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Chapter 1

Introduction

Thinner, lighter, and more powerful laptops, smartphones, and tablets are con-
tinuously supplied to the market, with a constant need for more efficient devices.
Dissipation of heat is one of the limiting factors in the efficiency of the inte-
grated circuits. To reduce this issue new architectures are proposed that require
the development of transistors more compact in size. This trend follows Moore’s
law1, which predicts that the number of transistors per square centimeter on inte-
grated circuits should double every two year, achieving higher performances with
a smaller amount of material. Thus, the transistors must be continuously reduced
down in size with the development of nano-structures, where the dimensions are
in the 10-9 m range. These structures are fabricated following two main routes.
The top-down approach, consisting of a combination of lithographic and etching
techniques, is used in the manufacturing process of the silicon technology, where
transistors have been recently scaled down to 14 nm in size2. The second fabrica-
tion route follows the bottom-up approach, where structures are assembled using
atoms as building blocks. This approach allows, for instance, the synthesis of
semiconductor nanowires (NWs).

1.1 Nanowires

In 1964, a method for the growth of bottom-up nanowires was discovered by Wag-
ner and Ellis at Bell Labs, which was called the vapor-liquid-solid (VLS) growth
mechanism, where three phases contribute in the nanowire growth3. This method
was originally observed in the growth of silicon wires, and further developed from
the early 1990s in many laboratories around the world4–7. By using this method,
nanowires with diameters ranging from 5 to 100 nm and lengths up to few tens
of microns are commonly grown, resulting in a very large aspect ratio, hence in
a mono-dimensional (1D) structure. Band gap engineering in semiconductors by
changing the chemical composition of the materials is limited by the constraints
on the lattice mismatch between the different semiconductor, which results in the
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1. Introduction

nucleation of defects and dislocations. However, different III-V semiconductor ma-
terials can be combined within the same nanowire due to the strain relaxation in
the radial direction, with the possibility to form axial and radial heterostructures.
Axial heterostructures are used in single nanowire quantum dot LEDs8 and in
nanowire-based solar cell devices9,10. In Fig. 1.1a the InP array with an axial pn-
junction shows a record efficiency of 13.8%, achieved by covering only 10.2% of the
substrate surface9. Core/shell heterostructures are commonly used in the GaN-
based nanowire LEDs11,12, where InxGa1-xN/GaN multi quantum wells (MQWs)
provide high intensity optical emission in the blue range of the spectrum (Fig.
1.2)13.

Figure 1.1: (a) Side view SEM image of InP NW-array solar cell device. Scalebar: 1
µm. (b) The 1-sun current-voltage curve for the highest efficiency cell. Adapted from
Ref.9.

Furthermore, the strain relaxation in nanowires allows the group IV semicon-
ductors to be integrated in the III-V materials. The scanning electron microscopy
(SEM) image in Fig. 1.3a shows the axial stacking of Si, GaP, and GaAs segments
within the same nanowire14. The radial growth of a Si shell around a twinning
superlattice GaP wire in Fig. 1.3b transfers the crystal structure of the core into
the shell, without the nucleation of defects15.

The 1D nature of the wire enhances waveguiding of the emitted light from
the nanowire, with the formation of Fabry-Pérot modes along the wire axis16,17.
In those structures the lasing regime can be achieved, with high intensity optical
emission at the end facets of a ZnO nanowire shown in Fig. 1.4a-b18. Further-
more, by combining ZnO nanowires with a n-type ZnO film an electrically-pumped
optical emission is observed, with peaks related to the Fabry-Pérot modes in the
wires (Fig. 1.4d-e)19. A wide range of nanowire-based devices has been developed
in the last decade, such as sensors20, lithium ion batteries21, thermoelectric de-
vices22 and quantum devices23. Furthermore, the detection of Majorana fermions
was recently demonstrated in InSb nanowire devices24.
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Figure 1.2: (a) Schematic of a coaxial InxGa1-xN/GaN MQW/n-GaN NW grown on
Silicon. (b) HRTEM image of the MQW region of the nanowire. Scalebar: 30 nm.
(c) Electroluminescence (EL) intensity of the NW-LED device as a function of injection
currents. Inset: optical image of the EL emission from the NW-LED. Adapted from
Ref.13.

Figure 1.3: Integration of Si with III-V semiconductors. (a) SEM picture of an array
of GaP-Si-GaP-GaAs-GaP-Si (hybrid Si/GaAs) nanowires. Tilting angle 45°. Scale bar:
1 µm. Adapted from Ref.14. (b) Schematic representation of the fabrication process for
a twinning superlattice (TSL) Si nanotube. (c-e) TEM images of the steps in (b): TSL
GaP nanowire (c), a similar nanowire after growth of a Si shell (d), and remaining Si
shell after a selective wet chemical etch (e). Adapted from Ref.15.

5



1. Introduction

Figure 1.4: (a) PL spectra vs pump intensity of ZnO nanowire showing lasing. (b) SEM
and CCD images under different pump intensities. The labels indicate the pump intensity
in units of MW·cm−2, while the color scale indicates the number of counts. (c) Pump
intensity dependence of the total output power (circles) for the same nanowire. The open
circles correspond to the spectra in (a). Adapted from Ref.18. (d) Electroluminescence
spectra of a ZnO nanowire/film device. Arrows represent quasi-equidistant peaks. (e)
Side-view optical microscope image of the operating device. Adapted from Ref.19.
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1.1.1 VLS growth

The semiconducting nanowires investigated in this thesis are grown from a gold
nanoparticle using the VLS growth method. When the substrate is heated in the
reactor chamber gold droplets are formed. The additional supply of the group III
(Ga) precursor results in the formation of liquid Au-Ga alloy with the substrate, as
shown in Fig. 1.5. The continuous supply of the precursor material from the gas
phase brings the gold particle into saturation, eventually reaching a high enough
supersaturation to start the nucleation at the droplet-substrate interface. Layer by
layer growth occurs under the gold droplet, which is lifted up with the nucleation
of a new layer. Dynamic equilibrium between the precursors supplied from the
gas phase, transport through the droplet, and crystal growth at the gold-nanowire
interface is reached during the nanowire growth. The metal particle acts as a
catalyst, reducing the activation energy and allowing lower growth temperatures
compared to bulk25.

Figure 1.5: Different stages in the VLS growth mechanism. The metal particles on the
substrate (a) are heated to form an alloy with the substrate and the precursor gases (b).
When the supersaturation is reached, the layer by layer growth of the nanowire begins
(c). The constant supply of the precursors from the gas phase ensure the VLS growth
under the gold droplet (d).

Nanowires can be grown in periodic array patterns, with the diameter and
position controlled using nanoimprint lithography and electron-beam lithography,
as described in chapter 3. This allows studying the diffusion lengths, diffusion
rate and supersaturation during the nanowire growth. The diffusion length of the
precursor on the substrate surface determines the amount of material available
for the growth per wire. This influences the supersaturation ∆µ, given by the
difference in the thermodynamical potential per molecule between, for instance,
the gas phase and the liquid phase. The diffusion rate determines how fast the
material is transported through a specific phase. The small size of the gold catalyst
results in a large surface to volume ratio and the Gibbs-Thompson effect can play
a role, with an increase of the effective pressure in the gold particle due to the
droplet curvature26. This can affect the diffusion rate, thus the growth rate of
the nanowire. The supersaturation is also determined by the pressure and the
composition of the gold particle. Thus, a complex interdependence of diffusion,
supersaturation and surface kinetics is observed in the nanowire growth.
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1. Introduction

1.1.2 Growth regimes
The density of the nanowires determines whether competitive growth, synergetic
growth or independent growth is observed, as illustrated in Fig. 1.6a-c25. The
diffusion lengths over the substrate (λS) and through the gas phase (λg) are the
main parameters that discriminate between the growth regimes. In case of both
regime overlap (λg≈λS) competitive growth occurs between the nanowires. If there
is no overlap (λg>λS) the independent growth is observed. Synergetic growth takes
place in between the two former growth regimes, where the interaction between the
nanowires is possible only through the gas phase. The gold particle decomposes the
group III precursor, which then contributes to the gas diffusion. Thus, nanowires
with bigger diameters will decompose more material, resulting in higher diffusion
through the gas phase and in an enhancement of the growth rate of the surrounding
thin nanowires (Synergetic effect), as shown in Fig. 1.6d.

Figure 1.6: Diffusion regimes during nanowire growth. (a) Competitive growth, (b)
synergetic growth and (c) independent growth regimes. The tri-methylgallium (TMG)
decomposes in mono-methylgallium (MMG) at the gold droplet or at the substrate sur-
face, contributing to the gas diffusion or to the surface diffusion, respectively. (d) Side-
view SEM image of nanowires with different diameter. The thicker nanowires decompose
more group III precursor, increasing the local supersaturation and enhancing the growth
rate of the neighbouring thin wires (Synergetic effect). Scalebar: 1 µm. Adapted from
Ref.25.

1.1.3 Sidewall growth
In the growth of III-V semiconductors the group III precursors usually have a
longer diffusion length compared to the group V27, contributing mainly through
direct impingement on the catalyst particle in the nanowire growth (Fig. 1.7a).
Thus, the group V molecules adsorbed on the substrate surface mainly contribute
to the planar (2D) growth rather than to the axial nanowire growth. In this
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situation the nanowire growth occur predominantly by direct impingement of the
precursor at the gold droplet and untapered nanowires are observed. However,
when the sample temperature is increased the catalytic effect of the gold particle
becomes less predominant25, resulting in a similar activation energy for both VLS
and layer growth. The surface diffusion of the precursors from the substrate and
the incorporation at the side walls induce lateral growth, and tapered nanowires
are observed (Fig. 1.7b). By increasing the group V precursor flow the surface
diffusion of group III adatoms decreases and the nucleation of a 2D layer on the
nanowire side facets becomes favorable.

Figure 1.7: (a) Schematic representation of the processes during the nanowire growth.
(b) SEM image of tapered InP wires (tilting angle 45°). Scalebar: 1 µm. Adapted from
Ref.28.

1.2 Crystalline structure

Nanowires offer new possibilities in the control of the crystalline structure of the
semiconductors. Bulk materials are grown with the zinc blende (ZB) crystal phase
in the face centered cubic lattice. Instead, in nanowires also the wurtzite (WZ)
crystal structure can be obtained. In a III-V material, one monolayer is com-
posed of a pair of one group III and one group V atom. Fig. 1.8 shows the
ABCABC stacking of the monolayers (each letter represent a monolayer) along
the <111> crystallographic direction of the ZB phase and the ABAB stacking
along the <0001> c-axis of the WZ phase.

The crystal structure determines the electrical, thermal, and optical proper-
ties of semiconductors29. Theoretical calculations predict indirect to direct band
gap transition in III-V materials such as gallium phosphide when the crystalline
structure is changed from ZB into WZ30,31. The band structure of WZ GaP will
be discussed in more detail in chapter 2.

1.2.1 Defects
In the WZ phase the misplacement of a single monolayer (ML) results in the
stacking sequence ABAB|CBCB, whereAB|C is defined as a stacking fault, which
is a single unit of the ZB structure. In the ZB phase, the misplacement of a single
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1. Introduction

Figure 1.8: (a-b) Atoms stacking sequence and unit cell for the ZB (a) and WZ (b)
crystal structures.

monolayer induces the stacking sequence ABCACBA where a twin plane A is
observed, defined as the mirror plane between two segments rotated by 60° from
each other. A single twin will not result in a stacking fault and no WZ segments are
observed. The combination of two sequential twin planes or a stacking sequence
of ABCA|C|A is required to observe WZ phase (4 MLs) in the ZB structure.
In GaP, the thickness of a WZ monolayer is 0.317 nm32, while in ZB phase this
value reduces to 0.315 nm33. Thus, the smallest WZ segment in the ZB phase has
a length of 1.268 nm (ABAB), while the smallest ZB segment in the WZ phase
has a length of 0.945 nm (ABC).

1.2.2 WZ/ZB interfaces

In III-V semiconductors a band offset between the WZ and ZB structures is pre-
dicted29–31, which results in the confinement of electron and holes in the former
crystal segments, and the formation of crystal phase quantum well (CPQW) and
quantum dot (CPQD) structures34. Furthermore, nanowires with a periodic struc-
ture which consists of WZ/ZB segments results in a superlattice. For instance,
this structure can be used to increase the scattering of the phonons and enhance
the properties of thermoelectric devices35. Recent developments in the nanowire
growth have demonstrated the possibility to achieve atomically sharp WZ/ZB
interfaces in nanowires36, as shown for InAs wires in Fig. 1.937.
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Figure 1.9: (a-c) TEM images of a InAs nanowire superlattice, defined by 60 periods of
alternating ZB and WZ structure (each eight monolayers thick). Scalebars: (a) 80 nm,
(b-c) 20 nm. Adapted from Ref.37.

1.3 Scope of this thesis

In this thesis the growth of defect-free WZ Gallium Phosphide nanowires is de-
veloped to achieve a direct band gap emission in this material system. The direct
band gap nature of WZ GaP is studied using photoluminescence techniques, which
allow a correlation of optical properties with the predicted band structure. Fur-
thermore, the growth of defect-free and atomically sharp WZ/ZB interface for
quantum confined systems is achieved.
This thesis consists of 8 chapters, including this introductory chapter.
In chapter 2 the predicted band structure of WZ GaP calculated with the density-
functional-theory (DFT) method is shown. The selection rules and the transition
matrix elements for the transitions between the three valence bands and the two
conduction bands are discussed.
In chapter 3 the methods and techniques used in the growth and characteriza-
tion of the nanowires are presented. Nanoimprint lithography and electron beam
lithography are used to pattern the arrays of catalyst prior to the growth in the
metalorganic vapor phase epitaxy (MOVPE) reactor. The purity of the WZ crystal
structure of the nanowires is studied using high resolution transmission electron
microscopy (HRTEM) and x-ray diffraction (XRD) measurements. The optical
properties of the nanowires are investigated using photoluminescence (PL) and
photoluminescence excitation (PLE) spectroscopy in the range of temperatures
from 4 K to 100 K.
In chapter 4 the growth of the WZ GaP wires is discussed. The combination of
high growth temperature, low V/III ratio and the use of HCl gas promote the
pure WZ crystal structure, without any tapering observed. The capping of the
nanowires with a wider band gap AlGaP shell shows perfect epitaxy with no de-
fects nucleated at the interface between the core and the shell.
The controlled switch during the nanowire growth between WZ and ZB crys-
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1. Introduction

tal phases is presented in chapter 5. Defect-free and atomically sharp interfaces
between WZ/ZB segments are observed, with positions and sizes of the homojunc-
tions controlled by the supply of the Ga precursor. The stability and reproducibil-
ity of this growth process allows the growth of WZ/ZB superlattice structures.
In chapter 6 the optical properties of WZ GaP wires are discussed using PL-PLE
measurements. In the low excitation power regime, donor-acceptor pair (DAP)
emission at 2.088 eV related to the direct band gap is observed, with a short life-
time of ∼0.8 ns. At higher excitation powers, high energy bound excitons and free
exciton states are visible in both PL-PLE spectra. Furthermore, the experimental
data are correlated with the predicted band structure of WZ GaP.
In chapter 7 the waveguiding properties of the WZ GaP/Al0.4Ga0.6P core/shell
nanowires are discussed. Fabry-Pérot cavity modes are observed in the wires,
which allow an estimation of the refractive index and of the dielectric constant of
WZ GaP.
In the final chapter 8 the applications related to the WZ GaP nanowires are shown.
Ternary compound WZ AlxGa1-xP and GaAsyP1-y nanowires allow tunability of
the emission wavelength of the wires in the range 1.797-2.232 eV. This can be ben-
eficial for the next generation of white LEDs. Due to the direct band gap nature
of the nanowires, p-type WZ GaP wire arrays shows a huge increase in efficiency
for photoelectrochemical production of hydrogen compared to bulk GaP layers.
Lastly, the growth of a hexagonal Silicon shell grown around the WZ GaP core is
shown. According to the predicted band structure this could lead to more efficient
Si-based optical devices.
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Chapter 2

Calculated band structure of wurtzite
GaP

In this chapter, we illustrate the role of the crystal symmetry in the band structure
of GaP. Theoretical calculations of the GaP band structure indicate a transition
from the indirect band gap in the ZB phase into a direct band gap in the WZ
phase. The transitions between the three valence bands and the two conduction
bands are discussed based on the selection rules and on the transition matrix
elements.

2.1 Crystal Hamiltonian

The general non-relativistic wave function is given by the solution of the time-
independent Schrödinger equation:

Ĥ|Ψ >= E|Ψ >, (2.1)
where |Ψ> is the wave function describing the stationary states of the system, E
is the set of energy eigenvalues belonging to those stationary states, and Ĥ is the
Hamiltonian operator describing the system. The Hamiltonian of a semiconductor
crystal consists of several terms describing the various interactions in the crystal.
In general it can be written as38:

Ĥ =
∑
i

p2i
2mi

+
∑
j

P 2
j

2M j
+ 1

2

′∑
j′,j

ZjZj’e
2

4πε0|Rj −Rj’|

−
∑
j,i

Zje
2

4πε0|ri −Rj|
+ 1

2

′∑
i,i′

e2

4πε0|ri − ri’|
,

(2.2)

where ri denotes the position of the ith electron, Rj is the position of the jth
nucleus, Zj is the atomic number of the nucleus, pi and Pj are the momentum
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2. Calculated band structure of wurtzite GaP

operators of the electrons and nuclei, respectively, and e is the electronic charge.∑′ means that the summation is only over pairs of indices which are not identical.
A large number of simplifications are needed to solve the Hamiltonian in (2.2).
The electrons have to be separated in valence electrons and core electrons in
order to associate the core electrons with the nuclei to form ion cores. The Born-
Oppenheimer approximation, where the ions are treated as stationary particles
respect to the motion of the electrons, reduces the Hamiltonian in (2.2) to:

Ĥ = H ions(Rj) +He(ri,Rj0) +He-ion(ri, δRj), (2.3)

where Hions(Rj) is the Hamiltonian describing the ionic motion, He(ri,Rj0) is the
Hamiltonian for the electrons with the ions frozen in their equilibrium positions
Rj0, and He-ion(ri,δRj) describes the change in the electronic energy as a result of
the displacements δRj of the ions from their equilibrium positions.

The mean-field approximation can be used to assume that every electron ex-
periences the same average potential V(r). Thus, the Schrödinger equations de-
scribing the motion of each electron will be identical and given by:

( p
2

2m + V (r))Ψn(r) = EnΨn(r), (2.4)

where Ψn(r) and En are the wavefunction and energy of an electron in an eigen-
state labeled by n, respectively. The problem is reduced to finding the effective
potential and solving the equation to find the one-particle wave functions. Since
the electrons are moving in a crystal, the effective potential will depend on the
characteristics and symmetry of this crystal.

2.1.1 First Brillouin zone of the ZB and WZ crystals
In a periodic crystal the electron wavefunctions can be written as a linear combi-
nation of the Bloch waves:

Ψnk(r) =
∑
k

Akunk(r)exp(ik · r), (2.5)

where Ak are the linear coefficients, unk(r) is a function with the periodicity of the
crystal and the set of wave vectors k correspond to the set of allowed Bloch wave
vectors for the crystal. Due to the periodicity of the crystal, the full information
about the band structure can be found by restricting the wave vectors to the first
Brillouin zone. In Fig. 2.1 the first Brillouin zone for the ZB and WZ crystal
structure are shown.

The center of the Brillouin zone is the Γ-point. In the ZB reciprocal lattice, the
three most important high-symmetry points are the X-K-L points, which lie on the
<100>, <110>, and <111> oriented surfaces of the Brillouin zone, respectively.
The A-point in the WZ reciprocal lattice lies on the hexagonal <0001> surface,
while the M-point lies on the <1-100> surface.

2.1.2 Band symmetry
Symmetry operations can be identified in the unit cell of a periodic crystal using
the Group theory, obtaining a set of irreducible representations of the point group
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Figure 2.1: (a) First Brillouin zone of zinc blende crystal structure. Adapted from
Ref.38. (b) First Brillouin zone of the wurtzite crystal structures. Adapted from Ref.30.

of the crystal38. This set of representations defines how the wave functions of a
crystal with wave vector k at the center of the Brillouin zone (Γ point) transform.
Since the electrons in the crystal move in presence of a periodic potential, their
Bloch functions can be classified according to these irreducible representations,
which are commonly labeled as Γ with a subscript i.

2.2 Methods to calculate the band structure

The band structure can be calculated using two independent methods known as
empirical pseudopotential and density functional theory (DFT).

2.2.1 Empirical pseudopotential method
In a crystal the electrons can be divided into two groups: outer (valence) electrons
in the higher energy states, forming the bonds with other atoms, and inner (core)
electrons in the lower energy states closer to the nucleus38. The wave function
can be separated into a smooth pseudowave function for the valence states and
a separate wave function for the core states. The pseudowave function is a good
approximation of the real wave function away from the core region and can thus
be used to calculate properties which depend only on the valence electron states.
The true potential can be approximated by a smooth, effective pseudopotential
for the valence electrons. The pseudopotential Vpp can be expanded in terms of
reciprocal lattice vectors G30:

V pp(r) =
∑
G,α

V FFα (G)Sα(G)exp(ik · r), (2.6)

where VFFα (G) is the pseudopotential form factors and Sα(G) is the structure
factor. The pseudopotential form factors depend on the atomic species that form
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2. Calculated band structure of wurtzite GaP

the crystal, while the structure factors depend only on the reciprocal lattice vec-
tors and the positions of the atoms within the primitive cell. Thus, the different
structure factors determine the difference in the calculated band structures of the
ZB and WZ crystal phases. In the empirical pseudopotential method, the form
factors are obtained by fitting the calculated energy eigenvalues to the experimen-
tal data. Next, the ZB pseudopotential form factors can be transferred to the WZ
crystal, assuming that the effects of local structure around an atom are dominant
over the small difference in long-range order between the two polytypes. Instead,
the structure factors can be calculated from the primitive cell parameters of the
ideal WZ structure.

2.2.2 Density functional theory

In density functional theory (DFT) the dependence on the external potential V(r)
is replaced by the dependence on the electron density n(r)39,40. In this approach,
the electron density is the variable for the calculation of the total energy of the
system using the Hohenberg-Kohn energy functionals41. Based on the variational
principle, the energy functional for a given density provides the upper limit of
the ground state energy of the system. When the electron density is expanded in
terms of one-particle basis states, minimization of the energy functional becomes
possible, resulting in the ground state electron density. Since the DFT is based on
one-particle states, the local density approximation (LDA) is introduced to include
the electron-electron interactions. Within the LDA, small spatial variations of
the electron density occur and the contribution of electron-electron interactions
(exchange and correlation energies) to the ground state energy can be calculated.
The DFT procedure is the following: an initial value for the local electron density
is chosen to calculate the effective potential and energy functionals. Next, the
Schrödinger equation is solved, obtaining the single-particle wave functions. These
wave functions are used to calculate the electron density via:

n(r) =
∑
i

|Ψi(r)|2. (2.7)

The next iteration starts with this new electron density and the process continues
until the calculation converges to a self-consistent solution. In more advanced
implementations, spin-orbit interactions can be taken into account. Furthermore,
a better approximation than LDA is the LDA-1/2, where the quasi-particle struc-
ture is taken into account, with both valence and conduction bands which are half
occupied by the quasi-particle42. This method is well suited for the estimation
of the band gap measured through the optical excitation. The LDA-1/2 method
can give rise to a minor underestimation of the lattice constants, which results in
an overestimation of the energy gaps of around 2.9%42. However, this deviation
is not expected to play a role in the band alignment between WZ and ZB crystal
phases31.
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2.3 Zinc blende band diagram

The band structure for the ZB Gallium Phosphide calculated using the emipirical
pseudopotential method is shown in Fig. 2.243. The ZB structure has an indirect
band gap, with the minimum of the conduction band close to the X-point in the
first Brillouin zone at an energy of 2.338 eV respect to the valence band maximum.
The second indirect minimum at the L-point is at an energy of 2.72 eV, while the
direct minimum at the Γ point is at 2.886 eV.

Figure 2.2: Band structure of ZB GaP calculated using the empirical pseudopotential
method. Adapted from Ref.43.

2.4 Wurtzite band structure

The calculation of the band structure for the WZ GaP in Fig. 2.3a is performed
solving the quasiparticle equation in the LDA-1/2 approximation which includes
the spin-orbit interaction31. Because of the similarities between ZB and WZ when
viewed along the <111> cubic crystal axis, a folding relationship between the two
structures exists29,44. In the WZ phase 4 atoms/cells are present, while the ZB
phase has only 2 atoms/cell. As a consequence, two points on the Γ-L line in ZB
fold onto the Γ-A line in WZ29. Thus, the conduction band minima at the ZB
Γ- and L-points give rise to two Γ-minima in WZ, Γ8c at 2.123 eV (derived from
L1c) and Γ7c at 2.888 eV (derived from Γ1c)31. Similarly, the conduction band
minimum at the X-point in the ZB phase (X1c) is folded onto the 2/3 Γ-M direction
of the WZ Brillouin zone at an energy of 2.351 eV. Consequently, the WZ GaP
becomes a (quasi) direct semiconductor in which the lowest optical transitions are
almost dipole forbidden. Because of the reduced symmetry, WZ does have an
additional crystal field splitting not seen in ZB, which lifts the degeneracy of the
valence band. Due to the strong crystal field splitting and spin-orbit interaction
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2. Calculated band structure of wurtzite GaP

three valence bands with Γ9v, Γ7v+ and Γ7v- symmetries can be identified (Fig.
2.3b).

Figure 2.3: (a) Predicted band structure for WZ GaP calculated with the DTF-LDA-
1/2 method. Adapted from Ref.31. (b) Uppermost valence and lowest conduction bands
near the Γ-point45.

2.4.1 Splitting of the valence band
From the band structure in Fig. 2.3 we can derive the most important splitting
parameters of the valence bands. Within the quasicubic approximation (where the
anisotropy of the spin-orbit interaction is neglected) only the crystal-field splitting
∆CF (characterizing the hexagonal crystal field) and the spin-orbit splitting ∆SO of
the pure p-states are relevant. The k·p perturbation theory within the quasicubic
approximation at the Γ point gives:

Ev(Γ9v)− Ev(Γ7v±) = 1
2 [(∆CF + ∆SO)∓

√
(∆CF −

1
3∆SO)2 + 8

9∆SO2]. (2.8)

The values obtained from the calculation in Ref.31 are reported in Tab. 2.1.

2.4.2 Effective masses
The effective mass for electrons and holes for WZ GaP are listed in Tab. 2.231.
High values for the heavy-hole masses are found along the c-axis (A-direction),
while much smaller values are obtained in the direction perpendicular to the c-
axis (M-direction). Similar consideration hold for the light-hole masses, while
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Structure Eg (eV) ∆CF (eV) ∆SO (eV) ∆Ev (meV) ∆Ec (meV)
WZ (Γ) 2.123 0.135 0.083 135 -474
WZ (M) 2.266 135 -389
ZB (Γ) 2.790 0 0.082 0 0
ZB (X) 2.330 0 -460

Table 2.1: Characteristic parameters of the WZ and ZB band structures from ap-
proximate QP calculations including spin-orbit interaction for the WZ and ZB crystal
structures. The band offsets ∆Ec and ∆Ev are measured with reference to Ec and Ev in

the ZB phase. Adapted from Ref.31.

opposite behavior is found for the split-off band. The Γ7c conduction band masses
(e2) are less anisotropic and rather small. The electron masses related to the Γ8c
conduction bands (e1) are much larger in the ΓA direction and, hence, are more
anisotropic.

mA
hh mA

lh mA
so mA

e1 mA
e2 mM

hh mM
lh mM

so mM
e1 mM

e2

1.13 0.87 0.13 1.18 0.16 0.28 0.31 0.52 0.18 0.25

Table 2.2: Effective heavy-hole (hh), light-hole (lh), spin-orbit split-off masses and
electron (e) masses in the lowest (1) or second lowest (2) conduction band at Γ for wurtzite
III-V compounds. The masses are evaluated along the ΓA direction in the hexagonal
BZ. All effective masses are given in units of the free-electron mass m. Adapted from

Ref.31.

2.4.3 Selection rules
The selection rules for the optical transitions derived from group theory are listed
in Tab. 2.346. The transitions labeled as weak are allowed only due to the spin-
orbit interaction. The optical transitions from the Γ9v valence band into the Γ8c
conduction band are allowed only for polarization of the light perpendicular to the
c-axis, while all the other transitions with the Γ8c conduction band are forbidden.
Different is the situation for the Γ7c conduction band, where strong transitions
are observed for excitation perpendicular (from Γ9v, Γ7v+) or parallel to the c-
axis (from Γ7v-).

2.4.4 Transition matrix elements
The absorption process is quantum mechanically described by the coupling of
electron and photons using the time-dependent perturbation theory. If H’=Hem
is the perturbation operator (electromagnetic field) the transition probability per
time Wcv for electrons from the valence band state ’v’ to the conduction band ’c’
is given by the Fermi golden rule47:

W cv = 2π
h̄
|H ′cv|2δ(Ec − Ev − h̄ω), (2.9)
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2. Calculated band structure of wurtzite GaP

Transition X,Y Z
Γ9v→ Γ8c Weak -

Γ7v+→ Γ8c - -
Γ7v-→ Γ8c - -
Γ9v→ Γ7c Strong -

Γ7v+→ Γ7c Strong Weak
Γ7v-→ Γ7c Weak Strong

Table 2.3: Selection rules for the optical transitions in WZ GaP. Derived from Ref.46.

where h̄ω is the photon energy, Ev (Ec) is the energy of the initial (final) state.
H’cv is the matrix element:

H ′cv =< Ψc|Hem|Ψv >, (2.10)

where Ψv and Ψc are the wavefunctions of the unperturbed initial and final
states, respectively. In the electric dipole approximation the perturbation Hamil-
tonian can be written as:

Hem = − q

m
A · p ≈ qr ·E, (2.11)

where A is the vector potential, p is the momentum of the electron, and E
is the electric field. Thus, the transition probability per time Wcv is found to be
proportional the transition matrix element Mb:

| < Ψc|Hem|Ψv > |2 = e2|A|2

m2 M2
b , (2.12)

with

M2
b = 1

3 |pcv(k)|2, (2.13)

where pcv is the transition dipole momentum between the conduction band
and valence band states. The wave-vector dependence of the transition matrix
element is generally small and thus neglected. However, in the case of WZ GaP
strong k-dependence of the the momentum matrix element is predicted, as it will
be discussed later. Furthermore, the transition matrix element is also dependent
on the polarization of the incident light respect to the crystallographic axes (c-axis
in WZ), hence the indexes ⊥, ‖ are added to obtain |p⊥/‖cv (k)|2. The transition
matrix element can be related to the oscillator strength of the band absorption
edge f using47:

f⊥/‖cv = e2

ε0mω2
cv

2|p⊥/‖cv (k)|2
mh̄ωcv

, (2.14)

where h̄ωcv is the energy of the former transition. The oscillator strength f is a
dimensionless quantity that expresses the probability of absorption or emission of
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the electromagnetic radiation in the transitions between the valence and conduc-
tion band levels. A strong overlap of the electronic wavefunctions results in a high
oscillator strength for the optical transition. However, even if a significant spa-
tial overlap of the wavefunctions exists, the resonant photon must induce a large
transition dipole momentum pcv. If the symmetry of the valence and conduction
bands involved in the electronic transition is similar, the resulting transition dipole
moment is negligible and a weak oscillator strength holds48.

2.4.4.1 Γ point

The momentum matrix elements for the WZ GaP calculated with the LDA-1/2
approach at the Γ point are shown in Tab. 2.431,45. The symmetry considerations
discussed in Tab. 2.3 are reproduced by the DFT calculations. The oscillator
strength for the Γ9v→Γ8c transition is very weak in perpendicular polarization
(0.005), while the transitions between the other two valence bands Γ7v+, Γ7v- and
the Γ8c conduction band are predicted to be 0. On the contrary, the transitions
with the Γ7c conduction band are strong. Higher intensity for the perpendicular
excitation is predicted for the Γ9v→Γ7c and Γ7v+→Γ7c transitions, while preferred
parallel polarization is expected for the Γ7v-→Γ7c transition.

Transition energy Momentum matrix
(eV) element |p⊥/‖cv (0)|2

⊥ ‖
Γ9v→ Γ8c (Γ7c) 2.123 (2.888) 0.005 (0.1158) 0 (0)

Γ7v+→ Γ8c (Γ7c) 2.165 (2.929) 0 (0.1041) 0 (0.0378)
Γ7v-→ Γ8c (Γ7c) 2.340 (3.104) 0 (0.0110) 0 (0.3409)

Table 2.4: Predicted values for the transition energies and momentum matrix elements
of the optical transitions near the Γ point between the three highest valence bands and

two lowest conduction bands. Adapted from Ref.31,45.

2.4.4.2 Wave-vector dependence

The influence of a finite k vector along the Γ-A and Γ-M directions for the
optical transitions with the Γ8c conduction band are shown in Figure 2.445. In
perpendicular polarization, the oscillator strength of the Γ9v→Γ8c transition re-
mains very weak until a point along the Γ-M line where mixing of the Γ8c and
Γ7c states occur and enhancement in the oscillator strength is observed. Similar
wave-vector dependence is predicted in the parallel polarization for the Γ9v→Γ8c
transition and for both polarizations for the Γ7v+→Γ8c transition, but with a zero
oscillator strength at the Γ point. For the Γ7v-→Γ8c transition the situation is
similar to the previous transitions, but in this case a strong enhancement in the
transition matrix element is predicted ar large k vectors along both the Γ-A and
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2. Calculated band structure of wurtzite GaP

Γ-M directions.
The wave-vector dependence of the transition matrix element for the Γ9v→Γ7c
transition is discussed in Ref.31. High value in the oscillator strength is predicted
in the perpendicular polarization, with a limited dependence on the k vector.
Instead in the parallel configuration non-zero transition matrix element is found
outside the Γ point along the Γ-M line.

Figure 2.4: Wave-vector dispersion of the momentum transition matrix elements cal-
culated for WZ GaP for the Γ9v→Γ8c, Γ7v+→Γ8c, and Γ7v-→Γ8c transitions. For each
transition, the two curves correspond to polarization perpendicular (blue) and parallel
(red) to the c-axis45.

2.5 Excitons

An electron in the conduction band and a hole in the valence band can form
a hydrogen-like state due to the mutual Coulomb interaction which is called an
exciton state. The energy levels for the exciton in the Wannier-Mott approach are
described by47:

En = EG −
µe4

2ε2rε20h̄2n2
, (2.15)

where µ is the reduced effective mass µ-1=me
-1+mh

-1, εr is the dielectric con-
stant, ε0 is the permittivity of vacuum, and n is the level occupied by the electron.
The exciton binding energy Ebn for the nth level is Ebn = -En. The values for the
exciton reduced masses calculated for optical transitions with the Γ8c and the Γ7c
conduction bands using the effective masses in Tab. 2.2 are listed in Tab. 2.5.

µAhh µAlh µAso µMhh µMlh µMso

Γ8c 0.58 0.50 0.12 0.11 0.11 0.13
Γ7c 0.14 0.14 0.07 0.13 0.14 0.17

Table 2.5: Reduced effective masses for optical transitions with the Γ8c and the Γ7c
conduction bands.
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Due to the significant anisotropy of the kinetic energies of electrons and holes
along the Γ-A and Γ-M directions, the exciton reduced effective masses is obtained
by average of the reduced masses according to the following formula45:

1
µ

= 1
3[ 1
µΓA

+ 2
µΓM

]. (2.16)

The values estimated from the previous formula are listed in Tab. 2.6, showing
that the exciton will most likely form along the Γ-M direction. Furthermore, an
enhancement in the transition matrix elements is also expected along the Γ-M
directions, as previously discussed in Fig. 2.4.

hh lh so
µ8c 0.15 0.15 0.13
µ7c 0.13 0.14 0.12

Table 2.6: Exciton reduced effective masses for optical transitions with the Γ8c and the
Γ7c conduction bands.

The radius of the exciton an can be estimated from47:

an = a0εr
µ
, (2.17)

where a0 is the Bohr radius.
The values of the exciton binding energies and radius for n=1,2,3 excitons obtained
using the masses in Tab. 2.6 for the Γ8c conduction band are shown in Tab. 2.7.
For the dielectric constant, the value of εWZ

r =15 as described in chapter 7 is used
in the calculations.

n EAn
(meV)

∆EAn−(n−1)
(meV)

EBn
(meV)

∆EBn−(n−1)
(meV)

ECn
(meV)

∆ECn−(n−1)
(meV)

Radius
(nm)

1 9.1 - 9.3 - 7.7 - 5.3
2 2.3 6.8 2.3 7.0 1.9 5.8 5.2
3 1.0 1.3 1.0 1.3 0.9 1.1 6.2

Table 2.7: Exciton binding energies and radius for the WZ GaP n=1,2,3 excitons with
the Γ8c conduction band.

2.5.1 Phonon modes
The momentum selection rule for the free-exciton recombination allows only exci-
tons with k≈0 to recombine47. Excitons with large k can recombine if a phonon
(or several phonons) are involved that provide the necessary momentum q=k1-k2,
with k1 (k2) being the wavevector of the initial (intermediate) exciton state. The
zero-phonon line at energy E0 is then accompanied by phonon replicas below E0
at integer multiples of the phonon energy h̄ωph:
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2. Calculated band structure of wurtzite GaP

En = E0 − nh̄ωph. (2.18)

The phonon dispersion of a three-dimensional crystal with N atoms per prim-
itive unit cell is composed of 3N branches. Three of these branches are acoustic
branches (neighbouring atoms in phase) and the remaining 3N-3 are the optical
branches (neighbouring atoms in opposite phase)47. Since the displacement of the
atoms can vary along the chain of atoms (longitudinal wave) or perpendicular to
the chain of atoms (transverse wave), four different lattice vibrations exist: TA,
LA, TO, and LO. The phonon dispersion curve for the WZ GaP crystal phase can
be derived from the dispersion curve for the ZB GaP at the Γ- and L-points49.
The phonon dispersion of the WZ structure along the <0001> direction (Γ→A)
can be approximated by folding the phonon dispersion of the ZB structure along
the <111> direction (Γ→L), allowing the ZB phonons at the L-point to be also
observed in the WZ structure50,51. In the WZ structure, there is anisotropy in the
macroscopic electric field induced by polar phonons51. Thus, depending on the
crystalline direction, three types of phonon modes can be observed: axial A- and
B-types (‖c-axis), and planar E-type (⊥c-axis). In the case of WZ GaP, group the-
ory predicts eight phonon normal modes at the Γ point51: 2A1+2E1+2B1+2E2,
with one A1 and one E1 acoustic modes, while the remaining six modes are opti-
cal. The room temperature phonon energies for the TA/LA and TO/LO phonon
modes for ZB GaP from Ref.52 are listed in Table. 2.8. The energy value of
the low-temperature phonon modes is expected to be few meV higher than the
room-temperature value53.

Point Phonon mode Energy (meV)
Γ(000) TO 45.3
Γ(000) LO 49.9
L(111) TA 10.7
L(111) LA 26.7
L(111) TO 44.0
L(111) LO 46.5

Table 2.8: Room temperature phonon energies for the TA/LA and TO/LO phonon
modes of ZB GaP. Adapted from Ref.52.

2.5.2 Bound excitons

Excitons can localize at impurities or potential fluctuations present in the semi-
conductor sample forming bound exciton (BE) states. In bulk ZB GaP the iso-
electronic Nitrogen impurities form BE-complexes which results in the ’A-line’
emission at 2.317 eV (at 4 K)54. The transition energy of the bound-exciton can
be written as:

EBE = EFE + EBEb , (2.19)
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where EFE is the energy of the free exciton (En) and EBEb is the localization energy
of the bound exciton. A transition involving an exciton bound to a neutral donor
or to a neutral acceptor are denoted as (D0,X) or (A0,X), respectively.

2.6 Donor-Acceptor pairs

Optical transitions between the electron and hole of a ionized donor-acceptor pair
(DAP) can be observed in semiconductors. The free electron and the ionized donor
return into the neutralized state upon the release of an energy ED. At the same
time, assuming that the donor and acceptor are separated by a distance R, the
ionized acceptor and the free electron interact via Coulomb potential. Next, the
hole and the ionized acceptor form a neutral acceptor, with a release of energy
EA. Thus, the energy of the photon emitted from the neutral DAP is described
by55:

h̄ω = Eg − (ED + EA) + 1
4πε0

e2

εrR
. (2.20)

The last term describes the Coulomb interaction between the electron and the hole.
For increasing carrier concentration, the DAP distance decreases, hence a blue-
shift of the energy of the emitted photon is expected. In GaN bulk samples doped
with Mg, DAP emission involving isolated Mg acceptors and spatially separated
deep Mg related donors is observed, with a strong blue-shift of the peak energy
with increasing excitation power of ∼70 meV/decade56. Similarly, heavily Zn-
doped InP bulk samples show DAP transitions between interstitial Zn-donor levels
and substitutional Zn-acceptor levels, with a blue-shift of the PL energy with
increasing excitation power of ∼40 meV/decade57.
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Chapter 3

Experimental methods and
techniques

In this chapter, we discuss the experimental methods and techniques used for the
growth and characterization of nanowire samples. The first step in the sample
preparation is substrate patterning, followed by growth in a metalorganic phase
epitaxy (MOVPE) reactor. The nanowire morphology is investigated using scan-
ning microscopy (SEM), while the crystal purity of the material is assessed by
transmission electron microscopy (TEM) and x-ray diffraction (XRD) techniques.
The optical properties of the nanowires are studied by photoluminescence (PL)
and photoluminescence excitation (PLE) spectroscopy measurements.

3.1 Substrate patterning

Nanoimprint lithography and electron beam lithography (EBL) techniques are
used to define the size and position of the catalyst particles to control the diameter
and the pitch of the nanowires. The nanoimprint process enables wafer scale
patterning with nanometer resolution. However, restriction in the diameter and
pitch of the nanowires due to the fixed mask used in the process apply. In the
EBL the wide range of tunability in the gold droplet diameter (10 - 400 nm) and
pitch (200 nm - 100 µm), together with a high degree of freedom into the design
of the array pattern (square, hexagonal, circular, ...) make the EBL suitable for
growth mechanism studies58 and for any custom-made applications. However, the
main limit of the EBL is in the long exposure time, which restrict this process
only to small portions of the wafer.
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3. Experimental methods and techniques

3.1.1 Nanoimprint lithography

In the nanoimprint lithography the patterned arrays of holes are obtained by
mechanical deformation of the imprint resist using a flexible stamp made of poly-
dimethylsiloxane (PDMS). A silicon master pattern with arrays of holes obtained
using EBL is used to create the flexible PDMS nanoimprint stamp with the
protruding pillars.59–61. Before patterning, the 2" GaP wafer is cleaned using
10% H3PO4 acid. Next, a 300 nm low-molecular weight PMMA (Poly-methyl
methacrilate, 35k) layer is spin-coated on the substrate followed by a baking at
150℃ for 15 minutes. After that, a layer of silica based sol-gel imprint resist
(TMOS-MTMS) is applied by spin coating over the PMMA layer62. The PDMS
stamp is applied in the still liquid sol-gel resist within 1 minute after the spin coat
process. The features in the stamp are filled by capillary forces with the sol-gel
resist, as illustrated in Fig. 3.1.

Figure 3.1: Schematic of the nanoimprint lithography process.(a) Application of the
PDMS stamp in the liquid sol-gel resist. (b) Removal of the PDMS stamp which leaves
the array of holes. (c) RIE etching and gold evaporation. (d) Lift-off.

The sol-gel forms a solid silica glass in 2-3 hours and then the PDMS stamp
is slowly removed by peeling, leaving the full 2" wafer patterned with an array
of holes. The sol-gel layer left between the bottom of the holes and the PMMA
layer is etched using CHF3 based reactive ion etch (RIE) for 40 s. An O2 RIE
step is used to transfer the pattern of the sol-gel layer into the underlying PMMA
layer. The RIE etch stops when the GaP substrate is reached, however a short
over etch is used to remove any residuals from the PMMA, leaving the bottom
PMMA layer with larger diameter compared to the top sol-gel layer. The Gallium
Oxide formed on the wafer surface is removed by 10% H3PO4 solution for 1 min
and then the gold layer is evaporated. The thickness of the gold layer is used to
control the gold droplet diameters. Generally, a 8 nm thick gold layer is chosen
to obtain 90-100 nm diameter of the gold droplets. The final step is the lift-off

28



in acetone which dissolves the PMMA layer, leaving the gold droplets precisely
placed in the positions of the array.

3.1.2 Electron beam lithography
In the EBL the pattern is defined by the interaction of the electron beam with the
organic resist63. The lithographic steps are shown in Fig. 3.2. The GaP wafer is
cleaned using a King’s water solution H2O:HCl:HNO3 (3:3:2) heated at 80℃. The
wafer is dipped into the King’s water for 90 s and then rinsed in water for 2 min.
Next, a PMMA 950 K 2% layer is spin-coated at 5500 rpm and then baked for 30
min at 175℃. The following step is the e-beam exposure in the Vistec EBPG5000+
machine, which leaves the PMMA layer patterned with arrays of holes.

Figure 3.2: Schematic of the EBL process.(a) Electron beam exposure of the PMMA
layer. (b) Development of the patterned substrate. (c) Evaporation. (d) Lift-off.

After the e-beam step, the resist is developed using first a Methyl isobutyl
ketone (MIBK) and Isopropandol (IPA) (1:3) solution for 80 s and then IPA for
80 s. The 15 s O2 plasma is used to enhance the opening of the holes in the
PMMA. A 7 s HF (AF 87.5 - 12.5 VLSI) step followed by a rinse in water for 2
min is used to remove the oxide residual from the O2 plasma treatment. Next,
the gold layer is evaporated on the wafer and the lift-off process take place in the
PRS 3000 solution heated at 70℃ for 15 min, followed by 15 min Acetone and 5
min IPA rinse steps.

3.1.3 Pre-growth substrate cleaning
Prior to loading the samples into the nanowire growth machine, the patterned
GaP substrate is cleaned with a wet chemical etch which removes any residuals
from the lithographic steps. The Pirana solution contains a mixture of sulfuric
acid (H2SO4 95-98%), 30% hydrogen peroxide (H2O2) and water (4:1:1). The
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3. Experimental methods and techniques

samples are first dipped in the H2SO4 for 10 s, then into the Pirana solution for
45 s, followed by H2SO4 for 10 s, and finally rinsed in water for 5 min.

3.2 Metalorganic vapor phase epitaxy

Metalorganic vapor phase epitaxy (MOVPE) is an epitaxial crystal growth tech-
nique used for growing high quality single crystalline thin films of different ma-
terials on a variety of substrates. This method is widely used in the III-V semi-
conductor optoelectronic industry, such as for Gallium Nitride (GaN) LEDs. In
an MOVPE system two types of precursors are used: the hydrides and the met-
alorganics. For the latter precursors a hydride carrier gas (typically hydrogen)
transfers the precursor gases from the bubblers into the reactor. The schematic
of a MOVPE machine is shown in Fig. 3.3.

Figure 3.3: Schematic of the MOVPE reactor components.

The temperature of the bubbler and the rate of the carrier gas flow deter-
mine the amount of metalorganic precursor transported to the reactor. Epitaxial
growth occurs in the reactor chamber, where the wafer is positioned on a rotating
susceptor (graphite) maintained at a controlled temperature. Due to the elevated
substrate temperature, the metalorganic and hydride precursor pyrolyse, leaving
the group III and V as adatoms on the substrate surface. Diffusion of the adatoms
over the substrate is influenced by the roughness of the wafer surface. In the final
step the atoms bond to the substrate surface to form a new epitaxially grown layer.
During growth, two important parameters are the substrate temperature and the
V/III ratio of the precursors flow. The complete pyrolysis of both the Tri-methyl
Gallium (TMG) and Phosphine (PH3) precursors requires the temperature to be
higher than 570℃ (Fig. 3.4)64. For temperatures lower than the latter value only
a partial decomposition of the precursors occur. In addition, for obtaining high
crystal quality, it is beneficial to have high surface mobility of the adatoms. For a
high V/III ratio the group III atoms have a low surface mobility, while when the
V/III ratio is too low the surface will decompose and the group V atoms evap-

30



orate, leaving the substrate with group V vacancies. Another critical parameter
is the total pressure in the reactor which determines the partial pressures of the
source materials, and hence the deposition rate.

Figure 3.4: (a) Decomposition curves of the TMG precursor versus temperature. The
multiple curves relate to the process conditions that apply for different reactor dimen-
sions and background pressures, such as H2, He, N2, or D2. Adapted from Ref.64. (b)
Decomposition curves of the PH3 precursor versus temperature. The curve labeled as c
is measured in a silica tube with a thin InP coating. Adapted from Ref.64.

In this thesis, a vertical (shower head) reactor AIXTRON-CCS is used for the
nanowire growth, as shown in Fig. 3.5. In this geometry, the gases are injected in
the reactor via the water-cooled shower head surface. Due to injection via many
small holes, a homogeneous distribution of the precursors over the whole surface
of the wafer, in the direction perpendicular to the substrate, is obtained. The
very short distance between the shower head and the substrate (16 mm) ensures
fast gas switching. The design of the gas inlet keeps the group V and group III
precursors separated until the precursors are injected into the reactor through
separate openings, allowing an even distribution of the gases, which results in
good uniformity of the growth. 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. By using optical sensors
mounted on top of the shower head, the in-situ substrate temperature profile can
be monitored 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 the tapering of the nanowires28.
Ternary nanowires such as AlxGa1-xP and GaAsyP1-y were also grown by adding
Tri-Methyl Aluminum (TMAl) or Arsine (AsH3) precursors during growth.
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3. Experimental methods and techniques

Figure 3.5: (a) Schematic representation of the vertical (shower head) MOVPE reactor
geometry. (b) Optical image the MOVPE reactor.

3.3 Scanning electron microscopy

In Scanning electron microscopy (SEM) the image of the sample is obtained by
probing the specimen with a focused electron beam which is scanned across a rect-
angular area of the sample (raster scanning). A Zeiss Sigma SEM is used to obtain
information on the morphology of the nanowires investigated in this thesis. 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 3.665. 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 the electromagnetic lenses
into a very narrow beam which passes into the scan coil to deflect the beam in the
x-y axes, resulting 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 ra-
diation occur. The secondary electrons 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 microscope used, a SEM image can
provide details of the surface with spatial resolution down to a few nanometers.
For instance, by selecting different detectors for the generated electrons it is possi-
ble to obtain various type of information on the sample, such as density contrast,
surface morphology, and chemical composition.
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Figure 3.6: Schematic drawing of the Zeiss Sigma column65.

3.4 Transmission electron microscopy

The SEM is a powerful tool to investigate the surface morphology of the nanowires.
However, due to the limited resolution, no detailed information on the crystallinity
of the nanowires can be obtained. Thus, the crystal structure of the nanowires
is investigated using Transmission electron microscopy (TEM). Similarly to SEM,
an electron beam is used but with higher acceleration voltage (up to 300 kV).
Due to the high acceleration voltage the wavelength λ of the electrons is in the
order of picometers and the imaging of the sample with atomic resolution becomes
possible. To acquire the TEM images in this thesis, the FEI Tecnai F30ST and
the JEOL ARM 200F Transmission electron microscopes were used (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. The schematic of a conventional TEM microscope is
shown in Fig. 3.766. The electron beam is focused using magnetic lenses and then
travels through the sample, where the scattering of the electrons occurs. In bright
field TEM mode the transmitted beam is selected using an objective aperture
placed in the back focal plane, obtaining the bright-field images. Instead, when
one or more of the diffracted beams are selected a dark field image is formed. The
transmitted beam is expanded in the bottom section of the microscope 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 the two other TEM modes
play a major role:

• High-resolution TEM (HRTEM): with a lattice resolution of 0.1 nm, in the
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Figure 3.7: Ray diagram for a TEM in imaging mode66.

HRTEM mode the transmitted and the scattered beams are used to form
an image containing lattice fringes. The lattice fringes are not direct images
of the atomic positions but can give information on the lattice spacings and
the atomic structure of the crystal. The stacking of the WZ and ZB layers
can be distinguished in the HRTEM images.

• Scanning TEM/High Angle Annular Dark Field (STEM/HAADF): the elec-
tron 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 on 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 (Fig. 3.8). 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 can be used in the investiga-
tion of nanowire heterostructures. Furthermore, the atomic positions can be
precisely determined in the HRSTEM mode using the 0.07 nm resolution of
the JEOL ARM TEM.
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When the microscope is operated in the STEMmode, the chemical composition
of the nanowires can be quantitatively obtained by Energy dispersive X-ray (EDX)
spectroscopy. The electron beam can excite one of the core electrons (K-L-M
shells) of the specimen, leaving a hole which is subsequently filled by an electron
from an outer shell. The energy difference between the inner and outer shell is
released in form of an X-ray emission. The emitted X-rays from the specimen are
collected by a EDX spectrometer to form an energy spectrum. The energy of the
emitted X-rays is characteristic of the energy difference between the two shells
and of the atomic structure of the chemical element. Thus, EDX spectroscopy is
a powerful tool in the study of core/shell nanowire heterostructures. An example
of the possibilities of EDX for elemental analysis on the nanoscale is presented in
Fig. 3.9a, displaying images of a GaAs nanowire covered with alternating layers
of Al0.33Ga0.77As and GaAs67. The lighter regions correspond to GaAs and the
darker regions to AlxGa1-xAs, with the contrast correlating directly with the Al
content (Z-contrast). Dark stripes (Al enrichment) form at the nanowire corners,
which open up in a low-content Al region constituting the quantum dot. The EDX
profiles acquired along the two principal directions of the quantum dot are shown
in Fig. 3.9b-c. In the direction from the quantum dot base towards the apex, the
Ga signal decreases and the Al signal increases, whereas across the base, the Ga
and Al signals remain constant. This information is consistent with a shape in the
form of a pyramid67.

Figure 3.8: Schematic of the STEM showing the geometry of the annular dark field
(ADF) detector and the bright field (BF) detector.

The TEM measurements on GaP nanowires shown in this thesis are performed
by dr. M. Verheijen, while the TEM images on GaP/Si core/shell nanowires are
acquired by dr. S. Conesa-Boj.
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Figure 3.9: (a) Dark-field STEM image of a entire cross-section of a GaAs nanowire
coated with multiple Al0.33Ga0.77As shells. The Al-poor quantum dot (dashed green
triangle) is located within the fork-like Al-rich stripes. (b-c) EDX profiles along two
orthogonal directions of the quantum dot (black and cyan arrows). Adapted from Ref.67.

3.5 X-ray diffraction

When an X-ray beam interacts with a crystal lattice the scattering of the X-rays
from the atoms produces a diffraction pattern which contains information about
the atomic arrangement within the crystal. According to Bragg’s law, the position
of the diffraction peaks is determined by the distance between equivalent parallel
planes of the atoms dhkl as seen in Fig. 3.10a. Here, the Miller indices (hkl) are
used to define the orientation of the set of lattice planes w.r.t. the crystal lattice.
Constructive interference of beams diffracted by the set of planes of atoms occurs
only when the Bragg’s law is satisfied:

nλ = 2dhklsinθ, (3.1)

where n is an integer, λ is the wavelength of the incident light, and θ is the
angle between the beam and the scattering planes.

Figure 3.10: (a) Interaction of the X-ray beam with the parallel planes of atoms. (b)
Sketch of the geometry for coplanar diffraction measurements.

The X-ray diffraction (XRD) measurements presented in this thesis are per-
formed in the coplanar geometry as illustrated in Fig. 3.10b. The wave-vectors
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Ki,f and the momentum transfer Q in the reciprocal space are in the same plane
with the normal to the sample surface. The incident angle ω is defined between
the incident wave-vector Ki and the sample surface, and the angle between the
incident beam and the detector direction Kf is the diffraction angle 2θ. The XRD
patterns are acquired by probing the absolute intensity versus the scattering vec-
tor Q. A crystalline sample produces a series of peaks in the diffraction pattern
corresponding to the different interplanar spacings dhkl. Furthermore, stacking
faults in the nanowires lead to a broadening of the diffraction peaks.
The XRD measurements shown in this thesis are performed by dr. D. Kriegner.

3.6 Optical characterization techniques

3.6.1 Photoluminescence spectroscopy

Photoluminescence (PL) spectroscopy allows the study of the electronic transitions
in a semiconductor material. Band gap transition, excitonic states, and impurity
levels can be probed using this technique. The sample is illuminated using a laser
with with energy h̄ω higher than the band gap to promote the formation of elec-
trons in the conduction band and holes in the valence band (Fig. 6.2). Carrier
relaxation toward the band edge due to phonon scattering is observed in the ps
range68. At this stage the formation of excitons can occur. Next, electron and
holes recombine with the emission of a photon (radiative recombination). Shallow
and deep levels associated with impurities and defects can result in the emission
of photon with energy lower than the band gap. However, non-radiative recombi-
nation can also occur, where a phonon or an electron (Auger recombination) can
be released instead of a photon. Due to the fast carrier relaxation the PL signal
is mainly generated from the band edges rather than from higher energy bands.

Figure 3.11: Schematic of the photoluminescence processes in the band structure of
a semiconductor: 1) excitation, 2) carrier relaxation, 3) radiative recombination, 4)
radiative recombination from impurity levels.
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3.6.2 Photoluminescence excitation spectroscopy
With Photoluminescence excitation (PLE) spectroscopy we can probe the higher
energy bands which are normally not observed in the PL measurements. In PLE
spectroscopy the detection energy is fixed, while the change in intensity of the
emitted light is measured as a function of the excitation energy. The emission
intensity for a given optical transition can be written as38:

Iem = P absP relP emIexc, (3.2)

where Iexc is the intensity of the excitation, Pabs is the probability of ab-
sorption, Prel the probability of relaxation to a particular emitting state, and
Pem the probability of radiative recombination from that state. We assume that
the electron-hole pair has relaxed to the emitting state and the Pem is constant
and independent on the excitation energy. The relaxation process depends on the
electron-hole pair energy, thus the excitation energy. Since non-radiative processes
can be involved in the relaxation process, the emission intensity as a function of
the excitation energy is not directly correlated to the absorption coefficient. As-
suming that a single recombination channel is active, when the undoped material
is grown with good crystal quality the probability of recombination through trap
levels is low and Prel is close to 1. This results in the intensity of the excitation
Iexc of being proportional to the probability of absorption Pabs. Assuming that
the conduction and valence bands are parabolic close to the band gap38,69, the
intensity of the PLE signal IPLE becomes proportional to:

IPLE ∝ (E − E0)PIexc, (3.3)

where P is an exponent related to the type of the optical transition. For a
direct band gap emission P = 1/2. In chapter 2, the threefold splitting of the
WZ GaP valence band is discussed. Each of these bands will contribute to the
PLE signal, with an absorption edge due to the generated free carrier, as shown
schematically in Fig. 3.12. For increasing excitation energy the PLE spectrum
will follow the intrinsic absorption in Eq. 3.3.

3.6.3 Optical setup overview
The main optical components used in the optical setup are shown in Fig. 3.13.
The nanowire sample is mounted in a cryostat cooled down to 4 K using liquid
Helium. The optical data are collected in backscattering geometry using a NA=0.7
Nikon 50X CR objective mounted on a XYZ-piezoelectric stage and a 50/50 beam
splitter (BS). The spectrometer (focal length 0.30 m) is equipped with 1200 g/mm
and holographic 2400 g/mm gratings (500 nm blazing angle), with a PIXIS CCD
detector, and with a time correlated single photon counting (SPC) detector (130
ps instrumental resolution). In order to image the nanowires, the combination of
a white lamp excitation together with a flip mirror in the detection path is used to
send the image of the sample in the CCD camera. The optical emission from the
nanowires can also be studied using the polarization optics in both the excitation
and the detection paths.
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Figure 3.12: (a) Schematic representation of the wurtzite band structure. (b) Schemat-
ics of the PLE spectrum. The three onset of absorption are due to the transitions from
the three valence bands with the lowest conduction band.

3.6.3.1 Excitation sources

Depending on the type of measurements to be performed, the experimental
setup allows an easy switch of the optical excitation sources. Three different
excitation sources are use in the PL measurements:

• Continuous-wave laser diode: excitation wavelength 405 nm. Circular exci-
tation spot with diameter of ∼1 µm at the sample;

• Pulsed laser diode: excitation wavelength 420 nm, 1-80 MHz repetition rate.
Circular excitation spot with diameter of ∼1 µm at the sample;

• Frequency-doubled Titanium-Sapphire laser: excitation wavelength set at
405 nm, 80 MHz repetition rate, beam coupled into 300 µm core multi-mode
fiber. Circular excitation spot with diameter of ∼9 µm at the sample.

For the PL measurements on single wires a 1000 mm Cylindrical lens is used
to defocus the 1 µm circular spot into a rectangular spot of around 1 µm x 10 µm
in size.
For the PLE measurements, a plasma-injected white lamp emitting in the range
200-800 nm is coupled into a 0.30 m monochromator equipped with 1200 g/mm
grating (500 nm blazing angle). The output beam from the monochromator is
coupled into a 300 µm core multi-mode fiber, resulting in excitation spot of ∼9
µm at the sample. The full width at half-maximum (FWHM) for the excitation
wavelength is around 1 nm. The combination of shortpass 500 nm and 600 nm
filters is used to remove artifacts generated from multiple light scattering in the
monochromator. The variable neutral density filter controlled via the LabView
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software ensures constant power across the wavelength scan.
The polarization of the excitation source is selected using a combination of a
polarizer and a half-wave plate (λ/2).

3.6.3.2 Detection

The CCD and SPC detectors in the spectrometer collect the signal for the
PL and lifetime measurements, respectively. The polarization of the emitted light
from the nanowires is studied using a combination of a polarizer and a half-wave
plate (λ/2). The PLE spectra are obtained by selecting the detection wavelength
with the side slit and measuring the (PL) intensity at the SPC detector as a
function of the excitation wavelength. A 600 nm band pass filter (10 nm FWHM)
is used to further select the signal from the nanowires only, avoiding artifacts in
the PLE spectrum. The angle between the detection beam and the filter is reduced
from 90° to 60° to shift the center filter wavelength up to 595 nm.

Figure 3.13: Schematics of the optical setup indicating the different configurations used
during the measurements.
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Chapter 4

Growth and structural
characterization of WZ GaP
nanowires

The indirect band gap of gallium phosphide with the zinc blende crystal struc-
ture33 severely limits its use for light-emitting devices70,71. Band structure cal-
culations, however, predict a direct band gap for this material in the wurtzite
crystal structure29,30,42,72. A unique feature of the VLS nanowire growth mecha-
nism is that well-known semiconductors can be grown with different crystal struc-
tures15,37,73–76. The calculated direct band gap energy for wurtzite GaP ranges
between 2.18-2.25 eV30,42, and therefore WZ GaP is a promising candidate for
light emission in the green-yellow region of the visible spectrum. Similarly, the
band gap of Aluminum Phosphide (AlP) is predicted to change from indirect to
direct when the structure is converted from cubic to hexagonal, with gap energy of
2.97 eV30. Therefore, by forming ternary AlxGa1-xP and GaAsyP1-y compounds,
the emission wavelength can theoretically be tuned over a wide range. The tran-
sition from indirect to a direct band gap by changing from zinc blende to wurtzite
has not yet been demonstrated experimentally for any material at ambient pres-
sure conditions.
In this chapter, we show the Au-assisted VLS growth of pure WZ GaP/Al0.4Ga0.6P
core/shell nanowire arrays over the GaP (111)B substrate using a MOVPE reac-
tor. Nanoimprint lithography and electron-beam lithography are used to control
the diameter and pitch of the nanowire arrays. The high growth temperature and
the low V/III ratio promote the WZ structure of the nanowires, together with
the use of in-situ HCl gas to avoid the lateral overgrowth. The high WZ crys-
talline quality of the sample is demonstrated using TEM microscopy and XRD
measurements.

41



4. Growth and structural characterization of WZ GaP nanowires

4.1 Nanowire growth

4.1.1 Growth parameters

The GaP nanowires are grown on (111)B oriented zinc blende GaP substrates us-
ing the VLS mechanism and patterned gold islands as catalysts in a low-pressure
(50 mbar) Aixtron CCS-MOVPE reactor. In order to control the nanowire posi-
tion two lithography techniques are used; electron beam lithography to fabricate
small arrays with varying pitch and diameter (25-50-75-100 nm diameter, 200 nm-
5 µm pitch)25, and nanoimprint lithography to pattern large-scale areas with a
constant pitch and diameter (100 nm diameter/500 nm pitch). The high growth
temperature of 750℃ and the low V/III ratio are expected to promote the for-
mation of the wurtzite crystalline structure15,37,73–76. Prior to growth the GaP
patterned substrates are annealed under Phosphine (PH3) flow at 750℃ to remove
the oxide on the surface and the organic residuals of the lithographic steps. The
nanoimprint and e-beam patterned samples are grown at 750℃ for, respectively,
45 min and 20 min using Tri-Methyl Gallium (TMG) and Phosphine (PH3) as
precursor gases at molar fractions of 7.42·10-5 and 1.71·10-3, respectively, with a
total flow of 8.2 liters/minute using hydrogen as carrier gas. A V/III ratio of 23 is
used77. The growth is performed under Hydrogen Chloride gas (HCl) flow (molar
fraction 1.22·10-4) to suppress the radial overgrowth of the wires28.
A wider band gap ternary Al0.4Ga0.6P shell is grown around the GaP78 core to
suppress possible undesirable surface effects that could affect the optical properties
of the nanowires. Shells are grown under different conditions compared to axial
nanowire growth, and the thickness is controlled by the shell growth time and the
composition by the Al/Ga gas input ratio. The growth of the Al0.4Ga0.6P shell is
performed at 690℃ for 4 min (nanoimprint sample) and 20-240 s (e-beam sample)
using TMG, Tri-Methyl Aluminum (TMAl) and PH3 as precursor gases at molar
fractions of 2.7·10-5, 1.5·10-5 and 1.1·10-2, respectively.

4.1.2 Uniformity of GaP nanowire arrays

The cross sectional scanning electron microscopy (SEM) image in Fig. 4.1a shows
a uniform array of 6.6±0.2 µm long non-tapered nanowires with almost 100%
yield defined by nanoimprint lithography. Radial growth, which leads to tapered
nanowires, has been totally suppressed by using HCl during growth25. The optical
photograph image in Fig. 4.1b shows the large-scale uniformity of a typical sample.
The periodicity of the nanoimprint pattern is clearly visible in Fig. 4.1c. The SEM
image of e-beam defined nanowire arrays is shown in Fig. 4.1d. The diffusion of
the precursors over the GaP substrate during the AlGaP shell growth results in
small overgrowth at the bottom of the nanowires.
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Figure 4.1: (a) Scanning Electron Microscopy (SEM) picture of GaP/Al0.4Ga0.6P
core/shell nanowires in a nanoimprint pattern (tilting angle 70°). Scalebar: 1 µm. We
note that although the wires are grown at high temperatures (T=750℃), untapered
wires are obtained by the use of HCl during growth. (b) Optical image of the nanowires
sample. Scalebar: 0.5 cm. (c) SEM top-view image of the same sample as in a show-
ing the periodicity of the nanoimprint pattern. Scalebar: 500 nm. (d) SEM image of
GaP/Al0.4Ga0.6P core/shell nanowire arrays grown from Au droplets positioned by elec-
tron beam lithography with constant diameter of 100 nm and varying pitch (tilting angle
30°). Scalebar: 20 µm

4.2 Crystalline structure

4.2.1 Pure WZ crystal phase

In order to assess the crystal structure of the nanowires, high-resolution trans-
mission electron microscopy (HRTEM) studies are performed. In Fig. 4.2 the
HRTEM image and the corresponding Fast-Fourier Transform (FFT) demonstrate
the wurtzite crystal structure of the GaP nanowires. Typically, less than 1 stacking
fault (SF) per micrometer is observed for the tens of wires studied. An example
of a whole wire, which has been imaged from top to bottom by TEM is shown in
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Fig. 4.3. No significant change in the wire diameter is observed. Furthermore,
only four defects are visible in the 12.5 µm long wire, confirming the high purity of
the WZ crystal structure. One stacking fault consisting of a twinned ZB segment
is shown in the HRTEM image in Fig. 4.4.

Figure 4.2: (a) HRTEM image viewed in the <11-20> zone axis showing the pure
wurtzite crystal structure. Scalebar: 5 nm. (b) Fast-Fourier Transform image of the
wire in (a).

Figure 4.3: (a-c) Bright field TEM images showing the top 0-1.4 µm (a), middle 5.2-9.2
µm (b) and bottom 11.1-12.5 µm (c) segments of one WZ GaP nanowire with 12.5 µm
length. Stacking faults are indicated by the red lines. Scale bars: 200 nm.

4.2.2 Effect of the temperature on the SF density
The growth temperature is a critical parameter in the control of the crystalline
structure of the nanowires. Previous works on GaP nanowires grown in a MOVPE
system showed predominant zinc blende crystal structure below 500℃, whereas
at higher temperatures a mixture of domains with zinc blende and wurtzite was
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Figure 4.4: HRTEM image of one stacking fault consisting of a twinned ZB segment.
Scalebar: 5 nm.

observed79,80. In this thesis, the effect of the temperature on the crystal phase
is investigated in the range 660-750℃, as illustrated in Fig. 4.5. The stacking
fault density is obtained from the TEM imaging. The increase in the growth
temperature results in a steep decrease in the stacking fault density from 50 SF/µm
to less than 1 SF/µm above 720℃. In chapter 5 the role of the chemical potential
in the switch between the WZ and ZB crystal phases will be discussed. The
increase in the sample temperature reduces the chemical potential ∆µ at the gold
droplet81, reaching values lower than the critical supersaturation ∆µC, where the
pure WZ growth is observed82.

Figure 4.5: Stacking fault density in the nanowires as a function of the growth tem-
perature.

45



4. Growth and structural characterization of WZ GaP nanowires

4.2.3 HCl passivation
When the growth temperature increases, the decomposition of the precursors in-
creases64, favouring the lateral overgrowth of the nanowires, and tapering can
be observed. To avoid tapering, the HCl gas is introduced during the nanowire
growth28. The reaction of TMG with HCl results in GaCl species with higher dif-
fusion length due to the higher bond energy compared to the metalorganic species,
with predominant cracking of the GaCl at the gold droplet83. This could prevent
the decomposition at the side surface of the nanowires which would results in
radial growth, hence tapered nanowires. In Fig. 4.6a untapered GaP nanowires
grown with a HCl molar fraction of 1.2·10-4 are shown. When the HCl flow is re-
duced by a factor 2 strong tapering is observed, with the nanowire geometry that
evolves to a wide pyramidal base with a narrower top section (Fig. 4.6b). When
the HCl gas is removed, very short and irregular pyramids are observed, together
with high substrate surface roughness due to 2D layer growth (Fig. 4.6c). Surface
Chlorination is generally associated with a reduction in the 2D growth rate and in
an increase of the nanowire growth rate84. The increase in wire length, together
with the critical reduction in the radial overgrowth and 2D layer growth show the
passivation effect of the side surface of the nanowires from the Cl-species. Thus,
the HCl flow plays a key role in the control of the nanowire morphology.

Figure 4.6: SEM images of the GaP nanowires grown using HCl molar fractions of
1.2x10-4 (a), 0.6x10-4 (b) and 0 (c) (tilting angle 30°). Scalebars: 2 µm.
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4.2.4 AlGaP shell
AlGaP shells are grown radially around the GaP core wires to passivate the sur-
face states85. The Al0.4Ga0.6P shell lattice matches the core and no defects are
nucleated from the interface (Fig. 4.7a). The core/shell structure is visible from
the High Angle Annular Dark Field (HAADF) TEM image in Fig. 4.7c and the
shell composition and thickness for the different samples have been determined
from Energy-Dispersive X-ray (EDX) line scans as shown in Fig. 4.7d.

Figure 4.7: (a) HRTEM image showing the pure wurtzite crystal structure. Scalebar:
5 nm. (b) FFT image of the GaP nanowire in (a). (c) HAADF TEM image of a
GaP/Al0.4Ga0.6P core/shell wire, showing the uniformity of the shell. Scalebar: 50 nm.
(d) Energy dispersive X-ray (EDX) line scan taken perpendicular to the nanowire axis,
showing the GaP/Al0.4Ga0.6P core/shell structure.

4.2.4.1 Rotation of the side facets

The resulting Al0.4Ga0.6P shell is terminated by {2110} facets, while the GaP
core wire has {1100} facets. This rotation of the side facets, already reported
for the AlInP/GaAs system86, as seen in Fig. 4.8, is observed for all samples.
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4. Growth and structural characterization of WZ GaP nanowires

As a result of this, the projected thickness of the shell varies across the nanowire
producing a small bump in the EDX profile. The wire in Fig. 4.8 has a 10 nm thick
Al0.4Ga0.6P shell. Important to mention is that AlGaP is nearly lattice matched
to GaP33, and as a result no defects are generated in the shell.

Figure 4.8: Energy dispersive X-ray (EDX) line scans taken perpendicular to the
GaP/Al0.4Ga0.6P nanowire long axis. The nanowire was rotated w.r.t. the incident
electron beam direction towards the <01-10> (30° tilt) and the <2-1-10> (0° tilt) imag-
ing axis. The schematic displays the rotation of the facets of the AlGaP shell (blue) with
respect to the GaP core (red). The two, clearly different EDX profiles are in agreement
with the different projected thicknesses of the AlGaP shell.

4.2.4.2 Top axial segment

During the growth of the AlGaP shell VLS growth of a top AlGaP axial seg-
ment is observed, as shown in the HDAAF image and in the EDX elemental maps
in Fig. 4.9. Compared to the pure WZ structure of the GaP core, the AlGaP
segment shows higher SF density due the increased V/III ratio and lower growth
temperature used to promote the uniform radial growth of the shell (Fig. 4.10).
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Figure 4.9: HAADF image and EDX elemental maps of a GaP/AlGaP core/shell
nanowire. Scale bar: 50 nm.

Figure 4.10: TEM image of a GaP/AlGaP core/shell nanowire showing the mixed
phase AlGaP top axial segment. Scale bar: 100 nm.
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4.2.5 X-ray diffraction
The overall crystalline quality of the nanoimprint sample can be investigated on a
macroscopic scale (in the millimeters range) using XRD measurements. With this
technique it is also possible to determine the WZ GaP unit cell lattice parameters.
In the scan in Fig. 4.11 the (10-1.-l) peak series for the WZ wires and the (-2-2-4)
ZB substrate peak are observed, while no extra peaks from polytype structures
(ZB, 4H, 6C) are found. This, together with the narrow line width of the WZ
peaks, which is limited by the resolution of the set-up, shows the high crystalline
quality of the sample. The measured a- and c- lattice parameters for the WZ unit
cell are respectively, 3.842 Å and 6.335 Å. Those values differ from the geometrical
conversion of the ZB unit cell into the WZ one, showing an elongation of the WZ
unit cell along the growth (c-) axis and a compression in the in-plane direction
along the a-axes. This result is similar to what is found for the WZ phase of other
III-V nanowires87. More details on the WZ GaP crystal structure can be found
in Ref.32.

Figure 4.11: X-ray diffraction intensity along the crystal truncation rod through the
(-2-2-4) substrate peak, which includes the (10-1.-l) WZ peaks. The resolution-limited
line widths of the WZ peaks and the absence of signal between the peaks show the high
quality of the WZ material.
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Chapter 5

Crystal phase control in GaP wires

For optical quantum information processing emission sources are needed, which
can emit identical photons. This is a challenge, since quantum structures based
on heterostructures always show variations in size and composition, leading to a
spread in emission wavelength88,89. With nanowires a new type of structure has
become available, which is based on junctions between different crystal structures
of identical chemical composition36,37,90. Such advanced structures can behave as
single photon sources34. The development of nanowire homostructures formed by
the combination of the ZB and WZ crystal phases has drawn a lot of attention in
the last few years36,37,91. In GaP material, electrons and holes can be efficiently
confined in the WZ segment due to a predicted type I band alignment between WZ
and ZB31. This would allow the growth of crystal phase quantum well (CPQW)
and quantum dot (CPQD) structures in this material system34. Large sponta-
neous polarization fields are, however, predicted for WZ GaP92, which can induce
substantial surface charges across a thin ZB GaP segment embedded in WZ ma-
terial93. In this case the ZB segment will separate the electrons and holes and the
thickness of this ZB segment determines the energy scales. It is therefore essential
to control the thickness of the ZB segment at the monolayer level. In this chapter,
we show the growth of defect-free and atomically sharp WZ/ZB interfaces in GaP
nanowires. By controlling the flow and the supply time of the Ga precursor the
length of the WZ and ZB segments can be tuned to achieve CPQWs along the
nanowire axis. Furthermore, the growth of a WZ/ZB superlattice with constant
WZ and ZB segment lengths is shown.

5.1 Growth of WZ/ZB interfaces

The ZB segments are grown in patterned arrays of 100 nm diameter WZ GaP
nanowires defined by nanoimprint lithography77. The SEM image of a typical
sample in Fig. 5.1a shows the position-controlled growth of untapered GaP wires.
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5. Crystal phase control in GaP wires

A schematic drawing of the WZ/ZB nanowire homostructures is illustrated in Fig.
5.1b. For the growth of these structures we use the following protocol. First, the
growth of ∼2.6 µmWZ GaP stem is performed at 750℃ under low V/III ratio (23),
using χTMG = 7.42·10-5, χPH3 = 1.71·10-3, and χHCl = 1.22·10-4, as discussed in
chapter 4. A controllable crystal phase switching is induced by tuning the growth
parameters as shown in Fig. 5.2a. The temperature values used in this thesis
are the set point values at the thermocouple, which relate to the substrate in-situ
temperature provided by the optical sensors inside the MOVPE reactor (aqua
curve in Fig. 5.2a). Due to the partial decomposition of the phosphine below an
effective temperature of 570℃ (corresponding to a thermocouple temperature of
∼690℃)64, the substrate in-situ temperature values are used in the calculation
of the effective precursor flows. In order to have a clean switch to the ZB phase
nucleation, the gallium flow is stopped, while the growth temperature is reduced
to 600℃ and the PH3 pressure is increased to an effective molar fraction χPH3 =
2.04·10-3 76,79,80. When the temperature is stabilized the gallium flow is opened
again and the growth resumes using an effective V/III ratio of 67. No HCl gas is
provided during ZB growth.

Figure 5.1: (a) SEM image of the GaP nanowires grown in the nanoimprint pattern
(tilting angle 30°). (b) Schematics of the stacking of the crystal phases in the nanowires.
After the growth of WZ stem multiple ZB segments are grown along the nanowire.

Once the ZB segment growth is finished, the gallium flow is stopped, and the
temperature is increased to 750℃, where the WZ growth is resumed. We note that
phosphine is supplied during the entire recipe to create a background pressure in
order to prevent evaporation of the nanowires at these elevated temperatures. A
resulting wire grown with the former procedure is shown in the HRTEM image in
Fig. 5.2b. The pure ZB segment in the WZ nanowire is visible, with atomically
sharp transitions between the WZ/ZB/WZ crystal structures and no stacking
faults in both crystal phases. During the ZB growth the development of (non-
vertical) {111} side facets is generally observed94.
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Figure 5.2: (a) Temperature profile (thermocouple and substrate in-situ values), ef-
fective V/III ratio, and sketch of the supply of the precursor gases during growth. (b)
HRTEM picture of one WZ-ZB-WZ sequence showing defect-free crystal phases with
atomically sharp interfaces. The arrow indicates the growth direction.

5.2 Control of the ZB length

In order to tune the emission wavelength of the quantum structures it is essential
to have control of the dimensions. For obtaining a good level of control, a low
growth rate is beneficial. We first study the growth dynamics of the ZB segment
as a function of the precursor flows. We observe that a change of the PH3 flow
does not affect the growth rate, but that the Ga pressure has a large effect.

5.2.1 Effect of the Ga precursor
The nanowire presented in Fig. 5.3 is grown by repeating the process shown in Fig.
5.2a and by using a fixed growth time for the WZ segment (tWZ = 90 s). During
the ZB growth the gallium flow (χTMG = 3.04·10-5) is supplied for an amount of
time (tZB) varying from 3.1 s to 0 s. The lengths of the ZB segments are plotted
in Fig. 5.4a as a function of the supply time of the gallium precursor for different
TMG molar fractions. The dashed horizontal line indicates the shortest stacking
sequence for the ZB phase (ABC stacking) in a WZ wire, which is equal to 0.945
nm. The error bars refer to a data set of 4 wires per sample.
When only the temperature is changed (corresponding to 0 seconds growth of
ZB phase) no ZB growth is indeed observed, proving that a droplet refilling time
tREF is needed to start the ZB nucleation. Here, the refill time is defined as the
linear extrapolation of the plots in Fig. 5.4a to zero ZB length. After droplet
refilling, a growth rate RZB = 7.5±0.6 nm/s is measured at χTMG = 3.04·10-5.
Furthermore, reduction in the droplet diameter is observed after the growth of the
first ZB segment (tZB = 3.1 s), indicating a depletion of Ga content in the gold
droplet after the first cooldown/warm-up process. Instead, in the following ZB
segments the change in diameter is minimum. Across the set of samples studied
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5. Crystal phase control in GaP wires

grown using different ZB growth conditions, the shrinking of the droplet after the
first ZB growth is observed in most of the wires.

Figure 5.3: (a) TEM image of a nanowire with ZB grown for a variable time tZB

(χT MG = 3.04·10-5), separated by WZ segments grown for fixed tW Z = 90 s. (b-c)
HRTEM images of the nanowire in (a) for segments grown for tZB = 3,1 s (b) and tZB

= 1,5 s (c), showing defect-free crystal phases with atomically sharp interfaces.

By lowering the Ga molar fraction down to χTMG = 1.35·10-5 the growth rate
RZB decreases to 2.6±0.3 nm/s, while the refill time increases up to 3.9±0.2 s (Fig.
5.4b-c). A critical transition is observed when the Ga molar fraction falls below
1.35·10-5, where a steep increase in the growth rate occurs while the refill time still
follows a monotonic (increasing) trend. We speculate that at the lowest Ga molar
flows the droplet is slowly filled with Ga and finally reaches a superfilled state,
resulting in higher supersaturation, hence in higher growth rate during the ZB
growth80. This is unwanted, since it reduces the control over the ZB growth. The
superfilled state of the droplet could also induce a change in the droplet contact
angle. However, as it will be discussed in section 4, the ZB nucleation occurs at
the center of the droplet rather than at the wire edge. Thus, a change in contact
angle does not affect the growth kinetics. The growth rate and refill time appeared
independent of the PH3 flow (not shown), indicating that the ZB growth occurs
in a Ga-limited regime.
Up to a length of 15 nm the ZB phase is generally defect-free. For longer segments,
twin defects are present, as shown in Fig. 5.5a. After the nucleation of few
twin defects, the growth evolves into a mixed ZB-WZ phase (Fig. 5.5b), with no
control of the crystal phase in this regime. This behavior can be explained in
terms of change in the supersaturation ∆µ at the gold droplet, as discussed in
section 4. Reduction in Ga content is often observed during ZB growth (see Fig.
5.3a). Thus, assuming that a progressive reduction of Ga content occur during ZB
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nucleation, ∆µ decreases, approaching the critical supersaturation ∆µC . Thereby,
the probability for the nucleation of a WZ monolayer increases, hence twin defects
can be observed. For a longer growth time, the supersaturation further decreases
and mixed phase is observed.

Figure 5.4: (a) ZB length as a function of the Ga supply time tZB for different TMG
molar fractions χT MG, indicated in units of 1·10-5. The dashed horizontal line indicates
the shortest stacking sequence for the ZB phase (ABC stacking) in a WZ wire, which
is equal to 0.945 nm. Inset: refill time tREF as a function of the Ga molar fraction
χT MG. (b) ZB growth rate as a function of the Ga molar fraction χT MG. Statistics are
performed measuring 4 nanowires via HRTEM.
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Figure 5.5: (a) HRTEM image of a nanowire showing the ZB phase followed by twin
defects indicated by the dashed lines. (b) HRTEM image of a nanowire grown with the
combination of ZB with the mixed ZB/WZ structure. The arrows indicate the growth
direction.

5.2.2 Approaching the ML control
To investigate the possibility for monolayer-controlled ZB growth we use the lowest
ZB growth rate of ∼7-9 ML/s, which is obtained with a Ga molar fraction χTMG

= 1.35·10-5. The Ga precursor is switched on for decreasing time intervals between
4.6 s and 3.4 s with time steps of 0.1 s. In Fig. 5.6 the number of ZB monolayers as
a function of the Ga supply time tZB for four different nanowires are shown. The
following observations can be made. First, several monolayers rather than single
monolayers nucleate on average during every 0.1 s time interval. Recently, in-situ
TEM studies in a ultra-high vacuum TEM showed that GaP nanowire growth
occurs by the addition of single monolayers, providing evidence that VLS growth
proceeds in a single layer-by-single layer mode95. This indicates that during the
0.1 s time interval, which is the resolution limit of our MOVPE machine, several
monolayers are formed. Ideally, monolayer control might be achieved with shorter
switching time (smaller than 0.1 s). On the other hand, this would be limited
by the fact that small fluctuations, in the order of 0.1 s, in the refill time would
have a large effect on the number of ZB monolayers grown for a given ZB growth
time. Second, in most of the investigated wires the growth begins with 5-7 MLs,
as shown for NW2-3. Occasionally the ZB growth starts with 3 MLs, which is the
shortest possible ZB stacking segment, as illustrated for NW1-4. We believe that
wire-to-wire variations in the supersaturation at the gold droplet induce variations
in the refill time and in the initial ZB segment length. Third, close to the refill time
tZB the ZB growth rate is ∼20-26 ML/s, which is higher than the value of ∼7-9
ML/s observed for longer growth times. Thus, even though the ZB growth rate
has been reduced by lowering the Ga flow, the former results show that growth of
homostructures with control at the monolayer level is still challenging.
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Figure 5.6: (a) HR-STEM image showing controlled ZB segment length of 7 ML. The
red and blue circles indicate the Ga and P atoms, respectively. (b) Number of ZB
monolayers as a function of the Ga supply time tZB for four different nanowires grown
with χT MG = 1.35·10-5. The dashed line corresponds to the shortest stacking sequence
for the ZB phase in a WZ wire, which has a length of 3 MLs (ABC stacking).

57



5. Crystal phase control in GaP wires

5.3 Tuning the WZ growth

In a similar way the formation of the WZ phase has been investigated. The growth
rate of the WZ phase is estimated by growing WZ segments for different time
intervals separated by 10 nm ZB markers, as shown in Fig. 5.7. The lengths of
the WZ segments are plotted in Fig. 5.7c as a function of the Ga supply time. The
error bars refer to a data set of 4 wires per sample. When a Ga molar fraction of
χTMG = 7.42·10-5 is used, a constant WZ length of 7±3 nm is observed below the
offset time tOFF = 14±2 s, while above this value an increase in the WZ segment
length is observed (blue curve in Fig. 5.7c). Instead, when the Ga molar fraction
is reduced to χTMG = 5.40·10-5 the offset time tOFF increases to around 100 s
(dark red curve in Fig. 5.7c). The non-zero WZ length for growth times shorter
than the offset time results from so-called parasitic WZ growth, i.e. growth during
the change in temperature from 491℃ to 614℃, or vice versa, in the absence of Ga
supply. Thus, residual gallium in the gold droplet can induce the growth of the
WZ crystal structure91. No intentional WZ growth is observed for times shorter
than the offset time (tWZ<tOFF). Two mechanisms may be involved in this regime.
First, due to the small amount of Ga supplied, the Ga supersaturation in the gold
droplet required for the WZ growth remains below a critical value, and hence no
intentional WZ growth occurs96. Second, re-evaporation of Ga from the droplet
due to the high growth temperature could further reduce the supersaturation in
the droplet. In Fig. 5.8 four different wires grown with χTMG = 7.42·10-5 are
shown. Small fluctuations in both offset time (tOFF = 14±2 s) and growth rate
(RWZ = 2.4±0.2 nm/s) are observed, while a spread in the parasitic WZ length
can be seen, with values ranging from 4 nm to 11 nm. Since the relative spread in
WZ segment length is larger in these WZ/ZB structures compared to the spread in
length of pure WZ GaP stems (without ZB segments), which is about 10%, we can
conclude that the large spread originates from the crystal phase switch process.
The length of the ZB markers associated with the WZ segments in Fig. 5.8a are
plotted in Fig. 5.8b. The wires (NW1-4) with the shortest ZB segment lengths
shows the longest parasitic WZ segments, while the wires (NW2-3) with the longest
ZB segments relates with the shortest parasitic WZ growth. Since the volume of
the droplet is constant, the Ga content in the droplet remains constant during the
growth cycle. Thus, when less Ga is used for the ZB growth, then there is more
Ga available for the nucleation of the WZ phase, and vice versa. The spread in
WZ length possibly relates to differences in diameter. Thicker wires have more Ga
in the droplet which can precipitate, leading to longer WZ segments. The bigger
diameter also results in a longer refill time, and, as a consequence, shorter ZB
segments are observed for fixed growth time tZB.
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Figure 5.7: (a) TEM image of a nanowire with WZ segments grown for different Ga
supply times tW Z using a TMG molar fraction χT MG = 7.42·10-5. The 10 nm long ZB
segments are used as markers. (b) HRTEM image showing the parasitic WZ in between
of the two ZB segments. (c) WZ length as a function of tW Z for two different TMG
molar fractions χT MG, indicated in units of 1·10-5. Statistics are performed measuring 4
nanowires via HRTEM.
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Figure 5.8: (a) WZ length as a function of tW Z for four different nanowires grown with
χT MG = 7.42·10-5. (b) Length of the ZB markers associated with the WZ segments in
(a).

5.4 Nucleation model for the WZ and ZB growths

The nucleation model discussed in this section is based on the work of dr. L.F.
Feiner and dr. S. Breuer82.
In nanowires with small diameters nucleation generally occurs at the triple-phase
line (TPL) at the wire edge96. In this regime, the WZ phase will form if the super-
saturation ∆µ is higher than a critical value ∆µTPL, i.e. large enough to ensure
that the free energy of formation of a WZ nucleus, ∆GTPLWZ , is smaller than the ZB
nucleus, ∆GTPLZB

96. However, for sufficiently large diameter of the nanowire the
larger number of potential nucleation sites in the interior (central (C)) part of the
droplet-nanowire interface, scaling as R2, (where R is the radius of nanowire) as
compared to the number of sites at the TPL, scaling as R, may compensate for the
unfavorable difference between ∆GTPLWZ and ∆GCZB , and nucleation at the center
of the droplet then becomes predominant. In this regime, the ZB phase will be
grown for values of ∆µ higher than a critical value ∆µC(R), i.e. sufficiently large
to ensure that the difference between ∆GTPLWZ and ∆GCZB is small enough to make
such compensation possible82. Intuitively, for larger diameter wires, approaching
the bulk limit, the ZB phase should be formed.
As discussed in chapter 1, the interplay of many parameters affects the supersat-
uration at the gold droplet during growth. In particular, the growth temperature
plays a key role in the purity of the WZ phase, as shown in chapter 4. Further-
more, in the crystal switch recipe discussed in the previous sections the transition
between the pure WZ/ZB phases is mainly driven by the change in temperature.
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The transition from WZ growth to ZB growth is induced by lowering the temper-
ature from 750℃ to 600℃, which corresponds to an increase in ∆µ81 and leads
to a crossing of the critical value ∆µC for the ZB nucleation. This is in clear
contradiction to the behavior expected for nucleation at the TPL from the nucle-
ation model mentioned above96, according to which such a transition should be
induced by lowering instead of raising ∆µ. We therefore propose that the transi-
tions between WZ and ZB growth observed in our growth experiments are due to
switching between TPL-nucleated WZ growth and C-nucleated ZB growth. Thus,
WZ and ZB growth occur under the following conditions, respectively:

1. WZ growth: T = 750℃, ∆µTPL<∆µ<∆µC ;

2. ZB growth: T = 600℃, ∆µC<∆µ.

With this model we can qualitatively explain the formation of ZB at low temper-
ature and WZ at high temperature. In addition, the refill time for ZB growth and
the offset time for WZ growth are explained as the Ga supply time needed to bring
the supersaturation ∆µ above the critical values ∆µC and ∆µTPL, respectively.

5.5 WZ/ZB superlattice

For the formation of a controlled WZ/ZB superlattice it is important to fine-tune
the temperature and precursor flows to ensure that the droplet is always kept
in a refilled (close to equilibrium) condition. In case that this situation is not
fulfilled, a stable crystal switch process cannot be guaranteed. The growth of a
WZ/ZB superlattice37 is performed by stacking multiple segments with a fixed
growth time for both the ZB and WZ crystal phases. The nanowire superlattices
shown in Fig. 5.9 and in Fig. 5.10 are from two different samples grown using the
same parameters. For the WZ phase χTMG = 5.40·10-5 and tWZ = 6 s are used,
while for the ZB phase χTMG = 3.04·10-5 and tZB = 2 s are chosen. By selecting
this set of parameters, only a partial refill of the droplet occur during the high
temperature growth. Both samples show high purity for the WZ and ZB crystal
phases, with a high degree of reproducibility of the growth recipe. The patterned
substrate is a key factor in order to control the growth parameters for the crystal
phase switching, allowing reliable and reproducible results. However, differences
in the WZ and ZB segment lengths are visible.

The wire in Fig. 5.9 is constant in diameter, and shows a constant WZ/ZB
ratio for the segment lengths L of 3:1, with LWZ = 9.3±0.3 nm and LZB = 2.8±0.8
nm. The crystal switch in the former wire follows the expected equilibrium growth
dynamics. Instead, in the nanowire in Fig. 5.10 the difference in lengths between
the ZB and WZ segments increases with the segment number. In Fig. 5.10d
the sum of the WZ+ZB segment lengths is plotted. The reduction in the total
segment length after the first three ZB cooldown/warm-up steps correspond to a
reduction of the Ga content in the gold droplet, until the equilibrium value in the
total length of 13 nm is reached. The latter value is identical to the one found in
the equilibrium superlattice in Fig. 5.9.

In this regime, a progressive reduction in the ZB length down to a value of
around 4 nm is present. Since the amount of Ga in the droplet is constant, the
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Figure 5.9: Superlattice growth at the equilibrium. (a) HRTEM images of one nanowire
showing a superlattice (13 ZB/WZ segments) with a ratio of the WZ and ZB segment
lengths of 3:1. The arrows indicate the growth direction. (b) Plot of the WZ and ZB
segment lengths as a function of the segment number.

gradual decrease in the ZB length in Fig. 5.10c is probably related to an increase
in the ZB refill time tREF . Similarly to the wire shown in Fig. 5.8, when the
amount of Ga consumed during the parasitic WZ growth increases, yielding to
longer WZ segments, a lower amount of Ga is available for the ZB growth, which
results in longer refill time and shorter ZB segments. This behavior demonstrates
how, in a regime of partial refill of the droplet, large deviations from the equilib-
rium segment lengths can occur, possibly due to wire to wire differences in the
supersaturation at the gold droplet. The bright/dark contrast in the ZB sections
in Fig. 5.10a is associated with different crystal orientations of the two twin-
related ZB crystal structures grown in the WZ phase (ABAB|ABCABC|ABAB
and ABAB|CABCAB|ABAB). From the dark/bright contrast it is easy to observe
the decrease of the ZB segment length.
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Figure 5.10: Superlattice toward the equilibrium growth. (a-b) Dark-field TEM image
(a) and HRTEM image (b) of one nanowire showing a superlattice (12 ZB/WZ segments).
The arrows indicate the growth direction. (c) Plot of the WZ and ZB segment lengths
as a function of the segment number. (d) Plot of the sum WZ+ZB lengths as a function
of the segment number.
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5.6 Conclusion and applications

The crystal phase switch method developed in this thesis allows the growth of
atomically sharp and single crystalline ZB/WZ interfaces along the nanowire
length, with positions and sizes of the junctions controlled by the supply of the
Ga precursor. Stable growth of ZB segments with lengths up to 15 nm and of WZ
sections with lengths larger than 4 nm can be obtained in a reproducible way by
maintaining the droplet in a refilled state. Instead, deviations from the equilibrium
growth can occur for a partial refill of the droplet, leading to pure crystalline but
uncontrolled crystal phase switch. The former limits in the maximum/minimum
ZB/WZ segments length and the fluctuations in the segment lengths due the
ZB/WZ refill/offset times reduce the flexibility of this growth method.
Various applications can benefit from the control of the crystal phase structure. In
GaP wires grown with CPQWs sharp emission lines are observed (not shown), with
energies defined by the addition of single ZB monolayers97. The controlled growth
of multiple identical quantum wells at defined positions within the same nanowire
may provide a route to studying entangled photons in solid state quantum sys-
tem98. In nanowires Fabry-Pérot modes are often observed99. The reflectivity
of the end facets of the wire can be increased by using strain-free Bragg mirrors
made of WZ/ZB superlattices100. The latter structure can also be used as phonon-
scattering medium to enhance the thermoelectric properties of those nanowires-
based devices35. Furthermore, core/shell heterostructures made of GaP core and
group IV shell15 would result in crystal phase quantum rings in Silicon15,101,102

and Germanium, opening up new possibilities in the low-cost highly integrated
optical interconnects70.
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Chapter 6

Optical characterization of WZ GaP
wires

In this chapter, the optical measurements performed on the WZ GaP wires using
photoluminescence (PL) and photoluminescence excitation (PLE) spectroscopy
are presented. We show that, although the transition matrix elements for the
band gap transition are predicted to be very weak at the Γ point, the WZ GaP
nanowires still features a very rich photoluminescence spectrum. For the inter-
pretation of the spectrum, the difficulty is that except for the band structure
calculations31,45, no material parameters, such as e.g. experimental data for the
fundamental gap, the spin-orbit splitting, the crystal field splitting, or the bind-
ing energies of the donor, the acceptor, or the exciton, are known. To start our
interpretation, we first need to attribute few features of the optical measurements
with a high level of confidence, for which we have selected the donor-acceptor pair
(DAP) recombination56,103, the short lifetime77, the observed band-filling47,56,104,
and the phonon replicas52,105,106. Next, all the remaining spectral properties are
fit into the former starting point, providing further confirmation of the interpre-
tation proposed.
The chapter is organized with the following structure: first the experimental re-
sults are presented, followed by the discussion and interpretation of the optical
data. The PL-PLE measurements are performed at 4K, unless stated differently
in the figures caption.

6.1 Optical data: low excitation power (below 1 W/cm2)

In order to verify the direct nature of the band gap of WZ GaP, the wires are
studied with low-temperature micro-PL using the CW-laser diode and the pulsed-
laser diode for the excitation (spot with FWHM ∼1 µm). The values for the
excitation power density used in this thesis are averaged over 100 ms time. For
the optical measurements, e-beam defined nanowire array samples are used with
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6. Optical characterization of WZ GaP wires

a wire-to-wire spacing of 1.0 µm and patterned area of 25 µm*25 µm, as shown
in Fig. 6.1. Since the absorption cross-section of the nanowire is larger than the
wire diameter107, the optical emission from few nanowires is collected during the
measurements. The emission intensity and radiative lifetime of the WZ nanowires
are compared with a ZB (001) bulk GaP sample as a reference.

Figure 6.1: SEM image of GaP/Al0.4Ga0.6P core/shell nanowire arrays grown from
Au droplets positioned by electron beam lithography with constant diameter of 100 nm
(tilting angle 30°). The central array corresponds to 1 µm pitch. Scalebar: 10 µm.

6.1.1 PL spectra
The PL spectrum of the ZB GaP substrate in Fig. 6.2a exhibits two main peaks at
2.317 and 2.268 eV, corresponding to the A-line, which originates from excitonic
emission from isoelectronic nitrogen impurities on P lattice sites, and its phonon-
replica54. The GaP/Al0.4Ga0.6P core/shell nanowires show the strongest emission
at 2.088 eV (=594 nm) with a full width at half maximum (FWHM) of 29 meV,
together with a wider and less intense peak at 2.040 eV (=607 nm) with a FWHM
of 53 meV and two broad emissions at 1.910 and 1.650 eV. Bare WZ GaP nanowires
show identical PL spectra, only with slightly lower intensity. To ensure that this
emission originates from the wires and not from the substrate, nanowires are
transferred from a substrate patterned by nano-imprint, into a PDMS108 film
coated with a titanium/gold back mirror, yielding similar results.
The spectra in Fig. 6.2a are obtained under identical experimental conditions so
that we can quantitatively compare the PL intensity of the WZ wires and that
of the ZB substrate. In Fig. 6.2b the integrated PL emission of the main ZB
peak at 2.317 eV is compared to that of the main WZ wire peak at 2.088 eV for
different wire diameters. The WZ PL intensity increases with wire diameter, due
to increased volume, and levels off at the largest diameters. It is important to note
that the integrated PL emission of WZ wires (80 nm diameter) is 65 times higher
than that of the ZB GaP(001) substrate. This represents a lower limit of the
enhancement factor of the WZ PL intensity, since this value is not corrected for
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the probed materials volume. Note that the wires cover less than 1 % of the surface
area, and moreover, the in and out coupling of light from the microscope objective
is much better for a planar substrate compared to vertical nanowires109. We
have used a high quality ZB GaP(001) substrate as a reference, since the phonon
assisted band-to-band emission of a GaP(111) substrate, observed at 2.280 eV at
higher excitation power, is below the detection limit under these measurement
conditions.

Figure 6.2: (a) Photoluminescence spectra of a ZB (001) GaP substrate (red spec-
trum) and of WZ GaP/Al0.4Ga0.6P nanowires (blue spectrum). For both spectra a
CW-excitation (405 nm) with a power of 0.6 W/cm2 is used. (b) Integrated PL emission
of the main ZB substrate peak at 2.317 eV (red line) is compared to that of the main
WZ wire peak at 2.088 eV for different nanowire core diameters (blue data points). All
measurements are performed at 4K.

6.1.2 Time-resolved PL
Time-resolved PL measurements on WZ GaP/Al0.4Ga0.6P core/shell nanowires
as well as on ZB bulk GaP are shown in Fig. 6.3. A long lifetime of 254±3 ns
is obtained for the A-line of the ZB bulk GaP, which is in the typical range for
an indirect band gap transition. In strong contrast, a lifetime of 0.78±0.01 ns is
observed for the WZ core/shell nanowires, which compares favorably to lifetimes
reported for direct band gap semiconductor like GaAs110.
In order to rule out any surface-related decay process, we have studied the PL
intensity and lifetime of core/shell nanowires as a function of the Al0.4Ga0.6P
shell thickness. Fig. 6.3b shows that a thin shell (7 nm) increases the PL intensity
by a factor of 1.5, but increasing the shell thickness further (up to 60 nm) has
no major effect on the intensity. The small increase of the intensity indicates
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6. Optical characterization of WZ GaP wires

that surface states have only a minor effect on the optical properties of the wires.
The intensity increase for the thickest shell of 72 nm is explained by enhanced
absorption/emission of the wire, since the lifetime is unaffected. The temporal
evolution of the PL intensity is independent of the shell thickness and the decay
time is ∼0.8 ns for all samples.

Figure 6.3: (a) Time resolved measurements 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 material. (b) Integrated PL intensity and lifetime of the WZ wire
peak at 2.088 eV as a function of the Al0.4Ga0.6P shell thickness. All measurements are
performed at 4K.
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6.2 Optical data: medium-high excitation power (above 1
W/cm2)

To investigate the optical behavior of the nanowires in the high power regime the
frequency-doubled Ti-Sa laser (80 MHz repetition rate) is used for the excitation,
where the energy per pulse can be estimated as 1 W/cm2 = 12.5 nJ/cm2/pulse.
Due to the combination of pulsed excitation with a bigger spot size (∼9 µm di-
ameter) reduced heating of the sample is expected. For this study, 2 mm*2 mm
arrays of untapered wurtzite GaP nanowires with 200 nm diameter, 1.4 µm pitch,
and lengths up to 13 µm are grown from EBL patterned substrate (Fig. 6.4).

Figure 6.4: (a) SEM image of patterned GaP nanowires with 200 nm diameter (tiltin-
gangle 80°). Scalebar: 1 µm. (b) Optical image of the sample with 2 mm*2 mm patterned
arrays of nanowires. Scalebar: 0.6 cm. (c-d) Bright-field TEM images acquired in two
different positions along the nanowire showing the pure WZ phase, with few stacking
faults indicated by arrows and numbers. Scalebars: 250 nm.

6.2.1 Power series
In Fig. 6.5a the PL spectrum collected at a low excitation power density of 0.03
W/cm2 from as-grown WZ GaP wires in shown as the black curve. Significant
reduction of the emission from deep impurity levels below 2.0 eV is achieved by
using a larger size of the patterned area (2 mm*2 mm) respect to the small size e-
beam arrays pattern. The difference between the two samples lies in the patterned
area: the wires used in Fig. 6.2 are grown in arrays of 25 µm*25 µm in size, hence
a small surface coverage compared to the bulk substrate (see Fig. 6.1). Instead,
the wires used in Fig. 6.5a are grown in arrays of 2 mm*2 mm, with a more
homogenous coverage over the whole substrate which results in a reduction of
incorporation of impurities from the substrate during growth. Similar optical
results are obtained for 100 nm wires grown from the nanoimprint pattern.
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6. Optical characterization of WZ GaP wires

Figure 6.5: (a) Photoluminescence spectra of the WZ GaP wires acquired at different
excitation powers. At the lowest excitation power the optical emission is centered at
2.088 eV, while the band filling up to 2.25 eV and the A-B-C exciton lines are observed
at higher excitation powers. (b) Integrated PL intensity of the A-B-C lines as a function
of the excitation power. All measurements are performed at 4K.

At the lowest excitation density, we observe a broad emission line located at
2.088 eV, which will be identified as a donor-acceptor pair (DAP) recombina-
tion56,103. By increasing the excitation power up to 330 W/cm2 (blue curve in
Fig. 6.5a) we observe a relative saturation of the DAP recombination peak (see
Fig. 6.8) and the rise of a continuum-like emission in the range 2.15-2.25 eV. The
continuum emission strongly increases with both increasing excitation density and
photon energy. However, a clear drop in the continuum emission is observed at
2.25 eV, which is also visible in the PL spectrum of a single nanowire (see Fig.
6.6b). At higher excitation density, we observe the appearance of three sharp
emission lines at 2.140-2.164-2.252 eV, labelled as A-B-C. Across the tens of sam-
ples studied, the A-C lines are generally observed with similar intensities, while
the B-line is only occasionally present. In the following interpretation, it will be
shown that the A-, B-, and C-peaks are most probably related to the excitons of
the A (Γ9v→Γ8c), B (Γ7v+→Γ8c), and C (Γ7v−→Γ8c) band edges calculated with
the DFT method31,45.
The emission lines above 2.262 eV are related to the ZB substrate underneath the
as-grown nanowires (see Fig. 6.6a)111. The A-line at 2.140 eV shows a FWHM
∼220 µeV. However, multiple peaks with a FWHM lower than 150 µeV (limited
by the setup resolution limit) are visible when measured on a single wire over
SiOx/Si substrate, as shown in Fig. 6.6b. Similarly, the B-line at 2.164 eV also
shows multiple sharp peaks (see Appendix A.2) which are unresolved in our setup.
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Instead, the C-line at 2.252 eV is observed as a single peak (FWHM ∼260 µeV).

Figure 6.6: (a) Comparison of the PL spectra when measured on the as-grown
nanowires and on the ZB substrate. (b) PL spectrum of a single wire transferred to
SiOx/Si substrate. Fabry-Pérot modes16 are visible across the entire emission spectra,
and will be discussed in detail in chapter 7. Inset: enlarged view of the A-line in the
range 2.1384-2.1412 eV. All measurements are performed at 4K.
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6. Optical characterization of WZ GaP wires

Figure 6.7: Peak energy and FWHM as a function of the excitation power for the A-,
B-, and C-lines.
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The integrated PL intensity (IPL) as function of the excitation power density
(PEXC) is shown in Fig. 6.5b. The slope K∼1 extracted from fitting the data with
the power law IPL∝PKEXC , together with the independence of the peak energy on
the excitation power (see Fig. 6.7) suggest excitonic recombination for the A, B,
and C peaks112.

Figure 6.8: (a) Integrated PL intensity as a function of the excitation power for the
2.088 eV and 2.115 eV peaks. (b-c) Shift of the energy for the 2.088 eV (b) and 2.115 eV
peaks (c) as a function of power. (d) Increase of the FWHM with excitation power.
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6.2.2 Internal quantum efficiency and non-radiative efficiency

By fitting the power-dependent PL data using a rate equation model113,114, we
can estimate the internal quantum efficiency (IQE) and the non-radiative efficiency
(NRE), defined as NRE=1-IQE. The Shockley-Read-Hall (SRH) non-radiative re-
combination115,116 and the Auger non-radiative recombination117 contribute to
the NRE. The IQE and NRE as a function of excitation power density are shown
in Fig. 6.9. More details on the fitting procedure are discussed in Appendix A.1.
For excitation powers lower than 40 W/cm2, the total efficiency (IQE+NRE) is
higher than 100% due to an overestimation of the NRE in presence of multiple
recombination channels. Radiative recombination is the predominant mechanism
in the A-line emission, with a small decrease of the IQE for increasing power.
Instead, non-radiative recombination dominates for the B-line. The IQE of the
forbidden C-transition, surprisingly increases up to 90% showing a predominantly
radiative recombination mechanism. Across the samples studied, the maximum
value of the IQE is in the range 40-90% for the A-line, 15-50% for the B-line and
70-90% for the C-line. Furthermore, Auger recombination117 can be excluded as a
non-radiative source of recombination for the C-line (see Appendix A.1), in agree-
ment with the time-resolved measurements that will be discussed in Fig. 6.11d.
Using the same model to fit the DAP peak at 2.088 eV in the low excitation power
regime, we obtain a radiative recombination efficiency close to zero, which indi-
cates that the 2.088 eV emission peak is related to impurities incorporated in the
nanowires (see Appendix A.1).

Figure 6.9: (a-b) Plot of the IQE (a) and NRE (b) as a function of the excitation power
density for the A-B-C lines.
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6.2.3 Phonon replicas
Additional narrow peaks are visible in the lower energy range of the A-line in Fig.
6.10a. Group theory predicts eight phonon normal modes at the Γ point: 2A1, 2E1,
2B1, 2E2 for the WZ structure (see Table 8 in chapter 2)52,105,106, with one A1 and
one E1 acoustic modes, while the remaining six modes are optical. Thus, the sharp
peaks in Fig. 6.10a are assigned as acoustical and optical phonon replicas52,105,106
of 13±1 meV (TA) and 48±2 meV (TO/LO), respectively. Phonon replicas are
often associated with the presence of localized states, such as bound excitons118. It
is important to mention that we observe identical phonon replicas with the A- and
B-lines (see Appendix A.2), but not with the C-line, indicating that the origin of
the C-line is distinctly different to the nature of the A- and B-lines. Furthermore,
the peaks at 1.996-2.041 eV in the black curve in Fig. 6.5a can be assigned as
LO/TO (A1-E1-E2) phonon replicas (46±3 meV)52 of the main 2.088 eV peak.

Figure 6.10: (a) Acoustical (TA) and optical (TO/LO) phonon replicas of the A-line.
(b) List of the phonon modes observed in (a).

6.2.4 Lifetime of the exciton lines
Time-resolved PL measurements on the WZ GaP wires are presented in Fig. 6.11.
A long lifetime of 75 ns for the A-line and a fast decay of ∼0.7 ns for the band signal
in the proximity of the A-line are shown in Fig. 6.11a. The highest resolution
grating was used to select either the signal of the sharp peak or the band emission
(2 meV off the peak). However, when selecting the A-line low intensity PL signal
from the band underneath is still present, which results in a fast decay ∼0.7 ns
at the beginning of the red curve in Fig. 6.11a. Similar behaviour is observed
for the B-line, with a long lifetime of 43 ns (see Fig. 6.11b). For the C-line, the
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situation is completely different. We observe a short lifetime of 0.7 ns, which is
measured at the edge of the continuum-like background signal with 0.5 ns decay, as
shown in Fig. 6.11c. Furthermore, the lifetime of the C-line is almost independent
on the excitation power (Fig. 6.11d) confirming that no Auger recombination is
present117, as previously discussed in the IQE fit.

Figure 6.11: (a-c) Time-resolved PL measurements of the A-B-C lines compared with
the short lifetime of the band signal. (d) Time-resolved PL spectra for the C-line col-
lected at different excitation powers. Inset: lifetime values extracted from (d). All
measurements are performed at 4K.

6.2.5 PL in polarization
Polarization-dependence PL measurements for the 2.088 eV peak and the C-line
acquired on a single nanowire on SiOx substrate are shown in Fig. 6.12. Since
the A-line consist of several peaks when measured on a single wire, with a FWHM
at the setup resolution limit, the determination of the intensity is less accurate.
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However, the A-line shows similar behaviour as the C-line for both excitation and
detection polarization scans. Instead, the B-line was never observed in horizontal
wires, hence no polarization measurements are available for this emission line. In
the emission scan, preferred perpendicular polarization is observed for the 2.088
eV peak and for the C- line. In the excitation scan, the 405 nm laser is used as
excitation source. The 2.088 eV peak does not have any preferred polarization,
while the C- line shows preferred polarization parallel to the nanowire axis (c-axis).

Figure 6.12: (a-b) Polarization dependence of the PL curves for the 2.088 eV (a) and
2.252 eV (b) peaks. The blue curve refers to the polarization excitation scan performed
using the 405 nm laser, while the red curve is the scan of the polarization of the emission
from the wires. All measurements are performed at 4K.

6.2.6 PL 3-100 K
In Fig. 6.13a-b the PL spectra and the integrated PL intensity of as-grown wires
for temperatures ranging between 4 K and 100 K are shown. The ZB substrate
emission disappear above 50 K due to the dissociation of the exciton bound to
the nitrogen impurities29,106. Reduced band filling and quenching of the C-line is
observed in the WZ wires when the temperature of 100 K is reached, together with
red-shift of the peak energy according to Varshni’s law (inset in Fig. 6.13a)119.
The data points in Fig. 6.13b are fitted according to Ref.120 and an activation
energy of ∼30 meV is found for the A- and C-lines. The plot of the FWHM versus
temperature is shown in the inset in Fig. 6.13b.
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Figure 6.13: (a) PL spectra acquired in the range 3-100 K. Inset: plot of the energy of
the C-line as a function of temperature. (b) Integrated PL intensity for the A-line and
C-line versus 1/T. Inset: plot of the FWHM as a function of the temperature for the
A-line and C-line.
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6.2.7 PLE measurements on vertical and horizontal wires
In order to get further insight into the band structure of WZ GaP low-temperature
micro-photoluminescence excitation (PLE) spectroscopy is performed121. In all
the PLE measurements the detection energy is set to 2.09 eV (dashed vertical
pink line). The PL and PLE spectra for vertical and horizontal wires are shown
in Fig. 6.14a (see Appendix A.3 for more details). Two sample configurations are
studied: vertical nanowires (as-grown on the ZB GaP substrate) and horizontal
ensemble of wires (transferred to a SiOx/Si substrate).

Figure 6.14: (a) PL spectrum acquired with the PLE excitation source at 405 nm -
5 W/cm2 (dark red curve). The black dashed line indicates the peak energy of the B-
line. The PLE curves are measured on vertical and horizontal nanowires. (b) Enlarged
view of the PLE curves in (a). The first edge in the PLE spectrum (indicated by ar-
rows) is strongly dependent on the corresponding PL intensity of the A-B-C lines. All
measurements are performed at 4K.

In the vertical configuration, two different vertical arrays of wires are measured,
one of them showing high intensities A-C lines, and the other one showing mainly
the B-line in the high power PL spectrum (see Appendix A.2). Instead, the B-
line was never observed in the PL spectra on horizontal wires, resulting in optical
emission from the A-C peaks only in this configuration. The enlarged view of the
PLE curves for vertical and horizontal wires in the energy range 2.16-2.34 eV is
plotted in Fig. 6.14b, showing three well resolved band edges for the A-, B- and
C-peaks. In the as-grown wires with high intensity A- and C-lines in PL, the first
PLE peak is seen at 2.181 eV. However, in the case of predominant B-line in PL, the
onset of the PLE shifts up to 2.250 eV. For vertically oriented wires, we observe a
band-like continuum above the A-peak at 2.181 eV and above the B-peak at 2.250
eV. For horizontally oriented wires, we however observe a very low but clearly
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non-negligible intensity signal between 2.05eV and 2.311 eV (see Appendix A.3),
followed by a sharp C-peak at 2.315 eV and a steep increase of the PLE intensity
above the C-peak. The latter peak is observed in PLE for both horizontally and
for vertically oriented wires. When the temperature increases from 4 K to 50 K,
the portion of the PLE signal below 2.31 eV reduces in intensity, while the C-peak
becomes visible, as shown in Fig. 6.15.

Figure 6.15: (a-b) PL spectra (a) and PLE spectra (b) measured in the temperature
range 4-70 K for as-grown wires with high intensity A-C lines. (c) Enlarged view of the
curves in (b).

Polarization dependence of the nanowire photoluminescence could be respon-
sible for the differences the PLE spectra between vertically oriented and hori-
zontally oriented wires122. However, polarization dependent PLE measurements
on a horizontally oriented bundle of aligned nanowires (see Fig. 6.16) show no
polarization-induced shift of the absorption edge below the C-peak. Thus, polar-
ization anisotropy does not explain the observed difference between vertically and
horizontally oriented wires in Fig 6.14b.
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Figure 6.16: PLE curves acquired for polarization perpendicular (violet) and parallel
(aqua) to the axis of a horizontally oriented bundle of aligned nanowires. In the range
2.755-2.910 eV the polarization of the excitation source is not suitable for measurements.
The dashed curve is acquired using a de-polarizer in the excitation path. Inset: enlarged
view of the PLE spectra showing the C-edge. All measurements are performed at 4K.
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6.3 Interpretation of the experimental results

6.3.1 Donor acceptor pair recombination

The broad emission line located at 2.088 eV shows many features which are char-
acteristic of a DAP recombination56,103. First, the emission line is asymmetrically
broadened with a FWHM of ∼30 meV, with the presence of LO/TO phonon repli-
cas123. In addition, the power-dependence for the 2.088 eV peak in Fig. 6.8 shows a
strong blue shift with increasing excitation power due to Coulomb interactions be-
tween charged donors and acceptors56,103. Furthermore, the saturation of the PL
intensity at high excitation power and the values of the parameters extracted from
the IQE fit (see Appendix A.1) indicate recombination from impurity states112.
These arguments provide compelling evidence that the peak at 2.088 eV can be
assigned as DAP recombination. The high energy shoulder peak at 2.115 eV, is
most probably related to an electron to acceptor (e-A0) recombination line. The
binding energy of the shallow acceptors in ZB GaP is in the range 20-60 meV33.
In the assumption that similar binding energies also hold for WZ GaP, from the
position of the (e-A0) line we can estimate the fundamental band gap of WZ GaP
being in between 2.135 eV and 2.165 eV. Additionally, the separation between the
(e-A0) and the DAP emission peaks indicates a donor binding energy of less than
27 meV. It is known that nitrogen can induce direct transitions in GaP124,125.
Since we can exclude any possible source of atomic nitrogen in our reactor we can
rule out nitrogen related direct emission from the nanowires. Furthermore, the
emission bands at energies lower than 1.9 eV, which are especially visible in Fig.
6.2, are related to deep levels associated with incorporated impurities54.

6.3.2 Burstein-Moss bandfilling

The plot of the predicted matrix element in chapter 2 (Fig. 4) shows a very small
value for the matrix elements for the Γ9v→Γ8c transition and zero matrix element
for the Γ7v+→Γ8c transition45. Due to the very low radiative recombination prob-
ability of the photo-excited carriers in the Γ9v- and Γ7v+-bands, an enhancement
in the band-filling is expected. As a result of this, the continuum-like emission
between 2.15-2.25 eV strongly increases with increasing excitation power, as seen
in Fig. 6.5a. The observed excitation power dependence strongly points towards
a band-filling continuum due to the Burstein-Moss effect47,56,104. The increasing
magnitude of the continuum emission at higher photon energy is in accordance
with the increasing value of the matrix elements with increasing k-values shown
in chapter 2 (Fig. 4). The steep cut-off of the continuum-like emission near the
C-line suggests a fast recombination channel, which is strongly limiting the band-
filling above it. This is indeed shown by the fast radiative lifetime (0.7 ns) of the
C-line. Since band-filling can only be observed above the fundamental band gap,
this fact, combined with the acceptor nature of the 2.115 eV peak, indicates that
the fundamental band gap of WZ GaP is located above the A-line, around 2.15
eV.

82



6.3.3 Bound exciton character of the A- and B-lines

Bound excitons rather than free excitons are usually predominant in large band
gap semiconductors126–128. By their nature, bound excitons are localized particles
in real space. This enhances the delocalization of the electron wave function in
the k-space, allowing an overlap with the larger transition matrix elements at
larger k-values, outside the Γ-point. This results in a non-zero transition strength
for bound excitons, thus providing a radiative recombination channel for the Γ9v-
and Γ7v+-bands, which would otherwise not emit any photoluminescence with the
Γ8c-band. As it will be discussed later, the A- and B-lines are the bound exciton
emissions of the A (Γ9v→Γ8c) and B (Γ7v+→Γ8c) transitions, respectively. The
measured 75 ns and 43 ns recombination lifetimes for the A- and B-lines confirm
this hypothesis. Furthermore, the localization of bound excitons in real space
also enhances the phonon replicas118, as shown in Fig. 6.10a. By reversing these
arguments, the observation of the phonon replicas of the A- and B-line provides
additional evidence for the bound exciton character. In addition, the temperature
dependence for the FWHM of the PL shows linear scaling with temperature, which
is typical for a bound exciton emission (see Fig. 6.13)123,129. Using the Haynes’s
rule, which relates the bound exciton binding energy to the donor/acceptor binding
energy130, the position of the A- and B-bound excitons are expected to be located
5-10 meV below the band edge for the Γ9v→Γ8c and Γ7v+→Γ8c transitions. Hence,
from the energy values of the bound excitons we estimate the fundamental band
gap of WZ GaP above 2.15 eV, in agreement with the assignment based on the DAP
emission. We also note that the 24 meV splitting between the A and B-line is too
large to attribute both peaks to the same band edge. As a next confirmation that
the A- and B-lines are bound excitons, we note that the A-line at 2.140 eV consists
of multiple bound exciton peaks with a FWHM lower than 150 µeV, as shown in
Fig. 6.6c. Since an exciton can bind to both neutral and charged donors and
acceptors, multiple emission lines are expected129. The detailed identification of
the bound exciton lines is however beyond the scope of the present thesis. Similar
arguments holds for the multiple bound exciton nature of the B-line. Instead, the
C-line at 2.252 eV is always observed as a single peak with a FWHM of ∼260 µeV,
suggesting a free exciton recombination mechanism, as it will be discussed later
in the chapter.

6.3.4 Direct band gap excitonic character of the A-, B-, and
C-lines

The integrated PL intensity (IPL) as function of the excitation power density
(PEXC) in Fig. 6.5b shows the linear behaviour typical of the direct band gap
excitonic recombination112 for the A-, B-, and C-peaks. The slope K∼1 extracted
from fitting the data with the power law, IPL∝PKEXC , together with the indepen-
dence of the peak energy position on excitation power (see Fig. 6.7) indicate direct
band gap excitonic recombination for the A- and C-lines56,112. A similar behaviour
is observed for the B-line, although its slope is reduced above 85 W/cm2, which
might be attributed to interaction with the continuum or by filling of impurity
states56,128. We occasionally also observe sharp PL emission from confined states
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associated with stacking faults within the nanowires, showing narrow quantum dot
(QD) related peaks34 in between the A-line and the C-line. However, the sharp
A- and C-lines are always observed at exactly the same photon energy, for all sam-
ples studied. In addition, QD-related emission peaks show a clear saturation with
excitation power, while the A- and C-peaks show a linear excitation power depen-
dence at similar excitation densities, which allows to clearly distinguish between
QD-related emission near stacking faults and the excitonic A- and C-peaks131.

6.3.5 High internal quantum efficiency of the A- and C-lines
The plot of the IQE as a function of the excitation power in Fig. 6.9 shows that
radiative recombination is the predominant mechanism for both the A-line and
the C-line. Instead, the B-line seems to be dominated by non-radiative recombi-
nation or an interaction with the band filling continuum. From the fit of the power
dependent PL data, Auger recombination117 can be excluded as a non-radiative
recombination mechanism for the C-line (see Appendix A.1). Another argument
against Auger recombination is that the radiative lifetime of the C-line is indepen-
dent on the excitation power (see Fig. 6.11d). The high IQE values measured for
both the A- and C-lines provide evidence that the A- and C-excitons are related
to direct band gap transitions with a large oscillator strength, although the A-
transition was theoretically predicted to be very weak and the C-transitions was
predicted to be completely forbidden45. For the A-line, the high IQE is possibly
related to the large k-space delocalization of the bound exciton. We can only
speculate on the relatively small IQE of the B-line. This transition is predicted
to be completely forbidden, however we speculate that the B-line is only visible
when the bound exciton is localized close to a local symmetry-breaking feature,
such as a nearby surface or stacking fault, or due to a nearby second impurity.
This explanation also explains the fact the B-line is only occasionally visible. The
origin for the high IQE value for the C-line is discussed in the next section.

6.3.6 Free exciton nature of the C-line
We now turn our attention to the C-line at 2.252 eV. This emission line is experi-
mentally observed as a single peak (FWHM ∼260 µeV) with no phonon replicas.
The combination of the short radiative lifetime of 0.7 ns with the very high IQE
value strongly suggests an allowed direct band gap transition. The linear scaling of
the C-line with the excitation power, together with the independence of the peak
energy on the excitation power indicate a direct band gap free exciton recombina-
tion112. This assignment is further confirmed by the fact that a zero diamagnetic
shift is observed in the presence of a magnetic field (not shown). By looking at
the spectral position of the C-line we address this emission to the C band edge
(Γ7v−→Γ8c), which is however predicted to be dipole forbidden by the selection
rules. As opposed to the A- and B-lines, the C-line shows a clear absorption edge
in PLE with an excitonic-like enhancement at 2.315 eV, which indicates an exciton
binding energy Eb = 13±2 meV (see Fig. 6.17). We speculate that the C-line is
either due to an allowed 2p-exciton, or due to the mixing of the C-band with the
A- and B-bands, resulting in a larger oscillator strength at the band edge of the C-
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band. Theoretically, since the C transition is dipole forbidden, the 1s exciton state
is not allowed48. However, a 2p free exciton could reverses the parity, resulting in
an allowed transition with a large oscillator strength38,48. The second option is
that the oscillator strength of the 1s exciton is enhanced by band mixing with the
A- and B- bands. As shown in chapter 2 (Fig. 4), at large k-values (i.e. higher
energy values in the band-filling continuum) large matrix elements are predicted
for the A- and B-bands and the overlap with the C-band becomes possible. The
measured 0.5 ns lifetime for the band-filling continuum near the C-line in Fig.
6.11c supports this idea. At present stage, we are not yet able to provide final
conclusion on the nature and the large oscillator strength of the C-line. However,
we like to comment that in case that the C-line is a p-type free exciton, simi-
lar p-type free excitons would be expected for the A- and B-band edges as well,
which are not observed. On the other hand, only the C-line is overlapping with
a band-filling continuum with a 0.5 ns radiative lifetime, which favors the band
mixing argument. Finally, the PL spectra in Fig. 6.6a shows the C-line together
with a peak located 3.6 meV higher in energy. The former energy spacing could
results from the separation between different excited states for the C-exciton132,
as calculated in chapter 2.

6.3.7 Assignment of the A-, B-, and C-peaks
Combining the initial estimate for the position of the fundamental band gap of WZ
GaP based on the position of the (e-A0) line, the A- and B-bound excitons, and the
position of the band-filling continuum, with the theoretically calculated band gap
positions, we can assign the A-, B-, and C-peaks. We assign the A- and B-peaks
at 2.140 eV and 2.164 eV as bound exciton recombination112 of the A (Γ9v→Γ8c)
and B (Γ7v+→Γ8c) transitions31,45, respectively. Furthermore, by looking at the
spectral position of the C-peak at 2.252 eV we speculate that this emission, which
has no phonon replicas and a short lifetime of 0.7 ns, is the free exciton112 related
to the C (Γ7v−→Γ8c) transition31,45. Our assignment is supported by the PLE
measurements presented in Fig. 6.14. No phonon modes are observed for the
WZ GaP wires, unlike in the PLE spectra of the indirect band gap semiconductor
like ZB GaP106. This suggests that the WZ GaP emission originates from the
(dipole forbidden) direct band gap transition predicted by the DFT theory31,45.
For vertically oriented nanowires, the PLE signal is observed above 2.17 eV, further
indicating that the fundamental direct band gap is slightly above the A-line, in
agreement with the assignment provided from the PL measurements. Furthermore,
the PLE spectra in Fig. 6.14b show the presence of three distinct and well-
resolved absorption edges, each featuring an excitonic-like enhancement close to
its respective direct band gap121,133.

6.3.8 Discussion of the PLE spectra
The PLE spectra can be fitted using the parabolic band approximation IPLE ∝(E-
E0)P*IEXC 47,69,134, as shown in Fig. 6.17. The exponent PV ER=1.8 for the ver-
tically oriented wires (in the range 2.195-2.325 eV) could result either from a
forbidden direct transition or from an indirect transition134. The indication of a
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forbidden direct transition agrees with the wave-vector dependence of the tran-
sition matrix elements of the A-transition in chapter 2 (Fig. 4), where a strong
oscillator strength is observed only at large k-vector values. For the horizon-
tally oriented wires, the exponent is found to be PHOR=0.70±0.02 (in the range
2.32-2.48 eV), which is close to the value of 0.5 predicted for a direct allowed
transition134. This confirm the high oscillator strength derived from the lifetime
measurements of the C-line in Fig. 6.11c.

Figure 6.17: (a-b) Fit of the PLE curves for vertical (a) and horizontal (b) wires using
the parabolic band approximation47,69,134.

The exciton binding energy (Eb) can be extracted from the PLE curve accord-
ing to Eb=EPEAK-E0, where EPEAK is the energy of the exciton peak and E0 the
band edge energy value extracted from the previous fit. An estimation of the Eb
for the A-B peaks is not possible due to the parabolic behaviour of the PLE signal,
while an exciton binding energy of 13±2 meV is found for the C-peak.

6.3.9 Stokes shift
The values for the peaks observed in PL and PLE are listed in Tab. 6.1, together
with the predicted band structure values from the DFT calculations31,45. In ad-
dition, the observed Stokes shifts between PL and PLE135 are listed in Tab. 6.1.
In the conventional model, the Stokes shift is related to inhomogeneities, e.g. due
to interface fluctuations in a quantum well135 or due to a landscape of charged
impurities in a bulk semiconductor136. In such a model, the Stokes shift is di-
rectly related to the inhomogeneous linewidth of an excitonic transition. Due to
the combination of narrow PL-linewidths and high crystalline purity of the wires,
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disorder can be excluded as a source of the observed Stokes shifts135. Thus, the
exceptionally large Stokes shift in WZ GaP cannot be explained by the narrow
FWHM of the PL-PLE peaks.
We speculate that the predominant factor to explain the experimental PLE data
is the wave-vector dependence of the transition matrix elements of the A-, B-,
C-bands as given in chapter 2 (Fig. 4). Very weak PLE signal is expected close
to the band edges, where the transition matrix elements are very small, while
the PLE intensity increases above the fundamental band edge, which translates
into an apparent Stokes shift. We first comment that the apparent Stokes shift
increases from the 41 meV of the weakly allowed (by selection rules) A-band up
to 86 meV of the completely forbidden B-band. Next, the apparent Stokes shift
reduces to 63 meV for the forbidden C-band. Although the detailed interpretation
of the PLE-spectrum, and in particular interpretation of the observed Stokes shifts
between the PL- and PLE-spectra is very challenging, the general shape of the
PLE data supports the former assignment of the A-, B- and C-lines.

Γ8c A (eV) B (eV) C (eV) ∆AB (meV) ∆BC (meV)
PL 2.140 2.164 2.252 24 88

PLEVERT 2.181 2.250 2.315 69 65
PLEHOR - - 2.315 - -

∆EPL-PLE 0.041 0.086 0.063 - -
DFT 2.123 2.165 2.340 42.5 132.5

Table 6.1: Table of the measured values for the A, B, and C transitions in PL and in
PLE compared with the DFT calculations in Ref.31,45.

6.3.10 Transitions with the Γ7c conduction bands
We finally note that the energy bands seen in PLE above 2.4 eV are possibly
related to transitions with the M-band, while the peaks between 2.7 and 3.0 eV
are related to the Γ7c to valence band transitions. In the PLE spectra of vertical
wires, the bump at 2.420 eV could indicate an optical transition between the Γ9v
band and the M-minimum in the conduction band. This peak is also measured
when the wires are transferred into PDMS108. However, since no phonon modes
are observed, no clear interpretation can be given for this peak. The PLE curve
of the horizontal wires for energies above 2.420 eV increases in intensity until a
second edge at 2.865 eV is observed. Optical transitions with the Γ7c band are
expected above 2.88 eV31 in agreement with the PLE data. Higher energy bands
are also seen in the vertical wires at 2.74 eV, 2.85 eV and 2.97 eV, possibly related
to the Γ9v, Γ7v+, and Γ7v− band transitions with the Γ7c band.

6.3.11 Polarization dependence in PL-PLE
In the polarization-resolved PLE measurements in Fig. 6.16 preferred perpen-
dicular polarization is seen for the C-peak at 2.315 eV. This behaviour seems to
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contradict the observed parallel polarization in the 405 nm (3.06 eV) excitation-
polarization scan of the C-line in Fig. 6.12b. As mentioned in the PLE measure-
ments, transitions with the Γ7c conduction band are observed above 2.7 eV. Thus,
the discrepancy between the 405 nm excitation in Fig. 6.12b and the polarization
of the PLE spectrum for the C-line results from the different selection rules of the
Γ8c and Γ7c conduction bands. In fact, when we measure the polarization depen-
dence at 405 nm we are exciting Γ7c states, which are expected to have parallel
polarization, which is in agreement with the measurements.

6.4 Conclusion

We performed a detailed study on the optical properties of WZ GaP by performing
PL, time-resolved PL, and PLE measurements. The high emission intensity, the
striking difference in the WZ-ZB lifetimes, and the very good agreement between
the experimental and predicted WZ GaP band gap values, strongly suggest the
presence of direct band gap transitions in the WZ GaP nanowires. We could
clearly assign a donor-acceptor pair (DAP) recombination peak at 2.088 eV, and
a Burstein-Moss band-filling continuum between 2.15 and 2.25 eV. Moreover, the
sharp A- and B-lines could be clearly identified as bound excitons, with both TA
and LO/TO phonon sidebands. The sharp A, and C-lines exhibit a linear power
dependence and a very high internal quantum efficiency, pointing towards direct
band gap excitonic transitions. The occasionally visible B-line has a lower IQE
transition and shows a deviation from the linear power dependence. The C-line
shows a fast recombination lifetime of 0.7 ns, and has the character of a free
exciton. We provide experimental indication of the A-, B-peaks as bound excitons
of the A-(Γ9v→Γ8c) and B-(Γ7v+→Γ8c) band edges, while the C-peak is speculated
to be the C- (Γ7v−→Γ8c) free exciton, which might be either the 2p-exciton or it
acquires its oscillator strength by band mixing. The high IQE value of excitonic
C-transition finally provides applications for the solid state lighting in the green
range of the visible wavelengths71.
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Chapter 7

Determination of the dielectric
constant

In this chapter, we show the excellent waveguiding properties of the WZ GaP
wires capped with a Al0.4Ga0.6P shell. The Fabry-Pérot resonances observed in
the PL spectrum of single wires are used to estimate the value for the dielectric
constant of WZ GaP at 550 nm of ε = 15±1.

7.1 Fabry-Pérot modes

The SEM image in Fig. 7.1a shows one GaP/Al0.4Ga0.6P core/shell nanowire of
∼220 nm diameter and 18.5 µm length transferred on SiOx. When the wire is
excited with the 405 nm laser with a rectangular spot of around 1 µm x 10 µm,
the PL image in Fig. 7.1b is obtained. Two bright emission spots are visible
at the ends of the nanowire, indicating that the GaP wire act as an efficient
waveguide16,137.

High modulations due to the Fabry-Pérot (FP) interferences as a result of the
multiple reflections between the wires end facets99 are seen in the PL spectra
of the three nanowires shown in Fig. 7.2a. The modes spacing ∆λ reduces for
increasing wire length and increases with the emission wavelength, as shown in
Fig. 7.2b. In the former figure, the data points from a set of 11 nanowires with
different lengths are shown.

The mode spacing in a Fabry-Pérot cavity is given by138:

∆λ = 1
L

( λ
2

2ng
), (7.1)

where L is the nanowire length and ng is the group index defined as:

ng = ne − λ
dne
dλ

, (7.2)
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Figure 7.1: (a) SEM image of a GaP/Al0.4Ga0.6P core/shell nanowire of ∼220 nm
diameter and 18.5 µm length transferred on SiOx. The gold droplet is visible in the top
end facet of the wire. Scalebar: 2 µm. (b) PL image at 4 K of the wire when excited
with the 405 nm laser with a rectangular spot of around 1 µm x 10 µm.

and ne is the refractive index. Thus, for a fixed wavelength the mode spacing
∆λ is expected to scale proportional to 1/L, as confirmed in Fig. 7.3.

7.2 Finesse and end facets reflectivity

The performance of a Fabry-Pérot resonator is characterized by the finesse F,
defined as139:

F = ∆λ
w
, (7.3)

where w is the FWHM of the FP modes. The finesse can be viewed as the
number of beams interfering within the FP cavity to form a standing wave. Higher
finesse means higher number of interfering beams within the cavity, hence a more
complete interference process. In Fig. 7.4 the measured values of the finesse for
three different nanowires are shown. Constant values of the finesse above 600 nm
are found in all the wires studied, while an enhancement in the finesse around
580 nm is occasionally observed. Variation in the refractive index is commonly
observed close to the direct band gap of the III-V semiconductors140. Thus, the
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Figure 7.2: (a) PL spectra acquired at 4K of three nanowires with different lengths
showing a change in the FP modes spacing. (b) Plot of the modes spacing as a function
of the emission wavelength for 11 nanowires with different lengths.

resonance observed in the finesse at 580 nm is a further indication that the band
gap of WZ GaP is at around 2.15 eV, as discussed in chapter 6.

One of the major factors which affects the finesse is the reflectivity R of the
wire end facets, which can be estimated from the following formula140:

F = 4R
(1−R)2 . (7.4)

In the set of wires studied, the reflectivity at 580 nm is in the range 0.15-0.40,
while at 650 nm the maximum in the reflectivity decreases to 0.28. Two main
factor contribute to this behavior: imperfections in the wire end facet and losses.
During the transferring of the nanowires over the SiOx substrate one side of the
wires breaks, resulting in one end facet with the gold droplet, while the other facet
can either have a perfect flat edge surface or a more rough one. This can lead to
additional losses, which affects the reflectivity, hence the finesse of the FP cavity.
Thus, the spread in the finesse for different wires is related to the behavior of the
end facet. In addition, due to the different morphology of the two end facets of
the wire, the reflectivity R estimated from Eq. 7.4 can be slightly different from
the reflectivity of the single end facets R1 and R2.
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Figure 7.3: Plot of the FP modes spacing as a function of 1/L.

Figure 7.4: Plot of the finesse for three different nanowires.
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7.3 Refractive index

The mode spacing in the Fabry-Pérot cavity of the wire can provide information
on the refractive index ne of the WZ GaP (Eq. 7.1-7.2), if the dispersion relation
for ne is known. The Sellmeier equation16,141 can be used to give an approximate
dispersion relation for ne:

ne
2 = A+B

λ2

λ2 − C
, (7.5)

where A, B and C are the Sellmeier coefficients. By fitting the mode spacing
∆λ as a function of the wavelength λ using the Eq. 7.1-7.5 we can estimate the
refractive index ne for the WZ GaP wires. In Fig. 7.5 the values for ne of the WZ
GaP wires as a function of the wavelength are shown, together with the refractive
index for the ZB GaP bulk (red dashed line). The error bars are derived from the
fit on the set of wires studied. Higher value of the refractive index ne for the WZ
wires respect to the ZB bulk is found.

Figure 7.5: Plot of the refractive index ne for the WZ GaP wires as a function of
wavelength. The red dashed line indicates the refractive index of ZB GaP.

The measured value for the refractive index of the WZ wires is only a lower
limit compared to the WZ bulk value, due to two reasons:

1. Al0.4Ga0.6P shell: the higher band gap shell has a lower refractive index
(ne=3.24 for ZB Al0.4Ga0.6P142), which can reduce the measured value for
the refractive index of the wires.

2. Dielectric mismatch with air143: the guided modes in the wires are not
fully confined inside the nanowire, but also extend to the surrounding air.
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Depending on the guided modes (TE, TM, HE, ...) present in the wire the
mode index (measured refractive index) changes. However, the mode index
is always lower than the refractive index of the bulk material144. Hence,
the measured difference in the refractive index between the WZ phase and
the ZB phase can only increase by considering higher order guided modes.
The calculation of the FP mode profile in the wire should take into account
the dielectric mismatch, which has the effect of lowering the measured value
of the refractive index. However, this method is outside the scope of this
thesis.

Due to the dielectric mismatch, the ne measured for the WZ wires is an effective
refractive index. In case that similar optical measurements would be performed
on ZB wires, the measured value for ne would be lower than the ZB bulk value,
resulting in a even bigger difference between the refractive indexes of the WZ
and ZB crystal phases. The effect of the dielectric mismatch could be estimated
by measuring the FP modes as function of the WZ GaP wire diameter. Since
the confinement of the optical modes increases with increasing wire diameter,
for very large diameters (such as >500 nm) we’d expect an asymptote behavior,
approaching the WZ GaP bulk refractive index.

7.4 Dielectric constant

At the optical frequencies, the dielectric constant ε can be related to the refractive
index ne using the following relation140:

ne =
√
ε, (7.6)

The measured value (averaged over the set of 11 wires) of the dielectric constant ε
for the WZ GaP wires at 550 nm is 15±1. The dielectric constant for the ZB phase
at 550 nm is 11.9. As discussed in the previous section, the measured value of ε is
only a lower limit compared to the bulk WZ GaP. In literature there are only two
studies that determine the dielectric constant for both the WZ and ZB phases.
In bulk GaN a higher dielectric constant is found in the ZB structure respect to
the WZ145, while InAs nanowire arrays show the opposite trend in the visible
range146. Thus, additional studies on other III-V semiconductors like GaAs and
InP are needed to draw general conclusions about the relative magnitude of the
dielectric constant in the WZ and ZB phases.
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Chapter 8

Applications and outlook

In this chapter, we discuss possible applications of WZ GaP nanowires. The direct
band gap of WZ GaP wires is promising for visible LEDs and for photoelectro-
chemical (PEC) cells for hydrogen production. Tunability of the optical emission
across the visible range is achieved by using ternary AlGaP and GaAsP nanowires,
providing an important feature for new generation LEDs and PEC devices. Solar
water splitting for hydrogen production is demonstrated using p-type WZ GaP
wires, achieving a new record efficiency for this material with respect to bulk
samples. Furthermore, the lattice match between GaP and Silicon allows epi-
taxial growth and crystal structure transfer when grown in a core/shell nanowire
structure. The growth of core/shell WZ GaP/Si nanowires is shown, reducing the
distance between the integration of Silicon with photonics.

8.1 On the road to green LEDs

White light-emitting diodes (LEDs) are currently limited in the efficiency, due to
a lack of semiconductor materials which can efficiently emit green light71. There
are only few semiconductors with a band gap energy corresponding to green light,
and each of these has a specific fundamental problem71,147–149. AlP and GaP
have an indirect band gap resulting in very low emission efficiency. The external
quantum efficiency (EQE) of green emitting LEDs is around 10%, and the current
best solution is to use phosphors to convert blue/UV light into green149.

8.1.1 Tunability of the optical emission
WZ GaP has a direct band gap and the band gap energy can be modified by
ternary compound semiconductor materials to achieve a wider range for the optical
emission7. To address the emission tunability across a significant portion of the
visible range, WZ AlxGa1-xP and GaAsyP1-y ternary compound nanowires are
grown. In Fig. 8.1 the emission spectra of ternary compounds with different
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compositions are shown. Partial substitution of Ga by Al induces a blue-shift of
the emission up to 2.234 eV with an Al concentration of 46%, while substitution
of P by As induces a red-shift of the emission down to 1.797 eV with an As
concentration of 70%, demonstrating that the emission color can be adjusted for
a range of visible wavelengths, which is important for solid state lighting.

Figure 8.1: Photoluminescence spectra of WZ AlxGa1-xP and GaAsyP1-y ternary com-
pound wires, showing the tunability of the emission wavelength. Substitution of Ga
by Al induces a blueshift, and substitution of P by As a redshift of the emission. All
measurements are performed at 4K.

The PL lifetime has been determined for the different compositions, and Fig.
8.2 shows that the lifetime is between 0.5 and 1 ns for all samples. It is impor-
tant to mention that the emission intensity and lifetime of GaAsyP1-y ternary
nanowires are independent on the As composition, unlike in the case of bulk ZB
GaAsyP1-y, which has a direct/indirect energy gap crossover point at a composi-
tion of y=0.57150. This confirms that these wurtzite ternary nanowires preserve
the direct nature of the band structure over the whole compositional range.

8.1.2 p-n junctions for LEDs
Radial p-n heterostructures are commonly used in nanowire based LEDs13. In
order to obtain p-n junctions in GaP nanowires zinc and sulfur precursors are
introduced during growth. However, the addition of dopants during growth could
affect the crystallinity of the wires. Sulfur is expected to have a small influence on
the purity of the WZ phase10. Instead, the addition of zinc could increase the WZ
stacking fault density due to the tendency to promote the formation of the ZB
phase10,80. As it will be shown in the next section, the purity of the WZ phase is
barely affected by the presence of zinc during growth, with a stacking fault density
that remains lower than 1 SF/µm. Thus, the p-n core/shell nanowire growth can
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Figure 8.2: Radiative lifetimes as a function of the different wurtzite AlxGa1-xP and
GaAsyP1-y compositions (blue data points). The ZB GaP substrate lifetime is at 254 ns
(red point). The dotted line at 57% As indicates the direct/indirect transition for zinc
blende GaAsP material.

be developed on a p-type GaP substrate. Next, the LED device can be realized by
following a similar approach to the one developed for solar cells application9,10.
An example of a possible layout for a WZ GaP LED device is shown in Fig. 8.3,
where the nanowires are embedded in a benzocyclobutene (BCB) layer and then
the top transparent indium-tin-oxide (ITO) contact is deposited by sputtering.

Figure 8.3: Possible layout of WZ GaP nanowire LED device. Courtesy of L. Gagliano.
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8.2 Solar water splitting

Semiconductor photoelectrochemical (PEC) cells are a promising option for direct
conversion of solar energy to fuels. A p-type semiconductor, acting as a photo-
cathode, in contact with water allows for clean hydrogen production. In order
to reach a high efficiency in the PEC cell it is important that the semiconductor
has a band gap in the range of 1.7-2.2 eV, and band-edge position with respect to
the redox system151. In addition, the semiconductor should have a good chemical
stability to ensure long-term operation. Most semiconductors can only perform ei-
ther the oxidation or the reduction of water, or require an external bias to achieve
water splitting. Instead, zinc blende GaP can satisfy most of those requirements.
It has reasonable stability in aqueous solution, can be grown with high stoichio-
metric control, and ZB p-GaP photocathodes and n-GaP photoanodes have been
demonstrated in the past152. However, the low currents reported are a direct
consequence of the indirect band gap of ZB GaP, leading to poor light absorption.
The latter issue can be solved by moving to pure WZ GaP nanowires, where the
direct band gap enhances the light absorption, hence the performance of the PEC
cell.
In collaboration with Anthony Standing, we developed PEC devices consisting
of p-type WZ GaP wires. By optimizing length and diameter of the nanowires,
reflection of the incident light and bulk recombination losses are reduced. This,
combined with the deposition of a Platinum catalyst, allow us to achieve a high
efficiency of 2.9%, which compares to the 0.3% obtained with bulk GaP elec-
trodes151. 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. Furthermore, the nanowire arrays can be transferred from the growth
substrate into a flexible polymer film (PDMS)151, which allows reduction in the
cost of the substrates, and a flexible device with minimal material usage (1 gram
of GaP/m2) can be produced. Nanoimprint and PDMS sample transfer are scal-
able technologies, which will allow for the production of large-area devices in the
future.

8.2.1 Behavior of a PEC cell
When the semiconductor electrode is placed in an electrolyte solution, a thermal
equilibrium between the two phases must be reached. This is satisfied when the
Fermi level of the semiconductor and the redox potential of the electrolyte solution
are the same153. However, in case of a p-type semiconductor a movement of
charges must occur to compensate for the different positions of the Fermi levels,
resulting in a depletion layer at the interface between the semiconductor and the
solution, as shown in Fig. 8.4a.

When an external, positive, potential is applied to the semiconductor, the
Fermi level shifts to a lower energy, together with the band edges, reducing the
depletion region. The energy levels at the interface, however, are not affected by
the applied bias. Therefore, the magnitude and the direction of the band bending
will depend on the applied potential. When no light source is supplied (dark),
three regimes are observed in case of a p-type semiconductor:
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Figure 8.4: (a-c) Effect of the applied potential on the band edges in a p-type semi-
conductor in dark. Adapted from Ref.153.

1. Flatband: when the applied potential is such that the Fermi energy is at
the same energy of the solution redox potential, and no band bending is
observed (Fig. 8.4b). The potential associated with this situation is called
the flatband potential Efb;

2. Accumulation: potentials more positive than the Efb. The carriers can re-
act at the surface of the semiconductor either with the material itself or
with redox species in the electrolyte, oxidizing either water into O2 (anode
behavior), or in most cases oxidizing the electrode itself (Fig. 8.4c);

3. Depletion: at negative potentials lower than the Efb. Very few (minority)
charge carriers are available for charge transfer, the reaction is almost inhib-
ited, and no current is generated (Fig. 8.4a).

Those regimes are visible in the typical behavior of the PEC cell for a p-type
semiconductor shown in Fig. 8.5. Under solar illumination, electron-hole pairs
which are generated by photon absorption in the proximity of the space-charge
region are separated by the built-in electric field154. The photogenerated carriers
are either extracted during the water splitting process, recombine radiatively, or
lose energy as heat. When the applied bias is more negative than Efb accumulation
of electrons at the interface with the solution occurs, capturing holes from the
solution and reducing the water into H2 (cathode behavior).

In analogy with solar cells, the flatband potential Efb is the theoretical limit of
the open circuit potential VOC, which is defined as the potential where the current
is 0 A. The maximum current achieved under illumination with no applied bias is
called short circuit current ISC. The fill factor (FF) is defined as the ratio of the
maximum power from the PEC (imaxVmax) to the product of the ISC and VOC.
The efficiency η is estimated from:

η(%) = FF
imaxV max

P inA
100, (8.1)

where Pin is the intensity of the light incident on the sample (mW/cm2), and
A is the sample area (cm2). The reference potentials reported here are converted
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Figure 8.5: (a) Typical behavior of a p-type semiconductor in the dark and under
illumination.

to the Reversable Hydrogen Electrode (RHE) potential for convenience. The ef-
ficiency calculated for the photocathode is referenced to a hypothetical cathode
with no overpotential losses at 0 V vs RHE.
The setup used in the measurements is shown in Fig. 8.6. The PEC measurements
are performed in a three-electrode electrochemical cell with a saturated calomel
reference electrode (SCE) and a Pt foil counter electrode in 1M HClO4 electrolyte.
100 mW/cm2 AM 1.5G illumination is provided by a 300 W Xenon Lamp.

Figure 8.6: Sketch of the experimental setup.
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8.2.2 Nanowires versus substrate
The pure WZ p-GaP nanowires are grown in nanoimprint arrays on a Zn-doped
GaP substrate (Fig. 8.7a) for use as photocathodes for the production of hydrogen
from water. In order to induce a p-type doping a Di-Ethyl Zinc (DEZn) flow (molar
fraction 3.4x10-4) is used. The wires used have an almost perfect WZ crystal
structure, with a very low stacking fault density of <1 µm-1. The nanowires used
in this experiment are of optimized geometry, with lengths and diameters of ∼2.0
µm and ∼150 nm, respectively. The nanowire length is controlled by adjusting the
growth time of the core, while the diameter is adjusted by the growth of the p-GaP
shell on the nanowire surface. An amorphous Platinum catalyst is deposited on
both the planar and the nanowire samples to reduce recombination and enhance
charge transfer.

Figure 8.7: (a) SEM image of a typical array of p-GaP nanowires defined by nanoim-
print lithography (tilting angle 30°). Scale bar: 400 nm. (b) I-V curves for direct
comparison of nanowire (red) and planar (black) samples with Pt catalyst, performed
under chopped 100 W/cm2 AM1.5 illumination, in aqueous solution pH0 with HClO4 as
supporting electrolyte. Also showing VOC, ISC and FF (empty square/filled square)151.

Figure 8.7b compares the current density-voltage (I-V) behavior of ZB planar
(100)-oriented p-GaP single crystalline substrate and WZ nanowire p-GaP elec-
trodes. The dips in the I-V curve are due to the use of chopped illumination to
avoid noise caused by H2 bubble formation during the reaction. The WZ GaP
nanowire sample has a higher VOC, ISC and FF than the planar sample, resulting
in a much higher efficiency up to 2.9% compared to the 0.3% of the bulk. Impor-
tant to mention is that the planar ZB GaP sample already shows similar VOC and
ISC values compared to recently reported best values for planar ZB GaP152.
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8.3 Hexagonal Silicon

The integration of Silicon with photonics could bring low-cost highly integrated
optical interconnects70. Currently, the performance of Si-based optical devices are
severely limited by the indirect nature of the band gap of bulk Silicon, which does
not allow efficient optical emission from this material. In cubic Silicon the indirect
band gap of 1.13 eV lies in the way from the Γ- to the X-point, while the direct
band gap at the Γ point is of 3.35 eV33,155,156. However, in case this material
is grown with a different crystal symmetry such as hexagonal Silicon a dramatic
change in the band structure is predicted. The indirect band gap of 0.79-0.85 eV is
now predicted at the M-point, while a direct band gap of 1.48-1.6 eV is expected at
the Γ point156,157. In addition, by applying uniaxial strain a crossing between the
indirect/direct band gap is expected158,159, resulting in possible efficient optical
emission from hexagonal Silicon.

Figure 8.8: (a) Band structure calculation for cubic Silicon showing the indirect band
gap toward the X-point. Adapted from Ref.155. (b) Band structure calculation for
hexagonal Silicon showing the indirect band gap at the M-point. Adapted from Ref.157.

In collaboration with Ikaros H. Hauge, we achieved Silicon in the hexago-
nal phase by using core/shell nanowire heterostructure transferring the hexagonal
structure from the core to the shell15. The ability of the nanowires to release the
strain together with a small lattice mismatch (0.4% in zincblende/cubic structure)
between GaP and Si promote the formation of a single crystalline interface. Once
the growth of the WZ GaP core at 750℃ is completed, the temperature is raised to
800℃ and the growth of the Si shell is performed under disilane (Si2H6) flow101.
Figure 8.9a corresponds to a HAADF image acquired in STEM, where the bright
area represents the GaP core and the dark area corresponds to the Si shell. The
EDX elemental mapping in Fig. 8.9b further demonstrates that the nanowires has
a GaP/Si core/shell structure. Fig. 8.9c display a typical HRTEM image of the
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nanowire viewed along the <11-20> zone axis, while the FFT analysis (Fig. 8.9e
inset) reveals that the nanowire is single crystalline with the hexagonal structure.
However, occasional defects lying in the radial direction can be observed in the
nanowires. Two different mechanism are responsible of the defect formation in
the Si shell. Propagation of a occasional stacking fault from the GaP core into
the outer Si shell (Fig. 8.9d) or a missing plane of Si atoms in the shell, known
as crack defect (Fig. 8.9e)101. By optimizing the Si shell growth parameters,
defect-free hexagonal silicon shells with thicknesses ranging from 5 nm to 170 nm
are achieved102. The approach developed here can also be used for the growth of
hexagonal Germanium and SiGe compounds. Germanium has an indirect band
gap at 0.66 eV in the cubic phase33, while a direct band gap at 0.31-0.55 eV is
predicted for hexagonal Ge156,157. Thus, an indirect to direct band gap transition
is expected in SixGe1-x alloys for varying x content.

Figure 8.9: (a) HAADF image of a GaP/Si core-shell nanowire. (b) Compositional
map corresponding to the green rectangle in (a), with Si shown in green and GaP in
purple. (c) HRTEM images of another representative GaP-Si core-shell nanowire along
the <11-20> zone axis. (d) HRTEM image along the <11-20> zone axis of a GaP/Si
core-shell exhibiting the stacking fault defect transferred from the GaP core to the Si
shell. (e) HRTEM image along the <11-20> zone axis of a GaP/Si core-shell showing a
crack defect. Inset: FFT image of the nanowire. Adapted from Ref.101.
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Chapter A

Appendix

A.1 Estimation of IQE and NRE

The IQE and NRE of the nanowires are estimated according to the model devel-
oped by Yoo et al.113. This model is based on the rate equation, which correlate
the total generation rate (G) with the individual recombination rate, according to
the formula:

G = An+Bn2 + Cn3, (A.1)

where A, B, and C are the coefficients for the Shockley-Read-Hall (SRH) non-
radiative recombination, radiative recombination and Auger non-radiative recom-
bination, respectively, and n is the carrier concentration.
The integrated PL intensity as a function of the excitation power density can be
fitted according to the formula:

PLaser = P 1IPL
0.5 + P 2IPL + P 3IPL

1.5, (A.2)

where PLaser is the excitation power density, IPL the integrated PL intensity, P1,
P2, and P3 are the fitting parameters. The former parameters can be related to
the rate equation according to113:

P 1 = h
A√
B
,

P 2 = k,

P 3 = l
C

B1.5 ,

(A.3)

An example of the fit for the C-line and for the 2.088-2.115 eV peaks is shown
in Fig. A.1.

The IQE can be extracted from the expression:
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Figure A.1: (a-b) Fit of the power-dependent PL data for the C-line (a) and for the
2.088-2.115 eV peaks (b).

IQE = Bn2

G
= IPL
PLaser

P 2, (A.4)

while the NRE is calculated as:

NRE = An+ Cn3

G
= IPL

0.5

PLaser
P 1 + IPL

1.5

PLaser
P 3. (A.5)

The contributions for the SRH (An), radiative (Bn2), and Auger (Cn3) recom-
bination to the IQE and NRE are shown in Fig. A.2. No Auger recombination is
observed for the C-line, while the radiative recombination is close to zero for the
2.088 eV peak.
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Figure A.2: (a-c) Contributions of the SRH, radiative, and Auger recombination to
IQE and NRE for the C-line (a), 2.088 eV peak (b), and 2.115 eV peak (c).
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A.2 PL spectra showing the B-line

Figure A.3: (a) PL spectrum for vertical nanowires showing mainly B-line emission.
Excitation power density: 130 W/cm2. (b) Enlarged view of the curve in (a) measured
in three different positions across the sample.

A.3 Additional PLE measurements

Figure A.4: (a) PLE curves measured on the vertical nanowires and over the ZB
substrate. (b) PLE curve for horizontal wires showing weak signal above the setup
detection limit.
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Summary

Pure crystal phase nanowires: growth and optical properties

Band gap engineering in semiconductors is obtained by changing the chemical
composition of the material, which results in strain at the interface between the
different materials. In nanowires, strain is relaxed in the radial direction, avoiding
the formation of defects and dislocations. This allows the combination of III-V
materials with different lattice constant within the same nanowire. In addition, the
possibility to change the crystal structure from zinc blende (ZB) to wurtzite (WZ)
during the nanowire growth has a large effect on the opto-electrical properties of
the semiconductors. Gallium phosphide (GaP) has an indirect band gap in the
green range of the visible spectrum when the material is grown in the ZB crystal
structure, which severely limits its use for visible LEDs. However, theoretical
band structure calculations for GaP predict a direct band gap when this material
is grown with the WZ crystal structure.

In this thesis, we demonstrate for the first time the growth of GaP nanowires
with high-purity WZ crystal phase and we investigate the optical properties of WZ
GaP. The nanowires are grown from arrays of gold nanoparticles patterned over the
GaP substrate using the vapor-liquid-solid (VLS) method in a metalorganic vapor
phase epitaxy (MOVPE) reactor. The high growth temperature of 750℃ and the
low V/III ratio of the precursor gases flow are the key parameters in achieving
the pure WZ structure of the wires, as discussed in chapter 4. A wider band gap
ternary AlGaP shell is grown around the GaP core to suppress possible undesirable
surface effects, which could affect the optical properties of the nanowires.

WZ GaP nanowires could be used as building blocks for the solid state quan-
tum systems. The control of the switch between the WZ and the ZB crystal
structures in the nanowires over an atomic scale has been investigated in chapter
5. Atomically sharp and defect-free transitions between the WZ/ZB/WZ crystal
structures result in the formation of crystal phase quantum well (CPQW) along
the nanowire length. The pure ZB segment in a WZ wire is grown by lowering
the temperature to 600℃ and using a high V/III ratio, while the length of the
ZB segment is controlled by the flow and supply time of the Ga precursor. Sim-
ilar control is obtained for the WZ growth at 750℃. The growth kinetics of the
crystal phase switch are interpreted based on the nucleation model that predicts
nucleation at the triple phase line for the WZ, and nucleation at the center of
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the droplet for the ZB. With this knowledge, a WZ/ZB superlattice with constant
segment length is obtained.

The optical properties of WZ GaP are studied in detail in chapter 6 by per-
forming low-temperature photoluminescence (PL), time-resolved PL, and photo-
luminescence excitation (PLE) spectroscopy measurements. The high emission
intensity, the striking difference in the WZ-ZB lifetimes, and the very good agree-
ment between the experimental and predicted WZ GaP band gap values, strongly
suggest the presence of direct band gap transitions in the WZ GaP nanowires. We
assign the recombination peak at 2.088 eV as donor-acceptor pair (DAP), while
the emission ranging between 2.15 and 2.25 eV as Burstein-Moss band-filling con-
tinuum. Moreover, the sharp A- and B-lines emission lines at 2.140 eV and 2.164
eV, respectively, are identified as bound excitons of the direct band gap, with both
TA and LO/TO phonon sidebands, and a long lifetime. Instead, the narrow C-line
at 2.252 eV with a fast recombination lifetime has the character of a free exciton.
Furthermore, we provide experimental indication of the A-, B-, and C-peaks are
the excitonic peaks related to the transitions from the three valence bands into
the Γ8c conduction band predicted from the band structure calculations of WZ
GaP.

The excellent wave-guiding properties of the WZ wire are shown in chapter 7.
From the spacing of the Fabry-Pérot cavity modes we estimated the value for the
dielectric constant of WZ GaP at 550 nm of ε = 15±1.

In the final chapter 8, we illustrate possible applications of WZ GaP nanowires.
The direct band gap of WZ GaP wires is promising for visible LEDs and for pho-
toelectrochemical (PEC) cells for hydrogen production. Tunability of the optical
emission across the visible range is achieved by using ternary AlGaP and GaAsP
nanowires, providing an important feature for new generation LEDs and PEC de-
vices. Solar water splitting for hydrogen production is demonstrated using p-type
WZ GaP wires, achieving a new record efficiency for this material with respect to
bulk samples. Furthermore, the lattice match between GaP and Silicon allows epi-
taxial growth and crystal structure transfer when grown in a core/shell nanowire
structure. The growth of core/shell WZ GaP/Si nanowires is shown, reducing the
distance between the integration of Silicon with photonics.
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