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ABSTRACT
Quantifying the ionized dopant concentrations of InGaN-based nanowires
for enhanced photoelectrochemical water splitting performance
Huafan Zhang
III-nitride nanowires (NWs) have been recognized as efficient photoelectrochemical
(PEC) devices due to their large surface-to-volume ratio, tunable bandgap, and chemical
stability. Doping engineering can help to enhance the PEC performance further. Therefore,
addressing the effects of Si and Mg doping on the III-nitride NW photoelectrodes is of
great interest. In this study, doping levels of NWs were tuned by the dopant effusion cell
temperature of the molecular beam epitaxy (MBE) growth. The successful doping of the
III-nitride NWs was confirmed using photoluminescence (PL), Raman spectroscopy, and
open circuit potential (OCP) measurements.
The ionized dopant concentrations of Si-doped InGaN/GaN NWs were systematically
quantified by electrochemical impedance studies (EIS). Due to the three dimensional
surfaces of NWs, modified Mott-Schottky formulas were induced to improve the accuracy
of ionized dopant concentrations. The highest dopant concentration of Si-doped InGaN
NWs can reach 2.1x1018 cm-3 at Tsi = 1120 oC. Accordingly, the estimated band edge
potentials of the tested NWs straddled the redox potential of water splitting. The PEC
performance of these devices was investigated by linear scan voltammetry (LSV),
chronoamperometry tests, and gas evolution measurements. The results were consistent
with the quantified dopant concentrations. The current density of n-InGaN NWs doped at
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TSi = 1120 oC was nine times higher than the undoped NWs. Additionally, the doped NWs
exhibited stoichiometric hydrogen and oxygen evolution.
By doping Mg into InGaN and GaN segments separately, the p-InGaN/p-GaN NWs
demonstrated improved PEC performance, compared with undoped-InGaN/p-GaN and nInGaN/n-GaN NWs. The p-InGaN/p-GaN NWs exhibited a highly stable current density
at ~-9.4 mA/cm2 for over ten hours with steady gas evolution rates (~107 µmol/cm2/hr for
H2) at near a stoichiometric ratio (H2: O2~ 1.8:1). This study demonstrated that optimizing
the doping level and appropriate band engineering of III-nitride NWs is crucial for
enhancing their PEC water splitting performance.
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Chapter 1: Introduction
1.1 – Basic properties of III-nitride materials.
III-nitride materials have been of significant interest not only to researchers in the
academic field but also from the industrial world. Owing to a host of advantages of these
materials, they have already been widely studied in electronic devices, optoelectronics, and
energy conversion applications, for instance, power electronics, light emitting diodes
(LEDs)1-5, lasers6-9, photodetectors (PDs)10-13, solar cells14-17, and artificial photosynthesis
devices 18-26.
Three possible crystalline structures of the binary III-nitrides (InN, AlN, and GaN) exist
physically: wurtzite, zincblende, and rock-salt. The wurtzite and zincblende structures are
similar to each other in regards to the neighboring atoms but with different stacking
sequences. The stacking sequence of wurtzite structures along (0001) direction, and
zincblende along (001) direction is ABAB and ABCABC, respectively, where A, B, and C
represent the III-Nitride pairs of the closed-packed layers27 28, as shown in Figure 1.1. The
metastable zincblende structure can be grown stably on conventional substrates by
heteroepitaxy, such as Si substrates, while the wurtzite structure exhibits better
thermodynamical stability at ambient conditions28. Furthermore, the wurtzite structure has
spontaneous polarization along the c-axis owing to its noncentrosymmetry arrangements
and large iconicity of the metal-nitride bonds. Moreover, an external strain on the wurtzite
crystal may lead to piezoelectric polarizations29-30, which could assist the charge transport
and separation process and avoid the self-oxidation and photocorrosion of the electrodes31.
In comparison with the former two structures, the rock-salt structures, which can be

17
obtained from the phase transition process at high pressure28, are rarely used Additionally,
most chemical bonds of III-nitrides are ionic bonds unlike covalent bonds of other III-V
compounds. Consequently, III-nitrides show superior chemical and thermal stability,
which enable the materials to operate in hostile environments28, 32-35.

Figure 1.1 Three basic crystal structures of III-nitride materials 27.

The most attractive characteristic of the direct bandgaps of these materials is the
tunability. These bandgaps can cover a broad range of the optical spectrum, from the
ultraviolet (UV) (~200 nm ) to the infrared spectrum (~ 1771 nm). As shown in Figure 1.2,
by controlling the composition of the group-III elements ( In, Ga, Al) during growth, the
bandgap of III-nitride ternary alloys at room temperature ranges from ~6.2 eV (AlN) to
~0.7 eV (InN), and yields to bowing effects36. Controllable bandgaps are desirable for
optoelectronic devices due to the flexibility of wavelength selectivity. For example, Alrich AlGaN materials can be suitable for UV devices, such as UV LEDs4 or solar-blind
photodetectors37-38 owing to their wide bandgap, while the InGaN materials are applied in
photoelectrochemical (PEC) water splitting for better solar absorption and collection
efficiency21, 39-41.
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Figure 1.2 Tunable bandgap of III-nitride ternary alloys 42.

1.2 – (In, Ga)N nanowire-based photoelectrochemical water splitting
III-nitride materials, especially InxGa1-xN are promising for PEC water splitting because
of their suitable band edge position and chemical stability. Starting from the working
mechanism of PEC water splitting, this chapter will further explain the merits of III-nitride
nanowires (NWs) for PEC application.

1.2.1 Working mechanism of photoelectrochemical water splitting
The processes of PEC devices are shown in Figure 1.3, taking a photoanode as an
example. Under dark conditions, when the semiconductors are in contact with the
electrolyte, an electrochemical equilibrium is established due to carrier diffusion. Band
bending can be observed in the space charge region of semiconductors near the interface
between the semiconductor and the electrolyte. A built-in electric field exists in the region,
and the majority carriers are depleted from that layer.
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Figure 1.3 Working processes of an n-type photoelectrochemical photoelectrodes 43.

Upon illumination, the semiconductors absorb the light. The electrons in the valence
band transit to the conduction band, namely the electron-hole pair generation step (step 1).
The photon energy of the light source must be higher than the bandgap energy of
semiconductors to enable a PEC device. Usually, the light source can be a calibrated solar
simulator with an AM 1.5G filter. The photogenerated carriers shift the quasi-fermi level
of the minority carriers and produce a photovoltage. Though the open-circuit potential
(OCP) measurements, the photovoltage can be measured. The surface band bending assists
the photogenerated carriers in the transferring and separation process (step 2). The minority
carriers (holes of n-type semiconductors, electrons of p-type semiconductors) accumulate
in the space charge region and the majority carriers (electrons of n-type semiconductors,
holes of p-type semiconductors) migrate through the external circuits to the counter
electrodes. A small potential (< 1.23 V) is usually applied on the external electric circuits
to reduce the ohmic loss and help the carrier separation and migration. The n-type and ptype semiconductors perform as photoanodes and photocathodes separately. On the surface

20
of anodes, the accumulated holes combine with the water molecules in the electrolyte and
generate oxygen gas and hydrogen ions. The hydrogen ions in the electrolyte then react
with the electrons in the cathode and generate hydrogen (step 3) 35, 43.
With the purpose of driving the redox reaction, the valence band edge of the
semiconductor has to be more positive to the water oxidation potential (1.23 V vs normal
hydrogen electrode (NHE)), while the conduction band edge should be more negative than
the hydrogen reduction potential (0 V vs NHE). However, an additional potential other
than the water redox potential is always necessary due to the energy losses in carrier
transferring in the space charge region and the migration through external circuits. This
excess potential is named overpotential and can be reduced by depositing metallic
cocatalysts on the semiconductor 22, 44-46. Ohmic contacts should be carefully formed at the
bottom of electrodes to help reduce the loss on the external circuits.
In summary, there are three basic requirements for highly-efficient PEC devices: (a)
band edges that straddle the redox potential, (b) a smaller bandgap for broad-spectrum
absorption, (c) excellent chemical stability in electrolytes.

1.2.2 Advantages of (In, Ga)N-based PEC devices
Since Fujishiima and Honda first supplied the PEC water splitting concept in 197247,
researchers have investigated many inorganic materials to meet the three basic
requirements, such as hematite (α-Fe2O3) 48, TiO2 49, GaP 50, BiVO4 43, and Si 51. The band
edge positions and their bandgaps are listed in figure 1.4. The band edge positions of some
of these materials cannot straddle the water redox potential35 because of either their small
bandgaps (e.g., 1.1 eV for Si) or inappropriate positions (e.g., GaAs, hematite, and BiVO4).
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The latter materials can be utilized for PEC water splitting by adding an external potential
to shift the band edges and straddle the redox potential. Conversely, although the band edge
positions of some metallic oxides (e.g., TiO2 ) are suitable for PEC water splitting, the
bandgaps are so wide (> 3 eV) that they can only absorb the short wavelength light, and
hence show limited light absorption efficiencies 35. In contrast to these materials, III-nitride
materials, especially InGaN, can have the proper bandgap and band edge positions as well
as a small enough bandgap for efficient absorption. Furthermore, as mentioned in Chapter
1.1, III-nitride materials have decent chemical stability in acidic and alkaline solutions
because of their strong chemical bonds28, 32-34.
In 1995, Kocha et al. demonstrated the first GaN thin film-based photoelectrodes52
functioning in pH 0 and pH 14 solution with a photocurrent density of ~ 0.4-0.8 mA/cm2.
This work showed the potential of III-nitride based photoelectrodes. Following that, Fujii
et al. further improved the photocurrent density of planar structure GaN photoelectrodes to
1 mA/cm2 by Si-doping24. In general, only when the photocurrent is larger than 1mA/cm2,
an apparent gas evolution can be observed. As claimed by J. Li et al. in 2008, hydrogen
bubbles can be seen from the n-type In0.4Ga0.6N epilayers that are grown by metal organic
chemical vapor deposition (MOCVD). The In0.4Ga0.6N/GaN devices exhibited ~25
mA/cm2 current density under illumination53, which was five times higher than a GaN
device. Afterward, a p-type In0.35Ga0.65N/GaN was studied by Arya et al., which was highly
stable in HBr solution for over 24 hours without a protection layer 39. Even longer stability
tests of 110 hours were conducted by Tomoe et al. in 2012 for GaN thin-film based
photoanodes with NiO cocatalysts54. Besides excellent stability, an incident photon-to-
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current conversion efficiency (IPCE) at 70% (at 300 nm) and 57 % (at 350 nm) can be
achieved.

Figure 1.4 Band structures of various semiconductors for PEC water splitting at pH 0 35.

However, the large defect densities of planar structures remain a concern, mainly due
to the lattice mismatch of III-nitrides. Thus, nanostructures have attracted more interest in
the past decade, especially NWs. Different from planar structures, the strain relaxation of
NWs hinder the formation of defects and reduce the optical losses34, 55. The large surfaceto-volume ratio of NWs enhances reaction efficiencies by offering larger exposure area for
light absorption and surface reaction. Furthermore, NWs have merits in a carrier separation
process and can improve the surface reaction rate owing to their shorter minority carrier
diffusion length56. III-nitride NW-based PEC devices have developed rapidly in recent
years. In 2011, Mi et al. revealed the first GaN NWs for pure water splitting with the help
of Rh/Cr2O3 core-shell cocatalysts. Hydrogen (~ 30 µmol in total) and oxygen gases (~ 16
µmol in total ) evolved steadily in an almost stoichiometric manner during the 18-hour
experiments57. The same group also showed a double-band InGaN/GaN core-shell NW
structure. The thin GaN shell layer passivated the surface and performed as a protection
layer for the device. Thus, the NWs exhibited remarkable stability58. Ebaid et al. studied
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InGaN/GaN NWs on Ti substrates grown by molecular beam epitaxy (MBE), which further
enhance the efficiency by surface passivation and metallic cocatalyst decoration. The solarto-hydrogen (STH) efficiency for pure water splitting (pH 7) reached 3.5% without
externally applied potential under one sun (AM 1.5G)22. There were publications published
in 2018 focusing on the NW/substrates interface impedance21, 40. They demonstrated that
growing NWs on metal substrates or a metallic layer could help to reduce the interface
impedance caused by the very thin SiNx layer during growth, and hence greatly assist the
charge transfer.

1.2.3 Methods of enhancing PEC performance
NW-based PEC devices suffer from the high density of surface states, which can behave
as recombination centers, reducing ionized carrier concentrations and the collection
efficiency. Moreover, the surface states are the main reason for the Fermi-level pinning,
which causes a potential drop within the Helmholtz layer and so extends the band bending
into the electrolyte. This phenomenon inhibits the carrier separation process 25-26, 44, 59 and
may attribute to photocorrosion of photoelectrodes. There are three common paths to
address the issues for III-nitride NWs: (a) surface passivation, (b) cocatalyst deposition,
and (c) control the carrier concentrations.
The passivation layer reduces surface states by bonding surface bonds (chemisorbed
hydroxyl, oxide-, and dangling bonds) with stable chemical compounds. Sulfides have
been reported as a type of potential passivation compound for III-V materials. Varadhan et
al. successfully passivated the GaN NWs by 1, 2-ethanedithiol (EDT) surface treatment.
The EDT-treated GaN NWs showed a high photocurrent density at -31mA/cm2 at -0.2V vs
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reverse hydrogen electrode (RHE) and chemical stability over 55 hours in a pH 0 solution.
Passivation treatment can not only protect the semiconductor from corrosion but also
reduce the recombination rates of electrons and holes, and assist in the carrier separation
process 44.

Figure 1.5 Different cocatalysts on III-nitride materials. Left top: in the form of a thin layer 60; Right
top: in the form of nanoparticles 44; Bottom: overpotentials of various cocatalysts in a different solution 46.

Another method is to add cocatalysts, in forms of nanoparticles 22, 44, 61 or extremely thin
layers (e.g., ~18nm CoPi layer

60

) so that they can avoid excessive light absorption and

reflection 46. McCrory et al. compared the performance of over 30 types of cocatalysts for
hydrogen evolution reaction (HER) and oxygen evolution reaction (OER) in alkaline and
acidic solutions, in terms of the overpotential of the cocatalysts

46

. Overpotential is the

excess potential over the required thermodynamic equilibrium potential of the half-redox
reaction, which is essential in determining the reaction rates. The reaction rate of the
photoelectrode can increase due to the improvement of the kinetics of the surface reactions
by co-catalyst materials. For p-type semiconductor working electrodes, platinum (Pt) is a
well-performed cocatalyst for HER 45-46, which exhibits an overpotential less than ~ -0.04
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V. For n-type semiconductors, nickel (Ni) and iridium (Ir) are generally used as cocatalysts
in base solutions 22, 60.
The third approach was realized by intentional doping to the NWs during growth.
Ternary III-nitrides naturally show n-type characteristics. For MBE-grown III-nitride
NWs. Si and Mg are common n-type and p-type dopants. The dopant concentrations can
be tuned by the effusion cell temperatures during MBE growth19-20, 25. The ionized carrier
concentrations of the semiconductors are expected to be higher with sufficient doping.
Therefore, the electric properties of the semiconductors, including mobility and
conductivity are enhanced. Also, appropriate dopant concentrations can help to shift the
Fermi level of the semiconductor electrodes to a better position for band alignment
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.

Consequently, carriers can be easier to separate and transfer.

1.3 – Conventional methods of carrier concentration quantification
Quantifying dopant concentrations are of great significance for optimizing MBE-growth
conditions, studying the electrical properties of optoelectronic devices, and enhancing the
PEC performance. Conventional methods of carrier concentration quantification, for
instance, Hall effect measurements or four probe methods only aim for planar structures.
Due to the neglect of the 3D geometry of NWs, their results lack accuracy. There are
several modified methods for quantifying the carrier concentration of NWs, including field
effect transistor (FET) measurements 62-63, Hall effect measurements 64-65, current-voltage
measurements 66-68, Raman spectroscopy 4, 19, and Mott-Schottky measurements 4, 19-20, 69.
The former three methods can only characterize a single NW at a time while the other two
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methodologies enable macro and statistical estimations of the carrier concentrations of the
whole NW arrays, and will be further discussed in Chapter 2.3 and Chapter 2.4, separately.

1.3.1 Field effect transistor measurements
A back-gated (BG) FET (Figure 1.6) is usually fabricated to measure the resistivity,
carrier mobility and carrier concentrations of a single NW. Generally, the gate electrode is
a doped-Si substrate, while the source and the drain terminal are formed by a deposited
metallic layer with post-annealing to ensure ohmic contacts between the NWs and the metal
electrodes. A thermal grown SiO2 layer on the Si substrate could be the gate dielectric
material.

Figure 1.6 Field-effect transistor measurements for carrier quantification70. Left: schematic and SEM
images of the BG NW-FET; Right: Id-Vgs plots of the NW-FET

Carrier concentrations can be quantified from the threshold voltage (Vth) of the BGFET. Vth is the critical gate voltage to conduct the source and drain terminals, which can
be determined by the output characteristics (Id-Vgs plots) of the FET. By assuming the
capacitance of the SiO2 surrounded-NW as 𝐶 ≈ 2𝜋𝜀𝐿/ ln(2𝑡𝑜𝑥 ⁄𝑟) , the carrier
CV

concentration (N) can be quantified by: N = qπrth
2 L , where q is the unit charge; r and L are
the radius and length of the NW; and tox and ɛ are the thickness and the dielectric constant
of the gate dielectric (SiO2) layer62-63. Complicated nanofabrication steps such as metal
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deposition and annealing were applied to construct the single NW-based FET device,
which leads to the low efficiency of the method. The results might be higher than practical
values62-63, 65 due to the carrier losses at the trapping centers of the metal/semiconductor
interface and the error of assumption of C owing to the partial SiO2 covering of NWs in
reality. Thus, this method commonly requires a supplementary finite element method
simulation62.

1.3.2 Hall effect measurements
To avoid the limitations of the field effect measurements, Hall measurements on single
NWs were introduced by Lars Samuelson et al. in 2012 64. The configuration and measured
VH-B plots are shown in figure 1.7. Similar to that of a bulk material, a current (IAH) was
fed to two ends (A, H) of a single nanowire.

Figure 1.7 Hall effect measurements of a single NW 64. (a) Experimental configurations, (b) Measured
Hall voltages as a function of applied magnetic field.

The Hall voltages (VH) can be measured at different positions (BC, DE, FC) of a NW
as a function of an applied perpendicular magnetic field (B). The applied current (IAH) was
fixed, and all the electrode contacts were carefully fabricated by electron-beam lithography
and metal evaporation deposition. The relationship between the Hall voltage and the
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𝐼

𝐴𝐻
applied magnetic field can be given by: 𝑉𝐻 = 𝑞𝑁𝐴/𝑤
𝐵 , where A is the area, and wc is the
𝑐

distance between the corresponding voltage probe. Free carrier concentration (N)
distribution is calculated from the slope. The Hall effect measurements provide a relatively
accurate mapping of carrier concentrations on a single NW. However, the fabrication
process is time-consuming and expensive

64-65

. Only one NW can be characterized at a

time.

1.3.3 Current-voltage measurements

Figure 1.8 Carrier concentration quantification by current-voltage (I-V) measurements 68. Left: TEM
image of the experimental configuration for a single NW; Right: I-V characteristics of a ZnO NW.

The current-voltage (I-V) measurements of a single semiconductor NW have been
reported as a method to estimate carrier concentrations

66, 68

. The experimental scheme is

shown in figure 1.8 by using a top stationary Pt electrode and a movable bottom tip. The
configuration could be considered as a metal-semiconductor-metal structure. An
asymmetrical I-V characteristic, which is associated with the metal-semiconductor
contacts, can be commonly seen for a single NW. Zhang et al. demonstrated an equivalent
model consisting of a resistance connected in series with two back-to-back combined
Schottky barriers to describe the I-V curve. By depicting the I-V curve in logarithmic
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Nq

coordinates, the carrier concentration (N) can be obtained from the slope of the curve ( kT −
1
𝐸0

) 68. Conducting the experiments also requires deposition of metallic electrodes, and the

band bending at the surface of a single NW is associated with the thickness of the space
charge region. Thus, it may lose its accuracy due to the size-dependence 66.

1.4 – Scope of this thesis
Compared to these conventional methodologies, the Mott-Schottky measurement is a
non-destructive, convenient, and cost-effective method. It is a common PEC
characterization approach, which provides relatively accurate quantifications of carriers in
a three-dimensional NW with optimized modification. It can be a helpful tool of
investigating the basic properties of NW-based PEC photoelectrodes since there is still an
urgent need to understand their basic properties, concerning their photoelectrochemical
(PEC) performance, such as the influence of tuning the doping level and the intentional
design of doping and bandgap engineered heterojunction for facilitating extraction of
photogenerated carriers.
The influence of Si-doping on InGaN/GaN NW-based photoanodes is demonstrated in
Chapter 3. The InGaN/GaN NWs were doped at different Si cell temperature to achieve
various doping level. The Si dopant concentrations in InGaN/GaN NWs was quantified by
Mott-Schottky measurements; and the relevant PEC performances were investigated.
Chapter 4 discusses the enhanced PEC performance of the doping engineered the
InGaN/GaN NWs. The NWs were engineered by controlling the doping profile in InGaN
segments and GaN segments separately to improve the charge extraction/collection
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efficiency by optimizing the interfacial charge kinetics at InGaN/GaN heterojunction
interface. Three different heterojunction structures were investigated. Mott–Schottky
measurements were used to carefully quantify the ionized carrier concentrations, the
stability of various photoelectrodes were evaluated, and finally, the O2 and H2 gas evolution
were quantified. These characterizations are essential building blocks for a complete
performance evaluation of the doping-engineered heterojunction based photoelectrodes for
PEC water splitting.
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Chapter 2: Experimental Methods
In this thesis, III-nitride NWs were grown by plasma-assisted MBE (PA-MBE). InGaNbased NWs were grown on conventional Si substrates and doped with Si and Mg as n-types
and p-types respectively. Various techniques were applied to further study how dopants
affect the PEC performance of InGaN-based NWs. Scanning electron microscopy (SEM)
was used to check the cross-section and top view of NWs and obtain high magnification
images of morphological changes. Subsequently, the optical properties were investigated
by room temperature photoluminescence (PL), and micro-Raman spectroscopy
measurements since the intensity of photon emissions are closely relevant to dopant
concentration. Through a series of PEC measurements, ionized dopant concentrations of
NWs were characterized, and they were found to be consistent with the PEC performance
of the NW photoelectrodes.
In this chapter, working principles and experimental procedures of different techniques
are demonstrated in detail.

2.1 – PA-MBE growth
PA-MBE is an epitaxy technique for growing various materials, such as oxides,
semiconductors, and even metals. Figure 2.1 (a) depicts a schematic view of a simple MBE
growth chamber with a reflection high energy electron diffraction (RHEED) gun to observe
the growth process. During the growth, the chamber is pumped to a high vacuum or ultrahigh vacuum (10-8-10-12 Torr) level. The atom beams or molecular beams are incident and
nucleate upon a clean crystal surface placed on a heater block. Due to the ultra-clean growth
environments and precise control of composition, MBE is commonly applied to the growth
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of compound semiconductors1,

4-5, 21, 71

. The MBE system in the KAUST photonics

laboratory is a VEECO GEN 930 system, which is equipped with Ga, In, Al, Si and Mg
effusion cells and a nitrogen plasma source, as shown in Figure 2.1 (b).

Figure 2.1 MBE system (a) simple schematic top-view of an MBE chamber71, (b) VEECO GEN 930
system.

Chapter 3 focuses on the Si-doped InGaN/GaN NWs, which were grown on 2-inch ntype Si (100) substrates with different Si cell temperatures (TSi). Prior to the growth, the Si
substrates were prepared by cleaning with methanol, isopropanol (IPA) and deionized (DI)
water and followed by 20% hydrofluoric acid (HF) soaking, then DI water rinsing to
remove the surface native oxides. Following that, the substrates were loaded to the loadlock chamber and passed through a pre-outgassing process at 200 °C for 1 hour to remove
residual water, following which, the substrates were transferred to the buffer chamber,
where the temperature was linearly ramped to 650 °C to remove organic contaminants.
Subsequently, the substrates were loaded into the growth chamber under a gradually
increasing the substrate temperature up to 800 °C for surface deoxidation. During the
growth, the 13.56 MHz radio frequency (RF) plasma power operated at 350 W, and the N2
flow rate was 1.0 sccm. A Ga beam was incident on the sample surface at the substrate
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temperature of 680 °C at an equivalent pressure (BEP) of 5×10-8 Torr for 30 minutes to
grow the Si-doped GaN seeds. Afterward, the InGaN segments were grown on the seeds
for 2 hours at a temperature of 520 °C by applying In flux at BEP of 1.5×10-8 Torr and Ga
flux at BEP of 3×10-8 Torr. The TSi was fixed at 1100 °C, 1120 °C, 1150 °C, and 1180 °C,
respectively. An undoped reference sample was grown with the same growth conditions
for GaN and InGaN, but the Si cell shutter remained closed during the growth.
Chapter 4 discuss the detail how the InGaN/GaN NWs were modified with doping
engineering. The InGaN segment and GaN segment were doped separately and formed
three types of NW structures: n-InGaN/n-GaN, u-InGaN/p-GaN, and p-InGaN/p-GaN. The
n-InGaN/n-GaN NW ensemble was grown with the conditions above at TSi =1100 °C. The
u-InGaN/p-GaN and p-InGaN/p-GaN NWs were grown on p-type (100) silicon substrates
after the same pretreatment of the substrates. In the growth chamber, p-type GaN seeds
were grown on the Si substrate directly with a growth temperature of 660 ºC and Ga flux
of 5x10-8 Torr. The GaN seeds were doped with Mg at a Mg cell temperature (TMg) of 300
ºC. Subsequently, InGaN segments were grown on top of p-GaN seeds at a growth
temperature of 480 ºC with Ga and In flux of 3x10-8 Torr and 1.5x10-8 Torr respectively.
For the p-InGaN/p-GaN NWs, the InGaN segments were doped at TMg= 200 ºC. During
growth, the plasma source operated at 350 W with a pressure of 1.5×10-5 Torr. Appendix
A summarizes the MBE growth conditions.

2.2 – Morphological characterizations
Since doping tends to change the morphology of NWs, the morphological changes were
observed by scanning electron microscopy (SEM) in detail. An SEM (Figure 2.2 (a))
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usually works under high vacuum (up to 10-11 mbar pressure). The electron gun generates
a stable electron beam with very high energy, which is focused on the surface of the
specimen and simultaneously scans over a selected sample area. At the surface, the
electrons can interact with the specimen; this interaction depends on the energy of the
primary beam, the atomic number of the specimens, as well as the incident angle of the
electron beam. From these processes, different signals that were generated at different
depths from the sample surface can be detected, such as secondary electrons (SE),
backscattered electrons (BSE), and X-rays. By recording these signals and forming images
pixel by pixel, high magnification graphs could be obtained by SEM 72.

Figure 2.2 SEM system (a) schematic representation of SEM (
http://www.microscopy.ethz.ch/sem.htm), (b) Nova NanoSEM 630

Nova nanoSEM 630 is an ultra-high resolution field emission SEM (FESEM) system
from the FEI company, which contains a 2-mode final lens (immersion and field-free) and
provides SE/BSE in-lens detection. For the reason that III-nitride NWs are semiconductors
and may be affected by the charging effect during SEM characterization, the sample was
firmly attached on the SEM stab with copper tapes under the electron beam with a low

35
acceleration voltage of 4 kV. Much useful information can be extracted from SEM images,
for instance, diameters, lengths, and densities of NWs. ImageJ software was used to process
the SEM images and attain the aforementioned information. These parameters were applied
to the fitting process of Mott-Schottky measurements.

2.3 – Optical properties characterizations

Figure 2.3 PL and Raman spectroscopy system. (a) Schematic illustration, (b) Horiba Aramis PL and
Raman system

The PL process is based on the photo-excitation and radiative recombination processes
of semiconductors. When a beam of light, which has photon energy higher than the
bandgap of the semiconductor, is incident to a semiconductor, electrons can be excited to
the conduction band and hence generate electron-hole pairs. Subsequently, the excited
electrons can return to the equilibrium energy states, recombine with holes and release
excess energy by emitting photons. PL spectroscopy collects and analyzes the emitting
light spectrally, spatially, and temporally. It is commonly used in determining bandgap,
defect concentration and crystalline quality of the material73.
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In contrast to PL spectroscopy, the photons of the illumination source in Raman
spectroscopy generate an oscillating polarization in the molecules and excite them to
intermediate energy states. If the polarization does not couple with other polarizations of
the molecule (such as vibrational polarization, electronic excitations, etc.), the energy of
the scattered photon and the incident photon stay in the same energy level, namely Rayleigh
scattering. Otherwise, Raman scattering happens, due to the coupling of polarizations in
the molecules, the scattered photons may have lower energy than the incident photons,
depending on the energy difference between the vibration states and the original states 73.
The Raman spectra can reflect much useful information, including optical surface phonon
mode signals, the interaction of the free-electron plasmon with phonons, stress relaxation
and the crystalline quality of NWs

74-75

. The dopants introduce two coupled longitudinal

optical (LO) phonon-plasmon modes, which rely on the plasmon frequency. Thus, the shift
of LO phonon frequency is be observed for doped semiconductors

75-76

. Raman

spectroscopy can also be used to quantify the dopant concentrations of materials. Owing
to its working mechanism, the process is less destructive, without physical contacts to the
sample19, 76-78. An average concentration can be estimated for NWs within a selected area
75

. However, only rough estimations can be made based on empirical formulas depending

on the real Raman spectra. Most of the formulas were relevant to the shift to the LO
phonon-plasmon mode4, 19, 75-76.
Optical properties of III-nitride NWs were characterized at room temperature with
Horiba Jobin Yvon LabRAM ARAMIS microphotoluminescence (µPL) and micro-Raman
spectroscopy systems, as shown in Figure 2.3. The illumination laser sources are a 473 nm
laser and a 325 nm He-Cd laser.
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2.4 – Carrier concentration quantification
2.4.1 Sample preparations

Figure 2.4 Working electrodes preparation (a) real devices, (b) process flow.

Before conducting the experiments, the NW sample was fabricated into a practical
device were illustrated in Figure 2.4. The sample was cut into a small square piece (~ 1 cm
x 1 cm) and then soldered to an Al belt (5 mm wide) at one edge with In sphere solder
(Alfa Aesar) to make ohmic contact between the samples and external circuits. For NWs
grown on Si substrates, the Al belt was attached on the slightly scratching edges of the
sample surface while for those grown on Mo substrates, the Al belt was attached from the
bottom of substrates. Therefore, the ohmic contact could be made by the soldering process.
Following that, the samples were wrapped with epoxy resin (Henkel LOCTITE EA 9460)
leaving the NW surfaces exposed to isolate the substrates, the ohmic contact area, and part

38
of the Al belt from contacting the electrolyte during experiments. The samples were heated
at 90 oC for one hour to cure the epoxy. The devices for gas evolution measurements
followed the same procedure while adding a quartz tube outside the Al belt, which was
sealed with epoxy at the contact point with the sample.

2.4.2 Open-Circuit Potential measurements
The OCP measurements can give important information about the photoelectrodes, for
instance, the flat band potential and the conduction type of the materials

4, 19-20, 79

. The

conduction types of materials can be distinguished by OCP shifts under illumination.
In dark conditions, when the n-type semiconductor is immersed in the electrolyte, there
is an upward band bending at their interface caused by the electron diffusion, due to the
carrier concentration difference in semiconductors and electrons. Finally, the Fermi level
of the semiconductor will establish electrochemical equilibrium with the electrolyte. If the
light is shone with sufficiently high intensity, the semiconductors will absorb the light and
generate electron-hole pairs. As a result, the quasi-Fermi level of the electrons will shift
downward. Cathodic OCP shifts can be observed for an n-type material. Similarly, the OCP
of p-type semiconductors under illumination would shift towards anodic potential. Since
the photogenerated carriers mainly originate from the shallow dopant levels, the OCP
difference in the dark and under illumination can roughly reflect the carrier concentration.
The more significant the OCP shift under illumination, the larger the potential change
within the space charge layer caused by Fermi level pinning at the NW surface 19, 21. For
example, Figure 2.3 shows the OCP results of GaN NW photoelectrodes. When the GaN
NWs are undoped, or doped with a small amount of Mg, the OCPs shift to negative sides,
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identifying n-type characteristics. With an increase of Mg dopant concentration, the sample
becomes p-type doped and the OCP shifts to positive potential under illumination 19.

Figure 2.5 Examples of OCP measurements of different conducting type semiconductors 19.

The experiments were performed with a conventional three-electrode system, using the
NWs as the working electrodes, a silver chloride electrode (Ag/AgCl in saturated KCl,
Eref=0.197 V vs normal hydrogen electrode (NHE)) as the reference electrode, and a
platinum coil as the counter electrodes. The electrolytes for n-type and p-type NWs were
potassium phosphate buffer solution (pH 7) and 1M sulfuric acid (H2SO4), respectively.
The three-electrode cell was connected to a commercial potentiostat, Ametek
PARSTAT4000+ system, as shown in Figure 2.6.
The light source was a solar simulator (Asahi Spectra, HAL-320). In the OCP
measurements, the samples were kept in the dark for 30 sec and light were shed for 30 sec
and were shut off for another 30 sec. The illumination intensity was controlled at 600
mW/cm2 (6 suns). If the OCP shifts to more negative potential under illumination, the
semiconductors are n-type, otherwise they are p-type semiconductors. The larger the
changes, the higher the ionized dopant concentration.
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Figure 2.6 PEC experimental setup: three electrodes system with solar simulator and potentiostat.

2.4.3 Nyquist plots
To further investigate the carrier concentrations of NWs, electrochemical impedance
spectroscopy (EIS) was performed, including Nyquist plots and Mott-Schottky
measurements. These experiments are useful tools to study the interface between
semiconductors and electrolytes.
The Nyquist measurements were conducted in dark conditions with the three-electrode
system mentioned in chapter 2.4.2. The applied bias was fixed each time, and the
frequencies scanned from 100 kHz to 10 Hz with 10 mV stepping amplitude. The
experiments were repeated at different applied biases between -1.40 V to + 1.40 V vs
Ag/AgCl electrodes. For an n-type photoanode, the applied bias was changed from an
anodic potential of OCP to a reverse bias potential, while for a p-type photocathode, the
applied bias was changed in the opposite direction 79.
The capacitance and resistance were extracted by fitting the Nyquist plots with
corresponding equivalent circuits by using an impedance analysis software: Zsimpwin. By
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doing this, the relationship of the capacitance of III-nitride NWs and applied bias was
obtained and depicted as a Mott-Schottky plot.

2.4.4 Modified Mott-Schottky analysis for Nanowires
In comparison with the methodologies in Chapter 1.3, Mott-Schottky measurement is a
non-destructive, convenient, and cost-effective method. This method does not exploit the
single NW from the array, or electron-beam lithography, but offers a new approach to
quantify average dopant concentration for the whole ensemble. Since in PEC
measurements, the whole surface of NWs is immersed in the electrolyte, even a
complicated nanostructured photoelectrode can be characterized by simply modifying the
Mott-Schottky equation for planar structures.
A general Mott-Schottky equation is a solution of the one dimensional Poisson equation
(equation (1)). In this equation, x is the distance from the interface between the
semiconductor electrode and electrolytes in the space charge region of the semiconductors.
Esc is the potential difference of the space charge region, N is the ionized carrier
concentration, and e is the electronic charge. Eapplied is the applied potential, and Efb is the
flat band potential. The value of the vacuum dielectric constant (ɛ0) and the Boltzmann
constant (k) are 8.85 x 10-12 F/m and 1.38 x 10-23 m2 kg s-2 K-1, respectively. The relative
dielectric constant (ɛr) of InGaN is 12 6.
𝑑2 𝐸𝑠𝑐
𝑑𝑥 2

=

𝑘𝑇
)
𝑒

𝑑2 (𝐸𝑎𝑝𝑝𝑙𝑖𝑒𝑑−𝐸𝑓𝑏 −
𝑑𝑥 2

=−

𝑒𝑁
𝜀𝑟 𝜀0

(1)

By solving the above Poisson equation, the conventional Mott-Schottky equation for a
planar-structured electrode can be expressed as follows:
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𝐴

where the Csc is the space charge region capacitance, and A is the exposure area of the
working electrode. This usually functions well with planar structures. In the equation, the
reverse square of normalized capacitance is expected to be linear to the applied bias.
However, it can be observed that an experimental Mott-Schottky curve of a III-nitride NW
electrode cannot be in a perfect linear type due to the three-dimensional surface contact
between the NWs and the electrolyte 19, 69. Therefore, considering every NW as a cylinder,
a 3D Poisson equation in symmetric cylindrical coordinates can be written as:
1 𝜕
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) = −𝜀
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,

(3)

where the Esc is the space charge region potential drop, and x is the distance from the center
of the NW towards the surface, as illustrated in Figure 2.7.

Figure 2.7 Schematic illustration of the Poisson equation in cylindrical coordinates.

By solving this equation, the applied potential (Eapplied) can be expressed by:

𝐸𝑎𝑝𝑝𝑙𝑖𝑒𝑑 = −

1

𝑥

2𝜀𝑟 𝜀0 2

𝑒𝑁

𝑅

[ (𝑅2 − 𝑥 2 ) + 𝑅2 ln ( )] + 𝐸𝑓𝑏 ,

(4)

where the R is the radius of a NW. The distance x only ranges from zero to R. Since the
total charge in a single NW of length L can be given by
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𝑄 = 𝑒𝑁𝐿𝜋(𝑅 2 − 𝑥 2 ) ,

(5)

The capacitance density of the NW arrays is:
𝐶𝑠𝑐
𝐴

=

2𝜋𝜀𝑟 𝜀0 𝐿𝐴𝐷𝑁𝑊
𝑥

ln(𝑅)

,

(6)

where DNW is the density of NWs. Parameters, including the DNW, the area (A), the radius
(R), and the length (L) of the NWs can be measured by either SEM graphs or photo image.
The relative dielectric constant (ɛr) of InGaN is 12 6. Consequently, the ionized carrier
concentration (N) is the only variable in the equations. With equations (4) and (6), the
modified Mott-Schottky relationship was fitted to the experimental data obtained from
Nyquist plots by using MATLAB R2016b, and hence, the ionized carrier concentration (N)
was estimated.

2.4.5 PC1D simulation of band diagrams
The software PC1D80 was applied to calculate the band structures of the InGaN/GaN
axial heterojunctions (Chapter 4). PC1D is a frequently used simulation tool for
photovoltaic devices. The schematic device model is shown in Figure 2.8. The default
models of mobility and recombination in PC1D are the Caughey-Thomas mobility model
and the Shockley-Read Hall recombination. All the parameters of InGaN and GaN
materials, which were shown in Appendix B, could be found in literature81-87. The
simulations in Chapter 4 was based on a general assumption that the dopant distribution
along the radial direction was homogeneous. Since the software lacks the function of
simulating the electrolytes, the band bending at the semiconductor/interface could be
observed, however, the band bending could be predicted. The band diagrams are discussed
in detail in Chapter 4.
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Figure 2.8 An example of device definitions in PC1D simulations.

2.5 – PEC performance characterization
Several PEC characterizations were conducted to investigate the relationship between
estimated carrier concentrations and their PEC performances. All the PEC
characterizations were conducted by utilizing a three-electrode cell using the NWs, an
Ag/AgCl electrode, and a platinum coil/mesh as the working electrodes, reference
electrodes, and counter electrodes, respectively. Two different electrolytes were used for
n-type and p-type materials respectively. A pH 7 potassium phosphate buffer solution was
utilized for n-type and 1M H2SO4 for p-type. The three electrodes were connected to a
commercial potentiostat (Ametek PARSTAT4000+). A solar simulator (Asahi Spectra,
HAL-320) with an AM 1.5G filter provided the illumination for some of the experiments.

2.5.1 Linear scan voltammetry
The linear scan voltammetry (LSV) analyzed the photocurrent density by sweeping the
applied potential linearly using a scanning rate at 0.1V/s for each device. For n-type
samples, the applied potential scanned towards a positive potential (from 0 V vs NHE to
1.2 V vs NHE), while for p-type samples, the applied potential scanned towards a negative
potential (from 0 V vs NHE to -1.2 V vs NHE).
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2.5.2 Gas evolution and chronoamperometry measurements
Before gas evolution measurements, the NWs were deposited with cocatalysts by
dipping methods. Chapter 3 described how the n-type InGaN/GaN NWs were treated with
Ni by rinsing the samples in 0.1 mg/ml Nickel Acetate in 5:1 CH3CN solution. Chapter 4
details how the n-InGaN/n-GaN NWs were treated with Ir by rinsing the samples in 1
mg/ml Iridium chloride (IrCl3) in a 5:1 CH3CN solution while the u-InGaN/p-GaN NWs
and p-InGaN/p-GaN were deposited with Pt by dipping into 0.1 mg/ml Pt in a 75% CH3CN
solution for four hours before being fabricated into a device.
The devices were further sealed with a glass tube outside the Al belt by epoxy resin to
better adjust the reactor. The glass reactor was tightly sealed by O-rings and PTFE tapes
and connected to a closed gas circulation system to prevent gas leakage of the reactor
(Figure 2.9 (a)). Before starting the experiments, high purity nitrogen was purged into the
cell to outgas dissolved air in the electrolyte. The solar simulator, with intensity at 600
mW/cm2 (six suns), provided the illumination for the measurements. A small potential was
applied to overcome the ohmic loss on the external circuit during the chronoamperometry
and gas evolution measurements58. The stability of the NWs was investigated by
chronoamperometry for over three hours. At the same time, the evolved gases were
extracted every 20 minutes and analyzed by two separate SRI 310c gas chromatographs
(GCs) (Figure 2.9 (b)). A HayeSep Q column and nitrogen carrier gas were used for
hydrogen gas measurements, while a molecular sieve (5A) column and helium carrier gas
were utilized in case of oxygen gas measurements. Since the columns have different
sensitivities towards different gasses, the gas molecules with different mole masses were
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separated and thus, they showed different peaks in the GC graphs. By processing the peak
areas, the gas evolution rates could be calculated.

Figure 2.9 Experimental setup for gas evolution and stability tests (a) Tightly sealed three-electrode
cell, (b) gas chromatographs.
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Chapter 3: Effect of Si doping on InGaN-based Nanowires
The InGaN NWs were grown by MBE using the conditions described in chapter 2.1.
Except for the undoped reference sample, the remaining samples were doped at TSi=1100
°C, 1120 °C, 1150 °C, and 1180°C to control the dopant concentrations. The samples were
labeled according to the TSi, namely, n1100, n1120, n1150, n1180, to distinguish each
doped sample.

3.1 – Morphology and optical properties
The SEM images (Figure 3.1) gave a clear view of the morphologic features. With the
increase of TSi, the average heights of InGaN NW ensembles increased from ~ 220 nm to
~ 340 nm, as shown in Figure 3.1 (e). All the InGaN NWs were grown at the same
temperature with different Si-dopant fluxes. For MBE-grown NWs, intentional doping can
introduce influence on the adatom diffusion length

88-89

and hence affect the kinetics of

MBE growth. Consequently, the vertical growth of NWs confirmed that the increased
amounts of Si dopants increased the growth rate along the vertical direction. Despite the
increasing lengths of the NWs, the diameters of the InGaN NWs, which were doped at
moderate TSi ( <1150 °C), were stable at approximately 36 nm. Nevertheless, when the TSi
was higher than 1150 °C, the adjacent NWs started to coalesce slightly, which may lead to
more crystal defects. This coalescence was caused by the lateral growth upon high Si
dopant flux, which can be observed for Si-doped III-nitride NWs 67. The structural defects
might trap the carriers and thus reduce the ionized carrier concentration 4, which were
further confirmed by Mott-Schottky analysis in Chapter 3.2.
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Figure 3.1 High-resolution SEM images of Si-doped InGaN NWs. (a)-(e) Cross-sectional views and top
views (insets figures) of the InGaN NWs. (f) Variation of the average NW length as a function of TSi.

The successful Si doping was verified by PL spectra and Raman spectra, which were
both conducted at room temperature. The room-temperature PL spectra (Figure 3.2)
conveyed general information about the bandgap of the NWs, In composition, as well as
the crystal quality. The PL peak of the undoped sample was located at around 620 nm,
corresponding to a bandgap at approximately 1.97 eV so that the bandgaps of InGaN NWs
were large enough to drive the water-splitting reaction. According to Vegard law (Equation
(7)), the In contents of the InGaN NWs can be calculated as
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𝐸𝑔𝐼𝑛𝐺𝑎𝑁 = 𝑥 ∙ 𝐸𝑔𝐼𝑛𝑁 + (1 − 𝑥) ∙ 𝐸𝑔𝐺𝑎𝑁 − 𝑏𝑥(1 − 𝑥),

(7)

where the Eg is the bandgap, and b is the bowing coefficient, which is 1.5 eV for InGaN.
As stated in the literature, the bandgaps of InN and GaN are 0.7 eV and 3.4 eV
respectively7, 90-92. Thus, the estimated In content of these Si-doped NWs was 38%. Since
the bandgaps of these InGaN NWs were greater than the water redox potential, the InGaN
NWs were able to produce hydrogen and oxygen by better aligning the Fermi level of
InGaN to that of water through controlling the doping level.
With relatively lower TSi, the PL signals became narrower, giving improved the crystal
quality of n1100 and n1120, compared to the undoped NWs. In addition, the peak exhibited
blueshifts since the Si dopants introduced more ionized carriers inside the NWs. The bandfilling effects of Si dopants may also have lead to the shifts93.
When the TSi was further raised above 1150 °C, another PL shoulder was observed at a
longer wavelength and became dominant for the n1180 sample. One possible explanation
of this redshift shoulder at around 1.9 eV is the inhomogeneous radial Si dopants
distribution, which has been reported for other Si-doped III-nitride materials. The donor
concentration was higher at the surface of NWs due to the lower formation energy for Insubstitutional Si doping in the first few atomic layers 62, 94-95. The broader peaks of n1150
and n1180 indicated degraded crystal qualities, which is in associated with the observed
structural coalescence from the SEM images.
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Figure 3.2 Normalized PL spectra of Si-doped InGaN NWs.

The corresponding Raman spectra (Figure 3.3) of Si-doped InGaN samples confirmed
the Si incorporation in the NWs. In addition to the signal peak induced by the Si substrates
at about 521 cm-1, another two main peaks originated from the InGaN/GaN lattice. The
E1(LO) phonon lines caused by the coupling of light through the sidewalls were more
dominant than the previously reported A1(LO) line 88. Upon higher TSi, the E1(LO) phonon
line demonstrated a downward shift from 734 cm-1 to 729 cm-1. A possible reason for this
shift was more light couple through the top facet of the coalescent adjacent NWS under
high TSi, as mentioned in the SEM analysis. The structural imperfections also induced
lattice defects so that the other line, E2(high) phonon mode peak, became broader with
increasing TSi96-97. The E2(high) phonon line shifted from 567 cm-1 to a lower wavenumber
at 550 cm-1. The downshifts of E2(high) phonon lines were relevant to the strain. Since the
Si dopants were introduced into the InGaN/GaN lattice, it changed the stresses in different
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directions of the NWs. Along the radial direction, it relaxed the compressive stresses while
along the growth direction, it induced tensile stresses74,

96, 98

. The downshifts of both

phonon lines indicated the successful Si dopant incorporation into the InGaN/GaN lattice88,
98

.

Figure 3.3 Raman spectra of Si-doped InGaN NWs.

3.2 – Carrier density quantification
The OCP measurements also help to confirm the successful Si incorporation into the
InGaN/GaN lattice. As mentioned in chapter 2.4.2, the shift of OCP and the difference of
OCP in the dark and under illumination are related to the conductive type and the carrier
concentration, respectively. When turned on the solar simulator at the intensity of 6 suns,
the OCP of all the samples shifted to a more negative potential (Figure 3.4). The cathodic
shifts of the OCP specified the n-type conductivity of all the samples19, 21, 99. Usually,
undoped InGaN NWs naturally show n-type characteristics19 due to nitrogen vacancies in
the lattice and unintentional impurities such as oxygen100. The sample with intentional Si
doping during MBE growth revealed a more significant difference of OCP (ΔOCP)
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between dark and under light conditions; the larger the ΔOCP, the higher the
photogenerated carrier concentration. Since the ionized carriers were mostly generated
from the donor levels, the ΔOCP reflected the actual Si doping levels. According to the
results in Figure 3.4 (b), when the TSi was smaller than 1150 oC, the ionized carrier
concentration was enhanced by donor incorporation. Otherwise, the carrier concentration
started falling due to the Si-induced defects. These defects induced during the MBE growth
may perform as recombination centers that impede the carrier separation process and
reduce the numbers of photogenerated carriers

99, 101

so that the corresponding ΔOCP

decreased.

Figure 3.4 Open-circuit potential measurements of the Si-doped InGaN NWs. (a) OCP results (b) the
OCP shifts (ΔOCP) as a function of Si cell temperature.

Detailed estimations of actual ionized dopant concentrations were conducted by EIS
analysis after confirming the successful Si doping into the InGaN NWs. The Nyquist
measurements were performed in a frequency range of 50 Hz to 50 kHz to analyze the
frequency dependence of impedance NWs and further estimate the capacitance of InGaN
NWs. Figure 3.5 (a) showed a typical Nyquist plot of InGaN NWs using n1120 as an
example, which was a two-semicircle curve. The two semicircles can be characterized by
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an equivalent R(RC)(RC) circuit with a resistance connected in series with two basic
resistance-capacitance (RC) circuits, as shown in the inset figure of figure 3.5 (a). The first
resistance (Rs) represents the ohmic losses, which originated from the electrolyte, while
the other two interfacial transfer impedances ( R1/CPE1 and R2/CPE2) were induced by the
interface between InGaN-based NWs and the electrolyte and the thin SiNx layer between
the GaN seeds and the Si substrates, respectively21-22. Corresponding to the PL results, the
radial Si dopant distribution was not uniform62, which may also affect the NWs/electrolyte
interfacial transfer impedance R1/CPE1, characterized by Mott-Schottky plots in Figure 3.5
(b).
It was evident that the flatband potentials (Efb) of the Si-doped InGaN NWs were higher
than the undoped sample and the variations were consistent with the ΔOCP, as
demonstrated in Table 3.1. The carrier concentrations, also listed in Table 3.1, were
estimated by Mott-Schottky analysis, as explained in Chapter 2.4.4 in detail. The modified
Mott-Schottky equation fitted very well with the experimental curve, and the results of
quantification are summarized in Figure 3.5 (d). Within the expectations, the ionized
dopant concentrations (N) rose from 1.8×1017 cm-3 to 2.1×1018 cm-3 before the TSi reached
1150oC, and then gradually declined to 5.7×1017 cm-3. Upon high TSi, the coalescence of
NWs introduced the trapping and recombination centers

102-103

and hence inhibited the

separation and transfer process of charge carriers so that the overall ionized carrier
concentrations decreased.
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Figure 3.5 EIS analysis of Si-doped InGaN NWs. (a) Nyquist plots, (b) Mott-Schottky measurements,
(c) Fitting curve for a Mott-Schottky plot, (d) Estimated ionized dopant concentrations.

Corresponding band structures of the Si-doped InGaN NWs can be calculated from
equation (8)-(10). The density of states in the conduction band (Nc) can be expressed as
3

𝑁𝑐 =

2m∗ K T 2
2 ( he 2 B )

(8)

In the equation, the effective mass (me*) was a mixture of the effective masses of InN and
GaN: 𝑚𝑒∗ = 𝑥𝑚𝑒𝐼𝑛𝑁 + (1 − 𝑥)𝑚𝑒𝐺𝑎𝑁 , where these are 0.10mo and 0.151mo, respectively.
The the electron mass (mo) is 9.11×10-31 kg 2, 7, 61, 104, therefore, Nc of the InGaN NWs was
approximately 1.15×1018 cm-3.
The two band edges (Ecb, Evb) of Si-doped InGaN were expressed by equations (9) and
(10), the Efb and N were generated from PL spectra and Mott-Schottky measurements
separately. Table 3.1 and Figure 3.6 represent the estimated band edges.
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N

Ecb = Efb + K B T ln (N )

(9)

c

Evb = Ecb − Eg

(10)

Figure 3.6 Estimated band diagram of Si-doped InGaN NWs as a function of T Si.

It is of great significance for a functional PEC device that the two band edges straddle
the water redox potential. The estimated band structure of the Si-doped InGaN NWs was
very close to that of InGaN electrodes with similar In content in literature 24 and fulfill the
requirement. Thus, the Si-doped InGaN NWs were expected to work effectively as PEC
devices. Given that the ionized dopant concentration of n1120 was the highest, the n1120
sample was predicted to show the best PEC performance.
Table 3.1 Band structures of Si-doped InGaN NWs
TSi

Eg

N

Efb

Ecb

Evb

(°C)
undoped

(eV)
2.01

(×1017 cm-3)
1.8±0.2

(eV)
0.06±0.035

(eV)
0.01±0.038

(eV)
2.02±0.038

1100

2.03

5.4±0.8

0.07±0.061

0.05±0.056

2.08±0.056

1120

2.04

21.0±1.0

0.09±0.042

0.11±0.043

2.14±0.043

1150

2.09

11.8±0.3

0.13±0.046

0.13±0.047

2.22±0.047

1180

1.97

5.7±0.5

0.14±0.033

-0.12±0.035

2.09±0.035
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3.3 – PEC performance
The PEC characterizations of the Si-doped InGaN photoanodes tallied with the
prediction, as indicated in figure 3.7. The Si dopants optimize the carrier concentrations of
the InGaN NWs. The maximum dopant concentration can reach 2.1×1018 cm-3 for n1120
sample. Accordingly, the photocurrent densities of all the Si-incorporated samples were
improved, and the n1120 sample exhibited the highest photocurrent density of 1.42
mA/cm2 with an applied bias at 1.0 V vs RHE, which was about nine times higher than that
of the undoped sample. With further increasing the TSi, the photocurrent density became
lower due to the defect-induced trapping centers. The dark current densities were depicted
as dot lines. They were negligible compared to the photocurrent densities, demonstrating
extremely low charge carrier loss21.
The corresponding applied bias photon-to-current conversion efficiency (ABPE) was
calculated from the LSV by using the equation (11). The ABPE is an essential diagnostic
parameter for PEC devices because it evaluates the ratio of the power density of
photogenerated carriers and the power density of the incident light (Plight). Depicting ABPE
as a function of the applied bias (Eapp) helps to understand the function of the external bias
to the PEC devices. The PEC devices only work without external bias or with an applied
bias smaller than the water redox potential. Otherwise, they would be regarded as
electrolysis devices. The small external bias only aimed to reduce the ohmic loss through
the external circuits and assist the carrier transferring process22.
ABPE (%) = [

| J(1.23−|Eapp |)|
Plight

× 100] AM1.5G

(11)
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With the optimization of carrier concentrations, the maximum ABPE of the InGaN NWs
increased from 0.01% (the undoped sample) to 0.08% (sample n1120), indicating an
enhanced power transfer efficiency. With the decoration of metallic cocatalysts

22, 61, 105

and surface passivation 22, 44, the efficiency of the NWs can be further improved due to the
optimization of charge transfer kinetics at the surface; however in this chapter, only the
bare InGaN NWs were studied.

Figure 3.7 PEC characterization of Si-doped InGaN NWs. (a) LSV characteristics, (b) ABPE (c)
chronoamperometry test of the n1120 at 1.2 V vs RHE, (d) the hydrogen and oxygen gas evolution
measurements.

The chronoamperometry tests and hydrogen and oxygen evolution measurements were
performed for one hour. The evolved gas volume of the undoped sample and low dopant
concentration samples were too small to be measured, and the InGaN NWs degraded
dramatically within the one hour. This type of fast degradation can also be observed for
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bare n-type InGaN NWs in literature 57, 106. Since the bare Si-doped InGaN NWs did not
go through the surface treatment, the holes accumulated at the surface of NWs may lead to
photocorrosion of the NWs. Hence, the hole-scavenger: methanol, was added into 0.1M
potassium phosphate buffer solution (pH 7) to reduce accumulated hole concentrations at
the NWs/electrolyte interface and prevent corrosion57,

107

. Ni cocatalysts were also

deposited on the n1120 sample, to reduce the overpotential and assist in the carrier
separation, by dipping the sample in 1mg/mol of nickel acetate in a 5:1 CH3CN: H2O
solution for 4 hours 20, 22. The chronoamperometric results of the n1120 in Figure 3.7 (c)
indicate relatively improved stability for approximately one hour

108

. The evolved

hydrogen and oxygen gas were measured during the one-hour tests. The ratio of the
hydrogen evolution rate (23 μmol/h/cm2) and oxygen evolution rate (12 μmol/h/cm2) were
about 2:1. The reasonable stoichiometry illustrated that the water-splitting reaction took
place on the InGaN NW-based photoanodes.

3.4 – Conclusions
This chapter focused on the optimization of Si-doped InGaN photoanodes. With
increasing TSi, the ionized carrier concentrations were improved to 2.1×1018 cm-3 at TSi=
1120 oC. The corresponding photocurrent density and maximum ABPE of this optimized
sample were 1.42 mA/cm2 at 1.0 V vs RHE and 0.08%, respectively, which were much
higher than those of the undoped InGaN NWs. The hydrogen and oxygen evolved steadily
during the chronoamperometry measurements of the InGaN NWs that were doped at TSi=
1120 oC. The ratio of hydrogen and oxygen yielded the stoichiometric ratio (2:1) of water
splitting.
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Chapter 4: Doping engineering of InGaN/GaN Nanowires
Due to the working principle of PEC devices, n-type and p-type semiconductors might
exhibit different stabilities in the electrolyte. At the n-type semiconductor/electrolyte
interface, the photogenerated holes accumulate and oxidize the water into oxygen, which
can lead to oxidation of the semiconductor photoelectrodes. In contrast, p-type
semiconductors result in the accumulation of minority photogenerated electron carriers
under illumination, which serve as cathodic protection against photocorrosion24. Thus, ptype semiconductors are more promising for highly stable PEC devices 39. Mg is a typical
p-type dopant for III-nitride materials19, 39, 77, 89. It has advantages including low formation
energy and efficient dopant incorporation into NWs4, 89, 109.
In this chapter, the doping type of the InGaN and GaN segments were separately
controlled by doping Si to both the InGaN and GaN segments, only doping Mg into the
GaN segment, and doping Mg into both InGaN and GaN segments. Accordingly, the
samples were named n-InGaN/n-GaN, u-InGaN/p-GaN, and p-InGaN/p-GaN NWs.
Specific MBE details are illustrated in Chapter 2.1 and can be found in Appendix A. In
addition to the surface charge properties, the interfacial charge kinetics at the GaN/InGaN
heterojunction interface is crucial for improving the charge extraction/collection efficiency
110

. In this study, the influence of the variation of the doping profile of GaN and InGaN on

the PEC performance, as well as the stability of the water splitting process were fully
investigated.
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4.1 – Morphology and optical properties
Figure 4.1 exhibits the SEM images of the InGaN/GaN NWs. The average height of the
InGaN/GaN NWs was ~ 210-260 nm. The pure n-type NWs were slightly longer than the
u-InGaN/p-GaN and the p-InGaN/p-GaN NWs since the Si adatoms induced the vertical
growth 88-89. With the doping of Mg, the InGaN NWs showed lateral growth and slightly
lower density over the surface area. The average diameter of p-InGaN/p-GaN NWs was ~
45 nm, while that of u-InGaN/p-GaN NWs was ~ 30 nm. This diameter increase can be
commonly be observed for Mg-doped-III-nitride NWs

88-89, 111

. Compared with n-type

doped NWs, the Mg introduced more apparent structural defects, as shown in the crosssection view. These structural defects may trap charge carriers and lower the practical
ionized carrier concentration of the NWs4.

Figure 4.1 The morphology and photoluminescence spectra of InGaN/GaN NWs. (a) n-InGaN/n-GaN ,
(b) u-InGaN/p-GaN, (c) p-InGaN/p-GaN NWs

The PL spectra are shown in Figure 4.2. The emission signals of the three samples are
dominated by broad peaks due to near-band-edge emission and the transmission between
the conduction band and the shallow doping levels3,

111

. The slightly split peaks may

originate from inhomogeneity of the In composition inside the NW

112

. The PL peak

centered at around 2.15 eV for u-InGaN/p-GaN NWs while that of the pure Si-doped and
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Mg-doped InGaN/GaN NWs shifted to lower energy. The u-InGaN/p-GaN sample was
expected to have the lowest carrier concentration among the three samples since only the
GaN segment in it was intentionally doped with Mg. The incorporation of shallow donors
(Si) or acceptors (Mg) introduced a doping level near one band-edge, so that the emitted
photons may have less energy than the intrinsic bandgap of the material thus the emission
peaks redshifted19, 111. The PL peak shifted to 2.04 eV and 2.11 eV of n-InGaN/n-GaN and
p-InGaN/p-GaN respectively. These optimum bandgaps were larger than 2 eV, which
enabled the InGaN/GaN NWs to drive the redox reaction while overcoming the
overpotential during PEC experiments 40, 113.

Figure 4.2 Normalized PL spectra of InGaN/GaN NWs. (a) n-InGaN/n-GaN, (b) u-InGaN/p-GaN, (c) pInGaN/p-GaN.

4.2 – Carrier density quantification
OCP measurements were performed to identify the conduction type of the NWs 21, 114.
The samples were tested under dark and light (6 suns) conditions for a 30 sec period. The
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rapid photoresponse of the three samples suggested the excellent material qualities of the
NWs. The negative shift of the n-InGaN/GaN (-0.24V vs RHE) and the positive shift of
the p-InGaN/GaN NWs (+0.12 V vs RHE) manifested the Si and Mg doping, respectively.
The OCP of the u-InGaN/p-GaN NWs also shifted to the positive side (+0.23 V vs RHE),
indicating the overall p-type characteristic of the axial heterojunction structure. For a uInGaN/p-GaN heterojunction, the large offset of the conduction band edges impeded the
electrons flow through the GaN segments115. Some of the electrons recombined with the
holes at the p-n junction while some of the electrons were confined in the space charge
region near the InGaN surface. The p-type OCP characteristics identified the accumulation
of electrons at the surface of the u-InGaN/p-GaN NWs. Since the illumination power was
sufficient to flatten the band of both samples, the flat-band potentials calculated from OCP
were higher than that obtained from the Mott-Schottky plot. The ΔOCP of the pure n-type
NWs was larger than that of the other two samples; the n-type dopant concentration is
usually higher than p-type. The III-nitride NWs were naturally n-type, whereas p-type
doped NWs usually have to go through a compensation step before showing p-type
characteristics 4, 19, 77.
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Figure 4.3 Open-circuit potential measurements of InGaN/GaN NWs.

EIS techniques were utilized to further study the carrier concentrations of NWs as
previously mentioned. One example of the Nyquist plot is shown in Figure 4.4; a curve
containing three semicircles can be observed with the applied bias at -0.45 V vs RHE.
Therefore, an equivalent circuit (Rs(CR)(CR)(CR)) was used to fit the plot. The Rs were
the resistance in the electrolyte, and the InGaN NWs induced the first RC circuit 20-21. The
fitted impedance of this compartment changed with the applied bias. Additionally, the
other two RC compartment were induced by the SiNx thin layer 21 at the GaN/Si interface
and the Si substrates. The impedance of these two layers remained at similar levels over
the applied bias.
The Mott-Schottky plots (Figure. 4.4 (b)) are depicted by extracting the fitted
capacitance of InGaN NWs from the Nyquist plots. The calculated Mott-Schottky curves
were well fit to the experimental curves. The estimated ionized dopant concentrations of
n-InGaN/n-GaN NWs, u-InGaN/p-GaN NWs and p-InGaN/p-GaN NWs were 5.7x1017
cm-3, 1x1016 cm-3and 7.6x1015 cm-3 respectively. The results of the pure n-type and p-type
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doped NWs were consistent with the OCP and PL spectra. However, the Mott-Schottky
measurements might overestimate the net ionized carrier concentrations in the uInGaN/GaN NWs since the Mott-Schottky ignores the axial inhomogeneity of dopants and
the carrier recombination in the p-n junction region of a practical PEC device under
illumination.

Figure 4.4 Nyquist plots and Mott-Schottky measurements of InGaN/GaN NWs.

The band structures were simulated by software PC1D v5.9 81-87, a commonly used tool
for simulations of solar cells. The simulation parameters are listed in Appendix B, most of
which can be found in previous literature. Based on the Mott-Schottky results, it was
assumed that the dopant concentrations were homogeneous for n-InGaN/n-GaN and p-
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InGaN/p-GaN while the dopant concentrations of the InGaN and GaN segments of the uInGaN/p-GaN NWs were 5 x1016 cm-3 and 1x1016 cm-3, respectively. The calculated band
structures are shown in Figure 4.5 (a). Since the software cannot simulate the electrolytes,
the band bendings at the semiconductor/electrolyte interface are qualitatively depicted in
Figure 4.5 (b).
As illustrated in Chapter 2, an upward band bending occurred at the surface of the ntype NWs because of the transportation of the excess charge carriers under illumination to
achieve electrochemical equilibrium. Due to the band bending, the photogenerated
electron-hole pairs were separated. The holes diffused to the NW/electrolyte interface and
reacted with water into oxygen molecules. Since there was a large offset in valence band
between the n-InGaN and n-GaN segment, the holes were accumulated on the surface of
NWs110. However, the photogenerated electrons migrate in the opposite direction toward
the counter electrode. Only a small conduction band offset was present between the nInGaN and n-GaN segment, through which the electrons could easily tunnel. On the
counter electrode, the electrons reduced hydrogen ions into hydrogen. The occurrence of
the water oxidation reaction on the surface of the n-type NWs may lead to the formation of
Ga2O3 which can be dissolved in aqueous electrolytes leading to the degradation and
instability of these photoanodes 24, 116
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Figure 4.5 Doping-engineered band structures of InGaN/GaN NWs. (a)-(c) results of PC1D
simulations; (d)-(f) schematic illustrations of the band structures.

In terms of u-InGaN/p-GaN NWs, the NW ensembles exhibited p-type characteristics
despite of the unintentional n-type conductivity of the InGaN segment. Although there was
a small upward band bending at the surface of NWs, the large valence band offset of the
conduction band hindered the migration of electrons to the bottom of the GaN segment.
Hence, the electrons were confined at the surface of the NWs, which led to hydrogen
generation at the surface while the holes tunneled through the small valence band barrier
and drove the water oxidation reaction on the counter electrode. In this case, the
recombination at the p-n junction had to be taken into consideration, which reduced the
free carrier concentrations.
Overall, the optimum band structures of the p-InGaN/p-GaN NWs demonstrated the
potential to be effective photocathodes. The large conduction offset assisted the electrons
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to flow towards the InGaN/electrolyte interface. In the PA-MBE fabricated InGaN NWs
grown under nitrogen-rich conditions, all the exposed surfaces (top polar (000-1) c-plane
and non-polar (10-10) m-plane side walls) are nitrogen terminated surfaces 31. During the
PEC water splitting, these negatively charged surfaces and the downward surface band
bending reduce the energy barrier for injecting holes into the electrolyte and generating
hydrogen from the water oxidation reaction. These N-terminated surfaces are also reported
to protect the InGaN NWs against photocorrosion24, which leads to the observed long-term
stability and the perfect hydrogen and oxygen evolution 31.

4.3 – PEC performance
With the optimization of the band structure through doping, the PEC performance was
greatly improved, especially the stability of the u-InGaN/p-GaN and p-InGaN/p-GaN. The
PEC performance of the devices was characterized by linear scan voltammetry (LSV), gas
chromatography and chronoamperometry experiments. Before the experiments, the nInGaN/n-GaN was treated with Ir cocatalysts while the other two p-type samples were
deposited with Pt cocatalysts to further enhance the efficiency of the photoelectrodes. This
can reduce the overpotential, and more importantly, assist in driving the kinetics of the
redox reaction 22, 44-45.
As seen from the results of LSV (Figure 4.6), all the samples presented negligible dark
current density. Compared with the u-InGaN/p-GaN NWs, the p-InGaN/p-GaN NWs
showed higher photocurrent density (~-17 mA/cm2 at an applied bias of -1.0 V vs RHE).
These results were reasonable despite the higher estimated carrier density of u-InGaN/pGaN NWs because the Mott-Schottky measurements were conducted in dark conditions
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with the assumption that the axial dopant distribution was homogeneous. However, the
doping levels of the InGaN-GaN NWs of this chapter were different along the axial
direction. The real functional PEC devices under illumination would have carrier losses
from the recombination process within the p-n junction in the u-InGaN/p-GaN NWs115. On
the other hand, although the carrier concentration of the n-InGaN/n-GaN NWs was
expected to be the highest among the three samples, the photocurrent density of it ( ~ 0.15
mA/cm2 at 0.5 V vs RHE) was in fact much smaller than the p-type samples due to the
instability of the photoanodes in the PEC water splitting 24, 39. The ABPE was calculated
by equation (11) in Table 1 and is shown in Figure 4.6 (b). The highest ABPE of the pInGaN/p-GaN NWs reached 0.65% at an applied bias of -0.83 V vs RHE, which was
approximately 2.5 times higher than the ABPE of the u-InGaN/p-GaN NWs, and more than
50 times the ABPE of the pure n-InGaN/n-GaN sample. The results were even higher than
the previously reported value of InGaN/GaN nanostructures in literature (<0.5%) 34, 44.

Figure 4.6 Linear scan voltammetry and corresponding ABPE of InGaN/GaN NWs.

Apart from the increasing current density, the Pt-decorated p-type InGaN/GaN NWs
also demonstrated superior chemical stability in 1M H2SO4 under high-intensity
illumination (6 suns) for over ten hours without noticeable degradation (Fig 4.3 (c)). An
external potential (-0.453V vs RHE for p-type and + 0.81 V vs RHE for n-type) was applied
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to overcome the ohmic loss on the external circuit during the chronoamperometry and gas
evolution measurements58. The n-type sample degraded rapidly within two hours due to
the strong self-oxidation. The amounts of the evolved gas from the n-InGaN/n-GaN were
too small to measure.
In contrast, the p-type samples showed superior chemical stability as well as gas
evolution rates. The current density of the u-InGaN/p-GaN and p-InGaN/p-GaN gradually
increased for around three hours then saturated at a relatively large value at ~ 4.0 mA/cm2
and ~-9.4 mA/cm2 for the remained of seven hours. A possible explanation for this increase
is the interfacial changes at the surface of the InGaN photoelectrodes 22, 117. Besides, when
the light was chopped at the end of the chronoamperometry tests, the dark currents
remained negligible, revealing stable chemical characteristics over time. Since the
photocurrent densities were large enough (> 1 mA/cm2), gas bubbles were observed for
these two samples. Although oxygen steadily evolved from the u-InGaN/p-GaN sample at
a rate of ~50 µmol/cm2/hr, the evolution rate of hydrogen was not in the right stoichiometry
with it. The bad stoichiometry (H2: O2 ~ 0.8) might be a result of the carrier recombination
in the p-n junction so that not all the photogenerated electron-hole pairs separated and
participated in the water-splitting reactions. With Mg incorporation to the InGaN segment,
the gas evolution rates were improved. The amount of the hydrogen and oxygen that was
generated from the p-InGaN/p-GaN linearly ascended with time while keeping a near 1.8:1
stoichiometric ratio at ~107 µmol/cm2/hr for hydrogen and ~60 µmol/cm2/hr for oxygen,
which were higher than that of the previously reported Pt-decorated GaN NW-based
photocathodes under similar experimental conditions 44.
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Figure 4.7 Stability tests and gas evolution of InGaN-based NWs. (a) chronoamperometry, (b) gas
evolution of u-InGaN/p-GaN NWs, (c) gas evolution of p-InGaN/p-GaN NWs.

4.4 – Conclusions
In summary, the band structures of InGaN/GaN photoelectrodes were tailored by
different doping in the InGaN and GaN segment. The doping engineering successfully
enhanced the PEC performance of the samples. In comparison to the n-InGaN/n-GaN
NWs, the u-InGaN/p-GaN, and p-InGaN/p-GaN NWs showed extraordinary chemical
stability in the electrolyte for over ten hours with a sustainable photocurrent density at ~4.0 mA/cm2 and ~-9.4 mA/cm2 respectively. The p-InGaN/p-GaN exhibited an optimized
gas evolution stoichiometric ratio with the gas evolution rate at ~107 µmol/cm2/hr for
hydrogen and ~60 µmol/cm2/hr for oxygen.
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Chapter 5: Conclusions
The previous chapters give a series of quantification results of dopant
concentrations in the InGaN-based NWs. The modified three-dimensional Mott-Schottky
analysis provided accurate estimation for homogeneously doped NWs. The increasing Si
doping level introduced the vertical growth rate of NWs while slight coalescence between
adjacent NWs was only be observed for heavily doped NWs. The redshifts of Raman
phonon lines and the negative shifts of OCP under illumination confirm the Si
incorporation. The highest net ionized dopant concentration (2.1×1018 cm-3 ) was obtained
with TSi=1120 °C. This sample demonstrated the highest photocurrent density of 1.42
mA/cm2 at 1.0V vs RHE, which is 15 times larger than that of the undoped NWs.
To further enhance the stability of the NWs, Mg was doped into the NWs. The band
structures of NWs were engineered by different Mg doping levels in the InGaN segment
and GaN segment. The estimated net carrier concentrations of n-InGaN/n-GaN and pInGaN/p-GaN were 5.7x1017 cm-3 and 7.6x1015 cm-3 respectively, which were consistent
with the OCP and PL results. However, the quantified carrier density of the u-InGaN/pGaN NWs was higher than expected due to the axial inhomogeneous dopant distributions
and carrier recombination for working devices upon illumination. Compared with the
unstable n-InGaN/n-GaN sample, the stability of u-InGaN/p-GaN was greatly enhanced. It
functioned for over ten hours at a photocurrent density of ~-4.0 mA/cm2. However, there
is a large discrepancy between the stoichiometric ratio (2:1) and the ratio of the real
hydrogen and oxygen evolution rates due to the carrier loss caused by the recombination.
The p-InGaN/p-GaN NWs exhibited a highly stable current density at ~-9.4 mA/cm2 with
steady hydrogen evolution rates at ~107 µmol/cm2/hr and oxygen evolution rates at ~60
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µmol/cm2/hr. Around 1000 µmol/cm2 of hydrogen was produced by the p-InGaN/p-GaN
NWs during these experiments. These results verified that the optimizations of band
structures could be realized by doping engineering, which may further assist in enhancing
the PEC performance of InGaN-based NWs.
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APPENDICES
Appendix A: MBE growth conditions of InGaN/GaN NWs.
Table Appendix A: MBE growth conditions of doping engineered NWs
Chapter Name
Sample Name
Substrates
Native oxides removal
Pre-outgassing
Organic contaminants removal
Global
conditions
during
growth

Growth of
GaN seeds

RF plasma
power (W)
N2 flow (sccm)
Chamber
pressure (Torr)
Tsubstrate(oC)
Time (min)
BEPGa (Torr)
TSi (oC)
o

Growth of
InGaN
segment

TMg ( C)
Tsubstrate(oC)
Time (min)
BEPGa (Torr)
BEPIn (Torr)
TSi (oC)
TMg (oC)

Chapter 3
Chapter 4
Undoped, n1100,
n-InGaN
u-InGaN
p-InGaN
n1120, n1150,
/n-GaN
/p-GaN
/p-GaN
n1180
n-Si
n-Si
p-Si
p-Si
Cleaning with methanol, IPA, DI water, 20% HF soaking, Di water
rinsing.
In the load-lock chamber at 200 oC for 1 hour.
In the butter chamber with linearly ramping temperature up to 650
o
C.
350
1
1.5×10-5
680
30
5×10-8
Undoped, 1100,
1120, 1150, 1180
Disable
520
120
3×10-8
1.5×10-8
Undoped, 1100,
1120, 1150, 1180
Disable

680
30
5×10-8

660
30
5×10-8

660
30
5×10-8

1100

Disable

Disable

Disable
520
120
3×10-8
1.5×10-8

300
480
120
3×10-8
1.5×10-8

300
480
120
3×10-8
1.5×10-8

1100

Disable

Disable

Disable

Disable

200
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Appendix B: Simulation parameters of PC1D simulations
Table Appendix B Model definations and parameters in PC1D simulations.
Sections

Parameters
Device area

Global
definitions

units
cm

Reflectance

No
n-InGaN/n-GaN
2

1

2

1

2

Material

n-InGaN

n-GaN

u-InGaN

p-GaN

p-InGaN

p-GaN

183

86

198

63

161

69

684

1460

684

1460

684

1460

170

170

170

170

170

170

386

295

386

295

386

295

2

3

2

3

2

3

1.37

0.71

1.37

0.71

1.37

0.71

1

0.71

1

0.71

1

0.71

µmin_electron

Refractive
index

p-InGaN/p-GaN

1

µmax_hole

Bandgap
models

u-InGaN/p-GaN

Region
number

µmax_electron

Dielectric
constants

1
enabled

Length

Mobility
models
(CaugheyThomas
mobility
model)

Comments

Base contact

Devices

Region
definitions

Values

2

µmin_hole

nm
cm2/V
s
cm2/V
s
cm2/V
s
cm2/V
s

Alpha_electron
Alpha_hole
-3

17

16

7.7×10

17

1×10

1×10

Nref_hole

cm-3

1×1017

1×1018

1×1017

1×1018

1×1017

1×1018

Beta 1,2,3

1

1

1

1

1

1

Beta 4

0.71

2

0.71

2

0.71

2

1×107

1×107

1×107

1×107

1×107

1×107

12

8.9

12

8.9

12

8.9

0.39

0

0.36

0

0.37

0

Ref 83

PL

Bandgap

eV

2.019

3.42

2.111

3.42

2.080

3.42

Electron
affinity

eV

5.067

4.086

5.002

4.086

5.024

4.086

Nc

cm-3

1.8×1018

2.3×1018

1.8×1018

2.3×1018

1.8×1018

2.3×1018

Nv

cm-3

4.9×1019

4.6×1019

4.9×1019

4.6×1019

4.9×1019

4.6×1019

Nc/Nv ratio

-

0.036

0.050

0.037

0.050

0.037

0.050

Intrinsic
carrier
concentratio
n

cm-3

127.1

2.8×10-10

21.7

2.8×10-10

39.4

2.8×10-10

2.15

2.5

2.18

2.5

2.17

2.5

Refractive
index

Ref 81, 84, 87

7.7×1016

cm

cm/s

1×10

16

Nref_electron

Maximum
velocity
Relative
dielectric
constants
In
composition

7.7×10

17

SEM

Ref 83, 85, 87

Ref 82-83

Ref 82-83

86
Sections

Parameters

units

Devices
Region
definitions

Bulk
recombination

Comments

u-InGaN/p-GaN

p-InGaN/p-GaN

Region
number

1

2

1

2

1

2

Material

n-InGaN

n-GaN

u-InGaN

p-GaN

p-InGaN

p-GaN

InGaN
absorpti
on file

GaN
absorpti
on file

InGaN
absorpti
on file

GaN file

InGaN
absorpti
on file

GaN file

Ref 83
MottSchottky
measureme
nt

Absorption
coefficient
Background
doping models

Values
n-InGaN/n-GaN

N-type
doping
P-type
doping
Electron
lifetime

cm-3

5.7×1017

5.7×1017

5.0×1016

Disabled

7.6×1015

7.6×1015

cm-3

Disabled

Disabled

Disabled

1.0×1016

Disabled

Disabled

ns

2

2

2

2

2

2

Hole lifetime

ns

2

2

2

2

2

2

Excitation
mode
Temperature
Base voltage
Excitations
Intensity

Equilibrium
K

300

V

0

W/cm
2

0.6

Spectrum

AM 1.5G

Source
position

Front

Ref 83

87
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