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Abstract

Gallium phosphide (GaP) nanowires have been grown with the wurtzite (WZ)
crystal structure. A direct bandgap has been predicted for this crystal phase,
in contrast to the indirect bandgap of the bulk, cubic GaP. In this work, the
optical properties of WZ GaP have been studied by photoluminescence (PL)
and photoluminescence excitation (PLE) spectroscopy. A PLE set-up has been
developed for the wavelength range of 400 to 700 nm. As a reference, cu-
bic planar GaP substrates have been used. PLE experiments conducted on
these planar samples have produced results which are in excellent agreement
with the results found in literature. It can be concluded that the developed
PLE set-up is reliable and gives reproducible results. In contrast to the cu-
bic phase, the valence band of WZ semiconductors is split in three bands, the
A-band (heavy-hole), B-band (light-hole) and C-band (crystal �eld split-o�).
In the PLE spectra of the WZ GaP nanowire samples, transitions are consis-
tently found at energies of 2.865±0.002 eV, attributed to the A-CB2 transition,
2.911±0.004 eV, attributed to the B-CB2 transition, and 3.035±0.003 eV, at-
tributed to the free exciton related to the C-CB2 transition. The polarization
characteristics found in polarized PLE measurements support the identi�cation
of the former emissions. From the transition energies, the crystal �eld splitting
and spin-orbit splitting of the WZ GaP valence band are determined to be ΔSO

= 92±28 meV and ΔCF = 137±30 meV, in good agreement with the theoret-
ical predictions. Assigning transitions related to the fundamental bandgap is
more complicated. The energy of the onset of the PLE signal (2.30±0.02 eV)
is closer to the predicted energy of the indirect transition to the M-minimum
than to any direct transition. Two possible explanations have been proposed,
the �rst based on a very weak fundamental bandgap transition combined with
an enhancement of the transition matrix element along the Γ-M symmetry line
and a direct-to-indirect transition at temperatures between 110 and 120 K. The
second explanation is based on emission related to impurities in the nanowire.
Several experiments are suggested which can further improve the understanding
of the optical properties of WZ GaP nanowires.
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Chapter 1

Introduction

Over the past decade, semiconductor nanowires have become a topic of major
research. They show promising characteristics for a variety of applications,
ranging from solar cells[1] to quantum computing[2]. They can even be used in
biomedical science as substrates to enhance cell growth[3]. In this chapter, we
will look at the general characteristics of nanowires, some of their applications,
and how they can be grown using self-assembled growth. Speci�c attention is
given to the material gallium phosphide. At the end of the chapter, a motivation
for this research is given as well as an outline of the rest of this thesis.

1.1 Nanowires and Their Applications

A nanowire is a nanometer scale structure with a very high aspect ratio. The
diameter of a nanowire is generally on the order of tens to a few hundred nanome-
ters, while the length can be in the micrometer range. The high aspect ratio
gives the nanowire a high surface-to-volume ratio, increasing the relative im-
portance of surface e�ects. Because of the nanometer scale radial dimension,
quantum con�nement e�ects also play a role. Furthermore, the radial size is typ-
ically below the optical di�raction limit. This allows the interaction between
the nanowire and an optical excitation to be tuned by varying the diameter of
the wire[4]. Also, by placing many nanowires in regular array patterns, di�erent
photonic crystals can be realized by varying the distance between the nanowires
and the pattern of the array[5]. This allows the engineering of optical device
properties on the nanometer scale[6].

Because nanowires are typically freestanding structures on a substrate, they are
free to relax their strain in both the direction of growth and in the horizontal
plane. In thin �lm semiconductor devices, strain that builds up between di�erent
layers can only be relaxed in the growth direction. This causes problems, e.g.
dislocations in the layers or even cracks in the crystal structure, with increasing
lattice parameter mismatch and layer thickness[7]. Since nanowires can also

7



8 CHAPTER 1. INTRODUCTION

Figure 1.1: (a)Overview SEM image of InP tandem junction nanowires grown on Si

substrate. Scalebar is 2 μm. (b)Higher resolution SEM image of single InP tandem

junction nanowire. Inset shows close-up of area indicated by the arrow. Scalebar is

200 nm. (c) Schematic of nanowire doping levels. Green indicates n-type doping, blue

p-type doping. Darker color indicates higher levels of doping [11]. (d)Current-voltage

characteristic of InP nanowire solar cell arrays under 1-sun illumination[1].

relax their strain in the horizontal plane, they are ideally suited for growing
stacked materials with large lattice parameter mismatch[8]. Also, growth in
the radial direction can be used to create radial heterostructures[9, 10]. These
heterostructures have a much higher contact area between the di�erent materials
than axial heterostructures of the same volume.

The ability to create nanowires with axial segments of di�erent chemical compo-
sition is interesting for solar cells. Nanowires can be grown with axial segments
of di�erent materials. In �gure 1.1(a), an overview SEM image of indium phos-
phide nanowire tandem solar cells is shown[11]. A single nanowire is shown
in �gure 1.1(b). The schematic representation of the tandem cell nanowires is
shown in �gure 1.1(c). Blue indicates indium phosphide doped with zinc to
get p-doped segments, and the green segments are doped with tin to produce
n-doped indium phosphide. Darker colors indicate higher doping concentration.
These tandem cells have been shown to have a 67% higher open circuit voltage
than single cell nanowire solar cells, making nanowire tandem cells a promising
option to increase solar cell e�ciencies.

Also, it has been shown that even though a nanowire array only covers 12%
of the device area with active material, absorption in excess of 80% can be
achieved[1]. This reduces the amount of material needed to make e�cient solar
cells, driving down cost and environmental impact. The most e�cient indium
phosphide nanowire solar cell reported has an e�ciency of 13.8% (�gure 1.1(d)),
which is competitive with other emerging solar cells such as organic solar cells
or amorphous silicon[12].

Another application takes advantage of the high surface-to-volume ratio of
nanowires and is found in the �eld of thermoelectrics. A thermoelectric de-
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Figure 1.2: (a)Thermoelectric device based on InAs nanowires[14]. (b)Calculated

enhancement of ZT as a function of nanowire diameter for Bi2Te3 with the wire grown

along di�erent crystal directions[13]. (c) Single nanowire power factor and calculated

ZT for rough silicon nanowires. The nanowire ZT is two orders of magnitude higher

than in bulk Si [15].

vice converts heat to electricity. An example is shown in �gure 1.2(a). The
indium arsenide (InAs) nanowire is contacted two electrodes for electrical mea-
surements. Also, two contacts on the ends of the nanowire serve as thermometers
to monitor the temperature di�erence across the nanowire. When one side of
the nanowire is heated, a current will �ow from the hot to the cold side based on
the thermoelectric e�ect. The e�ciency of this conversion from heat to electrical
energy is determined by the �gure of merit ZT of the respective material[13]

ZT =
S2σT

κ
, (1.1)

with S the Seebeck coe�cient, σv the electrical conductivity, κ the thermal con-
ductivity, and T the absolute temperature. For bulk materials, increasing ZT
is di�cult because of contradictory requirements to increase or decrease the re-
spective material coe�cients as desired. However, it has been predicted that in
a 1D structure, signi�cant enhancement of ZT can be obtained by optimizing
the dimensions of the structure. In �gure 1.2(b), the calculated ZT for Bi2Te3
as a function of nanowire diameter is shown. The best calculated value for ZT
in bulk Bi2Te3 is 0.5, meaning that for thin 1D structures below 40 Å ZT should
theoretically be higher than the bulk value. Nanowires present an opportunity
to test this prediction, and indeed ZT values above what has been shown in bulk
materials have been found in nanowires. In �gure 1.2(c), the measured power
factor and calculated ZT for rough Si nanowires with a diameter of 50 nm is
shown. The ZT of about 0.6 at room temperature is two orders of magnitude
higher than the value for bulk Si[15].
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Figure 1.3: (a) InSb nanowire contacted by a superconductor (S) and a normal elec-

trical contact (N). Magnetic �eld indicated by B. Gate contacts to control the local

chemical potential are numbered 1 through 4. (b)Di�erential conductance measured

in the superconducting gap. The two peaks separated by 2Δ correspond to quasipar-

ticle states above the induced superconducting gap[19]. The peak appearing at 0 V is

attributed to Majorana states. (c) InSb nanocross contacted at four ends. Contacts

indicated by letters A through D [20].

Over the past few years, nanowire devices have been developed for creating
and manipulating Majorana fermions[2]. Majorana fermions are particles cor-
responding to solutions to the Dirac equation predicted in 1937 by Ettore
Majorana[16]. They can appear as elementary particles or as zero-energy quasi-
particles without charge in a superconductor. They are their own antiparticle,
meaning that when two Majorana fermions interact, they will annihilate. It
has been theorized that pairs of Majorana fermions separated by a supercon-
ducting region can be used as qubits for quantum computing[17]. Theoretical
predictions state that in a 1D quantum wire, made of a material with large
spin-orbit coupling (e.g. InAs or InSb), Majorana states can be induced at the
ends of the wire if it is contacted by a superconductor[18]. The superconductor
induces superconductivity in the wire through the proximity e�ect, after which
the combination of spin-orbit coupling and an external magnetic �eld parallel
to the nanowire leads to two Majorana states at the ends of the wire. A device
based on this theoretical proposal is shown in �gure 1.3(a). This con�guration
has been used to show the signature of Majorana fermions[19]. The Majorana
states manifest themselves as a peak in the di�erential conductance at 0 V, as
shown in �gure 1.3(b).

In order to use these states as qubits, however, it has to be possible to exchange
the positions of the Majoranas. This is not possible in nanowires because the
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two Majoranas will inevitably meet and annihilate as they travel from one end
of the wire to the other. One way around this would be to make single crys-
talline networks of nanowires, in which the Majoranas can be induced and ma-
nipulated. Attempts to make such networks have resulted in the realization
of �nanocrosses�, or crossed nanowires[20]. An example of a nanocross can be
seen in �gure 1.3(c). These nanocrosses are promising building blocks for future
applications using Majorana fermions.

1.2 Growth of Nanowires

Several di�erent techniques can be used to grow nanowires. One of the methods
that has been developed for the growth of a wide variety of III-V semicon-
ductor nanowires is self-assembled growth through the vapor-liquid-solid (VLS)
mechanism. This mechanism was �rst described by Wagner and Ellis in 1964
for silicon whiskers[21]. The process is shown schematically in �gure 1.4(a).
This method can be used in combination with a variety of epitaxial growth
techniques, such as metal-organic-vapor-phase-epitaxy (MOVPE) or molecular
beam epitaxy (MBE)[22]. As an example, we describe the process for VLS
growth of gallium phosphide (GaP) in a MOVPE system.

Figure 1.4: (a) Schematic representation of the VLS growth mechanism.

(b)Nucleation process at the triple-phase-boundary during VLS growth[23]. (c) SEM

image of GaP/AlGaP core-shell nanowire arrays grown via VLS growth[24]. (d) SEM

image of InP nanowire array grown with in situ HCl etching to suppress sidewall

growth. Inset shows nanowire array without HCl etching during growth[25].

Gold particles are deposited onto the substrate. Then, precursor gasses are
introduced to the system at elevated temperature. In the case of gallium phos-
phide, typical precursors are trimethylgallium (TMG) and phosphine (PH3)[26].
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The gold and gallium form a eutectic alloy. The eutectic becomes supersatu-
rated with gallium, and will start to precipitate solid gallium phosphide at the
interface between the droplet and the substrate, as shown in �gure 1.4(b)[23].
The exact nucleation conditions depend on the contact angle between the eu-
tectic droplet and the substrate, as well as the surface energies of the interfaces.
If the right conditions are met, nucleation will preferentially take place at the
triple-phase-boundary between the precursor gases (vapor), the eutectic particle
(liquid) and the substrate (solid)[27]. For gallium phosphide nanowires on a gal-
lium phosphide <111>B1 substrate, this leads to the hexagonal wurtzite crystal
structure in the nanowires, as opposed to the cubic zincblende crystal growth
found in bulk gallium phosphide[24]. In �gure 1.4(c), a SEM image of wurtzite
GaP nanowire arrays grown via the VLS mechanism is shown. The nanowires
have excellent uniformity in terms of length and diameter, showing the high
level of control that can be achieved with self-assembled growth through VLS.

During VLS growth, the wire can also grow in the radial direction by accepting
material directly from the vapor phase, or material from precursors which have
di�used across the substrate without coming into contact with the eutectic
particle (�gure 1.4(a), �nal schematic). This radial growth is generally unwanted
because it is rich in contaminations and dislocations. It has been reported that
adding HCl gas during growth suppresses radial growth[25].This can clearly be
seen in �gure 1.4(d). The nanowires grown without HCl (shown in the inset)
are tapered, whereas the nanowires grown with in situ HCl etching are straight.
In the case of core-shell heterostructures, radial growth is suppressed during
VLS growth. Once the core nanowire has been grown, the growth conditions
are altered to grow a uniform shell around the core, resulting in non-tapered
core-shell nanowires[28].

1.3 Gallium Phosphide Nanowires with Wurtzite

Crystal Phase

Gallium phosphide (GaP) is a III-V semiconductor material with a bandgap of
2.261 eV at room temperature (300 K)[29]. Because it is almost lattice matched
to silicon, it has generated a lot of interest as a potential material for use in
optical devices[26]. Although it is an indirect semiconductor, it is used as the
active material in green LEDs. This is because a recombination center can be
introduced by adding a few percent nitrogen to the gallium phosphide, which
increases the e�ciency considerably. However, even with nitrogen doping, the
quantum e�ciency for radiative recombination is less than 1%. As can be seen
in �gure 1.5(a), the quantum e�ciency of green LEDs is much lower than those
of blue and red LEDs. The most e�cient green LEDs are actually based on

1The <111>B surface is the phosphorus terminated surface of gallium phosphide along
the [111] crystal direction, also referred to as the <111> surface. The <111>A surface, also
referred to as the < 1̄1̄1̄ > surface, is gallium terminated.
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Figure 1.5: (a) External quantum e�ciency of LEDs as a function of emission wave-

length. (b) Bandgaps of III-V compounds versus lattice constant [30].

GaN, and use a phosphorescent material to convert the violet or blue light into
green[30].
Figure 1.5(b) shows the bandgaps of several semiconductor materials versus
lattice constant. The materials which have a bandgap in the green range of the
spectrum are generally indirect, complicating the fabrication of an e�cient green
LED. In bulk, gallium phosphide (GaP) crystallizes in the zincblende crystal
phase. Recently, it has been demonstrated that by choosing the right growth
conditions, GaP nanowires can be grown in the wurtzite crystal phase[24]. It has
been predicted theoretically that wurtzite GaP is a direct semiconductor with
a low temperature bandgap in the 2.12-2.25 eV range[31, 32, 33]. Because of its
direct nature, this material should have a much higher e�ciency for radiative
recombination than bulk GaP, and could be used as the active material in green
LEDs. Also, by adding aluminum during growth to create AlxGa1-xP, or arsenic
to create GaAsyP1-y, the emission of the wurtzite nanowires can be tuned, as
shown in �gure 1.6. This means the LEDs based on wurtzite GaP can be tuned
to the desired color, which is very useful for applications.

Figure 1.6: (a) Emission of wurtzite AlxGa1-xAsyP1-y nanowires for di�erent compo-

sitions. (b) Peak emission energy as a function of As and Al content [24].
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1.4 Motivation for Research and Outline of This

Thesis

In order to characterize the optical properties of the wurtzite phase of gallium
phosphide, optical studies are needed. In this research, techniques such as photo-
luminescence spectroscopy (PL) and photoluminescence excitation spectroscopy
(PLE) are employed to probe the optical properties of wurtzite GaP nanowires.
Wurtzite GaP is a promising material for LEDs and solar cells, and this research
contributes to the eventual goal of making devices from this material.

Several models for band structure calculations are brie�y presented in chapter
2. The theoretically predicted band structure of wurtzite GaP based on these
models is discussed. It is compared to the band structure of bulk, zincblende
GaP. In the �nal section of chapter 2, the temperature dependence of the band
structure is investigated, and its e�ect on the optical transitions described.

In chapter 3, the theory behind semiconductor photoluminescence is presented.
From the band structure and crystal symmetry, selection rules for optical ac-
tivity are derived. Unlike in bulk crystals, however, care must be taken when
applying selection rules to the polarization dependence of optical transitions.
This is due to the fact that unlike bulk crystals, nanowires have dimensions of
the same order of magnitude as the wavelength of light. E�ects of nanowire ge-
ometry on the optical selection rules are brie�y discussed. E�ects of impurities
and the dependence of the luminescence intensity on excitation power and tem-
perature are described. A theory of photoluminescence excitation spectroscopy
is developed in chapter 4, and the dependence of the PLE spectra on the va-
lence band structure of the material are discussed, as well as e�ects of surface
recombination and sample thickness on the spectral shape.

Chapter 5 describes the samples used during experiments, as well as the experi-
mental set-ups used for PL and PLE experiments. The procedures used during
experiments are described, as well as the LabView code used to automate the
PLE measurements. In chapter 6, the results of the PL measurements are dis-
cussed. Temperature dependence, polarization characteristics and dependence
on excitation intensity are presented. In chapter 7, the results obtained from
PLE experiments are presented. Results are compared to reference measure-
ments taken on zincblende GaP in order to determine the validity of the exper-
imental approach. From the PLE spectra, parameters are calculated which can
be compared to the theoretical predictions for wurtzite GaP. Finally, in chapter
8 the results are discussed, and conclusions are drawn about the properties of
wurtzite GaP. Also, an outlook is given on possible future experiments.



Chapter 2

Electronic Band Structure of

GaP

Bulk gallium phosphide crystallizes in the cubic zincblende crystal structure.
Gallium phosphide (GaP) nanowires grown using the VLS growth mechanism
(see section 1.2) have been found to crystallize in the wurtzite hexagonal crystal
structure. Due to this di�erence in crystal structure, it is expected that the two
types of GaP have di�erent properties. In this chapter, di�erent methods to
calculate band structures are brie�y introduced. The predictions for wurtzite
GaP based on these di�erent methods are discussed. The known band structure
of bulk zincblende GaP is compared to the predictions for wurtzite. Finally, the
temperature dependence of the band structure is discussed by comparing several
analytical models for the change in band gap energy with temperature.

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 semi-
conductor crystal consists of several terms describing the various interactions in
the crystal. In general it can be written as[22]

Ĥ =
∑
i

p2
i

2mi
+
∑
j

P 2
j

2Mj
+

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)
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The �rst term describes the kinetic energy of the electrons, the second term the
kinetic energy of the ions, and the other terms describe the Coulomb interactions
of ions with ions, ions with electrons, and electrons with electrons, respectively.

The summation symbol
′∑
means summation over equal indices is excluded.

Even though this Hamiltonian does not describe all interactions in the system
(e.g. spin-orbit interactions are not included), it is already too complicated
to solve directly, necessitating several simpli�cations. Since the ions are much
heavier than the electrons, and move much more slowly, the ions are as good
as stationary from the point of view of the electrons. The Hamiltonian can
be simpli�ed even further by assuming every electron feels the same e�ective
potential Veff (the mean-�eld approximation). This means the motion of each
electron will be described by the same one-particle Hamiltonian. For the state
ϕn with energy En we then have(

p2

2m
+ Veff

)
ϕn = Enϕn. (2.3)

The problem is reduced to �nding the e�ective potential and solving the equation
to �nd the one-particle wave functions. Because the electrons are moving in a
crystal, it is logical that the e�ective potential will depend on the characteristics
and structure of this crystal.

2.2 Crystal Structures of Zincblende andWurtzite

A crystal can be described in terms of its basis and its lattice. The basis
consists of the atom or group of atoms which forms the smallest repetitive unit
that constitutes the crystal. Each of these units is located in space at a lattice
point. These lattice points are a set which consists of all points R that can be
generated by the primitive translation vectors ai (i = 1,2,3) through[34]

R = n1a1 + n2a2 + n3a3, (2.4)

with n i integers. In addition to this direct real-space lattice, a reciprocal lattice
in Fourier-space can be de�ned through

bj · ai = 2πδij , (2.5)

with bj (j = 1,2,3) the primitive reciprocal lattice vectors and δij the Kronecker
delta. The reciprocal lattice can be described in terms of vectors

G = m1b1 +m2b2 +m3b3, (2.6)

similar to the direct lattice. The vectors G are called reciprocal lattice vectors.

Two independent lattice vectors span a lattice plane. The entire lattice can be
generated by moving the lattice plane along the direction normal to it. These
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Figure 2.1: (a) Zincblende (ZB) crystal structure with lattice constant a. Tetrago-

nal bonds between group III (red) and group V (green) atoms indicated by gray lines.

(b)Wurtzite (WZ) crystal structure with lattice constants a and c. Tetragonal bonds

between group III (red) and group V (green) atoms indicated by blue lines[35].

lattice planes are given in terms of Miller indices (hkl). The direction normal
to these planes is written using square brackets, i.e. [hkl ]. The notation {hkl}
denotes the set of equivalent planes, while <hkl> denotes the set of equivalent
directions normal to these planes. These notations are used interchangeably to
denote crystal surfaces. In addition to translational symmetry, the crystal can
have mirror planes and rotational axes of symmetry. These symmetries de�ne
the space group of the crystal. Because they depend on both the lattice and
the basis, a crystal consisting of the same constituent atoms but in a di�erent
lattice con�guration will have di�erent symmetry properties.

The zincblende (ZB) structure is a face-centered cubic (fcc) lattice with a di-
atomic base[35]. In III-V semiconductors, it is the most common crystal struc-
ture. The group III atoms are located on the fcc lattice points, while the group
V atoms are shifted with respect to the lattice points by (1/4,1/4,1/4)a, where
a is the lattice constant of the crystal. In �gure 2.1(a) the zincblende crystal
is shown schematically. Each group III atom is tetrahedrally coordinated to
four group V atoms and vice versa. The space group for this crystal is T 2

d if
the atoms in the diatomic base are two di�erent elements (if they are the same
element, the space group is O7

h, this is the case in e.g. silicon, diamond)[22].

The wurtzite (WZ) crystal structure consists of a hexagonal close-packed (hcp)
lattice with a diatomic base. The nitride semiconductors such as gallium nitride
(GaN) are preferentially formed in this phase. Figure 2.1(b) gives the schemat-
ical wurtzite crystal. The group III atoms are located on the hcp lattice points,
while the group V atoms are shifted by (0,0,uc). The internal cell parameter u
is related to the lattice constants a and c through c/a =

√
1/u. For the ideal

wurtzite structure, u = 3/8. Just like in the zincblende crystal, the atoms are
coordinated in tetrahedra. The space group is C4

6v.

When viewed along the [111] ZB crystal axis, the tetrahedrally coordinated
bilayers of group III and group V atoms in the ZB crystal form a periodic
hexagonal structure with a periodicity of three bilayers. In the Ramsdell no-
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Figure 2.2: Stacking sequence AB for the wurtzite (2H) structure and ABC for the

zincblende (3C) structure[32].

tation, this type of stacking sequence is 3C, indicating the periodicity and the
lattice (cubic). The WZ structure, when viewed along the hexagonal [0001]2

axis, has a periodicity of two tetrahedral bilayers, and is 2H (hexagonal lattice
with periodicity 2). In �gure 2.2 both stacking sequences are shown. The �rst
two bilayers are stacked in the same con�guration for both crystals, while the
third bilayer is rotated by π/3. If the bond between the two di�erent elements
has a high ionicity, the wurtzite structure is energetically favorable. This can
be understood from �gure 2.3. In the hexagonal case, the bonds are in the same
vertical plane. Because these electron clouds repel eachother, this con�gura-
tion will not be favorable unless there is an attractive force. This force comes
from the Coulomb attraction between the di�erent ions. If this attraction is
stronger than the electron repulsion, the hexagonal structure will be favored.
This is the case in the group III-nitride materials[32]. The cubic arrangement
will be favored if the electron repulsion dominates. However, it is observed that
in nanowires, both crystal structures, or polytypes, can be found for the same
material, depending on the growth conditions. As explained in section 1.2, this
is related to the conditions on the surface of the nanowire during growth.

To calculate the band structure of a crystal, the e�ective potential needs to be
de�ned. A periodic crystal represents a periodic arrangement of atoms and thus,
a periodic potential. Bloch's theorem states that if the potential is periodic,
the one-particle wave function has a complete basis consisting of plane waves
multiplied by a function with the periodicity of the crystal[22]

2In hexagonal lattices the directions are given by the Miller-Bravais indices [hkil ], with
i = − (h + k).
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Figure 2.3: Comparison between eclipsed (left) and staggered (right) con�gurations

for tetrahedral bilayers[32].

ψ (r) = exp (ik · r)u (r) , (2.7)

with u (r) = u (r +R), and R a lattice vector. The basis functions of equation
2.7 are called Bloch waves. The one-particle wave function can be written as a
linear combination of Bloch waves

ϕnk (r) =
∑
k

Akunk (r) exp (ik · r) . (2.8)

The set of wave vectors k corresponds to the set of allowed Bloch wave vectors
for the crystal. For each wave vector there is a set of energy eigenvalues En (k),
which forms the dispersion relation or band structure. The set of allowed k-
points forms the reciprocal lattice of the crystal structure. It can be shown that
En (k) = En (k +G). Wave vectors di�ering by a multiple of a reciprocal lattice
vector have the same energy eigenvalues. The full information about the band
structure can then be found by restricting the wave vectors to the �rst Brillouin
zone. The �rst Brillouin zone consists of the smallest volume entirely enclosed
by planes that are perpendicular bisectors of the reciprocal lattice vectors drawn
from the origin[34].

Instead of plotting the energy eigenvalues for each k in the �rst Brillouin zone,
the band structure is generally plotted along directions of high symmetry. The
�rst Brillouin zone of the ZB and WZ structures is shown in �gure 2.4. The
center of the Brillouin zone is the Γ-point. In the ZB reciprocal lattice, impor-
tant high-symmetry points are the X-point, which lies on the <001> oriented
surfaces of the Brillouin zone, and the L-point, which lies on the <111> sur-
faces. The A-point in the WZ reciprocal lattice lies on the hexagonal <0001>
surface, while the M-point lies on the <1000> surface.

The reciprocal lattice vectors form a complete set of basis vectors. This quality
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Figure 2.4: First Brillouin zones of zincblende (a) and wurtzite (b) crystal struc-

tures[31].

can be used to expand the e�ective potential into a Fourier series[35]

Veff =
∑
G

VG exp (iG · r) . (2.9)

The translational symmetry of the crystal has reduced the number of terms
in the sum to only terms involving reciprocal lattice vectors of the crystal.
Because the Fourier coe�cients generally scale as 1/ |G|2[35], an e�ective cut-
o� can be made in numerical calculations. The problem is reduced to �nding
the coe�cients VG.

2.3 Empirical Pseudopotential Method

In general, the electrons of a given atom in a crystal can be divided into two
groups[22]: electrons that will form the bonds with other atoms in the outer,
higher energy states, and electrons in the inner, lower energy states closer to
the atomic nucleus. Because electronic states form a complete set of orthogonal
states, the valence electron states must be orthogonal to the electron states in
the core region. However, the core states are tightly bound to the nucleus and
can have complicated spatial structure, making a full calculation very di�cult.
By dividing the real wave function into a smooth pseudowave function for the
valence states and a separate wave function for the core states, the true potential
can be approximated by a smooth, e�ective pseudopotential for the valence
electrons. 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 pseudopotential can be
considered as a perturbation of the free-electron band structure. By choosing
the pseudopotential to be local (i.e. only dependent on position), it can be
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Figure 2.5: (a)Calculated band structure for wurtzite GaP using the empirical pseu-

dopotential method along di�erent high-symmetry directions of the �rst Brillouin zone.

(b) The associated density of states for wurtzite GaP[31].

expanded in terms of reciprocal lattice vectors similar to equation 2.9[31]

Vpp (r) =
∑
G,α

V FFα (G)Sα (G) eiG·r. (2.10)

The term V FFα (G) represents the pseudopotential form factors. They are the
Fourier components of the pseudopotential in the basis of the reciprocal lattice
vectors G of the crystal under consideration. The structure factor Sα (G) is
given by

Sα (G) =
1

Nα

Nα∑
j=1

e−iG·τα,j , (2.11)

where Nα is equal to the number of atoms in the primitive cell, and τα,j gives
the position of atom j of type α in the unit cell. The pseudopotential form
factors depend on the atomic species that make up the crystal, while the struc-
ture factors depend only on the reciprocal lattice vectors and the positions of the
atoms within the primitive cell. The di�erences in the calculated band structure
between the zincblende and wurtzite crystal phases of the same semiconductor
are therefore expected to depend only on the di�erent structure factors, as the
atomic species in the crystal are the same. In the empirical pseudopotential
method, the form factors are obtained by �tting the calculated energy eigenval-
ues to known experimental parameters. Because the wurtzite and zincblende
crystal structure are very similar, the zincblende pseudopotential form factors
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can be transferred to the wurtzite crystal, assuming the e�ects of local struc-
ture around an atom are dominant over the small di�erence in long-range order
between the two polytypes. The structure factors can be calculated from the
primitive cell parameters of the ideal wurtzite structure. In �gure 2.5(a), the
band structure of wurtzite gallium phosphide calculated using the empirical
pseudopotential method is shown. The associated density of states is shown in
�gure 2.5(b). The fundamental band gap is 2.251 eV. In this calculation, spin-
orbit coupling has been taken into account. The spin-orbit splitting is found to
be 0.082 eV, while the wurtzite crystal �eld splitting is calculated to be 0.341
eV. Comparison with experimental data for other materials calculated using the
same method shows reasonably good agreement for GaAs and InP. This is an
indication that the empirical pseudopotential method used in this way can give
a good picture of the band structure of wurtzite gallium phosphide.

2.4 DFT-LDA Methods

In density functional theory, it has been shown that the electron density can be
used as a basic variable to calculate the total energy of the system[36]. By virtue
of the variational principle, the energy functional for a given density gives the
upper limit of the ground state energy of the system[37]. If the electron density
is represented in terms of one-particle basis states, the energy functional with
respect to these one-particle states can be minimized. This gives the ground
state electron density. Because this scheme is based on one-particle states,
electron-electron interactions are not included. In order to include them, the
local density approximation can be used. In the local density approximation, the
spatial variation of the electron density is assumed to be small. If the electron
density is constant, the contribution of electron-electron interactions (exchange
and correlation energies) to the ground state energy can be calculated. By
assuming the spatial variation is small, the contribution from exchange and
correlation energies based on a constant electron density can be applied locally,
as if the local electron density is the constant density of the entire system. The
calculation scheme starts with an initial guess for the local electron density,
which is used to calculate the e�ective potential and energy functionals. Then
the Schrödinger equation is solved, yielding the single-particle wave functions.
These wave functions are used to calculate the electron density via[38]

n (r) =
∑
i

Θi |ϕi (r)|2 , (2.12)

with Θi the occupation of state i. This new electron density is then used to start
the next iteration until the calculation converges to a self-consistent solution.
In more advanced implementations, spin-orbit interactions can be taken into
account. The self-energy operator is generally not included in DFT calculations
and is one of the reasons DFT signi�cantly underestimates bandgaps[39]. In
the LDA-1/2 approximation, this excitation e�ect is accounted for[32]. LDA-
1/2 is based on a quasi-particle electronic structure. Both valence band and
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Figure 2.6: Calculated band structure of wurtzite gallium phosphide using the LDA-

1/2 method along two high-symmetry directions (a). A close-up near the fundamental

bandgap is shown in (b), along with the symmetries of the bands. These symmetries are

discussed further in section 3.2. The branch-point energy EBP is used as a reference

energy used to calculate the band o�sets between di�erent crystal structures[33].

conduction band are half occupied by the quasi-particle. This makes the LDA-
1/2 method especially well suited to treat bandgaps measured through optical
excitation. Figure 2.6 shows the band structure of WZ GaP obtained through
LDA-1/2 calculations. In the close-up of the bandgap (�gure 2.6(b)), the three
highest valence bands and two lowest conduction bands and their symmetries
are given. The fundamental bandgap is 2.123 eV, lower than the value obtained
from empirical pseudopotentials. The determined spin-orbit splitting is 0.083
eV (almost exactly the same as the pseudopotential method) and the crystal
�eld is 0.135 eV, signi�cantly lower than the value obtained from empirical
pseudopotential calculations. The band o�sets between the di�erent crystal
polytypes based on the calculated branch-point energy can be compared to
experimental values, and reasonable agreement is found in most cases[33].

2.5 Comparison with Zincblende GaP

Zincblende gallium phosphide is an indirect semiconductor, with the minimum
of the conduction band close to the X-point[40] in the �rst Brillouin zone at
an energy of 2.338 eV relative to the valence band maximum[41]. It has a sec-
ond indirect minimum at the L-point with an energy of 2.72 eV, and a direct
minimum at 2.886 eV (see �gure 2.7). Due to the particular ordering of these
minima, Zunger has predicted that wurtzite gallium phosphide is a pseudodirect
semiconductor[42]. The term pseudodirect in this case refers to the fact that a
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Figure 2.7: Empirical pseudopotential calculation for the band structure of zinc-blende

GaP. The conduction band minima are ordered X-L-Γ from low to high energy [43].

transition between the lowest conduction band minimum and the valence band
maximum is direct, but forbidden by symmetry. This is explored in more detail
in section 3.2. In table 2.1, the band parameters of the two crystal structures
of gallium phosphide are compared. The energies of the three conduction band
minima of zincblende GaP are given relative to the valence band maximum,
as well as the spin-orbit splitting. For wurtzite GaP, calculated values for the
pseudodirect minimum (Γ8c) and second conduction band minimum (Γ7c), as
well as the values for the indirect minimum at the M-point are shown. The the-

oretical calculations using DFT-LDA give the correct ordering of the zincblende
conduction band minima, but signi�cantly underestimate the energy values. It
is reasonable to assume this is also the case for the predicted wurtzite energies.
The DFT-LDA-1/2 method shows better agreement with the experimentally
determined values for zincblende. The empirical pseudopotential form factors
are �tted to the experimental zincblende parameters, so naturally these values
match the experimental ones the best of the three methods used. When the
predictions for wurtzite GaP are compared, all three theoretical calculations
predict a pseudodirect minimum with the indirect M-minimum relatively close
in energy, and a second direct conduction band minimum at higher energy. If the
energy di�erence between a direct and indirect minimum is small enough that
the ordering might be changed depending on external factors such as tempera-
ture, stress or band �lling, the semiconductor is said to be quasidirect[45]. The
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Table 2.1: Band parameters for zincblende and wurtzite GaP. Theoretical predictions

are based on empirical pseudopotential [31], DFT-LDA[42] and DFT-LDA-1/2 [32, 33]

methods. Energy values given relative to the valence band maximum.

Polytype Parameter Ref. [31] Ref. [42] Ref. [33, 32] Experiment[41, 24, 44]

eV eV eV eV

Zincblende GaP Γ6c 2.886 1.76 2.79 2.886

L6c 2.72 1.63 2.43 2.72

X6c 2.338 1.56 2.33 2.338

ΔSO 0.08 - 0.082 0.08

ΔCF 0 - 0 0

Wurtzite GaP Γ7c 2.877 1.81 2.888 2.47

Γ8c 2.251 1.23 2.123 2.09

M 2.4 1.42 2.266 -

ΔSO 0.082 - 0.083 -

ΔCF 0.341 - 0.135 -

terms pseudodirect and quasidirect are sometimes used interchangeably, but
these are the de�nitions that will be used in this thesis. The spin-orbit splitting
is not predicted to depend on the particular polytype too much, and the values
for wurtzite do not di�er signi�cantly from the ones for zincblende. Because
of the reduced symmetry, wurtzite does have an additional crystal �eld split-
ting not seen in zincblende, which lifts the degeneracy of the valence band[46].
The calculations of the magnitude of this splitting are not in agreement. The
experimentally reported value of the transition to the lowest conduction band
minimum seems to agree nicely with the value predicted by DFT-LDA-1/2, but
the reported value for the transition to the second conduction band is not in
agreement at all. This value is based on an extrapolation of high temperature
measurements to 0 K using an empirical model which does not perform well
over large temperature ranges, making the reported value doubtful at best.

2.6 Temperature Dependence of the Band Struc-

ture

The fundamental band gap in a semiconductor depends on the temperature
of the crystal. A number of factors play a role. Thermal expansion of the
lattice reduces the overlap between the wave functions of the constituent atoms.
This reduces the Coulomb repulsion, lowering the energy of the system and red-
shifting the fundamental gap[47]. The local pseudopotential is smeared out over
larger distances, increasing long-range interactions. This is in e�ect an increase
in the electron-phonon interaction and can be taken into account by applying
Debye-Waller factors[48]. The �nal contribution comes from the self-energy of
the electrons. This is the change in energy of the single-particle state due to
its interactions with the surrounding medium, which is itself perturbed by the
presence of the particle. For GaAs, the contributions of these three mechanisms
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Figure 2.8: (a)Calculated contributions to the band gap shift with temperature in

GaAs. Thermal expansion and Debye-Waller terms red shift the gap, while self-energy

corrections cause a blue shift. The total shift is compared with experimental results[48].

(b) Comparison of di�erent analytical �tting functions to experimental data[49] for the

temperature dependent band gap of silicon[50]. Eqn. (1) refers to equation 2.16, and

Eqn. (2) to equation 2.18. Eqn. (3) represents equation 2.19. Eqn. (7) is an alternate

representation based on a di�erent ansatz for the electron-phonon spectral function,

which will not be discussed here.

to the change in bandgap with temperature are shown in �gure 2.8(a). If a
complex self-energy is used, the real part determines the shift of the bands with
temperature, while the imaginary part broadens the energy states. This shows
that an increase in the self-energy with temperature leads to a broadening of
energy states.

It has been shown that all of these contributions can approximately be taken
into account by looking at the average phonon frequency as a function of
temperature[51]. In statistical mechanics, the energy gap is equal to the Helmholtz
free energy for formation of an electron-hole pair as a function of temperature[52].
The probability of an electron occupying state i is given by the Fermi-Dirac dis-
tribution

f (Ei) =
1

1 + exp {(Ei − µ) /kBT}
, (2.13)

with μ the chemical potential, kBT the thermal energy, and Ei the Helmholtz
free energy of the crystal when one electron occupies this state i equal to

Ei = −kBT ln

∑
j

exp (−Eij/kBT )

 . (2.14)

Eij describes the energy of one electron in this state i while the rest of the crystal
is in some other state j. If the electron-phonon interaction is approximated as
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a small perturbation with an interaction strength which only depends on the
phonon wave vector, this leads to

Eg (T ) = Eg,0 + kBT
∑
q,b

ln
sinh {~ωu (q) /2kBT}
sinh {~ωl (q) /2kBT}

, (2.15)

with E g,0 the bandgap at 0 K. The change in the energy gap with temperature is
determined by the phonon frequencies ωu (electron occupies the excited state)
and ωl (electron occupies ground state). Because excited electrons are less
tightly bound, the frequency ωu is smaller than ωl, and the logarithm is negative.
This gives the observed red-shift of the energy gap with increasing temperature.

In general, cumbersome numerical calculations are necessary to compute the
temperature dependent bandgap. A di�erent approach relies on empirical ob-
servations in order to derive an analytical framework which can be used directly
with experimental data. For temperatures much higher than the Debye tem-
perature of the material, the bandgap shift is linear with temperature. For
temperatures much lower than the Debye temperature, the shift is empirically
observed to be almost quadratic with temperature. This observation leads to
an approximation of the temperature dependence of the bandgap of a semicon-
ductor material of the form[53]

Eg (T ) = E0 −
αV arT

2

T + βV ar
. (2.16)

This is the Varshni formula. E 0 is the bandgap at 0 K, and αVar and βVar are
constants depending on the material. The constant βVar is associated with the
Debye temperature of the material. However, the agreement between theory and
experiment breaks down for some materials, in particular for SiC and diamond
where βVar is found to be negative. This non-physical result indicates that this
simple approximation is not su�cient.

Another way to solve the problem is to de�ne an electron-phonon spectral func-
tion, which approximates the interaction between the electrons and phonons
and thus accounts for both Debye-Waller and self-energy contributions. The
shift of the bandgap with temperature can then be written in the form[54]

Eg (T ) = Eg (0)−
ˆ
dεf (ε)

[
1

2
+ n̄ (ε, T )

]
, (2.17)

where the electron-phonon spectral function is given by f (ε), dependent only
on the phonon frequency, n̄ (ε, T )is the average phonon occupation number for a
given phonon frequency and temperature, and Eg (0)is the bandgap at 0 K. The
speci�c form of the spectral function is not known a priori. Several di�erent
forms for f (ε) have been suggested. The simplest form is given by f (ε) =
Cδ (ε− ε0), giving only a contribution for phonons with energy ε0. This type
of spectral function leads to the relation[55]

Eg (T ) = a− b
(

1 +
2

exp (Θ/T )− 1

)
, (2.18)



28 CHAPTER 2. ELECTRONIC BAND STRUCTURE OF GAP

where the bandgap at 0 K is given by a - b, b represents the strength of the
electron-phonon interaction, and Θ is related to the Debye temperature of the
material. This equation reproduces the temperature dependence in the medium
to high temperature range for a wide range of materials, but generally fails in
the low temperature regime, where it predicts a plateau, in contradiction with
experimental results. Only for materials with weak electron-phonon interaction
is the experimental behavior reproduced. If a Debye model is used for the density
of states of the phonons, a more general form for the spectral function can be
obtained. With a power law ansatz, f (ε) ∝ εν , the temperature dependence of
the gap can be approximated by[54]

Eg (T ) = Eg (0)− αΘ

2

[
p

√
1 +

(
2T

Θ

)p
− 1

]
, (2.19)

with p = ν + 1. This approximation has been shown to have good performance
for a wide range of materials. A comparison between equations 2.16, 2.18, and
2.19 for silicon is shown in �gure 2.8(b). Equation 2.16 provides a reasonable �t,
but gives neither the correct high temperature asymptote nor low temperature
behavior. This model was also used to extrapolate to the 0 K value of the second
conduction band minimum of wurtzite gap in ref. [44]. Equation 2.18 predicts
a plateau at low temperature, which is not observed in experiment. The best
�t is obtained with equation 2.19, showing that this function is an adequate
approximation for the temperature dependence of the bandgap.

The e�ective phonon temperature Θ is proportional to the Debye temperature,
with Θ ≈ 2

3ΘD[54]. It should be noted that in order to have a meaningful
determination of the average phonon temperature Θ, the experimental Eg (T )
measurements should extend to temperatures close to the Debye temperature of
the material. Also, because the �tting function does not explicitly separate the
contributions from lattice dilation and electron-phonon interaction, the value for
Θ calculated from experimental results is not exactly the same as the average
phonon temperature. For an unambiguous interpretation of this parameter,
further modeling separating the contributions is necessary.



Chapter 3

Theory of Photoluminescence

Studying the properties of semiconductors by illuminating them with light and
looking at the light that is emitted by the semiconductor is called photolumi-
nescence spectroscopy. In this chapter, the general theory behind photolumi-
nescence is brie�y described. Whether a certain transition will be observed in
experiment depends on the selection rules for the transition. In section 3.2,
selection rules for wurtzite GaP are derived to guide the assignment of di�erent
transitions observed in the photoluminescence spectrum. At low temperatures,
emission from bound excitons and impurity complexes can play an important
role. Section 3.3 describes the characteristics of emission from such centers.
Dependence of the photoluminescence intensity on excitation power and tem-
perature are described in the �nal two sections of the chapter and are shown to
be tools that can be used to discern di�erent recombination mechanisms.

3.1 Theory of Photoluminescence

A photoluminescence experiment can be broken down into three stages. In the
�rst stage, a photon is absorbed by the semiconductor, taking it from the ground
state into an excited state. The second stage involves relaxation processes which
take the semiconductor to a quasi-equilibrium state. In the third stage, a photon
is emitted and the semiconductor is back in its ground state[56]. The �eld of
the optical excitation can be included in the Hamiltonian of the system through
�rst-order perturbation theory. The transition rate between the unperturbed
initial state i and �nal state f is then[51]

W =

ˆ
f

2π

~
|〈f |Hν | i〉|2 δ (Ef − Ei) dSf , (3.1)

with Ef and Ei the energies of the �nal and initial state, respectively, and Hν
the perturbation. In the semiclassical approximation, the perturbation due to
the electromagnetic �eld is described by

Hν = − e

m
A · p, (3.2)

29
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whereA is the electromagnetic vector potential and p is the electron momentum.
For direct interband transitions, ignoring the momentum of the photons, this
leads to a rate of spontaneous emission at the energy Ef − Ei = ~ων of

Wem = 16π2αa2
H

(
RH
~ων

)(
cε0

εν

) ∣∣a · pif ∣∣2
2m

ρν (~ων) , (3.3)

where ρν (~ων) is the density of photon states, α the �ne structure constant, RH

the Rydberg energy, aH the Bohr radius, εν the permittivity of the crystal at
the energy ~ων , and

∣∣a · pif ∣∣ = pif the momentum matrix element between the
initial and �nal state, with pif = 〈f |p| i〉 and a a unit vector in the direction of
the vector potential. The momentum matrix element determines the oscillator
strength of the transition through[22]

f
⊥/‖
if =

2
∣∣∣p⊥/‖if

∣∣∣2
m~ων

, (3.4)

where the oscillator strength can depend on the polarization of the light. It
can be shown that the perturbation Hamiltonian can also be written as the
interaction of a dipole with an electric �eld[57]

Hν = − e

m
A · p = er ·E, (3.5)

where r is the direction of the dipole and E is the electric �eld. From the dot
product, it can be seen that the transition strength depends on the polarization
of the electric �eld relative to the dipole. In wurtzite crystals, the optical
properties di�er along the a- and c-axes, and the oscillator strength is also
di�erent depending on the electric �eld polarization relative to these axes. The
obtained symmetry of the dipole operator for di�erent polarizations can be
used to determine optical selection rules for transitions between initial and �nal
states. This is explained in more detail in section 3.2.

The intensity of photoluminescence for direct interband transitions in bulk semi-
conductors can be approximated for low excitation power and relatively high
temperature (room temperature) by[22]

IPL (~ων) ∝ Θ (~ων − Eg)
√
~ων − Eg exp [− (~ων − Eg) /kBT ] , (3.6)

where Θ is the Heaviside step function, Eg the energy of the fundamental
bandgap, kB the Boltzmann constant and T the absolute temperature. The
room temperature photoluminescence of GaAs is shown in �gure 3.1(a). A line-
shape �t with equation 3.6 shows very good agreement with the experimental
data.

At low temperatures, the photoluminescence spectrum tends to be dominated by
emission from excitons and impurities. Impurities can act as donors or acceptors.
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Figure 3.1: (a) Photoluminescence of an epitaxial GaAs layer at low excitation inten-

sity, at room temperature (T = 293 K). Solid line is a lineshape �t with equation 3.6.

(b) Photoluminescence spectrum of ZnO as a function of temperature. The free exciton

emission is indicated by XA, with the curved dashed line showing the energy position

of the free exciton emission, which is dominant at room temperature[35].

Donors have an extra electron in their outer shell relative to the atom they are
replacing, e.g. a group VI atom on the site of a group V atom. This extra
electron is only weakly bound to the impurity site, and can be easily be excited
into the conduction band. An example of a donor is sulphur on a Ga site in
gallium phosphide. The binding energy of this donor is 102 meV[58], meaning
it takes 102 meV to ionize the donor site and free the electron. Acceptors have
fewer electrons in their outer shell than the atom they are replacing, e.g. a
group IV atom on a group V site. This bound hole can be �lled by accepting
an electron from the valence band, creating a free hole in the system. Carbon
on a P site in GaP is such an acceptor, with a binding energy of 48 meV[58].
Impurities can be unwanted by-products of the crystal growth, or can be added
deliberately to create doped materials, allowing great freedom the engineering
of the material properties, especially the electrical properties[59].

Excitons are bound states of electron-hole pairs. If the distance between the
electron and hole is much larger than the crystal unit cell, the excitons are
called Wannier excitons. The electron and hole interact through the Coulomb
interaction, mediated by the dielectric constant of the medium. The energy
levels of this system are given by[60]

E = Eg −
EX
n2

, (3.7)

with Eg the bandgap of the semiconductor and EX the exciton binding energy.
Exciton binding energies can range from 4.9 meV in GaAs[61] to 60 meV in
ZnO[62]. In zincblende GaP, the exciton binding energy is thought to be 8-
9[63] meV, though values of 10 meV have also been reported[40]. The lineshape
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of the excitonic photoluminescence is given by a Lorentzian centered around
the energy Eg- EX[22]. In �gure 3.1(b), the photoluminescence spectrum of
ZnO as a function of temperature is shown. Though the free exciton lineshape
can not be described adequately by a Lorentzian, it is observed that the free
exciton emission broadens with increasing temperature and dominates the room
temperature emission spectrum.

3.2 Optical Selection Rules for Wurtzite GaP

The irreducible representation of the threefold degenerate valence band of ZB
GaP is Γ15v (ignoring spin-orbit coupling). The symmetries of the conduc-
tion band minima are X1c , L1c and Γ1c . Because of the similarities between
zincblende and wurtzite when viewed along the [111] cubic crystal axis, there ex-
ists a folding relationship between the irreducible representations of zincblende
at the L-point and wurtzite at the Γ-point[42]. In particular, the points on
the Γ-L line in zincblende fold onto the Γ-A line in wurtzite. The conduction
band minima at the zincblende Γ- and L-points give rise to two Γ-minima in
wurtzite, Γ̄1c derived from Γ1c and Γ̄3c derived from L1c (see �gure 3.2(a)). For
representations related to wurtzite, an overbar is used to distinguish between
irreducible representations of the zincblende and wurtzite point groups.

With spin-orbit coupling, the irreducible representation of the Γ̄3c minimum
becomes the Γ̄8c representation of the wurtzite double group, and the zincblende
Γ̄1c is turned into the Γ̄7c irreducible representation. The double group is formed
by the direct product of the irreducible representation of the point group (T d for
the zincblende Γ-point, C6v for the wurtzite Γ-point), and the group D1/2, which
represents the point group of spin-1/2 particles[57]. Because the L-minimum
of zincblende GaP is lower in energy than the Γ-minimum, the wurtzite Γ̄8c

minimum (which is derived from the L-minimum) will be lower in energy than
the wurtzite Γ̄7c minimum (which derived from the zincblende Γ-minimum).

The p-orbital like Γ15v valence band state in zincblende GaP is split into two
states due to the reduced symmetry of the wurtzite crystal[31]. This is the
crystal �eld splitting. The pz -like states have the Γ̄1v irreducible representation,
while the px,y -like states belong to the Γ̄6v representation. Including spin, the
double group representations of these two states become Γ̄7v ⊕ Γ̄9v for the Γ̄6v

state, while the Γ̄1v state becomes a Γ̄7v state. The Γ̄7, Γ̄8 and Γ̄9 representations
of the C6v point group are doubly degenerate. This means that there is no
splitting due to spin-orbit coupling along the symmetry line Γ-A in the �rst
Brillouin zone, because the point group along this line is always C6v. Along
other directions, such as Γ-M, the point group does change (to C2v in this
case[64]), causing these states to be split in energy by the spin-orbit coupling.
The Γ̄7v ⊕ Γ̄9v state is split into the Γ̄9v and Γ̄7+v states. The unsplit valence
band state derived from the Γ̄1v state is denoted Γ̄7−v to distinguish it from
the Γ̄6v derived Γ̄7+v state. The Γ9, Γ7, Γ7 ordering of the valence bands
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Figure 3.2: (a)Correspondence of states and their symmetries in zincblende and

wurtzite. In the empty lattice approximation, the ZB L-point is folded exactly onto

the wurtzite Γ-point [31]. (b)Momentum matrix element of the transition from the Γ9v
valence to the Γ8c (red) and Γ7c (yellow) conduction bands for wurtzite GaP for po-

larization perpendicular to the wurtzite c-axis. (c) shows the same for wurtzite GaAs.

The momentum matrix elements for parallel polarization are shown in (d) for GaP

and (e) for GaAs[32].

holds for most wurtzite semiconductors, however in ZnO the ordering is Γ7,
Γ9, Γ7 because of negative spin-orbit coupling[31]. From this point on, only
representations related to the wurtzite double group will be considered, and the
overbar in the name of these representations will be omitted.

From the irreducible representations of the valence band and conduction band
states, selection rules for optical transitions can be derived. If the initial state
is represented by Γi and the �nal state by Γf , the dipole matrix element can
only be non-zero if the representation Γ1 is contained in the direct sum of

Γf ⊗ Γd ⊗ Γi, (3.8)

where Γd is the irreducible representation of the dipole operator[57]. For light
with electric �eld polarized parallel to the wurtzite c-axis, the representation of
the dipole operator is Γ1, while for electric �eld polarized perpendicular to the c-
axis, the dipole operator has the Γ5 irreducible representation. In table 3.1, the
derived optical selection rules for transitions between the di�erent valence and
conduction bands for wurtzite gallium phosphide are given. A capital letter, e.g.
X, means the transition is strong in this polarization, while a lower case letter in
parentheses, e.g. (y), means the transition is only weakly allowed due to spin-
orbit interaction. The wurtzite c-axis is de�ned as the z -direction, with the x -
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Table 3.1: Selection rules and naming conventions for optical transitions in wurtzite

gallium phosphide.

Transition Selection rule[64] Momentum matrix element[32] Name∣∣∣p⊥/‖cv (0)
∣∣∣2 ( ~2

a2B

)
⊥ ‖

Γ9v� Γ8c (x,y) < 10−4 < 10−4 A-CB1
Γ7+v� Γ8c Never allowed < 10−4 < 10−4 B-CB1
Γ7-v� Γ8c Never allowed < 10−4 < 10−4 C-CB1
Γ9v� Γ7c X,Y 0.1158 < 10−4 A-CB2
Γ7+v� Γ7c X,Y (z ) 0.1041 0.0378 B-CB2
Γ7-v� Γ7c (x,y) Z 0.0110 0.3409 C-CB2

and y-directions given by the other two crystal axes3. The predicted momentum
matrix elements, indicating the strength of the transition, are given in units
~/aB , with aB a typical Bohr-radius related to the material. For calculated
matrix elements smaller than 10-2, the value is attributed to numerical error
and rounded down to 0. The three highest valence bands are conventionally
labeled A, B and C, with the lowest conduction bands designated CB1 and CB2,
respectively. This nomenclature makes it easier to discuss di�erent transitions
without having to refer to the speci�cs of the initial and �nal state each time.

Even though a transition may be dipole forbidden in the bulk crystal, the e�ect
of the nanowire surface and the distribution of electromagnetic �elds within the
wire may lead to �nite oscillator strengths for optical interband transitions[32].
As noted before, along the Γ-A line irreducible representations due not change.
However along the Γ-M line, the symmetry is modi�ed by the C 1h group sym-
metry of the k -points, making the transitions allowed. This is illustrated in
�gure 3.2(b)-(e). Along the Γ-A line the A-CB1 transition (red) remains ex-
tremely weak to forbidden for perpendicularly polarized light, while along the
Γ-M line there is a small increase in the transition strength for intermediate
values of k. In 3.2(c), the same is observed for wurtzite GaAs, with a much
stronger e�ect. For parallel polarized light, the A-CB1 transition is predicted
to be stronger than the A-CB2 transition for k -values almost halfway to the
M-point in both WZ GaP and WZ GaAs. From the calculated band structure
for WZ GaP (�gure 2.6), the energy at which this enhanced transition strength
might be observed is estimated to be 2.5-2.8 eV.

In addition to polarized emission due to selection rules, nanowires exhibit polar-
ization anisotropy in their absorption and emission due to their small radial size
(smaller than the wavelength of light) and the dielectric contrast with the sur-
rounding medium. When the electric �eld is polarized parallel to the nanowire
axis, the intensity inside and outside the wire is the same. For electric �elds

3This means the angle between the x - and y-directions de�ned in this way is 120º[64].
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Figure 3.3: (a) Low temperature photoluminescence of a GaN layer. The donor

(DBE1, associated with Si, and DBE2, associated with O) and acceptor (ABE, as-

sociated with Mg) bound excitons dominate the emission[66]. (b) Photoluminescence

of excitons bound to isoelectronic nitrogen in ZB GaP. The A-line at 2.317 eV is due

to the J = 1 exciton, while the B-line is due to the J = 2 exciton. The lower energy

peaks are phonon replicas due to LO- and TO-phonon emission[67].

polarized perpendicular to the nanowire axis, the �eld inside the wire is given
by[65]

Ewire =
2ε0

ε0 + εwire
E0, (3.9)

where Ewire is the electric �eld inside the nanowire, εwire is the dielectric con-
stant of the nanowire, E 0 is the electric �eld in the surrounding medium, and
ε0 is the dielectric constant of the surrounding medium. Generally, experiments
are conducted with wires places in vacuum, ε0 = 1. Due to this e�ect, the ab-
sorption and emission will be much stronger for polarization along the nanowire
axis. From the selection rules derived from symmetry considerations, emission
is mostly expected polarized perpendicular to the nanowire axis. It is expected
that for very thin nanowires, the former e�ect will dominate, while as the diam-
eter is increased, the latter e�ect will take over as the nanowires start showing
more bulk-like behavior.

3.3 Bound Excitons and Donor-acceptor Pair Emis-

sion

Impurities can also act as recombination centers for excitons. Neutral impuri-
ties interact with free excitons through the Van der Waals interaction, forming
bound exciton complexes (BECs). Generally, the binding energy is highest for
an exciton bound to a neutral acceptor,

(
A0, X

)
. Emission from such a com-

plex is referred to as I 1. Ionized acceptors generally don't form bound exciton
complexes because the con�guration of a free electron and a neutral acceptor
is energetically more favorable[57]. Neutral and ionized donors can also form
BECs,

(
D0, X

)
and (D+, X), emission from which is referred to as I 2 and I 3
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respectively. The binding energy of the exciton to the donor (acceptor) EBX

is generally about 0.1 times the binding energy of the electron (hole) (Haynes'
rule)[35]. For an exciton with exciton binding energy EX luminescence is then
observed at an energy

Ephoton = Eg − EX − EBX . (3.10)

Figure 3.3(a) shows the low temperature luminescence of nominally undoped
GaN. The emission is dominated by excitons bound to Si (DBE1) and O (DBE2)
donors. At higher energy, emission from the free exciton can also be seen. In
addition to binding to donors or acceptors, excitons can also become bound
to isoelectronic impurities. An example of such an impurity is nitrogen on a
phosphorus site in GaP. Because the nitrogen atom is smaller than phosphorus
atoms, and it has a higher electron a�nity, it will create a local trap which
attracts an electron. Because it binds an electron, nitrogen in gallium phosphide
is called an isoelectronic acceptor. The electron will attract a hole through the
Coulomb interaction, forming a bound exciton at the nitrogen site[68]. Even
though zincblende GaP is an indirect material, the localization of the exciton
breaks the requirement of k-conservation, making radiative recombination much
more e�cient. This is clearly seen in the low temperature photoluminescence
of ZB GaP (�gure 3.3(b)), which is dominated by emission from the nitrogen
BEC and its phonon replicas. The strongest line is known as the GaP A-line,
which has an energy of 2.317 eV or 0.02 eV lower than the bandgap, and 0.011
eV lower than the energy of the free exciton[68].

When semiconductors contain both donors and acceptors, the electrons from
the donors can be captured by the acceptors under equilibrium conditions. If
free carriers are created, e.g. through optical excitation, these free carriers can
recombine with the ionized donors and acceptors, producing neutral impurities.
The electrons on the neutral donors and the holes on the neutral acceptors can
then radiatively recombine, returning the system to its equilibrium state. The
energy associated with this transition is[22]

Ephoton = Eg − EA − ED +
e2

4πε0εR
, (3.11)

with E g the bandgap energy, ED and EA the respective donor and acceptor
binding energies, ε the dielectric constant of the material and R the distance
between the donor and the acceptor. It is assumed that the donor and acceptor
are far enough apart to allow the medium in between to be described by a dielec-
tric constant. The Coulomb interaction between the ionized donor and acceptor
lowers the energy of the �nal state, increasing the energy of the emitted photon.
Because impurities are located on lattice sites (assuming no interstitials), the
distance R is a discrete variable. The donor-acceptor pair emission spectrum
forms a series of peaks, with each peak corresponding to a di�erent separation
between the donor and the acceptor, given by the shell number, with shell 1
being �rst nearest-neighbors, shell 2 second nearest-neighbors etc.. The corre-
sponding separation for each shell and the degeneracy (i.e. number of site pairs
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Figure 3.4: Donor-acceptor pair spectrum for P-site S donors and Ga-site Mg accep-

tors in ZB GaP. The numbers in brackets are the shell numbers related to the distance

between the donor and acceptor [69].

with that separation) have been tabulated for both zincblende and wurtzite
crystals[69].

Donor-acceptor pair luminescence is particularly strong in zincblende GaP, as
can be seen in �gure 3.4. Because GaP is a binary compound, two di�erent
types of donor-acceptor pair emission can be distinguished. Type I emission
occurs when the donor and acceptor are the same sublattice, i.e. both on a
P-site or Ga-site. Type II emission occurs when the donor and acceptors are
on di�erent sublattices, such as in �gure 3.4. The fact that so many di�erent
pair emissions can be resolved allows the donor and acceptor binding energies to
be determined with great accuracy, giving for the acceptor Mg EMG = 53.5±1
meV and for the donor S ES = 104.2±0.3 meV. If there is signi�cant broadening,
instead of a spectrum of peaks a broad band is seen in the emission[35].

For low excitation power, only a few donors and acceptors will be excited by free
carriers, leading mainly to recombination from distant centers. If the excitation
power is increased so that all donors and acceptors are excited, closer pairs
will contribute more. This is because the spatial overlap between their wave
functions is larger, leading to faster recombination. For increasing excitation
power, it is thus expected for donor-acceptor pair emission to shift to higher
energy[22].
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3.4 Excitation Power Dependence of Photolumi-

nescence

At low temperatures, the luminescence is dominated by emission from states
with energies near the bandgap. It has been found that the emission intensity
I varies with excitation power L as

I ∝ Lk, (3.12)

where the exponent k can be used to characterize the emission mechanism[70].
A schematic overview of the di�erent mechanisms in a semiconductor is given in
�gure 3.5(a). The mechanisms considered are free exciton recombination (A),
bound exciton recombination (B,C), donor-acceptor pair recombination (D),
radiative recombination of a free electron (hole) with a neutral acceptor (donor)
(E,F), non-radiative recombination with ionized donors or acceptors (G,H), and
electron-hole pair generation through above bandgap excitation (I), resonant
creation of free excitons (J), and creation of free electrons from neutral donors
and ionized acceptors (K,L). Each of these transitions has its own radiative
(τ) and non-radiative lifetimes (τnr), and transition rates (a− l). The relative
intensities of the transitions will also depend on the concentrations of neutral
donors (ND0) and acceptors (NA0) , electrons and holes (n), and free (nFE) and
bound excitons (nDX , nAX). All these processes can be described by coupled
di�erential equations[71]

dn

dt
= iL− an2 − gn (ND −ND0)− enNA0 , (3.13)

dnFE
dt

= an2 + jL−
(

1

τFE
+

1

τnrFE

)
nFE − bnFEND0 − cnFENA0 , (3.14)

dnDX
dt

= bnFEND0

(
1

τDX
+

1

τnrDX

)
nDX , (3.15)

dnAX
dt

= bcnFENA0

(
1

τAX
+

1

τnrAX

)
nAX , (3.16)

dNA0

dt
= h (NA −NA0)n+ i (NA −NA0)L− cnFENA0

+

(
1

τAX
+

1

τnrAX

)
nAX − dND0NA0 , (3.17)

dND0

dt
= g (ND −ND0)n+ kND0L− bnFEND0

+

(
1

τDX
+

1

τnrDX

)
nDX − dND0NA0 − fND0n. (3.18)
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Figure 3.5(b) shows the power dependence of free and bound excitons in CdTe
�tted with the solutions to these di�erential equations, giving very good agree-
ment with the experimental data.

Figure 3.5: (a) Schematic overview of the transition mechanisms considered in the

model of photoluminescence excitation power dependence[71]. (b) Intensity of free ex-

citon (FE) and bound exciton (D0X and A0X) emission from CdTe on GaAs as a

function of excitation power. Experimental data points are given by circles, lines cor-

respond to the solutions of the coupled di�erential equations. (c) Bound exciton and

free exciton-phonon replica emission from CdTe excited resonantly at the exciton en-

ergy. Both lines show k ≈ 1, as expected for resonant excitation[70].

From these solutions, it is concluded that equation 3.12 describes the power
dependence over two orders of magnitude, while deviations can be seen over
larger ranges. For excitonic emission, 1 < k < 2, with k generally being larger
for bound than for free excitons. This is attributed to the increase of neutral
impurity sites with excitation power due to recombination of excited electrons
and holes with ionized donors and acceptors[72]. If the excitation wavelength is
resonant with the bandgap, the exponent for free exciton emission is expected
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to go to 1. This is illustrated in �gure 3.5(c) for free excitons in CdTe. For tran-
sitions involving donor-acceptor pairs, k < 1. It is also expected that for very
high excitation powers, the luminescence intensity saturates, because there are
no additional impurities to act as recombination centers, leading to a deviation
from the power law.

3.5 Temperature Dependence of Photolumines-

cence Intensity

The luminescence e�ciency η of a certain transition depends on the relative
probabilities of radiative decay Pr and the sum of the probabilities of i non-
radiative decay channels

∑
i

P inr[73]

η =
Pr

Pr +
∑
i

P inr
. (3.19)

The radiative decay probability can be regarded as temperature independent.
The probability of non-radiative decay is assumed to depend on the temperature
with an activation energy Ei

P inr (T ) = P inr,0 exp (−Ei/kBT ) , (3.20)

where P inr,0 is a prefactor, kB is the Boltzmann constant, and T the absolute
temperature. The luminescence intensity can be expressed as the temperature
dependent luminescence e�ciency times the intensity in the limit of 0 K, I (T ) =
η (T ) I0, which for a transition with two non-radiative decay channels yields[61]

I (T ) =
I0

1 + C1 exp (−E1/kBT ) + C2 exp (−E2/kBT )
, (3.21)

where C1,2 = P 1,2
nr,0/Pr. The thermally activated non-radiative decay channels

can be related to recombination at deep impurity centers, or dissociation of a
bound complex. Another way to reach the same result is to assume a system
with a bound ground state and two unbound excited states. If the population
of each of these levels is assumed to be governed by Boltzmann's law, and the
intensity of the emission from the bound state is proportional to the population,
equation 3.21 is recovered[61].

If the nature of the radiative transition is known, the activation energies E 1 and
E 2 can be interpreted. In �gure 3.6(a), the luminescence intensity of an exciton
bound to a neutral Sn acceptor in GaAs is shown as a function of temperature.
For an exciton bound to a neutral acceptor

(
A0, X

)
there are four di�erent

dissociation mechanisms: (1)
(
A0, X

)
→ A0 + X, creation of a free exciton,

costing energy EB, the binding energy of the exciton to the neutral acceptor, (2)(
A0, X

)
→ A0 + e+h, creation of a free electron and a free hole, costing energy
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Figure 3.6: (a) Luminescence intensity temperature dependence of an exciton bound

to Sn in GaAs. Open circles are experimental data points, the dashed lines are sin-

gle exponential �ts similar to equation 3.21, and the solid line is a double exponential

�t [61]. (b) Temperature dependence of the luminescence intensity of di�erent transi-

tions in GaN [74].

EB + EX, with EX the exciton binding energy, (3)
(
A0, X

)
→ (A−, X) + h,

creation of a free hole, costing energy EB + EX - EA.e, with EA.e the binding
energy of the electron to the neutral acceptor, and (4)

(
A0, X

)
→ A−+e+h+h,

creation of a free electron and two free holes, costing energy EB + EX + EA,
with EA the ionization energy of the acceptor. By comparing the determined
activation energies to the known energies for Sn acceptors in GaAs, it can be
concluded that the �rst dissociation is due to (3) the creation of a free hole,
while the second dissociation is due to (2) the creation of free electron-hole
pairs[61].

Figure 3.6(b) shows the luminescence quenching of neutral donor bound excitons
in GaN (the I 2-line). Initially, the intensity decreases due to the creation of free
excitons, causing a simultaneous increase in the luminescence of the free exciton
A-line[74]. The emission at 3.41 eV is assigned to recombination of excitons
bound to stacking faults, with the dissociation described by the escape of an
electron from the stacking fault. The donor-acceptor pair emission quenching is
described by a single activation energy of 170 meV. Since the experiments are
done in the range of 5-300 K, this energy is much higher than kBT throughout
the whole range. This means the sharp decrease in intensity can not be due to
ionization of the donors and acceptors involved in the transmission. It is noted
that the replacement of the

(
D0, A0

)
band by the

(
e,A0

)
band does not decrease

the luminescence intensity. It is speculated that the decrease in luminescence
is due to the release of free holes, leading to non-radiative recombination of the
complex.
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Chapter 4

Photoluminescence Excitation

Spectroscopy

To study the valence band of semiconductors, absorption measurements can be
used. However, if the sample is optically thick, it becomes di�cult to quan-
tify the absorption coe�cient because there is hardly any transmitted light.
Similarly, if the sample is optically thin, almost no light is absorbed and the
absorption coe�cient can not be determined. As an alternative, photolumines-
cence excitation spectroscopy (PLE) can be used to study the valence band. The
intensity of a particular emission in the photoluminescence spectrum is used as
a measure of the absorption as a function of the wavelength of the excitation.
In this chapter, the theory of photoluminescence excitation spectroscopy is de-
scribed and a relationship with the intrinsic absorption spectrum is established.
The relationship between valence band structure and PLE is explained and a
method to derive valence band splittings from PLE spectra is discussed. Finally,
e�ects of surface recombination are discussed. This is of particular interest for
nanowires considering the high surface-to-volume ratio.

4.1 Theory of PLE

Electron-hole pairs excited during photoluminescence will relax to lower energy
states until they reach thermal equilibrium. The emission intensity for a given
optical transition can be written as[22]

Iem = PabsPrelPemIexc. (4.1)

It is proportional to the intensity of the excitation, Iexc, the probability of
absorption Pabs, the probability of relaxation to the particular emitting state
Prel, and the probability of radiative recombination from that state Pem. We
assume that once the electron-hole pair has relaxed to the emitting state, the
probability Pem is constant and does not depend on the wavelength of the

43
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excitation. This is the same as saying the electron-hole pairs lose all memory
of the speci�c conditions of their creation during the relaxation process. The
relaxation process itself, however, does depend on the energy of the electron-
hole pair and thus on the wavelength of the excitation. If there are many
traps and/or defects in the material, the photoexcited carriers can recombine
at these sites. Also, for high electron energies, other non-radiative processes
such as auger recombination can occur. The probability Prel depends on the
competition between the electron-phonon relaxation rate to the emitting state,
and the rates for these other channels. In general then, the emission intensity
as a function of excitation wavelength can not be correlated directly to the
absorption coe�cient.

In an undoped material of good crystal quality, the probability of recombination
through trap levels is low. In this case, we can assume Prel to be close to
1. This leaves the absorption probability as the only variable that depends
on the wavelength of the excitation. The response close to the bandgap then
depends only on the intrinsic absorption edge of the material. If we assume
the conduction and valence bands to be parabolic close to the bandgap, the
absorption coe�cient for a direct, dipole allowed transition is given by[75]

α1 (ν) = A1Θ (hν − EG) (hν − EG)
1
2 , (4.2)

with Θ the Heaviside step function. The constant A1 depends on material
parameters and the oscillator strength of the transition. For direct, dipole for-
bidden transitions, the oscillator strength at the zone-center is 0 (the oscillator
strength is related to the dipole matrix element). However, because the mo-
mentum of the photon is small but �nite, perturbation theory can be used to
calculate the transition strength as

α2 (ν) = A2Θ (hν − EG) (hν − EG)
3
2 , (4.3)

with the constant A2 now depending on the gradient of the dipole matrix element
for small but non-zero wave vector. An allowed transition will show a concave
absorption edge, while a forbidden transition has a convex edge. This distinction
can be used to classify the transition under investigation by looking at the shape
of the PLE signal near the onset. For indirect transitions, a phonon is necessary
to conserve momentum. The absorption coe�cient is then given by

α3 (ν) = A3Θ (hν − EG + hq)
(hν − EG + hq)

2

exp (hq/kT )− 1
+

Θ (hν − EG − hq)
(hν − EG − hq)2

1− exp (−hq/kT )
, (4.4)

with hq the energy of the phonon. The �rst term is due to transitions aided by
the absorption of phonons, while the second term comes from transitions with



4.2. RELATIONSHIP BETWEEN PLE SPECTRAAND THE VALENCE BAND SPLITTINGS45

Figure 4.1: (a) Schematic representation of the wurtzite band structure. The valence

band is split into three bands with energy separations ∆AB and ∆BC [76]. The three

onsets of absorption due to transitions from the three valence bands are shown in (b).

the emission of phonons. In general we can write the absorption coe�cient in
the form

α (E) = A (E − E0)
B
, (4.5)

with E the photon energy, E 0 the absorption edge, A a constant dependent
on the absorption strength (related to the constants A1-3) and B an exponent
dependent on the type of transition (direct/indirect, allowed/forbidden). The
emission rate is proportional to the absorption coe�cient[22], and so we can
write for the intensity of the PLE signal near the onset

IPLE ∝ A
′
(E − E0)

B
Iexc, (4.6)

with A' a proportionality constant taking into account the strength of absorp-
tion, the probability of relaxation to the emitting state, and the probability of
radiative recombination when the system is in that state.

4.2 Relationship Between PLE Spectra and the

Valence Band Splittings

If more than two parabolic bands are taken into account, more than one onset of
absorption can be seen in the PLE signal. In chapter 2, it has been shown that
theory predicts a threefold splitting of the wurtzite gallium phosphide valence
band. Each of these bands will contribute to the PLE signal if the excitation en-
ergy is high enough. This is shown schematically in �gure 4.1. When the photon
energy exceeds the fundamental bandgap energy A, absorption is possible and
the generated free carriers can contribute to the PLE. With increasing photon
energy, the spectrum follows the intrinsic absorption as described by equation
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Figure 4.2: (a) PL (blue) and PLE (red) of three di�erent WZ InP nanowire samples.

The PLE was measured at 1.44 eV (dashed line). Dotted lines indicate the three

di�erent absorption edges due to the splitting of the valence band [76]. (b) Polarization
dependent PLE measured on a single WZ InP nanowire at 1.48 eV. Transitions from

the A-, B- and C- valence bands to the �rst and second conduction bands are shown.

Dashed line corresponds to the unpolarized PLE [77].

4.2. Once the energy reaches B, a transition from the second valence band
becomes possible, giving an additional contribution to the signal. Finally, at
energy C, the third valence band starts to contribute. This picture, though very
simpli�ed, already gives an idea of how di�erent features can arise in the PLE
spectrum. In �gure 4.2(a), the PLE spectra of three WZ InP nanowire samples
are shown. The three absorption edges related to the A-, B- and C-transitions
are clearly visible at 1.488 eV, 1.532 eV and 1.675 eV, respectively[76]. For sam-
ple S3, peaks are visible at the absorption edge. These peaks are attributed to
enhanced absorption due to free excitons. Depending on the mechanism of the
transition being monitored, excitonic absorption can enhance the PLE signal,
or be a loss channel if the generated excitons can recombine through a di�erent
transition than the one being studied.

Because the three valence bands have di�erent symmetry, the strength of the
optical transition between valence and conduction band has a polarization de-
pendence. As discussed in section 3.2, the C-transition from the lowest valence
band (symmetry Γ7-v ) to the �rst conduction band (symmetry Γ8c) is dipole for-
bidden, while the C-transition to the second conduction band (symmetry Γ7c)
is allowed for light with the electric �eld polarized along the wurtzite c-axis.
For light polarized perpendicular to this axis, the transition is dipole forbidden.
In �gure 4.2(b), the PLE spectrum for a WZ InP nanowire is shown for light
polarized along the nanowire axis (corresponding to the WZ c-axis) and light
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polarized perpendicular to the nanowire axis. It should be noted that WZ InP
has a di�erent band ordering in the conduction band than WZ GaP, i.e. the �rst
conduction band has Γ7c-symmetry while the second conduction band has Γ8c-
symmetry. The selection rules derived in section 3.2 thus apply, but in di�erent
order. Several resonances are visible in the WZ InP PLE spectrum, attributed
to transitions from the A-, B- and C- valence bands to the �rst (CB1) and second
(CB2) conduction bands. However, the optical selection rules for WZ InP crys-
tals are not recovered. For example, the C-CB2 transition, which is a Γ7-v to Γ8c
transition, should be forbidden for any polarization, yet a strong resonance is
observed. Also, the A-CB2 transition (Γ9v - to Γ8c-symmetry) should only be al-
lowed for perpendicular polarized light. The transition indeed appears stronger
for light polarized perpendicular to the nanowire, but the di�erence with paral-
lel polarization is minimal. As mentioned in section 3.2, the selection rules will
be modi�ed by selective excitation e�ects due to the small size of the nanowires.
It is possible that polarization parallel to the wire axis is strongly preferred for
this diameter (130 nm) in InP, modifying the crystal selection rules based on
symmetry. Therefore, care must be taken when trying to identify transitions
based on their symmetry and polarization characteristics.

The splitting between the A-, B- and C- valence bands is related to the crystal
�eld splitting and spin-orbit coupling in the material. The relationship between
the energy splittings ∆AB and ∆AC is described by[78]

∆AC,AB =
∆SO + ∆CR

2
±

√(
∆SO + ∆CR

2

)2

− 1

4u
∆SO∆CR. (4.7)

The plus sign corresponds to the energy di�erence ∆AC , while the minus sign
corresponds to the energy di�erence ∆AB . It is assumed that the interactions
have the same magnitude for each crystal direction. This is known as the qua-
sicubic approximation. To obtain the spin-orbit splitting and crystal �eld split-
ting from the energies of the A-, B- and C- transitions, the formula can be
inverted to yield

∆1,2 =
∆AB + ∆AC

2
±
√

∆2
AB + ∆2

AC + 2∆AB∆AC (1− 8u)

2
. (4.8)

It is not a priori known which of the two solutions corresponds to the crystal �eld
splitting and which to the spin-orbit splitting. One way to solve the problem, is
to look to the theoretical predictions for each and try to match the calculated
values to the theoretical ones. If the predicted energy values are close, it becomes
impossible to make a clear distinction based on equation 4.8 alone.

4.3 E�ects of Surface Recombination

In section 4.1, it is shown that the absorption coe�cient is in generally a mono-
tonically increasing function of energy (at least, close to the intrinsic absorption
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Figure 4.3: PLE spectrum of shallow donor-acceptor pair recombination in a ZB GaP

thin �lm. Maxima appear at di�erent energies due to larger di�usion length on the

<111>B surface[63].

edge). Therefore, it is to be expected that the PLE signal also increases mono-
tonically with energy, as shown in �gure 4.1. However, for planar layers it is
observed that for increasing energy, the spectral shape has a maximum at some
intermediate value of the energy[63]. The PLE spectrum for donor-acceptor
luminescence in a ZB GaP n-doped planar layer is shown in �gure 4.3. The
sharp features near the intrinsic edge are attributed to absorption at sulphur
and nitrogen centers. The dip occurring at 2.88 eV is attributed to recombina-
tion of free excitons, which can radiatively recombine through a direct allowed
transition without the nitrogen centers. These excitons thus represent a loss
channel for the PLE being studied.

There is a broad maximum at around 2.43 eV for the <111>B surface. How-
ever, for the the <111>A surface, the maximum is at higher energy, around
2.48 eV. The appearance of such a maximum is due to surface recombination.
Because the minority carrier di�usion length is larger on the <111>B surface,
the maximum appears for a smaller absorption coe�cient, i.e. closer to the
intrinsic absorption edge. To see how the competition between surface recom-
bination and volume recombination can lead to such a maximum, consider the
layer as a large sheet of thickness l and with an absorption coe�cient α. It is
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Figure 4.4: Schematic representation of a thin �lm of thickness l illuminated by light

of intensity I. x is the distance from the surface, with x = 0 being the illuminated

surface[79].

illuminated by radiation of intensity I (see �gure 4.4). The rate of electron-hole
pair generation at a distance x from the surface is given by[79]

dn

dt
= Ae−αx (4.9)

with the constant A given by A = Iα. This is due to the fact that for an
in�nitely thick sheet all photons are absorbed if the absorption coe�cient is
non-zero. The generated electron-hole pairs can leave the region between x and
x+dx through bulk recombination and carrier di�usion. This leads to the rate
equation

dn (x)

dt
= − di

dx
+ Iαe−αx − n

τ
(4.10)

with the �rst term representing the carrier current i = ndx/dt, the second term
the pair generation due to absorption, and the third term bulk recombination
with the volume lifetime τ . In the steady state, the left-hand side of equation
4.10 is equal to 0. Introducing the di�usion constant D through i = −Ddn/dx
(Fick's law) and rearranging gives

d2n

dx2
=

n

Dτ
− Iα

D
e−αx. (4.11)

The boundary conditions assume a recombination rate at each surface equal
to the carrier density at the surface times a surface recombination velocity S.
Solving equation 4.11 for n(x ) and integrating over x between 0 and l gives the
total number of carrier pairs in the �lm N. De�ning the photoluminescence rate
normalized to the illumination intensity as P = N/Iτ the solution is

P =
1− e−Z

1 + ξ coth
(

1
2λ
) {1 +

ξλ
[
λ coth

(
1
2λ
)
− Z coth

(
1
2Z
)]

λ2 − Z2

}
, (4.12)
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with Z = αl the optical thickness of the thin �lm, λ = l/
√
Dτ the dimen-

sionless thickness of the sheet, and ξ = S
√
τ/D the ratio of surface and bulk

recombination rates.
If surface recombination is very strong (ξ � 1), P will have a maximum given
by

eZ = 1 + λ+ Z. (4.13)

By using the ratio of the PLE signal for very high energy and the signal at
the maximum, R∞ = 1/ξ, the known di�usion constant of ZB GaP and the
experimentally known values for the absorption coe�cient of ZB GaP at the
energy of the maximum, the surface recombination velocity can be calculated
as

S =
D (exp (α (Emax) d)− α (Emax) d− 1)

R∞d
. (4.14)

For the spectra shown in �gure 4.3, the calculated surface recombination velocity
is ∼20 cm s-1 for the <111>A phosphorus terminated surface, while for the
<111>B gallium surface S ∼120 cm s-1[63]. For undoped �lms, a value of ∼10
cm s-1 is reported.



Chapter 5

Experimental Set-up

5.1 Description of Samples

The location of nanowire growth on the substrate is controlled by patterning
the substrates with gold particles. The pattern is written using electron beam
lithography (EBL). After the surface is cleaned to remove any native oxide, a
layer of PMMA is spincoated onto the substrate. The PMMA is exposed to
an electron beam in a prede�ned pattern. The exposed areas of the layer can
be chemically removed without damaging the non-exposed parts of the layer
(�gure 5.1(d)), leaving behind well de�ned holes. Then, a thin layer of gold is
deposited, forming a layer on the PMMA resist and gold particles in the holes.
The resist can now be removed from the substrate, leaving thin droplets of gold
behind (�gure 5.1(f)). These droplets are arranged in the pattern de�ned by
the electron beam, and are used to grow nanowires through the VLS mechanism
(section 1.2) in a MOVPE reactor.

Two types of patterns are used in experiments. The array pattern consists of
regular arrays of 25 by 25 nanowires. These arrays are organized into rows and
columns on the substrate. The nanowire arrays become more dense from top
to bottom and the individual nanowires become thinner from left to right. The
distance between the nanowires (pitch) varies from 20 nm on the bottom of each
column to 5 μm at the top. The diameter of the wires is varied along the rows of
arrays, from 100 nm on the left to 20 nm on the right. The length is between 10
and 20 μm, with good homogeneity within each sample. The distance between
separate columns of nanowire arrays is typically a few hundred micron, while
the distance between the separate rows is around 1 μm. This gives this pattern
a relatively low nanowire surface coverage, but high nanowire density on the
sites of the arrays.

The laser pattern consists of a regular square grid of nanowires with constant
diameter and pitch. This grid extends over several millimeters. Typical diame-
ters are 100-300 nm, while the pitch is varied from 500 nm to 2 μm. The pitch is
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Figure 5.1: Processing steps used to pattern substrates for nanowire growth using

EBL[80]. After surface cleaning (a), the resist is deposited onto the substrate (b) and

patterned using an electron beam (c). After developing the resist, the exposed areas are

removed, leaving behind well de�ned holes (d). Gold is evaporated which creates a gold

layer on top of the resist and gold particles in the holes (e). The resist can be removed,

leaving behind the gold particles (f), which are then used to seed nanowire growth (g).

larger for samples with larger nanowire diameter. Compared to the array pat-
tern, the nanowire density is similar, but the surface coverage is much larger.
The nanowires are also shorter (7-12 μm) as further increasing the growth time
is found to greatly increase the length inhomogeneity across the sample.

Because nanowires have a high surface-to-volume ratio, surface e�ects are ex-
pected to play a role. To investigate these e�ects, some nanowire samples are
capped with a thin shell of AlxGa1-xP with a typical thickness of 25 nm. This
shell grows epitaxially on the sides of the nanowire and passivates the surface of
the GaP core. It has a higher bandgap due to the aluminum content, and is thus
not expected to contribute to the photoluminescence as long as free carriers in
the shell can e�ciently escape to the lower energy states in the core.

5.2 Photoluminescence Set-up

The nanowire samples are mounted with thermal glue on the cold �nger of a
Oxford Instruments Microstat HiRes2 cryostat. The cryostat is cooled to a
temperature of 4 K using liquid helium. Measurements are performed at 4 K
unless otherwise speci�ed. For temperature dependent measurements, a heating
element inside the cryostat is activated to increase the temperature of the cold
�nger. To ensure the sample has reached thermal equilibrium with the cold
�nger, su�cient time is taken between heating and measurements (typically
15-20 minutes).

A schematic representation of the photoluminescence set-up is shown in �gure
5.2. To focus light onto the nanowire sample a Nikon microscope objective with
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Figure 5.2: Schematic representation of the photoluminescence set-up. Sources can

be switched by moving �ippable mirrors. A halogen lamp and CCD camera are used to

determine the position on the sample, a laser source (frequency doubled Ti:Sa or blue

diode laser) is used together with the CCD chip connected to the spectrometer for PL

experiments, and the plasma lamp in combination with a monochromator is used as a

source during PLE experiments, with the detection coming from the APD connected to

the spectrometer.

50x linear magni�cation and a numerical aperture of 0.70 is used. The sample
is �rst imaged with Thorlabs OSL1-EC halogen lamp and a Watec WAT-120N
CCD camera to determine the position of the nanowire arrays on the sample.
For coarse alignment of the microscope objective to the arrays, the cryostat is
moved using a custom XY-movable stage. For precision alignment and measure-
ments the objective is moved using a XYZ-movable Newport UltrAlign M-561
piezoelectric stage, allowing the focus of the beam to be moved across the sample
with an accuracy of ∼10 nm.

Two di�erent excitation sources are used for PL experiments: a PicoQuant PDL
800-B pulsed diode laser operating at 420 nm, and a Coherent Mira 900 Ti:Sa
laser frequency doubled with a BBO crystal to produce a 408 nm laser source.
The spot size of the laser on the sample is typically about 1 μm2. For as-grown
nanowire arrays, this means typically a few nanowires are probed during the
experiment. A Thorlabs 50:50 non-polarizing beam splitter cube splits the beam
so the incident power on the sample can be monitored during the experiment.
The power is measured with a Thorlabs S130C silicon photodiode and Thorlabs
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PM100D console. To measure the photoluminescence as a function of power, a
variable ND (neutral density) �lter is used with an OD of 0.0-2.0. This means
the power can be changed over two orders of magnitude.

Because there is a lot of backscattering and re�ection of the laser source from
the sample, a Thorlabs FELH0500 long-pass �lter (cut-on wavelength of 500
nm) is used to �lter out the laser signal to ensure it does not interfere with the
measurement or cause damage to the spectrometer. For polarization dependent
experiments, a Melles Griot Glan-Thompson polarizing prism is used at the
excitation, while a Thorlabs thin �lm polarizer is used at the detection side. The
grating inside the spectrometer has a higher e�ciency for p-polarized light. To
ensure changes in intensity for di�erent polarizations are due to the polarization
dependence of the emitted light and not due to the grating, a Thorlabs half-
wave plate is used to reorient the polarization to p-polarized before the signal
enters the spectrometer.

The luminescence signal is collected using a Princeton Instruments Acton SP2300
spectrometer with a 1200 lines/mm ruled grating blazed at 500 nm. The grating
di�racts the incident light onto a CCD chip, which is connected to a computer.
The spectrum of the photoluminescence is then recorded using software provided
by the manufacturer. The entrance slit of the spectrometer is closed as much
as possible to increase the resolution that can be obtained, which in typical
experiments is in the range of ∼0.2 nm.

Photoluminescence is measured both on as-grown vertical nanowire arrays and
single nanowires. On array pattern samples, measurements are conducted on
the arrays with nominal nanowire diameters of 100 nm and a pitch of 1 μm
unless otherwise noted. On laser pattern samples, the photoluminescence is
measured on multiple di�erent locations on the sample to ensure reproducibility.
To measure single nanowires, the nanowires are broken from the GaP substrate
and transferred to a SiOx substrate. The substrate is covered with a pattern
of gold markers to facilitate the identi�cation of single nanowires, allowing the
same nanowire to be measured in di�erent experiments.

5.3 PLE Set-up

The photoluminescence set-up of �gure 5.2 is also used for PLE experiments,
with some adaptations. The excitation source is an Energetiq LDLS plasma
lamp coupled to a Acton SpectraPro 300i monochromator. The monochromator
uses a 1200 lines/mm ruled grating blazed at 500 nm. The light coming out
of the monochromator is coupled into a 300 μm core multimode �ber with a
numerical aperture of 0.39. The light is coupled out of the �ber with a 11 mm
focal distance aspherical lens to produce a parallel beam, which is focussed onto
the sample by the microscope objective. The spot size is quite large (diameter
∼30 μm), making measurements on single nanowires di�cult. Measurements
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are performed either on as-grown arrays of nanowires (both array pattern and
laser pattern), or on bunches of transferred nanowires on SiOx substrates. As a
reference, planar samples of ZB GaP are measured and compared to literature
data.

To align the source to the sample, the photoluminescence signal is collected in
the manner described in section 5.2, using the PLE source set to 420 nm. Once
the PL is known, the detection wavelength is selected for the PLE measurement.
The grating is centered at this wavelength, and a mirror inside the spectrom-
eter is �ipped, focussing the di�racted beam onto the entrance slit of a Micro
Photon Devices PDM avalanche photodiode (APD). The slit is used to select
a narrow spectral window of emission (∼1 nm) to be detected by the APD.
The number of counts measured by the APD is a measure of the intensity of
the photoluminescence signal. This signal is then collected as a function of the
excitation wavelength set by the monochromator using a PicoQuant Picoharp
300 module to obtain the PLE spectrum.

The measurement is automated using a custom LabView program. This pro-
gram controls the monochromator to set the excitation wavelength, the Picoharp
to collect the signal, and the variable density �lter and power sensor to control
the excitation intensity during the experiment. The speci�cs of the LabView
code are given in section 5.4. Additional comments on the experimental set-up
are given in Appendix A.

To maximize the signal-to-noise ratio, and �lter out the excitation, cross-polarization
is used. For as-grown samples, the source is polarized in the s-direction, and the
detection is polarized in the p-direction (the preferred direction for the grating).
For transferred nanowires, PLE measurements are done both with the source
polarized along the nanowire growth axis (WZ c-axis) and perpendicular to
this axis. The polarization at the detection is always perpendicular to the po-
larization direction of the source to maintain the cross-polarization. Because
the system of white light plasma source and monochromator has problems with
ghost images from the di�raction grating, a short-pass �lter is used with a cut-
o� wavelength of 500 nm. It is also observed that putting a long-pass �lter
with a cut-on wavelength of 500 nm at the detection improves the signal-to-
noise ratio. It is possible that the grating inside the spectrometer also has ghost
images which appear at the same position as the detection for certain shorter
wavelengths. Removing short wavelength components from the signal with the
long-pass �lter eliminates this e�ect.

5.4 LabView Code

The PLE experiment is automated using a Labview program. The system is
initialized to verify that all required devices are connected properly. The user
can then set the desired experimental conditions, such as the wavelength range,
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Figure 5.3: Control and data �ow diagram of the LabView PLE program.

the wavelength step that is used between di�erent iterations of the program,
the setpoint for the power sensor, and the acquisition time of the photodiode.
In �gure 5.3, the schematic operation of the program is shown. Once operation
is started, the monochromator is set to the speci�ed initial wavelength. When
the monochromator has reached the desired wavelength, the power control loop
is activated. The variable neutral density �lter is rotated until the power read-
out of the power sensor matches the setpoint to within ±1.7%. This value
is chosen as a compromise between precision and speed of operation. Once
the power reading is stable, the �lter wheel is stopped and the program starts
the data acquisition. Stability in this sense is de�ned as staying within the
bounds of the setpoint for 0.4 s. Because the power control loop is not active
during acquisition, the source needs to be stable in time, which is the case
for the white light plasma source. Data acquisition runs in the TTTR mode
of the Picoharp 300 module. If the count rate exceeds 105/s, the program is
terminated to protect the photodiode from overloading. Once the acquisition
time has passed, the wavelength, recorded number of events, average count rate
and power reading are written to a �le, and the number of events is displayed
versus the wavelength in a realtime graph so the experiment can be monitored
while it is running. If the end of the speci�ed wavelength range is not reached,
the wavelength is increased by the appropriate step, and the program starts
again.



Chapter 6

PL results

6.1 Photoluminescence Power Dependence

The power dependence of the photoluminescence spectrum of wurtzite gallium
phosphide can be divided into two regimes. As noted in section 3.4, the change in
intensity with excitation power can be described by a power law if the excitation
power is varied over two order of magnitude. The low excitation regime in the
case of nanowire arrays is de�ned as excitation power densities ranging in the nW
to a few μW/μm2. In this range, the typical spectrum consists of four structures
or peaks, as can be seen in �gure 6.1(a). The main photoluminescence peak is
at 2.093 eV, previously identi�ed as the A-CB1 transition in wurtzite GaP[24].
The secondary peak at 2.046 eV is assigned to emission from carbon acceptors,
and the two lower energies bands at 1.99 eV and 1.88 eV are thought to be
related to di�erent impurities.

A four peak Lorentzian �t is used to describe the spectrum and �nd the area of
each peak. The area is proportional to the actual power radiated by the peak.
This integrated PL intensity for the four peaks is plotted in �gure 6.1(b) on a
log-log scale. A linear �t is applied to the data, with the slope giving the power
law exponent k from equation 3.12. The three high energy peaks all have values
of k in the range of 0.7, which according to the theory of Schmidt means they
are related to impurity emission. This contradicts the assignment of the 2.093
eV peak to the A-CB1 transition. This theory does not take into account the
quasidirectness of the material, however. If the indirect M-minimum is close
enough in energy to the Γ-minimum to syphon o� an increasing amount of free
carriers for increasing excitation power, the power dependence of the bandgap
emission will become sublinear. The fact that a small blue-shift of the emission
is observed with increasing excitation power also suggests band�lling is having
an e�ect on the emission. It is therefore di�cult to assign the nature of the
transition based on the power dependence alone. The fact that three features
in the spectrum have the same power dependence of about 0.7 in this range
does suggest that their mechanisms are similar or related to eachother. For the
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Figure 6.1: (a) Excitation power dependence of the photoluminescence of wurtzite

GaP nanowire arrays in the low excitation regime. An increase in intensity as well

as a small blue-shift of the emission is observed. (b) Log-log plot of the integrated

photoluminescence signal using a four peak �tting method, as a function of excitation

power. The exponent k is below 1 for all observed peaks.

same reason, the higher exponent seen for the low energy band suggests that
this emission follows a di�erent mechanism than the other three.

In the high excitation regime, the power density is increased to a few hundred
μW or even a mW/μm2. As a result, the photoluminescence spectrum changes.
The peak at 2.093 eV saturates, while the low energy band goes up in intensity.
Furthermore, a new band appears in the range of 2.2-2.25 eV, with a sharp peak
superimposed at 2.25 eV. The transition from low excitation regime to high
excitation regime is shown in �gure 6.2(a). This spectrum is from a laser pattern
grown single nanowire with an AlGaP shell transferred to SiOx substrate. In
general, the photoluminescence is not e�ected by the presence of the AlGaP
shell[24]. The peaks at 2.046 eV and 2.093 eV are not individually resolved in
the laser pattern grown wires, but are convoluted into a single broader emission
feature. In the low excitation regime, the same features are seen as for the
arrays, i.e. the low energy band at 1.8-1.9 eV, the shoulder around 2.0 eV and
the peak at 2.09 eV.

For high excitation power, the relative intensity of the low energy shoulder is
much higher, and the new band at 2.2 eV starts to take over. This is re�ected
in the power law exponents of these emissions in this range, which are higher
than the exponents of the other peaks. The k of the 2.09 eV peak is lower than
in the low excitation regime, from 0.74 to 0.44. This is a general observation for
this peak in many samples, and indicates that the emission from this transition
is saturating with increasing excitation power. The k of the superimposed peak
at 2.25 eV is 1.24±0.14, indicating an excitonic emission. In some samples, the
power law exponent is found to be even higher for this transition, up to about
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Figure 6.2: (a)Normalized photoluminescence spectrum of a single wurtzite GaP

nanowire with an AlGaP shell for increasing excitation power. At low power, the

PL is similar to that of the nanowire arrays, though the individual peaks at 2.046 eV

and 2.093 eV are not resolved. At higher excitation power, the spectrum is domi-

nated by an emission band at lower energy as well as emission from an exciton at 2.25

eV. (b) Log-log plot of the integrated photoluminescence signal using a four peak �tting

method, as a function of excitation power. The exponent k is below 1 for the peaks

observed in the low excitation regime. The exponents of the exciton emission and the

broad low energy band are higher than 1, showing their dominance at high excitation

power.

1.5. Although it is not possible to assign the emission mechanism based on this
exponent alone, the fact that it is always higher than 1 as well as the sharpness
of the emission line points to emission related to an exciton.

6.2 Photoluminescence Temperature Dependence

To investigate the nature of the photoluminescence further, the spectrum is mea-
sured as a function of temperature in both the low and high excitation regimes.
In the low excitation regime, the emission red-shifts with increasing temper-
ature, as expected, and quenches between 110 and 120 K (see �gure 6.3). At
higher temperature, no emission is observed. From the temperature dependence
of the integrated intensity of the peaks, the activation energy for the quenching
mechanism can be extracted. In addition to the intensity, the shift of the peak
energy with temperature can be used to extrapolate the emission energy at 0
K. Figure 6.4 shows the peak position as a function of temperature, as well as
�ts using three proposed models for the bandgap temperature dependence. The
�ts based on the Pässler model (equation 2.19) and the Viña model (equation
2.18) have the best agreement, while the Varshni model (equation 2.16), though
seemingly adequate, does not have a convergent �t for this dataset, and there-
fore does not give parameters which can be used to interpret the temperature
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Figure 6.3: Normalized photoluminescence of a nanowire array as a function of tem-

perature at low excitation power. The emission quenches between 110 and 120 K. A

red-shift of the emission energy with increasing temperature is observed.

dependence. From the other two models, a 0 K energy of 2.095±0.012 eV is
found, as well as a characteristic phonon temperature of 126±50 K. The large
uncertainty in the characteristic temperature is likely due to the small range
in which the peak position has been measured. For accurate results, the tem-
perature dependence should be measured until at least the Debye temperature
of the material, which is about 1.58 times the characteristic temperature. For
the calculated temperature, this means the temperature dependence should be
measured until at least 200 K. However, this is not possible because the observed
emission quenches at 120 K.

The inset of �gure 6.4 shows the integrated PL intensity as a function of 1/T.
A double exponential �t based on equation 3.21 is attempted. The resulting ac-
tivation energy for the quenching mechanism is determined to be 162±35 meV.
This is much higher than the thermal energy at the temperature of quench-
ing (∼10 meV). It does not seem likely that the quenching is due to thermal
dissociation in this case. It is reminiscent of the case of donor-acceptor pair
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Figure 6.4: Energy of the 2.09 eV photoluminescence peak as a function of tempera-

ture. The three models for temperature dependence of the bandgaps discussed in section

2.6 are used to �t the data. Inset shows the integrated intensity of the peak emission

versus 1/T, �t with a double exponential variant of equation 3.21.

emission in GaN, which also quenches with a very high activation energy at
an unexpectedly low temperature (see �gure 3.6(b)). The quenching in GaN is
explained by attributing it to the release of a free hole. The emission in the
case of GaP is assumed to be bandgap related, and the quenching can therefore
not be explained by this mechanism. The attempted �ts with both single and
double exponential generally do not give a good description of the experimental
data.

If the quenching is not due to a thermally activated non-radiative mechanism
or dissociation of an emitting complex, the temperature dependence of the PL
intensity can not be described by an exponential �t. An alternative explanation
for the sharp decrease in PL intensity with temperature is that there is a crossing
in energy of the M-minimum and Γ-minimum, making the indirect M-minimum
the lowest conduction band minimum at temperatures higher than 120 K. The
steep drop in intensity can be explained by an increase in the population of
the M-minimum at the cost of the population at the Γ-minimum, until the
excitation power used is no longer su�cient to populate the Γ-minimum at all.
This implies that the temperature at which the emission quenches is excitation
power dependent.
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Figure 6.5: Temperature dependence of the photoluminescence emission of a single

nanowire with an AlGaP shell in the high excitation regime. The sharp peak at 2.25

eV red-shifts with temperature, and quenches at about 95 K. As the intensity decreases,

a high energy shoulder starts to be observed.

The temperature dependence of the photoluminescence in the high excitation
regime is plotted in �gure 6.5. Unfortunately, the 2.09 eV peak can not be
clearly resolved in this regime, making it impossible to accurately calculate
the peak area and plot the temperature dependent intensity. In this regime,
the photoluminescence is dominated by the sharp emission at 2.25 eV. As the
temperature increases, the peak red-shifts and decreases in intensity. As the
intensity decreases, a shoulder appears on the high energy side. If the sharp
emission is interpreted as excitonic, as is expected from the power dependence,
this is an indication of the dissociation of the exciton complex. If the emission
is due to a free exciton, this could be related to the breaking of the exciton
into free electron-hole pairs. The temperature dependent intensity should be
described by a single exponential in this case. It is also possible that it is a
bound exciton transition, requiring a double exponential �t.

In �gure 6.6, the peak energy is plotted as a function of temperature. The
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Figure 6.6: Energy of the 2.25 eV photoluminescence peak as a function of tempera-

ture. The three models for temperature dependence of the bandgaps discussed in section

2.6 are used to �t the data. Inset shows the integrated intensity of the peak emission

versus 1/T, �t with a single exponential variant of equation 3.21.

best description of the energy shift with temperature is given by the Pässler
model, giving a 0 K energy of 2.252±0.001 eV and a characteristic temperature
of 120±18 K. This is in agreement with the phonon temperature calculated from
the low excitation temperature dependence. The Viña description of the energy
shift gives a similar result, with a 0 K energy of 2.251±0.006 eV and a slightly
higher characteristic temperature of 170±10 K. The �t on the high temperature
side of the experimental data seems to be better for the Pässler model, indicating
that the real phonon temperature in wurtzite GaP is probably closer to the
value calculated from this model than to the value calculated using the Viña
description. Again, the Varshni model does not give a good description of the
experimental data, and the interdependency between its calculated parameters
makes it di�cult to get qualitative information from them. Just like for the 2.09
eV emission, a more reliable calculation of the characteristic phonon temperature
would require experimental data at higher temperature. The quenching of the
emission makes this impossible.

The inset of �gure 6.6 shows the temperature dependence of the integrated PL
intensity. It is found that it is best described by a single exponential variant
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Figure 6.7: Polarization dependence of the nanowire emission intensity of the 2.09 eV

peak in the low excitation regime for the absorption (blue) and emission (red). At the

laser frequency, the absorption is independent of the polarization, while the emission is

polarized perpendicular to the nanowire axis. Inset shows the nanowire as seen through

a bandpass �lter with a pass band at 590 nm.

of equation 3.21. The associated activation energy is 13±3 meV. If a double
exponential function is used, the second activation energy is less than 1 meV. If
this emission is due to a bound exciton, it is expected that the binding energy of
the exciton to the neutral impurity will be higher than this value. In the case of
GaN and ZB GaP, the binding energies of excitons bound to neutral impurities
are on the order of 4 to 11 meV. Assigning the single calculated activation
energy can now be done in two ways. If the emission is assumed to be due to
a free exciton, this energy is the binding energy of the exciton. If, however, it
is due to a bound exciton, it could be the binding energy of the exciton to the
impurity. From the power dependence and the temperature dependence alone,
the distinction can not clearly be made.

6.3 Photoluminescence Polarization Dependence

In the low excitation regime, the intensity of the 2.09 eV peak is measured as a
function of the polarization of the excitation. At the wavelength of the source
(408 nm), there is no signi�cant dependence of the emission intensity on the
polarization for nanowires with a diameter of 200 nm or more. This means that
for absorption at this wavelength and at this diameter, neither the selection
rules nor the dielectric contrast seem to play a role. The polarization of the
photoluminescence emission is also measured, and is plotted in �gure 6.7. The
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Figure 6.8: (a) Polarization dependence of the nanowire emission intensity in the

high excitation regime for the low energy band. Emission is polarized perpendicular to

the nanowire axis. (b)Degree of perpendicular polarization as a function of emission

energy. The emission is more strongly polarized at lower energies. The interference

pattern is due to Fabry-Pérot modes in the nanowire.

emission is polarized perpendicular to the nanowire axis, which is expected from
the selection rules for the A-CB1 transition. Emission polarized perpendicular
to the wurtzite c-axis is also observed in WZ InP nanowires, in contrast to ZB
InP nanowires, where the emission is mostly parallel to the nanowire axis[81].

In the high excitation regime, the emission spectrum of transferred nanowires
shows an interference pattern, with sharp, individually resolved peaks. This
pattern is due to longitudinal Fabry-Pérot modes in the wire. The spacing be-
tween peaks in the spectrum depends on the length of the wire and the refractive
index of the material. As the refractive index of wurtzite GaP is unknown, this
presents an opportunity to experimentally determine this index. This is outside
the scope of this thesis, however. It is noted, that the sharp peak at 2.25 eV and
another peak at 2.14 eV which is observed in some samples are not modulated by
the Fabry-Pérot pattern, and do not �t in the trend of the spacings between the
other peaks. This means these two peaks have di�erent emission mechanisms
than the broad band emission that is otherwise observed. The polarization char-
acteristics of the broad emission are shown in �gure 6.8(a) for an energy of 1.97
eV. The degree of perpendicular polarization, de�ned as

(
I⊥ − I‖

)
/
(
I⊥ + I‖

)
,

is 0.39 for this emission. The degree of perpendicular polarization is plotted
as a function of emission energy in �gure 6.8(b). The degree of polarization is
higher for the lower energy emission, and the 2.25 eV peak shows a relatively
small degree of polarization.

The resonance peaks in the polarization degree correspond to the Fabry-Pérot
resonances. This has previously been observed in ZnO nanowires, where this
e�ect is attributed to an unpolarized or slightly polarized background plus po-
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larized polariton modes in the wire[62]. The degree of polarization peaks at
each mode resonance, and decreases to the background polarization between
resonances. This is not what is observed for the GaP nanowires, however, as
the resonance peak in the emission spectrum always occurs on the rising side of
the peak in the polarization degree.



Chapter 7

PLE Results

7.1 Zincblende Reference Sample

In order to evaluate the experimental procedure, results obtained from planar
layers of zincblende gallium phosphide are discussed and compared to literature
values. Figure 7.1 shows PLE spectra obtained from <111>B oriented ZB GaP.
The photoluminescence excitation signal obtained at the nitrogen bound exciton
A-line with energy 2.317 eV is shown in red, while the signal obtained by placing
the detection at the phonon-replica of this line is shown in blue. The spectra
are very similar to the known zincblende PLE (see inset). There is a maximum
at 2.45 eV for the A-line PLE, while the maximum for the phonon-replica is at
∼2.42 eV. At the direct energy gap (2.87 eV) there is a small dip in the signal.
This corresponds to the formation of direct excitons which do not recombine
through the nitrogen centers. The ratios R∞ are 0.22±0.02 for the A-line and
0.10±0.01 for the phonon-replica line, indicating strong surface recombination
e�ects.

In �gure 7.2 the spectra of the phonon-replica line for <111>B and <001>
oriented ZB GaP are compared. Although the shapes are similar, several dif-
ferences can be noted. The <001> surface has a much higher R∞, 0.66±0.04.
Because the broad maximum occurs at the same photon energy for both orien-
tations and the bulk di�usion coe�cient can be assumed to be the same, this
can only mean that the surface recombination velocity on the <001> surface is
signi�cantly lower than on the <111>B surface. The direct gap dip observed
for the <111>B PLE spectrum at 2.87 eV changes to a photoluminescence peak
in the <001> spectrum. It is speculated that instead of capturing free excitons
in this energy range, the nitrogen centers capture �rst a free electron because
of its relatively high electron a�nity. This complex is then slightly negatively
charged, which attracts a hole, forms a bound exciton and then radiatively re-
combines through the detected channel. Why this mechanism would be more
prominent in <001> oriented GaP and not in <111>B GaP is not clear.

67
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Figure 7.1: Photoluminescence excitation spectrum of the nitrogen bound exciton emis-

sion obtained from <111>B oriented ZB GaP. Spectrum obtained at the phonon-replica

shown for comparison. Detection energies are shown as dashed lines with the same

color as the corresponding PLE spectrum. Inset shows the PLE spectrum of donor-

acceptor recombination (see �gure 4.3)[63].

The oscillatory structure just above the intrinsic absorption edge is attributed
to phonon-assisted optical transitions. Because the absorption coe�cient in-
creases monotonically with energy in this region[82], these oscillations can not
be due to changes in the absorption. At a peak in the spectrum, the energy
of the photon matches the energy needed to create a free exciton together with
a momentum conserving phonon from the X-minimum and longitudinal optical
phonons related to the Γ-minimum, following the equation[63]

hν = Egx + ~ωX + n~ωΓ
LO, (7.1)

with hν the energy of the photon, Egx the energy of the indirect exciton which
is 2.3301 eV[83], ~ωX the energy of the X-phonon and ~ωΓ

LO the energy of
the zone center longitudinal optical phonon. The measured peak energies for
the <111>B and <001> orientations are tabulated in table 7.1. Superscript
X 1 refers to momentum-conserving phonons related to the X 1 minimum (see
section 2.5), while a superscript Γ refers to zone-center phonons. The nitrogen-
induced creation of free excitons at energy Ax is also shown. The measured
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Figure 7.2: Comparison between the PLE spectra of <001> (red) and <111>B (blue)

ZB GaP. Emission is enhanced near the direct gap (2.88 eV) for <001>, while there

is a dip for <111>B. The ratio between the magnitude at high energy (~3.0 eV) and at

the maximum of the spectrum (∼2.42 eV) is di�erent for these orientations, indicating
a di�erence in surface recombination velocity.

values show good agreement with the literature values. Using equation 7.1
the energy ~ωΓ

LO of the longitudinal optical phonon is determined to be 48±4
meV, which is consistent with the reported value of 50.1 meV[83, 84, 67]. The
calculated energy of the transverse acoustic phonon is 15±4 meV, in agreement
with the reported value of 13.1 meV. The longitudinal acoustic phonon energy
is found to be 31±2 meV, compared to the reported value of 31.5 meV, and the
energy of the transverse optical phonon is 49±3 meV, which is slightly higher
than the reported value of 45.4 meV in ref. [67] but is consistent with the
value of 46.5 meV reported in ref. [83]. The energy of the longitudinal optical
phonon matches the energy di�erence between the A-line emission (2.317 eV)
and the emission at 2.268 eV, validating the assignment of this emission as the
LO-phonon replica of the A-emission[84].

From the energy position of the broad maximum above the intrinsic absorption
edge, the surface recombination velocity can be calculated using equation 4.14.
For the values D = 4.5·10-3 cm2s-1, α = 90±10 cm-1[82] and d = 350 μm, the
surface recombination velocity for the <111>B surface is calculated to be 11±5
cm s-1. For the <001> surface, S = 2.4±1 cm s-1. The main uncertainty in
the calculated value comes from the uncertainty in the value of the absorption
coe�cient. It is clear, however, that the surface recombination velocity for the
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Figure 7.3: Oscillatory structure in the PLE spectrum above the intrinsic absorp-

tion edge. Labels indicate phonon-attribution for each peak. Inset: phonon-induced

oscillations in the PLE spectrum of a nitrogen-doped GaP planar layer [63].

Table 7.1: Assignment of phonon-assisted transitions from peak energies of PLE os-

cillations for <111>B and <001> ZB GaP.
Assignment Peak energies <111>B Peak energies <001> Literature[63]

eV eV eV
Ax 2.344 2.339 2.330

TAX1+ LOΓ 2.396 2.395 2.394
LAX1+ LOΓ 2.408 2.410 2.410
TOX1+ LOΓ 2.427 2.427 2.427
TAX1+ 2LOΓ 2.440 2.442 2.445
LAX1+ 2LOΓ 2.457 2.458 2.462
TOX1+ 2LOΓ 2.474 2.475 2.477
TAX1+ 3LOΓ 2.485 2.489 2.493
LAX1+ 3LOΓ 2.505 2.507 2.510
TOX1+ 3LOΓ 2.522 2.526 2.526
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Figure 7.4: PLE spectrum (black) of an array of WZ GaP nanowires with a diameter

of 100 nm and a pitch of 1 μm. The associated photoluminescence signal for an

excitation wavelength of 420 nm (2.952 eV) is shown in red, with the dashed line

representing the detection energy of 2.094 eV. Theoretically predicted transitions are

indicated by arrows[32].

<111>B surface is consistent with the literature value of ∼10 cm s-1[63], and
that the surface recombination velocity is much lower on the <001> surface.

7.2 PLE onWurtzite Gallium Phosphide Nanowires

A representative PLE spectrum of a WZ GaP nanowire array is shown in �g-
ure 7.4. The detection is set to the main photoluminescence peak in the low
excitation regime at 2.094 eV. As a frame of reference, the predicted transition
energies of ref. [32] are plotted as well. The transitions from the A-, B- and
C-valence bands to the lowest conduction band are predicted to be very weak.
Indeed, there are no observable features in the predicted energy range. There
is virtually no signal between photoluminescence peak at 2.094 eV and the edge
at 2.30±0.02 eV. Detailed studies of this energy region have not revealed any
features in the PLE spectrum. It is speculated that the reason for the absence
of photoluminescence for these excitation energies is low absorption due to the
very small transition matrix element. Due to this e�ect, the photoluminescence
signal falls below the detection limit.

Photoluminescence excitation spectroscopy o�ers a way to study absorption be-
havior near the bandgap by monitoring the emission of impurity transitions.
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Figure 7.5: PLE spectra of WZ GaP nanowires for two di�erent detection energies,

indicated by dashed vertical lines.

One of the problems in determining near bandgap absorption is the spectral
overlap between the excitation source and the detection. This makes it di�cult
to separate the di�erent contributions at energies close to the detected photolu-
minescence. The problem is circumvented by monitoring an impurity transition,
since these transitions are removed in energy from the bandgap. In �gure 7.5,
the PLE spectra of a WZ GaP nanowire array for di�erent emissions are com-
pared. The emission at 2.049 eV is attributed to carbon impurities incorporated
during the growth of the nanowires[24]. The associated PLE spectrum shows
no distinct features for energies between 2.07 and 2.30 eV. If the transition at
2.094 eV is assigned as the fundamental bandgap of wurtzite gallium phosphide,
a feature would be expected in the impurity PLE spectrum if the sample is
resonantly excited at this energy. The absence of such a feature indicates that
the transition matrix element is very small, or that the bandgap is not located
in this energy region. It is generally found that the edge of the PLE signal is lo-
cated at a slightly lower energy for the impurity transition than for the bandgap
transition.

In some samples grown with an AlGaP shell, the intensity of the impurity
emission band at energies 1.8-2.0 eV is high enough to be measured with the
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Figure 7.6: PLE spectra of WZ GaP nanowire arrays with AlGaP shell. The spectrum

detected at the impurity emission band shows qualitative agreement with the spectrum

detected at the 2.094 eV transition for energies higher than 2.8 eV. For lower energies

the intensity is signi�cantly lower.

PLE set-up. This is attributed to increased incorporation of impurities during
radial shell growth. Figure 7.6 shows PLE spectra of an array of WZ GaP
nanowires capped with an AlGaP shell. The PLE collected at 2.094 eV is similar
to the PLE of the uncapped nanowire array. There is a small increase in the
emission intensity in the 2.5-2.8 eV range. This is consistent with observations
on WZ GaAs nanowires capped with AlGaAs, where an increase of the PLE
intensity in the intermediate energy range is also observed when the nanowires
are capped with a shell which has a larger bandgap[85]. The PLE spectrum
collected at 1.907 eV shows the same features at energies higher than ∼2.85
eV, but the intensity drops o� faster for lower energies. The ratio between the
intensity at low and high energy (with the transition point de�ned at the A-CB2
transition at 2.86 eV) is much smaller for the impurity emission than for the
bandgap emission. A more detailed comparison of the PLE spectral shapes for
di�erent samples is given in section 7.4.

The strongest PLE signal is found at energies of ∼2.8 eV and higher. To ac-
curately determine the energies of these transitions, the �rst derivative of the
signal is computed. We de�ne the transition energy as the point of steepest
slope, i.e. where the derivative has a strong maximum[86]. In the case of a
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Figure 7.7: Numerically computed �rst derivative (red) of the PLE signal of a WZ

GaP array of nanowires, detected at 2.094 eV (black). Vertical dashed lines at observed

transitions, horizontal dashed line at the 0 of the derivative as an aid to the eye.

dip, such as the one assigned to recombination due to free excitons, the transi-
tion energy is determined by �nding the point where the �rst derivative crosses
zero with a positive second derivative. This is illustrated in �gure 7.7. There
is a strong maximum in the derivative at 2.869 eV, corresponding to a sharp
increase in the PLE signal. This is attributed to the onset of transitions to
the second conduction band (A-CB2). Matrix elements for transitions to the
second conduction band are predicted to be much larger than transition matrix
elements to the lowest conduction band for all three highest valence bands. It is
therefore expected that the signal will increase signi�cantly at the onset of these
transitions. The energy of the transition also matches reasonably well with the
predicted energy of 2.888 eV for this transition.

Several smaller maxima in the derivative are observed. Distinctions are made
by comparing the derivative maxima to the predicted transition energies, as well
as by studying the relative magnitude of the maxima for di�erent samples. The
structure between 2.4 and 2.8 eV is not always reproduced for every sample, and
assigning transitions in this energy region is not trivial. It is reminiscent of the
oscillatory structure found in the ZB reference sample, and two indirect minima
have been predicted for WZ GaP in this energy range. Drawing conclusions on
phonon-assisted transitions is complicated because the spacing between maxima
in the WZ samples does not seem to follow a regular pattern. More accurate
experiments in this energy range can resolve this issue.
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The maximum at 2.914 eV is almost always reproduced. It is seen particu-
larly strongly in nanowire samples with AlGaP shells. This transition is as-
signed to the B-CB2 transition, which is theoretically predicted at 2.929 eV.
The C-CB2 transition energy is identi�ed by the minimum in the PLE sig-
nal, at 3.035 eV. This dip is assigned to the generation of direct free excitons,
which can then recombine through channels which are not detected during the
PLE experiment. To �nd the actual energy of the C-CB2 transition, the ex-
citon binding energy has to be accounted for. If we use the activation energy
determined for the quenching of the exciton-like PL found in section 6.2, this
energy is 13±3 meV. Combining the obtained results from all measured sam-
ples, the values of the transition energies are determined to be E (A-CB2) =
2.865±0.002 eV, E (B-CB2) = 2.911±0.004 eV and E (C-CB2) = 3.048±0.006
eV. Using equation 4.8, the spin-orbit coupling and crystal �eld splitting can
be calculated. Though it can not be determined which of the calculated val-
ues is which, comparison to theoretical results can be useful if the di�erence
is su�ciently large. For the internal cell parameter u, the experimentally de-
termined value of 0.37385±0.00017 is used[87]. This is slightly lower than the
theoretically predicted value of 0.3746[88].

The spin-orbit coupling is calculated to be ∆SO = 92 ± 28 meV. This is in
excellent agreement with the predicted values of 82[31] meV and 83[32] meV. The
crystal �eld splitting is determined to be ∆CF = 137±30 meV. The theoretically
predicted value varies from 45[33] meV to 135[32] meV and even 341[31] meV.
This result is in excellent agreement with the prediction of ref. [32]. The
other predictions do not fall within the range of uncertainty, even though this
uncertainty is considerable (22.5%). This range is primarily due to relatively
poor statistics for the energy of the B-CB2 transition, and the uncertainty in
the exciton binding energy which factors into the C-CB2 transition energy.

7.3 Nanowires Transferred to a SiOx Substrate

The photoluminescence excitation spectrum of nanowires transferred to a SiOx

substrate is shown in �gure 7.8. Because vertical nanowire arrays generally give
a much higher signal than the transferred wires, a normalization procedure is
required for comparison between the two. The normalization is carried out by
setting the minimum intensity to 0 and the intensity at the characteristic A-CB2
transition energy to 1. For energies lower than 2.86 eV, the spectra are almost
identical. This is expected because all predicted transitions in this range are
excited by light which is polarized perpendicular to the nanowire axis. Above
2.86 eV, the intensity continues to increase for vertical wires, but is �at for
horizontal wires. Because the transferred wires are randomly oriented on the
substrate, part of the excitation polarization will always be along the axis of the
nanowire. The predicted transitions in this energy range are either very weak
or symmetry forbidden for this polarization. It is therefore expected that the
relative intensity will be higher for the vertical nanowires, where all incident
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Figure 7.8: Normalized PLE spectra of an as-grown nanowire array (red) and an

array from the same growth run transferred to a SiOx substrate (blue). Spectra are

normalized so the intensity at the minimum is at 0 and the intensity at 2.86 eV is at 1.

The spectra are qualitatively the same below 2.86 eV. For higher energy, the di�erence

in intensity is attributed to di�erent polarization characteristics of the absorption.

radiation is polarized perpendicular to the nanowire. The dip assigned to free
exciton recombination from the C-CB2 transition is also more pronounced for
the horizontal wires, and the intensity has a steeper rise towards 3.1 eV. This
transition is preferentially polarized along the nanowire axis, so it is expected
to be stronger for horizontal wires, as is observed in the experiment.

For better polarization dependent measurements, it is required that the growth
axes of the transferred nanowires are more or less aligned along the same di-
rection. If this is the case, the polarization of the excitation will have almost
the same orientation for all the nanowires. This should enable the observation
of di�erent transitions depending on their preferred polarization. In �gure 7.9
the PLE spectra of such a �nanowire bunch� for parallel, perpendicular, and
45 degree polarization are shown. The described [0,1] normalization is used
to better compare the intensities. It is observed that the B-CB2 transition
is much stronger in the perpendicular polarization than in the parallel polar-
ization, consistent with the results on the randomly oriented nanowires. The
45 degree polarization presents an intermediate case, and the shape seems to
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Figure 7.9: Normalized PLE spectra of horizontal GaP nanowires with an AlGaP

shell on a SiOx substrate. The polarization dependence of the absorption can be seen

in the relative intensity of the signal near 2.86 eV and at 2.91 eV. Detection energy is

indicated by the dashed line. Inset: picture taken with the CCD camera of the measured

�nanowire bunch�.

agree more with the perpendicular polarization, again showing that this is the
preferential polarization of the transitions below 2.86 eV. Above 2.86 eV, the
B-CB2 transition can be seen, but it is weaker than in perpendicular polariza-
tion. The range of this experiment does not extend to the C-CB2 transition,
because the excitation power required to get a detectable signal could not be
attained at these energies. When comparing the transferred wires to the vertical
as-grown nanowires, it seems that PLE spectrum for perpendicular polarization
shows the best agreement with the PLE spectrum of the vertical wires, as would
be expected. However, even for the perpendicular polarization, the qualitative
shape, and the quantitative �ts, do not show good agreement at all. It is un-
clear why there would be such a large discrepancy. It is noted that the signal
of the aligned nanowire bunches probed for the polarization measurements is
very low compared to the signal from the vertical arrays. Possibly, more and
better measurements are necessary to see the real polarization behavior of these
nanowires.

The features below the edge near 2.3 eV are not generally observed, but tend to
appear for nanowire samples with an AlGaP shell. The nature of these features
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Figure 7.10: [0,1] normalization of PLE spectra for di�erent nanowire samples. In-

trinsic WZ GaP nanowire PLE is almost independent of nanowire diameter, while the

e�ect of the shell is more pronounced for thicker wires due to increased shell volume.

is unknown. If the detection energy is moved, the small peaks seem to move by
the same amount. It is speculated that these features are due to scattering of
the excitation within the set-up.

7.4 Comparison of Edge Region

In order to study the e�ects of nanowire diameter and the addition of an AlGaP
shell, the PLE spectra of di�erent samples have been measured. Because the
absolute intensity of the PLE signal varies strongly between the samples, the
[0,1] normalization discussed in the previous section is used, with the results
shown in �gure 7.10. The energy of the absorption edge and the power law
exponent are obtained by �tting the spectra with equation 4.6. For WZ GaP
samples, the exponent is independent of the diameter of the nanowires, and
always falls in the range of 1.2 to 1.4, which is close to the predicted value for
a dipole forbidden absorption edge. The edge is generally found around 2.3 eV.
It can be seen in �gure 7.10 that the array pattern grown sample (diameter 100
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nm, black line) and the laser pattern grown sample (diameter 300 nm, blue line)
show identical behavior between 2.3 and 2.86 eV. The only di�erence is seen in
the relative intensity of the high energy absorption, which is higher in the case
of the larger nanowires.

If a shell is added, the relative strength of the PLE signal increases between
the absorption edge and 2.86 eV. The e�ect is clearest when comparing the
laser pattern grown nanowires with a diameter of 200 nm with a 20 nm AlGaP
shell (green) and the nanowires with a diameter of 300 nm without a shell
(blue). The relative intensity is higher in the low energy region, and instead of
a convex shape with a power law exponent of about 1.2, the shape is concave
with an exponent of 0.46±0.05. This is very close to the exponent of 0.5 which
is expected for a direct absorption edge. Wurtzite AlP has the same predicted
band ordering as GaP, and should also have a pseudodirect bandgap[31, 32]. It
is therefore unlikely that this change is due to a change in the nature of the
transition, though it can not be ruled out. If the array patterned samples are
compared, it can be seen that the arrays with an AlGaP shell show a stronger
intensity of the B-CB2 transition, while they barely show the dip attributed to
free exciton recombination related to the C-CB2 transition. This behavior is
generally observed for samples with a shell, though it is not directly apparent
from the �gure for the laser grown nanowires. The array sample with a shell
also show an enhancement relative to the bare nanowire arrays in the signal
between 2.3 and 2.86 eV. This kind of enhancement of absorption is also seen in
wurtzite GaAs nanowires with an AlGaAs shell[85]. The power law exponent is
1.02±0.06, signi�cantly lower than for the bare wires, but higher than for the
laser grown sample. This could be related to the bigger shell volume. For more
de�nitive conclusions, it is necessary to study more samples with di�erent core
and shell sizes.

7.5 Temperature Dependent PLE Spectra

To supplement the temperature dependent study of the fundamental bandgap
described in section 6.2, the photoluminescence excitation spectrum of this tran-
sition is recorded as a function of temperature, shown in �gure 7.11 for an array
of WZ GaP nanowires. The intensity increases slightly from 4 to 25 K, becomes
stable between 25 and 60 K, and starts to gradually drop between 60 and 85
K. Between 85 K and 110 K there is a sharp drop as the photoluminescence
quenches. The energy of the edge as calculated by �tting the data with equa-
tion 4.6 is shown in the inset. The parameters obtained by �tting these energies
with equation 2.19 are in good agreement with the ones obtained in section 6.2.
The gradually disappearance of the dip at 3.04 eV can also be seen. From the
temperature dependent photoluminescence experiment, the excitonic emission
is known to quench in the same temperature region. The disappearance of the
dip in the PLE spectrum is thus consistent with the assignment of this transition
to excitons related to C-CB2.
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Figure 7.11: Normalized PLE intensity detected at the fundamental bandgap for an

intrinsic WZ GaP nanowire array as a function of temperature. A sharp decrease

in intensity towards 110 K is observed. Inset shows the observed shift of the lowest

absorption edge with temperature, �tted with equation 2.19 (red line).

From the power law �t, a measure for the emission strength can be obtained.
The exponent itself is a re�ection of the nature of the transition under study.
This is visualized in �gure 7.12. The quenching of the signal with temperature
is similar to what is observed in the temperature dependent photoluminescence
experiment. It can not be accurately described by equation 3.21. In section 6.2 it
is speculated that this rapid quenching is not due to dissociation of a complex,
but rather due to a direct-to-indirect transition, with the material becoming
indirect above ∼115 K. As the intensity of the signal drops, the power law
exponent increases from the value of 1.4 (expected for direct, dipole forbidden
transitions) to over 1.8 at 110 K. This value is closer to the expected value for
an indirect transition. Although this is based on a very crude approximation
(parabolic bands, no competition between bands), it seems that this increase of
the exponent is related to the change in directness of the transition.
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Figure 7.12: Calculated exponents and intensities from power law �t according to

equation 4.6.

7.6 PLE on Ternary Alloys

For WZ GaAs nanowires, a strong peak is observed in the PLE spectrum at 2.0
eV[85]. In the WZ Ga0.30As0.70P nanowires, it is observed around 2.3 eV. This is
because the higher phosphorus content shifts the bandgap to higher energy. The
decrease of PL intensity for higher excitation energies in WZ GaAs nanowires is
explained by pointing to the decreased penetration depth in the material. This
would be consistent with the mechanism described in section 4.3. The surface
recombination velocity of ZB GaAs is several orders of magnitude larger than the
surface recombination velocity of ZB GaP[89]. It stands to reason that the same
would apply to the wurtzite crystal phases of the two materials. This explains
why surface e�ects can be seen in the GaAsP nanowire sample but not in the
plain GaP nanowires. It is known from structural analysis that these GaAsP
nanowires tend to a core-shell structure, with an As-rich shell and an As-poor
core. Because the bandgap energy is lower for high As content, recombination
primarily takes place in the shell. The reduced volume leads to a higher carrier
density near the surface and more surface recombination.

The PLE spectrum of the WZ Al0.24Ga0.76P nanowire sample shows qualita-
tively the same shape as pure WZ GaP, shifted to higher energies. The intrinsic
edge shape is less convex, with a power law exponent of 1.04±0.03. This is
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Figure 7.13: PLE spectra of WZ GaP (black), WZ Al0.24Ga0.76P (blue) and WZ

Ga0.30As0.70P (red) nanowires. Dashed lines show the photoluminescence collected

with an excitation wavelength of 420 nm, and the straight vertical lines indicate the

detection energy during the PLE measurement.

consistent with the observation of linear and sublinear edges for samples with
an AlGaP shell grown around the GaP core. The aluminum causes increased
absorption in the region between the lowest absorption edge and the onset of
transitions to the second conduction band. The edge of absorption is shifted
to higher energies, just like the photoluminescence. The PL blueshifts by 77
meV to 2.171 eV, while the edge is shifted to 2.350±0.002 eV. The edge shift is
smaller than the shift of the photoluminescence, making it unlikely that both
are related to the fundamental bandgap of the material. In the GaAsP sample,
the edge shows a strong superlinear behavior, with an exponent of 2.40±0.05.
This indicates an indirect transition which is possibly also dipole forbidden.
This is inconsistent with the predictions for WZ GaAs and WZ GaP, which are
predicted to have direct, dipole forbidden bandgaps[31, 32]. Experiments on
WZ GaAs nanowires have shown a direct bandgap[85]. The shape of the PLE
spectrum near the onset for these WZ GaAs nanowires is similar to the shape of
the measured WZ GaAsP nanowires. Although the reason for this superlinear
behavior can not be explained from the theory of absorption coe�cients, the
results for GaAs and GaAsP nanowires are consistent.
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Conclusion and Discussion

The photoluminescence spectrum in the low excitation regime shows four char-
acteristic emission peaks. Each of these peaks has a power dependence exponent
of 0.7 to 0.8. For increasing excitation power, the characteristic peak at 2.093
eV appears to saturate, with the exponent dropping from 0.7 to 0.4. This is not
consistent with bandgap emission, which is expected to have a linear dependence
on the excitation power. If this is in fact the emission from the fundamental
bandgap, this means there is a loss channel for free carriers which increases in
e�ciency as the excitation power is raised. Because the indirect M-minimum is
predicted to be close in energy to the direct minimum, it is plausible that this
minimum could be capturing more and more carriers as the bands are �lled with
higher excitation power. As the temperature is increased, the emission quenches
between 110 and 120 K. The intensity drop is very sharp, with an activation
energy which is much higher than the thermal energy at these temperatures.
It is possible that the quenching is not related to some thermally activated
non-radiative recombination mechanism, but is instead due to the crossing in
energy of the indirect M-point below the direct Γ-point, changing the system
from direct to indirect. This could be con�rmed by measuring the photolumi-
nescence as a function of temperature for di�erent excitation powers. If the
direct-to-indirect transition is responsible for the quenching, quenching should
be observed at higher temperatures for increasing excitation power.

Another way to explain the behavior of the emission at 2.093 eV is to consider
it as impurity related emission, such as a donor-acceptor pair. The power de-
pendence with a k of 0.7 is consistent with the value predicted in ref. [71], and
the saturation of the emission with higher excitation power can be explained by
saturation of excited pairs. The decrease in intensity with increasing tempera-
ture can be explained as the dissociation of a free hole from the donor-acceptor
pair, similar to what is observed in GaN[74]. The fact that in the PLE spectrum
of this emission, no signal is detected between 2.30±0.02 eV and the detection
energy of 2.093 eV indicates that there are no states in this energy range which
are able to absorb light and decay through the detected channel. The PLE spec-
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trum of the emission at 2.049 eV is almost identical to the spectrum at 2.093 eV,
which means that these two emission features are due to the same mechanism.

PLE experiments conducted on planar ZB GaP samples have produced results
which are in excellent agreement with the results found in literature. It can
be concluded that the PLE set-up is reliable and gives reproducible results.
In the PLE spectra of the various wurtzite gallium phosphide nanowire sam-
ples, several transitions are consistently found at energies of 2.865±0.002 eV,
attributed to the A-CB2 transition, 2.911±0.004 eV, attributed to the B-CB2
transition and 3.035±0.003 eV, attributed to the free exciton related to the
C-CB2 transition, with the transition itself at 3.048±0.006 eV. The polariza-
tion characteristics found in polarized PLE measurements support these as-
signments. From the transition energies, the crystal �eld splitting and spin-
orbit splitting of the wurtzite gallium phosphide valence band are determined
to be ∆SO = 92 ± 28 meV and ∆CF = 137 ± 30 meV, in good agreement with
the theoretical predictions[32]. Assigning transitions to the lowest conduction
band (CB1) is more complicated. The energy of the onset of the PLE signal
(2.30±0.02 eV) is closer to the predicted energy of the indirect transition to
the M-minimum than to any direct transition. From the absorption edge expo-
nents, the transition is closer to a direct, but symmetry forbidden, transition
than to an indirect transition. As the temperature is increased, the exponent
goes towards what is expected for an indirect transition, perhaps validating the
direct-to-indirect transition as the quenching mechanism. This is all very spec-
ulative, however. Measuring the PLE spectrum as a function of temperature for
di�erent excitation powers would give more information. However, the range in
which the power of the source can be changed while maintaining a detectable
signal is limited.

In the high excitation regime, the PL spectrum shows a new sharp peak at 2.25
eV. The excitation power exponent k is always larger than 1, and sometimes
even close to 1.5, which is in the predicted range for free or bound exciton
emission[71]. From the temperature dependence of the intensity, an activation
energy of 13±3 meV is found. As the temperature is increased and the emission
intensity decreases, a shoulder on the high energy side of the peak starts to
emerge. It is plausible that this shoulder represents either the bandgap emission
(if the sharp peak is free exciton emission), or emission related to a neutral
impurity (if the sharp peak represents a bound exciton). Because the edge
in the PLE signal is generally observed to be at higher energy than 2.26 eV,
the latter seems more likely. The uncertainty in the position of the edge is
quite large, and it is still possible that this emission represents recombination
of free excitons. This would be consistent with the theoretical prediction of De
and Pryor, who put the WZ GaP bandgap at 2.25 eV[31]. It is necessary to
conduct more precise experiments to determine the position of the onset edge
in the PLE spectrum. Ideally, a PLE spectrum of the 2.25 eV peak should be
measured. However, the required power density can not be attained with the
current source, unfortunately.
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The transition matrix elements for transitions from the three highest valence
band to the lowest conduction band are all predicted to be very small or even
0[32]. The probability of absorbing photons through these transitions is very
small. It is possible that the number of carriers excited in the nanowires during
the PLE experiment in the energy range below the observed absorption edge
drops below the detection limit of our set-up. This would imply that the ob-
served edge of absorption is not related to an intrinsic property of the nanowires,
but rather to the collection e�ciency of the experimental set-up. If the excita-
tion power is raised, no clear shift in the absorption edge is observed, suggesting
that it is intrinsic to the nanowire samples. Simply increasing the excitation
power is not enough to discriminate between the two options. Increasing the
excitation power also means increased scattering, which raises the background
level which can obscure the true absorption edge. It is necessary to improve
the signal-to-noise ratio of the set-up to be certain which of the explanations is
correct.

Another possible explanation for the discrepancy between the observed emis-
sion and absorption edge is related to �gures 3.2(b) and (d). The transition
matrix element for the A-CB1 transition is enhanced at a point on the Γ-M
line. In energy, this point is predicted to be in the range of 2.5-2.8 eV for
a direct transition. Instead, for an indirect transition involving the emission
of a momentum conserving phonon the energy could be more in the range of
2.3-2.5 eV (based on theoretical predictions for the band structure and assum-
ing phonon energies similar to the energies in zincblende GaP). Because it is
indirect, this transition would not normally be observed in the luminescence
spectrum, but it might be seen in the absorption and PLE spectra. If this is in
fact the onset of absorption that is observed, it can explain the large energy gap
between the observed emission and PLE signal. Below 2.3 eV, the absorption
is negligible and the conduction band is barely populated at all. Above 2.3 eV,
the absorption is more e�cient. Because the lowest available energy state is at
the fundamental bandgap, carriers will preferentially relax to this state before
recombination takes place. Even though the transition matrix element is very
small, the resulting luminescence can be detected because the population is high
enough.

As mentioned earlier, the gap between emission and absorption can also be ex-
plained by considering impurity emission. The PLE spectrum recorded for the
emission at 1.907 eV is very similar to the PLE spectrum recorded at 2.094 eV
(�gure 7.6), with the absorption edge seen in the same energy range (2.30±0.02
eV). This broad emission is attributed to impurities, possible donor-acceptor
pair recombination[24]. Based on the similarities between the two spectra, it
is plausible to also attribute the 2.093 eV emission to this mechanism. In this
picture, the change in photoluminescence from the low to the high power regime
can be viewed as the saturation of impurity emission and the emergence of emis-
sion from higher energy states in the gap, such as a bound exciton at 2.25 eV.
This emission is 30-70 meV below the observed absorption edge, which is a plau-
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sible range for bound exciton emission, if the exciton binding energy is assumed
to be the 13±3 meV found from temperature dependent PL. This implies that
all photoluminescence seen in experiments is due to various impurity complexes.
It can also explain why the PL seen in the low excitation regime di�ers between
nanowires grown from array patterns and nanowires grown from laser patterns.
Array pattern grown wires show two distinct peaks in photoluminescence, at
2.093 eV and 2.046 eV. Laser pattern grown nanowires show one broader peak
at 2.084 eV. Because the growth conditions are slightly di�erent between the
two patterns, impurity incorporation is di�erent, resulting in di�erent spectral
shapes.

If impurity emission has to be considered, we should identify a source of these
impurities during the growth of the nanowires. An impurity which is de�nitely
present in the reactor during growth is carbon, due to the precursors which are
used to grow the gallium phosphide. Carbon can act as both donor and accep-
tor in gallium phosphide, and could therefore form donor-acceptor pairs on its
own. Because of the high temperature and gold catalyzed growth, high carbon
incorporation is not expected. Other possible contaminants include chlorine
from the HCl which is used during growth to stop radial growth. The same
growth reactor is used to grow other III-V and also group IV materials, so it
is possible that small amounts of these materials are present during the growth
of gallium phosphide. Because the interband recombination in WZ GaP is pre-
dicted to be very weak, even very small amounts of impurities could be seen
in luminescence if they are e�cient recombination centers. Donor-acceptor pair
recombination becomes much less likely if the impurity concentrations are very
low, because the average distance between donors and acceptors is high in this
case. Stacking faults in the nanowire could also serve as recombination centers.
From structural analysis, the stacking fault density in the measured nanowire
samples is found to be very low, making it unlikely that they play a role in the
emission[28].

From the analysis of the power law dependence of the absorption edge, it is likely
that wurtzite gallium phosphide is a pseudodirect material. This is in agreement
with the theoretical predictions. In addition, the temperature dependence of
both photoluminescence and photoluminescence excitation spectra suggests that
it is quasidirect. From the photoluminescence excitation spectrum, transitions
to the second lowest conduction band are resolved, with transition energies
which are in good agreement with theoretical predictions. From these energies,
the spin-orbit and crystal �eld splittings are calculated, and the obtained values
are close to the theoretical values, though the uncertainty range is still quite
large. This range can be reduced by measuring more samples to obtain better
statistics. Assigning the fundamental bandgap transition (A-CB1) based on
the experimental results is not straightforward. Two possible explanations have
been proposed, the �rst based on a very weak fundamental bandgap transition
combined with an enhancement of the transition matrix element along the Γ-M
symmetry line and an direct-to-indirect transition at temperature between 110
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and 120 K. The second explanation is based on impurity related emission, from
donor-acceptor pairs, single donors or acceptors, and bound excitons. Each
explanation has its strengths and weaknesses. By improving the resolution and
collection e�ciency of the PLE set-up, new experiments can be performed that
can shine a light on the actual processes involved. A di�erent source, such as a
laser, should be incorporated into the set-up due to the limitations of the plasma
lamp source. Inducing strain in the nanowires, e.g. by depositing a dielectric
envelope[90], can shift the relative positions on the Γ- and M-minima. Studying
the photoluminescence as a function of the applied strain can reveal whether
a direct-to-indirect transition is indeed taking place. As mentioned before, the
shift of the PL quenching with increasing temperature as a function of excitation
power can also be used to investigate this transition. As for the possibility of
impurity related emission, intentional doping of the nanowire during growth can
be attempted, although this has complications, such as a possible need to change
growth conditions and pollution of the reactor. To get more information about
the possibility of excitonic emission (free or bound), the photoluminescence
can be measured as a function of applied magnetic �eld. The lines in the PL
should be split by the magnetic �eld, and the magnitude of the splitting and
the number of lines they are split into will give information about the nature of
the transition.
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Appendix A Comments on

Experimental Set-up

In chapter 4, the emission intensity at a certain energy as a function of excitation
intensity is described by

Iem = PabsPrelPemIexc. (A.1)

Another way to de�ne photoluminescence excitation spectroscopy is to look at
the number of emitted photons with a certain energy as a function of photon
�ux on the sample:

Nem = PabsPrelPemNexc. (A.2)

The intensity on the sample is given by the photon �ux times the energy per
photon

Iexc = hc
Nexc
λ

, (A.3)

where h is the Planck constant, c is the speed of light in vacuum, and λ is the
wavelength of the light. The intensity of the detected emission is

Iem = hc
Nem
λem

. (A.4)

Because λem is constant during the experiment, the intensity of the emission
is directly proportional to the emitted photon �ux, which is what is actually
detected during the experiment.

In the experimental PLE procedure described in chapter 5, the intensity of the
excitation is kept constant while the wavelength is scanned, usually from 405
to 590 nm. From equation A.3, it is clear that as the wavelength is increased,
the photon �ux must also increase if the intensity is to be kept constant. For
longer wavelengths, more photons are incident on the sample than for shorter
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Figure A.1: Transmission and re�ection as a function of wavelength of the beamsplit-

ter used during experiments. As the wavelength increases from 420 to 600 nm, the

ratio between the transmission and re�ection goes from 61:39 to 53:47 for p-polarized

light, and from 56:44 to 52:48 for s-polarized light. The feature at 450 nm is due to

the Glan-Thompson polarizer used to set the polarization.

wavelengths. To keep the excitation conditions constant throughout the exper-
iment, the product Iexcλ should be kept constant, instead of just Iexc. This
can be achieved by making the setpoint of the power control loop wavelength
dependent.

A beamsplitter is used to enable the simultaneous excitation of the sample and
measurement of the excitation power. The sample is excited by the transmitted
beam, while the re�ected beam is focussed onto the power sensor. The splitting
ratio (transmitted intensity : re�ected intensity) of the beamsplitter is nominally
constant at 50:50. In practice, this ratio is both polarization and wavelength
dependent. In �gure A.1, the transmission and re�ection of the beamsplitter
are shown as a function of wavelength. The splitting ratio at 420 nm is 61:39,
and changes gradually to 52:48 at 600 nm. The dip (peak) in re�ection for
s-polarized (p-polarized) light is due to the Glan-Thompson polarizer used to
set the polarization during the experiment. As the wavelength is increased, the
fraction of the excitation intensity being transmitted to the sample decreases.
At the same time, the fraction detected by the power sensor increases. The
power control loop responds by decreasing the excitation power, keeping the
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power detected by the sensor constant and further decreasing the excitation
intensity on the sample. Starting from a setpoint of e.g. 4 μW, the intensity
on the sample drops from just over 6 μW at 420 nm to just over 4 μW at 600
nm. To achieve the objective of the control loop, which is to keep the excitation
intensity on the sample constant, a correction must be added to account for the
wavelength dependent beamsplitting ratio.

From �gure A.1, it can be seen that the splitting ratio strongly depends on the
polarization of the incident beam, especially for wavelengths shorter than 500
nm. Because the excitation is always s-polarized when measuring as-grown sam-
ples, the results can still be compared between di�erent samples. For transferred
nanowires, comparing PLE spectra obtained with di�erent excitation polariza-
tions is more complicated, as di�erences in shape between the spectra can be
due to both the di�erence in polarization and the di�erence in splitting ratio.


