b)
Tunneling Electron Microscopy images of a section of a single nanowire, of
optimized
geometry,
after
platinum
has
been
deposited
photoelectrochemically for 3x60s, scale bar is 50nm, and a zoomed-in image
of the same wire, with the Platinum particles, Gallium oxide and GaP
nanowire clearly labeled, scale bar is 20nm. c) The trend of the short circuit
current when consecutive platinum depositions are performed on the same
nanowire sample (black points) and when a single long deposition is
performed on a nanowire sample (red point). The error bars were calculated
as two standard deviations away from the average value taken from 3 or
more experiments carried out on separate samples with the same
specifications.
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Figure 5.9 3x60s Pt repeats Linear sweep voltammograms of three identical
120nm diameter nanowire samples with Pt deposited photochemically for
3x60s performed under chopped 100W/cm2 AM1.5 illumination, in aqueous
solution pH0 with HClO4 as supporting electrolyte. The inset table shows the
VOC, ISC, FF and η% values taken from each curve.

5.6 Stability Measurement
Figure 5.10 shows a 7-hour chronoampeometry measurement on nanowires catalyzed by
platinum in the presence of the EPO layer. The current starts to decreases after 5 hours,
most likely due to loss of catalyst particles as is observed by others38, demonstrating the
promising capabilities of this system. Several gas samples were taken during this
experiment, and measured by gas chromatography, giving a 97±3% Faradaic efficiency
(Chapter 3, Figure 3.14) for the hydrogen evolution reaction. This stability is not as high as
is required for a commercial device, but is already higher than others have reported for
unpassivated III/V PEC devices6,30 due to the conformal coverage of the EPO and catalyst
particles.
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Figure 5.10 Long-term chronoamperometric measurement performed on
nanowires after platinum catalyst deposition performed under
100 mW cm AM1.5 illumination, in aqueous solution pH 0 with HClO as
supporting electrolyte.
−2

4

5.7 Discussion
We have found that WZ p-GaP nanowires act as an effective photocathode, due to the
direct band gap allowing for increased light absorption and the geometry allowing for
good charge carrier separation. The easy production and use of the EPO allows
reasonable stabilities to be achieved. More importantly, the combination of the platinum
catalyst, using the correct deposition procedure, with the WZ GaP nanowires achieves
new records in VOC and ISC, for GaP, of 0.76V (vs. RHE) and 10.9mA/cm2 respectively. This
ISC value is higher than the theoretical maximum current for ZB GaP, and >80% of the
theoretical maximum current for, our new direct band gap material, WZ GaP.
We note here that an additional advantage of a nanowire device is that it will use only a
fraction of the semiconductor material that a thin film device would use. By transferring
the nanowire arrays from the growth substrate into a flexible polymer film157, substrate
costs can be removed, and a flexible device with minimal material usage (1 gram of
GaP/m2) can be produced93. Nanoimprint and PDMS sample transfer are scalable
technologies, which will allow for the production of large-area devices in the future. To
further improve the efficiency, the doping in the core and the shell could be studied in
more detail. By introducing a doping profile and an electric field, driving electrons to the
nanowire surface, the FF should be improved5. Further improvement of the FF may also
be achieved with other passivation layers, such as Al2O3 or TiO238. These more chemically
stable passivation layers should also improve the device stability37,38,115,175. We finally
emphasize that direct band gap WZ GaP is a good candidate for the wide band gap cell in
a tandem PEC device54,176.
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Chapter 6: Metal Oxide
Passivation Layers
In this chapter the nanowires are passivated by Titanium dioxide (TiO2) and aluminum
oxide (Al2O3) deposited by atomic layer deposition. Passivation layers are expected to
improve the PEC performance of the p-type gallium phosphide (p-GaP) nanowire
photocathode as they passivate surface states, and protect the p-GaP from the
electrolyte. With the surface states passivated, surface state recombination will be
reduced and, if present, Fermi level pinning should be removed as a factor, leading to an
increased open circuit potential. The large band gaps of the oxide layers means that
electrons from the p-GaP photocathode must tunnel through the oxide layer to reach the
electrolyte; therefore the thickness of the layer becomes an issue. An added benefit of
the oxide layer passivation is that Al2O3 and TiO2 are more chemically stable than GaP
under the conditions used for water reduction.
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6.1 Passivation layers
III/V nanowire devices have recently been demonstrated to have very promising
photoelectrochemical (PEC) properties. With gallium phosphide (GaP)75 and indium
phosphide (InP)30 photocathodes exhibiting currents >80% of their theoretical limits.
However, the large surface area of the nanowires is expected to increase surface
recombination177, as there is a larger surface per unit area and therefore more surface
states. Passivation layers have been shown to decrease trap state-mediated charge
recombination175,178,179. Many passivation layers have been studied in the past including
wet chemically deposited passivation with sulfide75,113 or ligands180, III/V shell growth in
MOCVD reactors171, photoelectrochemically produced oxides75,181, and SiN layers
produced by chemical vapor deposition74. However the most widely studied passivation
layers, with the most promising results, have been found to be metal oxides182, such as
titanium dioxide (TiO2)179,183–186 and aluminum oxide (Al2O3)32–36 generally deposited by
atomic layer deposition (ALD).
TiO2 has been used for the passivation of many semiconductors for PEC devices, including
Si37, GaAs37, GaP37,38,183,186, Fe2O3185 and Cu2O184, and even the use of anatase TiO2 to
passivate rutile TiO2179,184. However the type of TiO2 used is not consistent between
groups, with different groups using amorphous TiO237, and others using anatase crystal
phase TiO2179,184,186. The deposition procedures for TiO2 also vary greatly with different
precursors being used, and different oxide layer thicknesses ranging from 2nm to 100nm,
and different deposition procedures, including sputtering38, photoelectrochemical
treatments179 and ALD37,183,185,186. In some cases further treatment is also performed,
ranging from annealing185 to metal layer deposition183 to further oxide layer deposition184.
This leads to many problems when attempting to replicate positive results. General
reports show that TiO2 has a positive effect on PEC properties, in some cases improving
stability37,38,184,186, open circuit potential (VOC)38,186, and short circuit current (ISC)183–186.
However thicker layers have been reported to have insulating effects37.
Al2O3 on the other hand has generally been used to improve the stability, and charge
carrier lifetimes of Si photovoltaic devices, and has a very standardized procedure. This
allows easy reproduction of promising results. Recent results on TiO2 nanostructures for
PEC applications have demonstrated that Al2O3 helps to improve photocathode stability
and photocurrent32. Whereas nanowire simulations have shown that if the crystal quality
of the nanowires is poor, the Al2O3 will have no effect on increasing the VOC144.
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III/V PEC devices, such as GaP, generally have poor stability, and start to decrease in
efficiency within a few hours6,75,187. This is due to the semiconductor surface being
reduced75,167, as described in equation 6.1.

GaP  3eCB
 3H   Ga  PH 3

(6.1)

When the semiconductor absorbs an above band gap photon, an electron is excited to
the conduction band, leaving a hole in the valence band. It is possible that the excited
electron will move to the surface and react with species in solution; however, as
described in equation 6.1, it is possible that the electron will preferentially react with the
semiconductor surface. A third possibility, demonstrated by path 1 in Figure 6.1 is for the
electron to become trapped in surface states (S). The excited surface state (S-) can then
react with the electrolyte (equation 6.2) or recombine with a valence band hole (equation
6.3)

S  H  
 S  H 

(6.2)


hVB
 S 
 S

(6.3)

Figure 6.1 Recombination of electrons and holes at surface states. 1 shows
surface reduction and 2 shows surface oxidation.
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A further possibility, under oxidizing potentials, demonstrated by path 2 in Figure 6.1, is
for photogenerated holes to be trapped into the surface states, which can lead to surface
oxidation. Under reducing potentials, the electric field will drive holes away from the
surface, and towards the back contact, minimizing the risk of oxidation.
This reaction of charge carriers with surface states not only causes surface degradation, it
can also lead to Fermi level pinning112, which can reduce the open circuit potential (VOC) of
the device60,112,, as shown by the quasi-Fermi level splitting in Figure 6.2a. Nanowires, due
to their increased surface area, have a larger number of surface states than planar
materials per unit area of substrate74, making effective passivation even more important.
There are two main types of surface passivation, namely chemical passivation and field
effect passivation. Chemical passivation is the passivation of surface states, allowing the
quasi-Fermi level for electrons (EqF,e) of the semiconductor to align with the water
reduction potential (in acidic solution) (Figure 6.2b). This is the expected effect of the
Al2O3 passivation layer. Therefore the effect of the Al2O3 on the VOC will be limited.

a

b

c

Figure 6.2 A reproduction of Figure 2.8. A schematic representation of the
surface of a semiconductor a) without passivation, b) with only chemical
passivation, such as with Al2O3, and c) with field effect passivation, such as
with TiO2. The black line within the TiO2 section in c indicates the position of
the conduction band of TiO2.

Field effect passivation is where the passivation layer introduces an electric field at the
surface of the semiconductor, which influences the mobility of charge carriers. In
photovoltaic applications Al2O3 is used for this as the large band gap acts as a barrier and
prevents minority carriers from diffusing to the surface, when thick layers are used114. In
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photoelectrochemical applications an electric field which drives the photogenerated
electrons to the surface is preferable. In the case of TiO2 on GaP (Figure 6.2c) the
conduction band of TiO2 is between the conduction band of GaP and the water reduction
potential, indicated by the black line in Figure 6.2c. This creates an electric field at the
surface driving electrons to the solution, and has been reported to increase
photocurrent183–186. The position of the conduction band of TiO2 can also lead to an
increase of the VOC. As TiO2 is an n-type semiconductor the Fermi level will be close to the
conduction band, therefore the EqF,e of the GaP should align approximately with the
conduction band of TiO2 as is shown in Figure 6.2c.
In this chapter ALD is used to deposit Al2O3 or TiO2 onto the nanowires. The geometry of
the nanowires and the inter-wire spacing make many methods unsuitable for the oxide
deposition. ALD has been proven to deposit controlled conformal coatings on high aspect
ratio and complex nanostructures175,188,189. Using these passivation layers the chemical
stability of the nanowire samples is greatly improved, as are the photoelectrochemical
properties.
The photoelectrochemical properties are studied by linear sweep voltammetry,
chronoampeometry and chronopotentiometry. The stability improvement is studied by
chronoampeometry. These measurements are carried out under chopped AM1.5
100mW/cm2 illumination in pH0 solution with HClO4 as supporting electrolyte. The oxide
layers are also studied with transmission electron microscopy (TEM), to confirm the
presence of the oxide and measure the layer thickness.

6.2 Titanium Oxide by Atomic Layer Deposition
TiO2 has been demonstrated by many groups to improve the performance of
photocathode materials, as discussed above. Figure 6.3a shows a high resolution
transmission electron microscopy (HRTEM) image of a GaP nanowire with a high quality
amorphous TiO2 layer on the surface. The TiO2 layer is deposited for 200 cycles and is
measured to be 9nm thick, and have conformal coverage of the entire nanowire. Figure
6.3b shows the results from chronopotentiometry measurements performed on bare
nanowires (red) and nanowires with TiO2 on the surface (black). The chopped illumination
allows the open circuit potential in the dark and under illumination to be recorded. The
difference in open circuit voltage is much larger when TiO2 is present. The open circuit
voltage under illumination is increased to 0.96V.
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a

b
Light

Dark

c

d

e

Figure 6.3 a) HRTEM image of TiO2 on GaP, the TiO2 layer is measured to be
9nm, the scale bar is 20nm. b) Chronopotentiometry measurement
performed on bare nanowires (red) and TiO2 passivated nanowires (black), c)
linear sweep voltammetry of bare nanowires (top pannel, red) and TiO2
passivated nanowires (bottom panel, black), different scales are used for the
y-axis for each sample, performed under chopped AM1.5 100mW/cm2 in pH0
solution with HClO4 as supporting electrolyte. d) and e) Schematic
representations of the expected electric field at the semiconductor surface for
relatively thin and thick TiO2 layers, the black line in the TiO2 layer in the
Figure shows the conduction band.

The improved VOC behavior observed in Figure 6.3b demonstrates both chemical
passivation and field effect passivation114. The chemical passivation is most evident in the
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dark. In the absence of TiO2 the VOC in the dark is more positive. This indicates that
surface states are causing some level of Fermi level pinning, and therefore a decreased
quasi-Fermi level splitting is apparent. When the TiO2 is present the dark VOC is constant,
and close to 0V vs. RHE, demonstrating that the surface states have been chemically
passivated.
The field effect passivation is only evident under illumination. As shown in Figure 6.2c the
conduction band for TiO2 is lower than that of GaP. This introduces an electric field at the
surface of the electrode, and causes the EqF,e of the GaP to align with the Fermi level of
the n-type TiO2, which is assumed to be approximately the conduction band position
(Figure 6.2c and Figure 6.3d). This leads to an increase in the VOC. The conduction band
position of TiO2 is approximately 200meV above the reduction potential of water;
however the observed shift in VOC is closer to 300meV. This is due to chemical passivation
also playing a role. A similar VOC increase has been observed before for a similar layer
thickness183.
Although the improvement in VOC observed in the presence of TiO2 is impressive,
unfortunately the fill factor (FF) and ISC are poor (Figure 6.3c). This is expected to be due
to the 9 nm thick the TiO2 layer. Although some groups have reported good performance
with very thick TiO2 layers, ALD deposited layers are generally reported to have optimum
performance close to 2nm TiO2183–186. As the layer becomes thicker the electric field
becomes larger (Figure 6.3d), and due to the n-type nature of TiO2 a tunneling barrier will
begin to form at the surface (Figure 6.3e) reducing the efficiency of electron transport to
the electrolyte. This is confirmed by the large positive transients observed in the dark, as
this indicates the recombination of photo-excited electrons. This tunneling barrier effect
has also been reported by other groups, where the current has been reduced to zero for
layers thicker than 15nm183. In our study no passivating effect was observed for layers
deposited for less than 200 cycles, therefore unfortunately TiO2 layer is unsuitable for
device applications since we are presently not capable to grow conformal thin TiO2 layers
by ALD.

6.3 Aluminum Oxide by Atomic Layer Deposition
The Al2O3 used is deposited via atomic layer deposition (ALD), as this method has been
proven to deposit controlled conformal coatings on high aspect ratio and complex
nanostructures175,188,189. When the oxide layer does not have conformal coverage, the
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passivating effect will be minimal; however, if the oxide layer becomes too thick electron
transport to the solution will be reduced, as the electrons must tunnel through the
layer32,115, and the maximum thickness for efficient tunneling through the Al2O3 is only
2nm32. It is also possible for positive or negative charges to build up at the interface
between the Al2O3 layer and the semiconductor during deposition, this can affect the
passivation properties of the layer and is dependent on deposition temperature32. This
makes deposition temperature an important factor, therefore the deposition
temperature was kept constant at 200°C. Al2O3 is also slightly soluble is aqueous acid,
therefore if the oxide layer is too thin it will be dissolved, and will not stabilize the
electrode.

a

b

Figure 6.4 a) linear sweep voltammetry of several Al2O3 depostions of 0 cycles
(black, top pannel), 10 cycles (red, 2nd pannel), 20 cycles (blue, 3rd pannel), 30
cycles (green, 4th pannel), and 40 cycles (brown, bottom pannel), b) initial
stability results for the samples in Figure 6.4a.
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Figure 6.4a shows the linear sweep voltammetry results recorded for nanowire samples
with several different Al2O3 layers deposited. All parameters in the deposition procedure
used are the same; except for the number of cycles, allowing the layer thickness to be
studied. 0 (black line, top panel), 10 (red line, 2nd panel), 20 (blue line, 3rd panel), 30
(light green line, 4th panel) and 40 (dark green line, bottom panel) cycles were deposited.
The VOC, ISC, FF and efficiency (η%) for each Al2O3 layer can be seen in table 6.1, as well as
the expected oxide layer thickness. The most evident effect that the Al2O3 layer thickness
has on the PEC properties is a decrease in current when thickness increases above 2nm;
this is most notable for the 40 cycle sample, where the measured current is more than 2
orders of magnitude lower than the other samples. This reduction in current is
anticipated, and is due to the fact that electrons must tunnel through the Al2O3 layer, and
the maximum thickness of efficient electron tunneling through Al2O3 has previously been
measured as ~2nm32.
Sample

Expected Al2O3
thickness (nm)

VOC
(vs. RHE)

ISC
(mA/cm2)

FF

η%

Nanowires

0

0.62

-3.4

0.21

0.44

10 cycles

0.9

0.62

-3.4

0.24

0.5

20 cycles

1.8

0.61

-3.1

0.22

0.39

30 cycles

2.7

0.63

-1.9

0.15

0.19

40cycles

3.6

0.60

-0.019

0.13

0.0015

Table 6.1 PEC properties summary

The nanowires used feature very flat side facets, therefore will have relatively few surface
states, which will quickly become completely ionized under illumination at room
temperature112, and therefore will have little effect on the illuminated VOC, as reported in
table 6.1. The recombination process outlined in Figure 6.1, will nevertheless still occur.
At low bias voltages (weak electric field) the electron density at the surface will be low,
making recombination with surface states more energetically favorable. This low reaction
rate close to the VOC leads to a poor FF, which can be improved by the addition of a
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passivation layer, as this will remove some recombination pathways. 10 cycles and 20
cycles of Al2O3 are both observed to have a slightly higher FF than the bare GaP nanowire
sample. With an increase in the number of cycles of Al2O3, the FF is observed to decrease
again, due to the increased tunneling resistance in the thicker Al2O3 layer. A thinner Al2O3
shell is desireable for passivation as it minimises the tunneling distance for minority
carriers190.
It is observed that the VOC in the dark was reduced in the presence of TiO2, demonstrating
the passivation of surface states, allowing for a greater quasi-Fermi level splitting under
illumination. In the case of TiO2 the dark VOC gives a more clear indication of chemical
passivation than the illuminated VOC. Therefore the dark VOC was also recorded for the
Al2O3 passivated samples. From the linear sweep measurements in Figure 6.4a the dark
VOC appears to be approximately the same for the passivated and unpassivated samples.
This indicates that the Al2O3 does not effectively chemically passivate the GaP nanowires.
Simulations have shown that Al2O3 does not affect the VOC in nanowires with low minority
carrier diffusion length144. The nanowires used have a very high dopant concentration of
>1018cm-3 (chapter 7, table 7.1) this high level of impurity will decrease the mobility of
minority carriers and therefore the diffusion length, resulting in the observed
performance with Al2O3 passivation.
In Figure 6.4b chronoampeometry measurements for each of the samples are presented.
Again, the most obvious effect of the thicker Al2O3 layers is the reduction in current when
the layer thickness increases above 2nm. However there is also an evident effect on the
stability of the samples. When there is no Al2O3 present an initial increase in current is
observed, due to the formation of gallium oxide75, however after this initial increase the
current decreases from 3.5 to 2.9mA/cm2 over the 300 second measurement window.
With only 10 cycles of Al2O3 a decrease in current is also observed from 3.4 to 2.9 mA/cm2
during the measurement.
Without any passivation, the GaP will continually reduce its own surface to phosphene
and gallium metal75,167 (Equation 6.1). This results in the formation of a gallium oxide
layer, however under continuous reducing conditions this oxide layer becomes thicker75,
as described in chapter 5 Figures 5.5 and 5.8. This thicker oxide layer will become a
tunneling barrier for electrons, reducing the current. It is also possible that the
continuous reduction and oxidation of the surface will lead to a decrease in the diameter
of the nanowires, reducing their effectiveness for light harvesting and
photoelectrochemical water reduction.
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When only 10 cycles of Al2O3 has been deposited on the nanowire surface, it is expected
that the Al2O3 is not fully closed, so the electrolyte will be in contact with the GaP
surface. This will allow GaP reduction to occur, creating a thicker oxide layer and
therefore tunneling barrier. However, an improvement in the FF was observed for this
sample. This could be due to the fact that prior to the Al2O3 deposition, the nanowires
were cleaned with an HF dip, removing any surface contaminants, leading to the
enhanced performance of this sample. It is also possible that the Al2O3 layer was
conformal but due to the partial solubility of Al2O3 became porous allowing the above
mechanism to take effect. Unfortunately the sample could not be viewed in the TEM, so
the exact mechanism is unknown.
With 20 and 30 cycles of deposition it is assumed that the layer has conformal coverage
of the entire nanowire surface. This is confirmed by TEM, for 20 cycles, in Figure 6.5. This
has lead to the improved stability recorded for these samples. Even partial dissolution of
the film will not lead to degredation of the GaP surface.
The film deposited by 30 cycles is expected to have a uniform thickness of 2.7nm, which
is thicker than the 2nm reported as the maximum thickness for efficient electron
tunneling through Al2O3. Therefore the current measured for this sample is noticably
lower. The deposition speed for this process is expected to be 0.9Å per cycle, and a closed
film is expected to be produced at approximately 10 cycles.

Figure 6.5 TEM image of a nanowire with 20 cycles of Al2O3 deposited by ALD
at 200°C, the oxide layer is measured to be 1.8nm, the scale bar is 10nm. This
nanowire was not used for the photoelectrochemical measurements.
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6.4 Long Term Stability
Although the stability of the GaP nanowire samples has been observed to be improved by
the addition of an Al2O3 passivation layer with a thickness of 2nm, the length of the
measurement used to determine this in Figure 6.4b is only 300 seconds. Considering that
a real world device requires a lifetime of 2000 hours110 a longer measurement is required
to quantify the improvement achieved by the addition of the Al2O3 layer.
In Figure 6.6a a longer chronoampeometry measurement is shown for unpassivated
nanowires and nanowires passivated by 20 cycles of Al2O3, both samples are provided
with platinum catalyst particles of optimum size. The unpassivated sample (black line, top
pannel) degrades very quickly, but then appears to stabilize at about 1mA/cm2. The
passivated sample (blue line, bottom pannel), however maintains an almost constant
current throughout the measurement period. At approximately 1.5 hours in the
unpassivated nanowire measurement there is a jump in the current, this can be
attributed to a gas bubble that has built up on the surface detaching. Similar slight
increases and decreases occur in the measurement on the passivated sample due to gas
bubbles.
Figures 6.6b and 6.6c show the respective SEM images of the unpassivated and
passivated nanowire arrays after the experiment in Figure 6.6a. The small particles
observable on the nanowires in Figure 6.6.c are platinum catalyst particles deposited
prior to the experiment. Platinum has also been deposited on the unpassivated
nanowires in Figure 6.6b prior to the experiment.
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a

b

c

Figure 6.6 Sample Stability. a) long time chronoampeometry measurements
carried out on platinum catalysed nanowire samples without Al2O3
passivation (top pannel, black line) and with 20 cycles of Al2O3 deposited
(bottom panel, blue line). Experiments were carried out in aqueous solution
pH0 with HClO4 as supporting electrolyte, under chopped 100mW/cm2 AM1.5
illumination. b) SEM image of the unpassivated nanowire sample after the
experiment. c) SEM image of the Al2O3 passivated sample after the
experiment. Scale bar is 300nm.

As described above, on the unpassivated sample, the reduction of H2O to H2 will be
accompanied by the reduction of GaP to Ga metal and PH3 gas (equation 6.1). The Ga
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metal will oxidize in the aqueous acid solution, forming a gallium oxide layer on the
surface of the nanowires. It has been demonstrated that electrons can efficiently tunnel
through a few nanometers of gallium oxide38,75. The continuously reducing potential will
cause the oxide layer to increase in thickness, as stated above in section 6.3. Eventually a
thick layer of gallium oxide will be present on the surface, as evidenced by the amorphous
surface of the nanowires in Figure 6.6b. The thicker gallium oxide will present a tunneling
barrier for electrons, decreasing the current. The reducing potential will also lead to
reduction of the surface oxide, and its eventual dissolution, exposing the GaP to further
reduction. This process will lead to a decrease in the GaP nanowire diameter, and
therefore light absorption166. This is evident from the smaller average diameter of the
nanowires in Figure 6.6b compared to 6.6c.
The final effect of this surface reconfiguration will be the loss of platinum catalyst
particles from the surface while the oxide layer is being reformed, leading to further
losses in current. The loss of catalyst particles from the surface of planar GaP electrodes
has been observed in the past during long term experiments38. In this previous case the
activity could be regained by re-depositing the catalyst particles, indicating a similar
mechanism of GaP reduction and oxidation.
The current eventually stabilizes, when the gallium oxide has a thickness such that the
GaP will no longer have contact with the electrolyte. It could be expected that the current
will stabilize when all of the nanowires are totally oxidized, and no longer present on the
surface, however the nanowires remain on the surface. It is therefore expected that the
gallium oxide reaches a thickness such that the GaP will no longer have contact with the
electrolyte, and this leads to the stabilized current.
On the passivated sample, this surface reconfiguration will not occur, as the Al2O3
completely blocks the GaP from contact with the solution. The nanowire morphology
therefore remains unchanged till the end of the experiment.

6.5 Conclusions
We have found that TiO2 and Al2O3 have positive effects on the photoelectrochemical
properties of p-GaP nanowire photocathodes. TiO2 is observed to greatly increase the VOC
of the electrode due to an induced electric field at the semiconductor surface. However
the thickness of the oxide layer results in a reduction of the ISC. Al2O3 does not appear to
passivate the GaP surface, as VOC, ISC and FF are not greatly affected by the addition of this
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layer, unless the layer is too thick to allow electrons to effectively tunnel (>2nm). A
decreased current is reported for the 30 cycles sample, and the current is reduced to
almost 0 for of the 40 cycles sample.
The Al2O3 layer does, however, greatly improve the chemical stability of our
photocathode, in spite of the acidic electrolyte that dissolves Al2O3. With only 2nm of
Al2O3, the stability of our photocathode is increased from less than one hour to greater
than 14 hours. This is a great improvement for our nanowire electrode, and has produced
stability greater than that yet reported for GaP nanowire photocathodes.
The Al2O3 prevents the GaP nanowires from reducing themselves to phosphine and
gallium metal. We show that this self reduction reaction can cause a reduction in
nanowire diameter, and greatly reduces photoelectrochemical activity. Although it
appears that the gallium oxide acts as a self preservation method once it has reached a
certain thickness.
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Chapter 7: Radial Doping
Profiles
In this chapter the dopant profile within the p-GaP nanowires is looked at in more detail.
The molar fraction of the zinc precursor is changed, and in doing so the dopant
concentration within the nanowires can be manipulated. This will have an effect on the
conductivity of the nanowires, as well as the passing of charges from the zinc blende (ZB)
substrate to the wurtzite (WZ) nanowires. By growing nanowire shells with different
doping profiles the band bending at the semiconductor/ electrolyte interface can be
changed, improving the open circuit potential (VOC), short circuit current (ISC) and fill
factor (FF) of the device. These factors were investigated using cyclic voltammetry, linear
sweep voltammetry and chronoampeometry, and the internal band bending has been
modeled using a Poisson solver.
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7.1 Introduction
Interest in nanowire systems has increased in recent years due to their potential for
efficient charge carrier generation and separation191. This property theoretically enables
high efficiency nanowire devices in many applications, such as biosensors69–71,
photovoltaics72,89,192 photodetectors193,194, photocatalysis195, and photoelectrochemical
cells30,75. In these last two applications the nanowire structure is used for (i) supporting
the photo- or catalytically-active species, (ii) playing a catalytic or photo-active role, (iii)
collecting/ separating charge carriers, and (iv) providing avenues for charge carrier
transportation between the reaction-photogeneration-recombination site and the
electrodes.

a

b

Figure 7.1 Schematic representations of the band bending at the
semiconductor/ electrolyte junction for a) a high dopant concentration and b)
a low dopant concentration.

In photoelectrochemical applications nanowires generally have all of these roles, making
strong demands on material quality191. Optimization of the material quality can often
present problems due to the limited possibilities available in a single material. Of
particular importance is the optimization of charge carrier separation and transport.
Nanowires already benefit from their geometry, allowing charge carrier generation and
separation to occur along separate axes64, as addressed in chapter 2, section 2.7.
However, to achieve good electrical conductivity, dopants must be incorporated. As the
p-type dopant concentration increases the number of majority carriers (holes) increases
and the mobility of minority carriers (electrons) decreases. Due to the increased number
of holes the space charge region width (WSC) will decrease, as shown in Figure 7.1, but the
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equilibrium Fermi level (EF,equilibrium) will not change. The higher dopant concentration
reduces the volume within the nanowire with an electric field (Figure 7.2a), leading to
increased charge carrier recombination, and reduced charge carrier collection196–198. In
very thin nanowires this is less of an issue (Figure 7.2b), however for efficient light
harvesting, a nanowire diameter of >150nm is required75,142.

a

b

Figure 7.2 Schematic representations of the band bending within a) thin and
b) thick nanowires with the same dopant concentration.

Compositional graded core shell type structures are of interest199, as they allow a higher
degree of control over the material properties. By growing a shell of a different material
around a nanowire core, improvements in open circuit potential (VOC)21,140,190,200, short
circuit current (ISC)21,190,201, and stability21,100,184,190 have been demonstrated. These tandem
type devices are produced by growing a shell composed of a semiconductor with a larger
band gap, or different absorption spectrum to the core material, allowing a larger portion
of the solar spectrum to be absorbed, increasing ISC. The alignment of the band gaps of
the core and shell materials dictate the maximum VOC achievable by the device, and the
stability of the shell dictates the stability of the device. These compositional graded core
shell devices however have the challenge of lattice mismatch, which will lead to interface
defects, and therefore a decrease in optoelectronic properties.
By growing a shell of the same material, but with a lower dopant concentration, or a
different kind of dopant, the problem of lattice mismatch can be removed as a problem.
This principle has already been demonstrated on planar semiconductors, where the top
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section of thin film semiconductors has been doped differently to the bulk of the
semiconductor. A prime example of this, from Abdi et al. where they demonstrated a
dopant gradient through 200nm of bismuth vanidate5. By having n-type bulk, and an
intrinsic surface the photo-current was observed to greatly increase, due to a stronger
electric field driving more photogenerated minority charge carriers towards the
semiconductor/ electrolyte junction. Similar work with doping profiles has been
performed on other semiconductors40,202,203, showing similar improvements in current,
and also improvement in VOC109,204. By decreasing the level of p-type dopant in the shell,
the band positions shift in the positive direction. This moves the valence band further
below the reduction potential of water, leading to a higher theoretical VOC, as shown in
Figure 7.3. However, thus far, there has been little attention given to the use of radial
doping profiles in nanowires for photoelectrochemical applications.

a

b

Figure 7.3 Schematic representations of semiconductor nanowire surfaces in
contact with electrolyte. a) a p-type nanowire, b) a p-type nanowire with an
intrinsically doped surface layer.

In their work on zinc oxide nanowires with chlorine doped cores and intrinsic shells J. Fan
et al. demonstrated improved current density compared to uniformly doped zinc oxide
nanowires191. By growing an extra intrinsic shell on chlorine (n-) doped nanowires they
were able to adjust the thickness of the depletion layer, and therefore the volume inside
the nanowire affected by an electric field (Figure 7.3). This promotes charge separation,
reducing charge carrier recombination. In their work, the shell is grown for different times
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on effectively the same nanowire sample, meaning each sample has a different diameter,
and therefore slightly different absorption spectra, which is also attributed to the shift in
band gap between intrinsic zinc oxide and chlorine doped zinc oxide.

a

b

c

d

Figure 7.4 Shell growths. Schematic representations of the intrinsic shells
produced with different growth parameters. Showing, axial and radial, cross
sectional images for a) 0p, b) 5p, c) 9p, and d) 10p. The red and green areas
denote p-GaP and i-GaP respectively.

In this chapter we discuss the optimization of the zinc dopant profile in GaP core/shell
nanowires with p-doped cores and intrinsic shells for photoelectrochemical water
reduction, by keeping the total nanowire diameter, and thus the amount of light
absorption constant. We first grow the p-GaP nanowire cores. Several shells are then
grown around these core nanowires with different doping profiles, as shown
schematically in Figure 7.4. By growing a shell for 10 minutes for each sample, and turning
off the zinc dopant precursor at different times, the diameter for all samples is constant
but the intrinsic shell thickness will differ. The shell growth rate was measured to be
constant at 3nm per minute. The samples studied are: ‘0p’ a 10 minute (30nm) intrinsic
shell (Figure 7.4a), ‘5p’ 5 minute (15nm) p-type 5 minute (15nm) intrinsic (Figure 7.4b),
‘9p’ 9 minute p-type 1 minute intrinsic (Figure 7.4c) and ‘10p’ 10 minute p-type (control
sample). Due to the presence of the gold growth catalyst a parasitic axial segment will
grow during the shell growth. This segment on the top of the nanowire will be
approximately 500nm in length for the 10 minutes of growth. The space charge region
within the intrinsic GaP (dopant concentration assumed to be ~1016) will be between 100
and 300nm at 0V vs. RHE. Therefore the parasitic axial segment will have a much weaker
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electric field and therefore poor PEC properties. This will most likely lead to problems for
the samples with thicker intrinsic shells.
The simulated band bending for the nanowires in Figure 7.4 is shown in Figure 7.5. The
data in Figure 7.5 was calculated using the Poisson solver nextnano205. 1D, 2D and 3D
simulations were performed, and all resulted in the same simulated band bending. Figure
7.5a shows the simulated band bending of the conduction and valence bands for the 4
different dopant profiles used in the experiments. Figure 7.5b shows the conduction
bands only, the dotted lines show the position of the p-i- junction. It is clear from the
Figure that the electric field increases in strength as the intrinsic shell thickens. The band
bending induced by the doping profile will create a stronger electric field than that
induced only by the bare nanowire/ electrolyte interface. This is expected to more
efficiently separate charge carriers, driving electrons to the surface and holes to the core,
reducing bulk recombination. The higher electron concentration at the semiconductor/
electrolyte interface increases the rate of reaction, improving fill factor (FF) and short
circuit current (ISC). An increase in open circuit potential (VOC) is also expected as
explained in Figure 7.3. From the simulated band bending; it should be possible to
estimate the improvement in VOC caused by the inclusion of a radial doping profile. The
simulated results indicate a maximum VOC increase of 72mV for a 30nm thick intrinsic
shell. Simulations do indicate that even thicker intrinsic shells could eventually increase
the VOC by up to 200mV (for a purely intrinsic nanowire, but at this stage the beneficial
effect of the increased electric field strength would be reduced by the larger resistance of
the intrinsic GaP top segment.
Our photoelectrochemical results, from linear sweep voltammetry, show that VOC, ISC and
FF are all improved by the addition of an intrinsic shell. The increase observed in VOC
when the intrinsic shell is grown is larger than that calculated from simulations, meaning
that either the intrinsic shell has a passivating role, or the parasitic axial segment is
playing a role.
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a
c

b
d

Figure 7.5 Calculated band bending of the conduction band and valence
band. Using the measured nanowire core dopant concentration of
1.46x1018cm-3 and a fixed intrinsic dopant concentration of 2.00x1016cm-3 the
band bending at the nanowire sidewalls was calculated with NextNano [ref]
for 1D, 2D and 3D simulations resulting in the same simulated band bending,
assuming uniform shell growth on all nanowires. The black line is 10p, the red
line is 9p, the blue line is 5p, and the green line is 0p, the dotted lines
represent the p-i- interface. a) shows the conduction band and valence band,
the line at 0V (vs. RHE) represents the water reduction potential. b) Shows an
expanded image of the conduction band only.

7.2 Dopant Concentration of the Nanowire Core
We first optimize the doping concentration in the core wire. By adjusting the molar flow
of dimethyl zinc during the nanowire growth, the dopant concentration in the nanowire
core is changed. Figure 7.6 shows the trend observed in the ISC of wires when the molar
flow of dopant during growth was changed. The experiments were performed on
nanowires with a diameter of 90nm, and a length of 3.5µm. There is an evident
maximum, which sharply decreases if the dopant is increased or decreased. It is
anticipated that as the Zn concentration in the nanowires is increased, the ISC will
increase, as a high dopant concentration increases the number of available charge
carriers, and increases the band bending within the space charge region at the
semiconductor/electrolyte junction increasing the rate of reaction. However, when the
zinc dopant concentration increases past a certain point, it will begin incorporating at
interstitial sites, becoming recombination centers causing a reduction in the PEC activity
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of the nanowires. This explains the general trend of increase followed by decrease in
current.
The sharpness of the decrease on either side of the optimum concentration, however,
can be explained by the fact that the band positions of the WZ GaP nanowire and ZB GaP
substrate do not initially align, as the band gap is different, and the valence band offset is
calculated as being 135meV87. By changing the dopant concentration in the WZ nanowires
the band positions can be shifted to slightly more positive or negative positions
depending on the dopant type, and dopant concentration used59. The alignment of the
valence band is measured by Mott-Schottky plots (Figure 7.7) and at the optimum dopant
concentration the valence bands are measured to be at the same potential. It is expected
that the observed difference in dopant concentration will only shift the valence band
positions by a few meV. Therefore, a more likely possibility for the steep increase is the
presence of a tunneling barrier between the WZ nanowires and the ZB substrate. By
increasing the dopant concentration the tunneling barrier will become more narrow,
leading to the sharp increase in current. This theory was tested by measuring the series
resistance of the samples (Figure 7.6, blue plot) by impedance measurements. For the
lowest dopant concentration the recorded resistance was >70Ω whereas at the optimum
dopant concentration the resistance was <10Ω, the resistance then increased again to
>20Ω for the highest concentration measured, due to the interstitial Zn dopant atoms
increasing the resistance. Therefore the optimum dopant concentration is high enough to
reduce the tunneling barrier thickness as well as causing a favorable alignment between
the ZB substrate and WZ nanowire band positions, allowing favorable transfer of holes
from the nanowires to the substrate.
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Figure 7.6 Dependence on Dopant Flow. The trend observed in the ISC (black
plot, left axis) and system resistance (blue plot, right axis) when dopant
concentration is changed in nanowires with 90nm diameter and 3.5µm
length. Data was collected by linear sweep voltammetry, performed under
chopped 100mW/cm2 AM1.5 illumination, in aqueous solution pH0 with
HClO4 as supporting electrolyte. The error bars were calculated as two
standard deviations away from the average value taken from 3 or more
experiments carried out on separate samples with the same specifications.
The line is added as a guide to the eye.

7.2.1 Mott-Schottky Measurements
The dopant concentration of a semiconductor can be calculated from the Mott-Schottky
equation, which can be written as;

1
2
kT

(V  VFB 
)
2
CSC q 0N
q

(7.1)

where CSC is the capacitance of the space charge region, q is the elementary charge, Ɛ0 is
the permittivity of free space, Ɛ is the dielectric constant of GaP, N is the dopant
concentration, V is the applied potential, VFB is the flat band potential and approximate
valence band position (vs. RHE) for a p-type semiconductor, k is the Boltzmann constant
and T is the temperature in Kelvin. Impedance measurements were performed on the
planar substrate, and the optimized nanowire sample, and Mott-Schottky plots were
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calculated from equation 7.1, as can be seen in Figure 7.7 black and red plots
respectively.

Nanowires

Planar

Figure 7.7 Mott-Schottky Plots. Impedance measurements were performed
in the dark, in aqueous solution pH0 with HClO4 as supporting electrolyte.
Mott-Schottky plots were calculated from the Mott-Schottky equation (7.1)
for; the planar ZB GaP substrate (black squares) and WZ GaP nanowire
samples (red circles) with optimum dopant concentration and geometry. The
frequency range used for these plots was 10,000-30,000Hz.

Sample

Linear fit equation

ZB GaP Planar
WZ GaP Nanowires

y = -2.34x1015x + 2.48 x1015
y= -1.09 x1016x + 1.16 x1016

VFB vs.RHE (x- Dopant
Intercept)
concentration
(cm-1)
1.06±0.1
6.5±0.3 x1018
1.06±0.1
1.5±0.2 x1018

Space charge
region width at
0V (vs. RHE)
14±1.4nm
30±3nm

Table 7.1 Acquired data from nanowires grown with the optimum dopant
flow of 1.35x10-5, and the supplied substrate, and calculated from the MottSchottky equation. Data is reported to 3 significant figures where
appropriate.

The VFB is acquired from the Mott-Schottky plots by extrapolating the data to the x axis
intercept. The measurements show that the VFB is the same for the WZ nanowires and the
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ZB substrate. This result is contrary to the previously calculated offset of 135meV87,
however the calculated band offset is for intrinsic GaP and the material that we use is pdoped to different values. There is also an error associated with the measured values,
which may account for the offset.
The data from the Mott-Schottky equation also allows the calculation of the dopant
concentration, the flat band potential, and using equation 7.2 also the calculation of the
space charge width, which can be written as;

 2qV  VFB  
W 

kT


2

1

2

(7.2)

where W is the space charge region width. Table 7.1 shows the flat band potential (VFB),
the dopant concentration, and the width of the space charge region at 0V, for the ZB
planar and WZ nanowire GaP samples used.

7.3 Shell doping
Once the core doping is optimized the nanowires are grown with shells to improve light
absorption and charge carrier separation. Figure 7.8a shows the linear sweep
voltammetry behavior of the samples 10p (top panel, black line), 9p (2nd panel, red line),
5p (3rd panel, blue line), and 0p (bottom panel, green line). Figure 7.8b shows the same
data, but for nanowires after platinum catalyst deposition. The trends observable in
Figure 7.8a and b are similar; however in the presence of catalyst the currents are higher.
The obvious optimum structure is 5p. This shell growth results in a p-core of 105nm
diameter and an i-shell of 15 nm. Previous work on n-type zinc oxide nanowires
demonstrated good performance with a 15nm intrinsic shell191, with no obvious increase
in performance when thicker intrinsic shells were deposited.
The trends in the PEC properties of FF, ISC and VOC for the samples in Figure 7.8 are shown
in Figures 7.9a-c respectively, with black data showing uncatalyzed samples and red data
showing platinum catalyzed samples, the lines are added as a guide to the eye. From the
results it is evident that 5p performs the best; with a clear increasing trend from 0nm to
15nm of intrinsic shell growth, and a decrease in ISC, VOC and FF after 10 minutes of
intrinsic shell growth (30nm i-shell). This decrease in performance as the intrinsic shell
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becomes thicker is contrary to results, obtained on zinc oxide wires by J. Fan et al, and is
discussed below.

a

b

Figure 7.8 Linear sweep voltammetry data from the nanowire samples a)
without and b) with platinum catalyst. The black line (top panel) is 10p, the
red line (2nd panel) is 9p, the blue line (3rd panel) is 5p, and the green line
(bottom panel) is 0p. The experiments are performed under chopped
100mW/cm2 AM1.5 illumination, in aqueous solution pH0 with HClO4 as
supporting electrolyte.
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a

b

c

Figure 7.9 PEC properties. The a) FF, b) ISC and c) VOC measured from the
linear sweep data in Figure 7.8 is presented, showing both uncatalyzed
(black) and platinum catalyzed (red) data. All experiments were performed
under chopped 100mW/cm2 AM1.5 illumination, in aqueous solution pH0
with HClO4 as supporting electrolyte.

The FF and VOC trends and values are almost unaffected by the addition of catalyst,
whereas the ISC is increased for all samples, as is the anticipated result of catalyst
addition. However the improvement in current caused by the catalyst becomes less
pronounced as the intrinsic shell becomes thicker, with a factor of 4.5 increase for 10p
and only a factor of 2 increase for 0p. This effect can be attributed to the parasitic axial
intrinsic segment produced during growth, and the catalyst deposition method. The
catalyst is deposited by immersing the sample in a platinum solution and illuminating the
sample with low intensity (~4mW/cm2) 400nm illumination. Excited charge carriers at the
surface then react with the solution causing platinum particles to deposit on the
nanowire surface. The direct band gap of the wurtzite GaP nanowires means that the light
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will have a low penetration depth, and the majority of the catalyst particles will deposit at
the top of the nanowire, as shown in Figure 7.10. The catalyst deposition has been
recorded to be the same for all dopant profiles. The high density of catalyst particles does
not appear to affect light absorption, as all samples exhibit a higher current in the
presence of catalyst. The purely intrinsic axial segment does not have a radial p-i junction,
and therefore has a weaker electric field. Therefore photogenerated holes cannot reach
the back contact. This means that catalyst particles deposited on this section of the wire
are “lost”. As the axial intrinsic section becomes longer, more catalyst particles are “lost”
reducing the catalysts effectiveness.

a

b

c

d

Figure 7.10 a) bright field TEM image of a single 5p nanowire after Pt
deposition. Dark field TEM images of the b) top, c) middle and d) bottom of
the same nanowire. 4mW/cm2, 400nm illumination was used for the catalyst
deposition.

Table 7.2 shows the measured VOC shift, and the simulated VOC shift, from the change in
surface conduction band position. The measured shift in VOC is much larger than that
simulated. This is partially due to the reduced recombination brought about by the
electric field. However, other effects must also come into play. It is possible that the
intrinsic shell plays a passivating role, due to the lower impurity level. A second possible
explanation is the due to the p-I junction between the p-type core nanowire and the
intrinsically doped parasitic axial segment. Simulations (Figure 7.5) have shown that the
VOC will continue to increase as the shell thickness increases, due to the large WSC of up to
300nm in the intrinsic section. The electric field extending into the parasitic axial section
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could therefore induce a VOC shift, leading to the discrepancy between simulation and
experiment.

i-shell thickness
(nm)
0
3
15
30

Simulated shift in band
position (V)
0
0.012
0.044
0.072

Measured shift in
VOC (V)
0
0.05
0.14
0.11

Table 7.2 expected VOC shift from simulations compared to the measured VOC
shift from experiments.

The continual increase in electric field should lead us to believe that the performance
would continue to improve as the intrinsic shell increases in thickness. It has, however,
previously been observed that intrinsic shells thicker than 15nm have little extra positive
effect on photocurrent191, although in the case of the zinc oxide nanowires, the increase
in shell thickness may have also led to a difference in light absorption. Purely from the
band bending in the shell, assuming no parasitic axial segment is grown, it can be
expected that the thickest shell (30nm) should show the greatest improvement. For this
shell thickness the electric field extends through almost the entire nanowire, allowing the
collection of all charge carriers. The improvement from purely the shell growth would be
seen mainly in the ISC and FF, similarly to that observed for the 5p sample, the
improvement in VOC would be minimal, as shown by the simulations to be less than
100mV. However, our results show a decrease in VOC, ISC and FF when the intrinsic shell
increases above 15nm, due to the parasitic axial segment. During the 10 minutes of shell
growth there is also approximately 500nm of axial growth. There will therefore also be a
thicker i-segment at the top of the nanowire. The band bending within the i-segment will
only extend 100-300nm depending on the intrinsic dopant concentration. Therefore, up
to 5 minutes of intrinsic shell growth (~250nm axial) the band bending in the top isegment will continue to the semiconductor/ electrolyte junction and also help to
improve the VOC, and will have little detrimental effect, not including catalyst deposition.
However with 10minutes of i-shell growth (~500nm axial) there will be no additional band
bending at the semiconductor/electrolyte junction and the top of the nanowire, reducing
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the VOC slightly. This section will also absorb a large amount of light, and has very little
electric field, increasing bulk recombination and decreasing FF. This also reduces the
number of excited charge carriers in the active section of the nanowire, causing a
reduction in current.

7.4 Conclusions
We have found that the optimum dopant concentration for WZ p-GaP nanowires is
1.35x1018cm-3. Higher and lower dopant concentrations exhibit much lower currents, due
to less favorable band alignment and a larger tunneling barrier between the ZB substrate
and the WZ nanowires, and at higher dopant concentrations interstitial dopants causing
recombination.
We have also shown that radial doping profiles can greatly improve VOC, ISC and FF,
although the parasitic axial growth that occurs during shell growth does cause problems.
An intrinsic shell growth time of 5 minutes was found to be optimum, resulting in 15nm
of shell and an intrinsically doped axial segment of ~250nm.
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Summary

Nanowire Solar Water Splitting
– Summary
Nanowires are a promising platform for many applications, including renewable energy
technologies, such as photovoltaic (PV) and photoelectrochemical (PEC) devices. Their
small diameter allows for lateral strain relaxation, meaning that many materials can be
combined in a nanowire device, with little concern over lattice mismatch. This makes
nanowires an ideal platform for tandem solar cell devices.
The work in this thesis focuses on the electrochemical characterization of gallium
phosphide (GaP) nanowires for use in a PEC device, where it is suited to act as a top cell.
The nanowires are grown by the vapor – liquid – solid mechanism, with gold as the
growth catalyst in a metal-organic vapor phase epitaxy reactor. The growth parameters
used cause the nanowires to grow with wurtzite (WZ) crystal structure, which has
different properties to the zinc blende (ZB) form found in the bulk. The WZ crystal
structure has a direct band gap, which is slightly decreased (2.1eV) as compared to the ZB
form (2.35eV). This allows for increased solar light absorption, and makes the WZ GaP
nanowires a more favorable platform for water splitting. To gain a better understanding
of the PEC properties of the GaP nanowires several factors were studied.
The position of the nanowires on the substrate was dictated by the nanoimprint stamp
used to pattern the gold particles in a square array with a 500nm pitch. However, by
changing the growth parameters the length and diameter of the nanowires could be
varied, allowing us to achieve maximum light absorption. The nanowires demonstrated
better PEC properties than a planar GaP sample, as was expected. However the
improvements were less pronounced than expected, with the current much lower than
the maximum of 12.4mA/cm2 calculated from the band gap. This poor performance can
be attributed mainly to the large surface area of the nanowire samples. For PEC
applications the semiconductor surface is of vital importance as this is where the crucial
reactions take place.
Surface states and recombination sites are detrimental to the device performance, and as
the surface area increases, their effect also increases. The use of passivation layers and/
153

Summary
or catalysts can remove these effects and allow the device to perform at its full potential.
Oxides such as aluminum oxide and titanium oxide can be deposited by atomic layer
deposition, producing a thin, conformal layer on the entire semiconductor surface. The
large band gap of the oxides causes the passivation of surface states, reducing surface
recombination. This passivating effect leads to an improvement in the PEC properties of
the material; mainly observed by improvements in the open circuit potential and fill
factor. Catalysts such as platinum will act to stabilize charge carriers, such as electrons, on
the semiconductor surface as well as reaction intermediates. This greatly reduces surface
recombination and therefore increases the current up to close to the maximum
theoretical value. In the case of catalysts, the large surface area caused by the nanowire
geometry can be a benefit, as the current density per unit area is decreased. This means
that earth abundant catalysts such as molybdenum sulfide, which generally suffer under
high current densities, perform better on the nanowires than on planar samples.
The reduction reaction on GaP is simple, as the conduction band position is well above
the reduction potential of water. However the valence band of GaP is at approximately
the same position as the oxidation potential of water. This unfortunately means that the
GaP surface is as likely to oxidize as water. This can theoretically be prevented by
protecting the semiconductor surface with a stable passivation layer, such as aluminum
oxide or titanium oxide. The oxide layer should prevent the holes from reacting with the
GaP surface, and cause them to react with the water, forming oxygen.
An important, additional aspect of the nanowire geometry is that the nanowires may be
embedded in flexible polymer films, allowing for the development of flexible devices. By
this method, the nanowires can be removed from the substrate, meaning that in our
case; only 1 gram of GaP will be required per square meter of active device area. The
nanowire removal method was developed for small GaP nanowire fields with varying
pitch, patterned by electron beam lithography, but has also been demonstrated for large
nanoimprint patterned samples of indium phosphide and GaP. The polymer used was
polydimethyl siloxane which is comprised of a base and a curing agent. By adjusting the
base to cure ratio and diluting the mixture with hexane prior to deposition a high transfer
yield was attained. This procedure will not only produce flexible devices with minimal
material usage, but will also allow the growth substrate to be re-used. This device
configuration should also allow the production of the theoretical “optimal device”, where
a single wire containing the photoanode and photocathode is suspended in a membrane
allowing the oxidation and reduction reactions to occur on separate sides of the
membrane.
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