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Abstract
This thesis will report on the optical characterization of wurtzite (WZ) InP. Recently it is
possible to control the crystal phase of nanowires to be either zincblende or WZ, but
most of the properties of the WZ structure are unknown. Therefore it is important to
characterize WZ InP. Photoluminescence (PL) and PL excitation (PLE) measurements
revealed that the bandgap of WZ InP is positioned between 1.493 and 1.496 eV.
Furthermore the 2nd valence band is found to be 40 meV higher in energy than the
bandgap, which was rectified by measurements at room temperature. Measurements on
the polarized emission of WZ InP revealed a strong polarization of the bandgap
transition in the x-y direction. Temperature dependent measurements revealed the
Varshni parameters and an activation energy of 1.2 meV in the bandgap transition,
which we attribute to trapping of the excitons in potential minima of the potential
landscape of the crystal.
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1 Introduction
In 1965 Moore’s law predicted that every 2 years the number of transistors per unit area
would be doubled. Up to now innovation has lived up to this prediction, but the smaller
device, the more important is the behaviour of single electrons.
Today a semiconductor nanowire, being a wire made from semiconductor material with
a radius that can range from ten to hundreds of nanometers, is not only a good candidate
to use as transistor, but also as solar cell or light-emitting diode (LED) for instance. To be
able to use these nanowires in commercial devices, their behaviour needs to be tested
and perfected.
In the rest of this chapter an introduction will be given on the behaviour of electrons in
semiconductor materials and how this behaviour can be used to create light. Then, a
growth technique to create nanowires is discussed. With this information it will
eventually be possible to give some future possibilities of semiconductor nanowires and
define the goal of this research.

1.1 Semiconductors
1.1.1 Electrons in Semiconductors
According to the Pauli-exclusion principle there can never be two electrons in an atom
occupying the same state, for they are fermions. Therefore electrons will fill up a
discrete number of states up to a certain energy. The energy at which the probability to
find an electron is one half is called the Fermi energy. In a single atom the allowed
electron states are grouped in energy shells, of which the highest occupied shell is called
the valence shell. Atoms in semiconductor materials are bonded by sharing their valence
electrons; the valence shells of neighbouring atoms combine their orbits to form energy
bands. The highest occupied band is completely filled and is called the valence band.
Higher energy states are separated in energy from this valence band by a bandgap.
In order to conduct, electrons need to be able to scatter into an empty state of a
neighbouring atom, but all the states in the valence band are filled. Therefore intrinsic
semiconductor materials will only conduct when an amount of energy, equal to the
bandgap energy, is provided to excite electrons to the next energy band. Because
electrons in this band are able to diffuse through empty states this energy band is aptly
called the conduction band.
1.1.2 Photoluminescence
The amount of energy needed to excite an electron to the conduction band can be
provided by light. Light classically behaves as a wave, but is also quantized in photons; a
phenomenon that is known as the wave-particle duality. The energy of these photons
can be described by:
c
(1.1)
E ph 
 h ph

 ph

With the Planck constant h (=2πћ), the speed of light c, the photon wavelength  ph and
the photon frequency  ph .
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When an electron gets excited to the conduction band it leaves an empty space behind,
which is called a hole (Figure 1.1). A hole can be treated as a particle and has the same
properties as the excited electron except for its positive charge. After an electron-hole
pair is created they will relax to the band edges by interaction with crystal vibrations or
other electrons and holes. At the band edge the electron can recombine with a hole by
sending out a photon with the same energy as the bandgap. Non-radiative
recombination is also possible. When a defect with an energy inside the bandgap is
available, the electron and hole can relax further through the defect and recombine
without sending out a photon.

Figure 1.1. Graphical representation of the creation of an electronhole pair, its relaxation to the band edges and the radiative and
non-radiative recombination thereof.

The process of creating luminescence in the material with light is called
photoluminescence (PL). Only photons with an energy equal to or higher than the
bandgap will get absorbed by creating an electron-hole pair. The number of photons,
called the excitation power density, determines the eventual intensity of the PL. In
experiments with semiconductors a laser is often used to provide the excitation photons,
because of its monochromatic behaviour and high energetic, parallel beam.

1.2 Growth
One way of making semiconductor material is by epitaxy, which literally means “uponordered” in old Greek. With epitaxy the material is deposited atom by atom and layer by
layer, prolonging the crystalline atomic structure. Different epitaxial techniques exist of
which only the Metalorganic Vapour Phase Epitaxy (MOVPE) technique will be
explained, for it is the one that is used to grow the nanowires (NWs) discussed in this
report.
1.2.1 Growth of Nanowires (MOVPE)
With the MOVPE technique the growth material is brought into the vapour phase as a
metalorganic precursor. The vapour flows through a low pressure reactor, in which a
substrate with gold particles on its surface is located on top of a graphite susceptor. A
susceptor converts electromagnetic energy into heat. When the susceptor is heated, the
gold particles start to absorb the growth material, the equilibrium composition
approximately given by the phase diagram. At a certain composition and temperature,
called the eutectic point, the alloy may melt at a lower temperature than the melting
2

temperature for the pure components. During growth, a continuous flow results in a
supersaturated gold particle, which leads to precipitation underneath the gold particle
and consequently growth of a nanowire (Figure 1.2). This process continues until the
partial pressure of the growth precursors is lowered or the temperature is altered.
The gold particle in this procedure is a catalyst for NW growth. In this project
trimethylindium and phosphine were used as precursors for indium and phosphorus,
which are elements of group III and V in the periodic table. Research indicates that
during growth both elements diffuse through the gold particle, where the concentration
of group V in the gold particle is controlled by temperature.1
Relative positioning of the particles can be done by a random deposition of prefabricated
aerosol particles on the surface or deposition of gold on a substrate with or without a
photo-resist pattern. With a photo-resist pattern, pre defined patterns can be designed
and grown.

Figure 1.2. Graphical representation of the nanowire
growth process with a gold particle (Au) as growth
catalyst.

1.2.2 Atomic Structure
When the atoms of the growth material in the gold particle precipitate on the substrate,
they are ordered in a certain atomic structure. For some materials it is known that, when
grown in a NW, they adapt either the zincblende (ZB) or wurtzite (WZ) structure,
depending on the growth parameters. When these parameters are known and can be
controlled, the atomic structure of a NW can be controlled and even changed during
growth. A further discussion on these parameters can be found in section 3.3.
1.2.3 Hetero Structures
The NW will be constructed out of the material presented by the metalorganic
precursors. So when the growth material is changed during growth, a NW with different
material sections can be grown. This way hetero structures can be grown in the axial
direction.
It is also possible to grow a shell around the core by increasing the temperature of the
susceptor when the core has been grown. The increase in temperature provides the
extra energy that is needed for growth atoms to get deposited on the NW surface and
substrate. Because the shell is grown epitaxially it will be grown in the same atomic
structure as the core.
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1.3 Future Possibilities
Every material and atomic structure has its own specific properties. The ability to grow
semiconductor NWs with material hetero structures in the axial as well as the radial
direction, and even atomic hetero structures in the axial direction, makes it possible to
engineer the overall properties of NWs.
For instance a small segment of lower bandgap material/atomic structure could be
grown in the core, creating a confined energy level for charge carriers to recombine in.
Due to the small amount of material with this bandgap very monochromatic light could
be produced.
Another possibility is to grow a NW with a certain pre-defined bandgap hetero structure,
in order to control the flow of charge carriers through the wire. This opens up
possibilities to make transistors, light emitting diodes (LEDs) or other devices that are
currently frequently used in electrical circuits.

1.4 Motivation and Objective
In order to engineer the band structure of a NW, knowledge about the electronic
behaviour in the separate materials that are used, is required. The ability to control the
crystal phase of NWs opens up new opportunities for band structure engineering, using
only a single material. It is therefore of great interest to characterise the mostly
unknown bulk properties of these new type of materials, like InP WZ. Optical
investigations at 4 K on InP WZ 2,3 indicate a bandgap energy between 1,49 and 1,50 eV
which is higher than the bandgap of zincblende InP (1,42 eV 4).

1.5 Outline
In order to eventually state the results and conclusions in chapter 5 and 6, first some
general background theory will be given on crystals, light and behaviour of charge
carriers in chapter 2. With this knowledge the properties of InP WZ will be compared
with InP ZB in chapter 3, with a discussion on their growth parameters. In chapter 4 the
growth method, performed by Magnus Borgström, sample preparation and experimental
setup is given. There are still questions to be answered after the research that is
reported here. Recommendations for further research, in order to answer these
questions, will be stated in chapter 7.
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2 Background theory
To be able to expand on the atomic structures and properties of WZ and ZB InP in
chapter 3, the basics on atomic structures, electronic behaviour in crystals and the
theory on photoluminescence has to be explained.

2.1 Crystals and electrons
The arrangement of the atoms in a crystal influences the behaviour of electrons and
holes. When the crystal structure is known, predictions can be made about this
behaviour. To be able to discuss these predictions, the ‘language’ of electrons and
crystals has to be known.
2.1.1 Crystal coordination
Crystal structures are defined by their smallest possible volume, which is called the unit
cell (Figure 2.1). Stacking the unit cell will generate the entire crystal lattice. The size of
the unit cell is determined by the length of the vectors a, b and c, called lattice constants,
and their mutual angles.

Figure 2.1: Example of a unit cell with
lattice constants a, b and c, and mutual
angels α, β and γ.

When the unit cell is known, the coordinates of every atom in the unit cell is given in
fractions of the lattice constants a, b and c. This coordinate system is used to define
crystal directions and crystal planes. For example in a crystal structure with a cubic unit
cell, the x-direction is written as [100] and the plane perpendicular to this direction as
(100).
2.1.2 Electron waves
Like photons, electrons can be treated as particles or as waves. When treated as a
waveform electrons can be described by their wave function,  (r , t ) , which is a
probability amplitude as a function of space and time. The square of the absolute value
2
of this wave function,  (r , t ) , gives the probability for a particle to be somewhere at a
certain time.
The wave function can be calculated by solving the Schrödinger equation:

E (r , t )  H (r , t )  
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2

2me



2

 V  (r , t )

(2.1)

with E the energy of the electron, H the Hamiltonian, me the electron mass and V the
external potential it experiences. Solving the Schrödinger equation for a periodic
potential, like a crystal, its wave function is described by the Bloch function
 nk (r)  eikr unk (r) , which contains the wave vector

k  kx  k y  kz
, a periodic function unk (r) , the space vector r  x 2  y 2  z 2 and the band index n. The
wave number ki is an expression for the directional momentum (pi) of a particle:
2 pi mvi
ki 
 
, i  x, y, z
(2.2)



When the Bloch function for a particular crystal is obtained, the eigenvalues of this
function are the possible energy states En(k) for electrons in this crystal. Because of the
crystal structure certain energies are not allowed, which causes for instance the
bandgap.
2.1.3 Brillouin zone
Since the possible energy states of an electron in a certain crystal are related to the wave
vector k, it is convenient to visualize the possible energy states of an electron in k-space.
To be able to do this the coordinates of every atom in the unit cell can be transposed to
k-space with the following equations:
2 (b  c) * 2 (c  a) * 2 (a  b)
a* 
,b 
,c 
V
V
V
*
*
*
Where a , b , c are the lattice constants in k-space, called the reciprocal lattice constants,
and V is the volume of the unit cell. The first Brillouin zone is then constructed by the
space that is within half a distance of a reciprocal lattice point and its nearest
neighbours. Only the first Brillouin zone is used frequently, for it contains all the distinct
energy bands for an electron. In Figure 2.2 the first Brillouin zone is drawn for a facecentred-cubic (fcc) and a hexagonal crystal structure, which are the first Brillouin zones
for respectively the ZB and WZ atomic structures. The allowed energies at the points
that are marked by letters can be linked to form a specific band structure diagram
(Figure 2.3).

(b)

(a)

Figure 2.2: A fcc (a) and hexagonally (b) shaped first Brillouin zone. These Brillouin zones are
respectively for a ZB and WZ atomic structure. The points coincide with the points on the horizontal
axis of Figure 2.3. In figure (a) point L lies in the hexagonal side plane and in figure (b) point M lies in
the plane of the square side surface.
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Figure 2.3: The band structures for (a) ZB5 and (b) WZ6 InP, with corresponding density of states
D(E).

2.1.4 Effective mass
As seen in the band structures in Figure 2.3, the energy of the electron is very dependent
on the direction and amplitude of the wave vector. This dependency is due to the strong
interaction of electrons with the electromagnetic field of atoms. The “electromagnetic
landscape” for a charge carrier is different for different directions, as a direct
consequence of the arrangement of atoms in the material.
Near a minimum or maximum in the band structure the curvature of the band is
approximately parabolic and therefore a carrier in that k-region can be approximated to
have the kinetic energy of a free particle, corrected with a prefactor:
2 2
p2
k
Ek 

(2.3)

2m  m 2meff
Where m is the mass of the charge carrier and eq. (2.2) is used in the second step. The
prefactor 1 m in this formula is a correction on the mass m of the carrier to eventually
obtain the effective mass. The prefactor can therefore be seen as the correction on the
mass of a charge carrier, which seems effectively different from the real particle mass
due to interaction with the local electromagnetic field. Taking the double derivative to k
in eq. (2.3) the expression for effective mass becomes
1

 2 E 
meff   2k 
(2.4)
 k 
The right hand side bracketed term in this equation describes the curvature of an energy
band in a certain direction. The top of an energy band then has a negative effective mass,
which can be accounted for when in the valence band only holes are taken in
consideration. The electrons in the valence band are conveniently ignored in this
picture.
Because the curvature of a band depends on the direction a charge carrier is travelling
in, the effective mass is given with a longitudinal (m*//) and transverse (m*┴) component,
where longitudinal is in the (main) direction of the band and transverse is perpendicular
to that direction.
2
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2.1.5 Crystal field splitting
The total momentum of a charge carrier consists of the orbital and intrinsic angular
momentum. The carriers have different orbital momenta because they move in orbitals
that are shaped differently, denoted by the letters s, p and d (Figure 2.4).

Figure 2.4: Graphical representations of the different (unbound)
electronic orbits.

As seen there are different directions possible in the p and d orbitals. In an unbound
atom these directions are at the same energy, but in an ionic crystal structure the dorbitals of an atom will be split in energy. The reason for this is that an electron (hole) in
a d-orbital close to a negatively (positively) charged neighbouring ion will be repelled by
this ion. Charge carriers in this orbital will therefore have a higher energy than carriers
in a d-orbital further away from this ion. This phenomenon will cause a split in energy of
the atomic d-orbitals, which is called crystal field splitting.
2.1.6 Spin orbit splitting
An electron (or hole) in an orbital is known to have two possible intrinsic angular
momenta, called spin. So in addition to the previous section every directional orbit
(Figure 2.4) can contain two electrons (or holes) with opposite spin ( s  1 2, 1 2 ) per kstate. In quantum mechanics the spin (S) and orbital angular momentum (L) can be
described together with the total angular momentum operator
J  LS
L  lx  l y  lz

S  sx  s y  sz

J 2  L2  S 2  2L  S
(2.5)
Where the last expression is obtained by multiplying J with itself. For simplicity I will
only discuss the electron in this phenomenon from here on.
An electron with (orbital) angular momentum will have a magnetic moment of
e
m
L
2me

8

With e the electron charge and me the electron rest mass. The spin also induces a
magnetic moment
eg
m s S
2me
Where g s  2 is the electron spin g-factor. From a relativistic point of view one could say
that the positively charged core is spinning around the electron, consequently creating a
magnetic field B for the electron. The interaction between the spin and orbital angular
momentum of the electron, and the interaction with the magnetic field results in an
addition to the Hamiltonian in eq.(2.1) of:
gse
1 U (r)
H SO  
(2.6)
L  S
2 2
8 0 me c r r
Where  0 is the dielectric permittivity of vacuum, c is the speed of light and U(r) the
potential of the magnetic field B. Together with eq. (2.5) this can be written as

H SO 



( J 2  L2  S 2 )

(2.7)
2
Where β is a factor constituted by the values in eq. (2.6). The energy that accompanies
this Hamiltonian is given by taking the eigenvalues of J 2 , L2 and S 2 , which are resp.
2
j ( j  1), 2l (l  1) and 2 s( s  1) . So the spin of a charge carrier also gives rise to a split
in energy, which is called the spin-orbit splitting.
2.1.7 Strain induced band bending
When two materials with different lattice constants are bound at an interface, the atoms
will experience strain due the fact that they get pushed together or apart in order to bind
with the other material. Consequently the interaction between the charge carriers in a
region that is subject to strain will be different from the unstrained region, which means
that the band structure is different as well. Pistol et. al.7 made calculations on the band
bending inside hexagonally shaped core-shell nanowires as a function of the ratio
core radius
r
total radius
They found that at small r the average strain in the shell will be zero, apart from shell
material close to the core-shell interface. Close to the interface the bandgap of the shell
will experience a strain opposite to the strain it inflicts on the core. At small r the
complete core will experience strain and therefore will have an average bandgap
different from the unstrained material. When the lattice constant of the core is larger
(smaller) than the shell, the strain on the core will be compressive (tensile).
2.1.8 Crystal defects
The crystal unit cell and its arrangement of atoms, as mentioned in section 2.1.1, is a
wishful view on the crystal structure. A perfect crystal is impossible to obtain, following
thermodynamics. Defects will be present in the structure, influencing the local band
structure and thus behaviour of charge carriers. Some possible defects are depicted in
Figure 2.5.
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Figure 2.5. Graphical representation of
some possible defects in a crystal lattice.

2.1.9 Temperature
When no external forces are present the energy of a particle can be described by its
internal energy, which consists of the kinetic and rotational energies of the particle in all
directions. Every rotational and translational direction is a degree of freedom for the
particle to move in. The notion of absolute temperature is driven by these internal
energies and is described by the thermal energy of a particle per degree of freedom:
(2.8)
Eth  12 kBT
with k B the Boltzmann constant and T the absolute temperature in Kelvin.
2.1.9.1 Crystal vibrations
In a crystal the atoms are constrained and therefore only vibrations are possible.
According to the Debye model these lattice vibrations are quantized and can be
treated as quasi particles called phonons. These phonons behave as bosons (like
photons), which means that it is possible for them to occupy the same energy state
and that they can be created or destroyed. So when a charge carrier collides with a
phonon, the phonon will get absorbed and its energy is transferred into an energy
and/or momentum change of the carrier. Likewise a charge carrier can also create a
phonon by energy transfer in a collision.
The phonon population and mean energy can be lowered by lowering the lattice
temperature. This way the phonon (and thus temperature) related processes can be
suppressed. Note that, by increasing the internal energy of electrons with photons,
these electrons can create phonons and thus raise the (local) absolute temperature of
the lattice.
2.1.9.2 Temperature distribution of charge carriers
Likewise it is possible that a phonon increases the internal energy of an electron. The
probability of such a thermal excitation is given by the Boltzmann factor:


E
k BT

e
(2.9)
which describes the probability for an electron to be in excited state E at a
temperature T.
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When using the near free particle approximation (section 0) for the bandgap edges,
the number of k-states available at this energy E are given by the density of states. For
respectively the conduction and valence band the density of states per unit volume is
given by:
1
3/2
(2.10)
gc ( E )  2 3  2me 
E  Eg
2
1
3/2
gv  2 3  2mh 
E
(2.11)
2
Where me and mh are in this case the effective electron and hole masses and Eg the
bandgap energy. Combining eq. (2.9) with (2.10) the number of electrons in the
conduction band (for example) changes with temperature according to

N ( E )  E  Eg  e



E
k BT

(2.12)

This makes it favourable to measure at low temperature.
2.1.9.3 Temperature dependence of the bandgap
With increasing temperature the phonon population and the mean phonon energy
will increase, which consequently increases the interaction between charge carriers
and phonons. The thermal vibrations will also cause the lattice to expand, which
affects the bonds between atoms. These two effects will induce a relative shift of the
conduction and valence band energies. The temperature dependence of the bandgap
in InP can be described by the Varshni equation8:
T2
Eg  Eg (T  0)  
(2.13)
T 
Where α and β are coefficients that need to be determined experimentally. According
to Varshni the effect is mainly driven by the carrier-phonon interaction, which is
material dependent. Therefore the temperature dependence of the bandgap depends
on the material.
For InP ZB the parameters of the Varshni equation are Eg = 1.421 eV, α = 4.9 x 10-4
eV/K and β = 327 K.4 For InP WZ these values are unknown.
2.1.9.4 Activation energy
In section 1.1.2 the non-radiative effect of a defect is described. Every defect has a
certain energy above which it will become possible for an electron-hole pair to
recombine via this defect. This energy can be provided by phonons. Therefore the
luminescence will start to decrease rapidly above a certain temperature. This thermal
energy barrier is called the activation energy Ea . It is observed9 that the rate of
decrease in luminescence intensity (β) shows an Arrhenius behaviour:

 e



Ea
k BT

(2.14)
Because phonons can excite an electron or hole from a radiative level inside the
bandgap to a higher energy level, consequently lowering the luminescence related to
this level, the activation energy can also be used to identify the relative energy of such
a level.
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2.2 Photoluminescence
When excited with a laser, the photoluminescence from a crystal semiconductor reveals
some properties of the material. But there are also optical effects that need to be
accounted for. In this chapter the measurable properties and optical effects are
described.
2.2.1 Light as a wave form
In section 1.1.2 the wave-particle duality of light has already been discussed. When
treated as a wave, light travelling in the z-direction consist of an electric component
(2.15)
E ( z, t )  E0ei ( kz t )
and a magnetic field component
(2.16)
B( z, t )  B0ei ( kz t )
of which the amplitudes are perpendicular to the propagation direction (Fig. 2.6).
The direction of the electric field amplitude is called the polarization direction and is
measured in degrees or radians.

Fig. 2.6. Sketch of a light wave, consisting of an electric (E)
and magnetic (M) field component.

Light is called un-polarized when the polarization direction rotates around the
propagation direction. Polarized light can be obtained with a polarization filter, which
only transmits the polarization in a single direction. Polarized light can then be rotated
an arbitrary angle with the use of a half- or quarter-wave plate, respectively  2 or  4 .
A wave plate has a slow and a fast axis that are perpendicular to each other. The slow
axis slows the electric wave down in that polarization direction. The resultant of this
shifted wave with the normal (fast) wave will be the new direction. The half-wave plate
therefore only changes the polarization plane, whilst the quarter wave-plate creates a
rotating polarization and thus can be used as a de-polarizer.
2.2.2 Optical reflection and absorption
A semiconductor is a dielectric medium, which has a dielectric permittivity  ( )   r   0
that is dependent on the frequency of the field component, where  r is the relative
permittivity of the medium compared to the permittivity of vacuum  0 . When light
enters such a dielectric medium the k-vector in the equations (2.15) and (2.16) has to be
replaced by a complex variant
 ( ' i '')
k  k  i 
(2.17)
c
0
The right-hand side of eq. (2.17) shows the relation to the real and imaginary part of the
dielectric constant of the medium. The variables α and k are used to describe the
behaviour of light at the boundary and inside a dielectric medium.
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At the surface of the NW light at a certain angle with respect to the normal of the plane
or surface, that is larger than the critical angle (  c ), will get completely reflected. This
causes loss of the excitation intensity.
n
 sin(c )
n0
with n0 the refractive index of the surroundings. Furthermore light at normal incidence
to the surface will also be partly reflected. This reflection is wavelength dependent.
The real part k of eq. (2.17), the wave-number as in eq. (2.2), accounts for the refractive
index n of the medium:
ck
(2.18)
n



When light has entered the material k in eq. (2.15) and (2.16) has to be substituted by
the complex variant in eq. (2.17). The resulting formula has an extra factor e z ,
accounting for the decreasing amplitude of the wave with increasing distance in the
medium. The relative absorption inside a NW can be described by:
I abs
 1  e  L
(2.19)
I0
The parameter α is aptly called the absorption coefficient and L is the propagation path
of the light inside the wire.
Since the refractive index and absorption coefficient are both related to the dielectric
constant, both the absorption and reflection are wavelength and material dependent. In
Table 2.1 the values are given for ZB InP at a photon energy of 1.5 and 2.3 eV. The values
are unknown in literature for WZ InP.
Photon
energy (eV)
1.5 eV
2.3 eV

Re[ε]

Im[ε]

11.904
13.382

1.400
3.060

103 α
(cm-1)
30.79
96.89

n

R

3.456
3.682

0.305
0.333

Table 2.1: Dielectric constants, absorption coefficient, refractive index and normal
incidence reflectivity for ZB InP.10 Values are given for a photon energy of 1.5 eV and 2.3
eV.

With these values calculations can be made for photons at an energy of 2.3 eV, with
normal incidence to the surface of a ZB InP NW. Less than 67 % of the light enters the
wire, due to the fact that photons that hit the surface at an angle larger than the critical
angle will not enter the NW. In the NW about 60 % of these photons is absorbed over
100 nm.
2.2.3 Wave guiding
If the diameter of a wire is larger than a critical radius R0 (eq. (2.20)), it is possible for
the wire to act as a waveguide.11

R02

w2
4

(2.20)

Where for ε the real part in Table 2.1 has to be taken. Light propagating through the wire
will then be reflected at the radial boundary. The wavelength of the light inside the wire
(λw ) can be calculated by
13

1 w
(2.21)

nw 0
with nw the refractive index of the material that the wire is made of and λ0 the
wavelength of the light in vacuum. When no wave guiding is possible, light will exit the
wire at every boundary of the wire. But when wave guiding occurs inside a wire, light is
more probable to exit at the ends of the wire than at the radial boundary.
The light in a wire that functions as a waveguide is confined by the dielectric difference
of the wire with its surroundings. When the wire is capped with a certain material or
lays on a substrate with a dielectric constant close to the dielectric constant of the wire,
it is possible for light to propagate into the capping material or substrate.
The critical radius for ZB InP, calculated with the values from Table 2.1, for a wavelength
of λ0=827 nm (1.5 eV) is R0= 34.7 nm.
2.2.4 Polarization dependence
2.2.4.1 Geometric effect
According to van Wang et al.12 the absorption as well as emission is also influenced by
the polarization of the incoming light, caused by the dimensions of the wire. This
polarization dependence is called the geometric effect. They measured an average
absorption and emission polarization ratio of   0.91  0.07 , where
I I
(2.22)
  // 
I//  I
with I / / the intensity parallel and I  perpendicular to the NW axis. They measured
with 488- and 514-nm laser wavelengths. This ratio was independent of NW diameter
between 10 and 50 nm.
Ruda and Shik13 calculated that this polarization dependency is especially the case for
wavelengths many times larger than the wire diameter. When there is no quantum
confinement (section 2.3.7) they attribute this polarization anisotropy to the
dielectric confinement of the electric field caused by the difference in dielectric
constants of the NW and the environment.
When the dielectric constant is different for different crystal directions, the
absorption rate will be different for different polarizations of excitation light. For ZB
InP the value is independent on the crystal direction (Table 2.1). For WZ InP this is
unknown.
2.2.4.2 Transition dipole moment
The eventual energy of the orbits, after splitting (section 2.1.5 and 2.1.6), and their
directionality can cause another polarization dependence. Due to the directionality of
the orbits, a transition between two energy levels is selective. This selectivity
depends on the electric dipole moment of the transition. The probability of a radiative
transition between an initial ( i ) and final ( f ) state is proportional to14

Prad

 f ˆ  i

2

where ̂ is the transition dipole moment operator. When this probability is zero, no
transition is possible between the initial and final state. The electric dipole moment
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interacts with electromagnetic radiation, like light, and therefore certain transition
are only possible when the excitation polarization is in a direction corresponding to
the dipole moment. On the other hand, the recombination of an electron-hole pair will
emit a photon with a polarization that corresponds to the dipole moment of the
transition.
2.2.5 Power dependence
If the excitation power density of the laser is increased, the number of electrons and
holes in the conduction and valence band increases as well. Consequently higher energy
states will be filled and the probability increases for an electron to recombine from a
higher energy level. This is seen in a shift of the maximum of the PL peak towards the
higher energy region (blue shift).
2.2.6 Broadening of the Emission
There are two kinds of processes that broaden the emission peak of a crystal material,
homogeneous and inhomogeneous broadening. Inhomogeneous and homogeneous
broadening create a distribution that can be fitted with respectively a Gaussian
(eq.(2.23)) and Lorentzian (eq.(2.24)) profile:
( E   )2


1
2
G( E ) 
e 2
 2

1

L( E )  
2
2
  (E   )   

(2.23)
(2.24)

With μ the peak position, σ the standard deviation and γ the full width at half maximum
(FWHM). The difference between the two types of broadening is that a homogeneous
process influences every electron in the same way, by a uniform process in the crystal or
coupling between the electrons, whereas an inhomogeneous process does not.
When both processes are present, the data can be fitted with a Voigt profile, which is the
convolution of a Gaussian curve with a Lorentzian curve. As a close approximation of the
Voigt profile, the Pseudo-Voigt function is often used for data fitting
(2.25)
Vpsd ( E )  y0  A mu  L( E )  (1  mu)  G( E )
which is a simple sum of the two processes, with mu the amount of the Lorentzian
function that is found in the curve, y0 the background noise level and A the amplitude of
the total function. All these functions can be used for two peaks as well, by adding the
two separate peak fits together to obtain the signal.
In the following sub-sections the (in)homogeneous processes at play in a semiconductor
will be described.15
2.2.6.1 Homogeneous broadening
Natural broadening
The Heisenberg uncertainty principle states that there is a minimum uncertainty in
the location (x) and momentum (p) of a particle that follows the relation

xp 

2
This uncertainty is believed to be inside the particle system itself.16
The same sort of relation holds for the energy (E) and time (τ):
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(2.26)

E   

(2.27)
2
Time here can be interpreted as the lifetime of an excited electron-hole pair. The
longer the lifetime, the more defined its energy will be. This uncertainty causes a
broadening in the emission peak which is called natural broadening and is of a
homogeneous nature.
Power broadening
As stated in chapter 2.2.5 a higher laser power increases the number of electrons in
the conduction band. Electrons, and the photons they emit, can stimulate another
electron to recombine. So when the laser power is increased the probability that an
electron recombination gets stimulated becomes higher, decreasing the lifetime and
thus increasing the spread in energy (eq.(2.27)). This process is a coupling between
electrons through the whole material and thus homogeneous.
Thermal broadening (of the energy bands)
With rising temperature the lattice starts to vibrate more. These vibrations cause the
atomic bonds to change over time, giving a spread in energy levels. Because the
vibrations are uniform for the whole crystal, this process is homogeneous.
Resonance broadening
Photons, emitted by electrons that recombine with a hole, can be re-absorbed by the
material, making it more likely for these re-absorbed electrons to recombine nonradiatively. The energy of emitted photons is already broadened by other effects. Part
of this distribution in energy is created by variations of the energy states in the
material, so there are more re-absorption possibilities for photons in the centre of the
peak than photons in the ‘wings’ of the peak. Therefore resonance broadening flattens
the peak and increases the standard deviation or FWHM. When there is more material
through which the photons have to travel, the possibility of re-absorption becomes
higher and the signal will flattened more.
2.2.6.2 Inhomogeneous broadening
Impurity broadening
A crystal can contain impurities, crystal defects and grains. These unwanted
fluctuations in the crystal can act as donor or acceptor levels, causing a spread in the
energy levels (section 2.3.5). This spread is inhomogeneous over space and thus
causes an inhomogeneous broadening.
It has to be noted that, in the above descriptions, the filling of an energy band is not
taken into account. This process makes a PL peak broader and, most of all, asymmetric.
Therefore fitting with a Gaussian or Lorentzian profile becomes impossible. Energy band
filling is seen at high excitation power densities and with increasing temperature, by the
Boltzmann distribution (section 2.1.9.2).
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2.3 Electron-hole interactions
As discussed in section 1.1 an electron in a semiconductor can be optically excited,
creating an electron-hole pair. The electric field of an electron and hole will influence
their mutual behaviour. This section will describe the consequences of this interaction.
2.3.1 Lifetime
The probability for an electron to recombine with a hole consists of two convoluted
probabilities. The probability that
- there is a hole with which the electron can recombine, without violating
conservation of momentum.
- the electron will decay by itself or is stimulated by an electron or phonon.
The decay of this electron can happen in two ways, radiatively and non-radiatively
(section 1.1.2). Both processes influence the radiation process with their lifetime. The
measured lifetime of the radiation is therefore equal to the effective lifetime:
1
1 1
(2.28)
 

 eff

r

n

With  r the radiative lifetime and  n the non-radiative lifetime. Radiative lifetime can be
measured by counting the number of photons as a function of time. By comparing the
radiative lifetime of different materials, assumptions can be made about the relative
non-radiative lifetime. If states are available for non-radiative decay, the non-radiative
lifetime is usually shorter than the radiative lifetime. Therefore non-radiative processes
will lower the luminescence.
2.3.2 Auger recombination
It is also possible for an electron to collide with another excited electron. One of the
electrons can then recombine with a hole and transfer its recombination energy to the
other electron. Afterwards the receiving electron will then lose this excess energy by
phonon emission. This process is called Auger recombination and is non-radiative.
Auger recombination will be more frequent at higher densities, because of the larger
possibility of an electron-electron collision. In equation (2.12) it can be seen that the
electron density in the conduction band is proportional to e E kBT . The temperature
dependence of Auger recombination will therefore be relatively stronger in small
bandgap materials.
2.3.3 Excitons
An excited electron has the same state as its hole, except for their charge, until they get
perturbed by a phonon or collision. Such an electron-hole pair can be seen as a pseudoparticle that is free of charge. This neutral pseudo-particle is called an exciton and has,
on average, a longer lifetime than free electrons and holes.
The distance that an exciton can travel in a dielectric medium while bound is called the
exciton radius and is given by the Bohr radius
 4 0 2
aB  r 2
(2.29)
4 mr e2
Where mr  1 me  1 mh 

1

is the reduced mass for the electron-hole pair, with me and

mh in this case the effective rest mass of the electron and hole, and  r is the real part of
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the relative dielectric permittivity of the medium. Perturbed or not, eventually an
electron will always recombine with a hole that is in the same state; they will have the
same (angular) momentum and therefore end up in the same orbital direction (Figure
2.4). This exciton experiences a Coulomb attraction and will therefore have a lower
energy than the bandgap, by Eexc  Eg  E0 . The binding energy in this equation can be
approximated with the exciton Rydberg equation:
e 2
1
E0 
 2
(2.30)
2 0 r aB n
With n an integer, which provides the binding energy for multi exciton systems when
n>1. Because  r is inserted in this equation, it only holds for a large exciton radius
compared to the lattice spacing, which means that the exciton interacts with more than
one atom. Otherwise the exciton will be bound by one atom and only the dielectric
constant in vacuum is needed.
The binding energy for a free exciton in ZB InP is 5.1 meV. For an exciton bound to a
(ionized) shallow donor (section 2.3.5) this is 6.7 meV (7.47 meV).17
At a certain critical electron-hole pair density, collisions will be so frequent that the
excitons start to break up. This is called the Mott density:18
kT
naB3  0.0028 B
(2.31)
E0
Phonons, with a minimum energy that is equal to the binding energy, can also break up
an exciton. In this case the activation energy (section 2.1.9.4) will be equal to the binding
energy. So one could conclude that at temperatures low enough, when phonon
population is low and the mean phonon energy is lower than the binding energy of the
exciton, the exciton related peak will prevail in the PL and no bandgap related peak is
visible.
2.3.4 Bandgap renormalization
At high electron-hole pair density the positively charged valence band and negatively
charged conduction band will significantly start to attract each other, consequently
lowering the bandgap. This phenomenon is called bandgap renormalization and can be
described by 19
(4.8316  5.0879rs )
 BGR  Ebind
(2.32)
(0.0152  3.0426rs  rs 2 )
With  BGR the shift in energy (eV) caused by the renormalization, Ebind the material
dependent binding energy of an exciton (eq. (2.30)) and
1



3
rs  
3 
 (4 naB ) 
the dimensionless radius, which is a measure for the mean particle distance. With
increasing carrier density, the dimensionless radius becomes smaller and consequently
the bandgap renormalization becomes bigger.
3

2.3.5 Donors and Acceptors
In an intrinsic semiconductor the Fermi energy (section 1.1.1) is located in the middle of
the bandgap. This Fermi level can be shifted in energy by doping with donors or
acceptors, which donate or accept an electron to or from the crystal, consequently
18

pushing the Fermi level towards the conduction or valence band. When a dopant is
incorporated in the crystal, by substituting an atom, it will form an ion, which will induce
a screening charge in its vicinity to compensate its charge. So in the vicinity of a dopant
the carrier density is different from the unperturbed crystal.20 This density difference
will cause a local renormalization of the energy bands. In this so called donor or acceptor
level, which is respectively at an energy level below or above an energy band, an
electron or hole can be captured.
At high doping densities the bandgap can narrow significantly, which is called
doping induced bandgap narrowing.21,22 This bandgap narrowing is temperature
dependent, as proven experimentally by Lu et al.23 and theoretically by Palankovski et
al.22. The latter has found that the relative change in bandgap due to doping is related to
the temperature as
(2.33)
EBGN  1
T
Lu et al. see a relation between this temperature dependence and the carrier-phonon
interaction of different materials, from the temperature dependence of the bandgap
(section 2.1.9.3), meaning that this temperature dependence is different for different
materials.
2.3.6 Surface recombination
Together with the Einstein relation D   kBT , with   e m the carrier mobility for a
particle with mass m, the lifetime (section 2.3.1) predicts the average diffusion length of
a charge carrier:
e
(2.34)
ld  D  
k BT
m
Bulk ZB InP, for example, has a lifetime in the order of nanoseconds, which comes up to a
diffusion length in the order of micrometers. This is far larger than the diameter of a NW
and excited charge carriers will encounter the surface many times during their lifetime.
At the surface atoms are not bound on one side. These unbound bonds are called
dangling bonds. Next to that there can be adatoms, single atoms on the surface of a
material, and vacancies in the surface layer. It should be clear that all these phenomena
at the surface introduce recombination states different from the bulk lattice, that allow
charge carriers to recombine non-radiatively. When non-radiative recombination is
mainly determined by the surface states, the surface recombination velocity
d
S
(2.35)
2 n
is a good expression to evaluate the lifetime of this process in correlation with the
diameter d of the wire.
Another effect of the surface is band bending (Figure 2.7). Due to the fact that surface
atoms are not completely bound on all sides, they have to be treated as ions. In fact the
whole surface can be treated like donors (acceptors). When the surface atoms are
positively (negatively) charged, the bandgap will be bent down (up). This potential well
will therefore capture electrons (holes). Consequently the surface will cause a
separation of electrons and holes in the NW, effectively decreasing the luminescence.
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Figure 2.7: Energy-level diagrams, visualizing the bending of
bands near the surface for donor (a) and acceptor (b) type
surface states. The surface is at x=0 and the material at
increasing x.

2.3.7 Quantum confinement
Electrons in a system that is bound by potential walls will experience a quantization in
energy states. With the use of the Schrödinger equation (eq. (2.1)) this quantization can
be calculated.
The Schrödinger equation can be rewritten as
2m( E  V )
2 (r , t )  
 (r , t )  k 2 (r , t )
(2.36)
2
With V the potential energy. When solving this equation for a confined particle in three
dimensions, with   0 at the boundaries, the energy levels are given by
2
2 2
 nx 2 ny nz 2
(2.37)
En  V 
(


)
2meff Lx 2 Ly 2 Lz 2
Where Lx , Ly , Lz are the dimensions of the system in respectively the x, y and z direction.
So decreasing the dimensions of a system containing particles will increase the
difference between the energy levels. With this equation the energy levels caused by
quantum confinement can be calculated in a bar with square cross section, which can be
used as an approximation to (a part of) a wire. A system is quantum confined in a certain
dimension typically when this dimension is smaller than the Bohr radius of an electron
in a certain material (eq. (2.29)).
2.3.8 Type II recombination
As discussed in section 1.2.3 semiconductor hetero structures can be made. If the
conduction band minimum and valence band maximum in such a hetero structure are
found in the same material layer, it is called a “type I” hetero structure, whereas if the
band extremes are found in different layers, “type II” (Figure 2.8). In the latter a
recombination can take place between these two extremes, separated in space, by
tunnelling through the interface.24 Lugand et al.25 report on the extreme long lifetime of
the type II recombination (20x longer than type-I).
20

Figure 2.8: Graphical representation of the band structure in
type-I and -II hetero structures and a type-I and -II
recombination. The interface of the hetero structure is
indicated by a dashed line.
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3 InP: Zincblende versus Wurtzite
When InP NWs are grown it very much depends on the growth conditions if the atomic
structure is ZB or WZ. The next section focuses on the question why both structures
occur, what the difference and resemblance is between these structures in InP and how
they can be grown in a controlled manner. Many parameters of InP ZB and WZ,
discussed in chapter 2, will be given here.

3.1 Crystal structure
When comparing the ZB and WZ crystal structures (Figure 3.1, respectively a and b) it
can be seen that the crystal lattices are very much alike when you compare the [111]
direction of ZB with the [001] direction of WZ.
Both have this pyramid kind of structure that connects an indium atom to its 4 nearest
phosphor atoms or vice versa, but in ZB a 60o rotation is applied to the pyramids every
stacking. Consequently ZB has a stacking period of three (ABCABC), where WZ has a
stacking period of two (ABAB). The insets clarify the stacking in the unit cells and also
show that where WZ stacks (almost) straight up in the [001] direction, ZB stacks in the
[111] direction with a shift in the (111) plane.
The red and yellow coloured atoms in Figure 3.1 are either indium or phosphorus. When
the yellow coloured atoms are indium (phosphorus), the crystal is said to be grown in
the [111]A (B) direction, for ZB, or [001]A (B), for WZ.

Figure 3.1: Unit cell of the ZB (a) and WZ (b) atomic structure. Colours represent different atoms.
Which is which depends on the growth direction. Insets show a sketch of the stacking of atomic
layers, with different colours for different layers.

From the lattice constants of the unit cells (Table 3.1) it can be calculated that the rib of a
‘pyramid’ is 4.054 (4.148) Å in the WZ (ZB) structure. This indicates that there will be
strain between layers of ZB and WZ. Consequently, when segments of ZB are present in
the NW, the bandgap of WZ will change due to this strain, and vice versa .
Crystal
Lattice constant
structure (x, y ; z) (Å)
WZ
4.054 ; 6.625
ZB
5.867
Table 3.1: Lattice constants of InP with WZ and ZB crystal structure.26
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The difference in stacking sequence reflects on the properties of the two InP atomic
structures. The properties of ZB InP are stated in Table 2.1. For WZ the values are
unknown, no reports have been found on calculations or experiments.
3.1.1 Stacking faults and twinning
Since the two structures are very similar, apart from their stacking sequence and lattice
constants, a wrong stacking can occur. When in the WZ phase (ABAB) a stacking is
misplaced, giving the sequence ABABCBCB, it is called a stacking fault. The underlined
part ABC is a unit of ZB and thus differs in properties from the surrounding WZ. In ZB
phase (ABCABC) a misplaced stacking will give the sequence ABCACBA. The ZB changes
its stacking direction, without contain a WZ unit. This is called a twinning, where the
underlined part is the twin plane. WZ will only occur in the ZB phase when a double twin
occurs, given by the sequence ABCACABC. Here the underlined part is in the WZ phase.

3.2 Band structure
When comparing the theoretical values for the possible energy states in the band
structure in Figure 2.3 it can be seen that for both ZB and WZ Γ is the position in k-space
where the minimum energy gap is. Therefore recombination of electron-hole pairs will
mainly take place in the Γ-valley and further analysis is necessary only at this point.
In Table 3.2 the values for energy bands around the bandgap in ZB and WZ InP can be
found, at 0 K. A graphical representation of the energy bands at the Γ-point is given in
Figure 3.2. From calculations by Murayama and Nakayama27 the conduction and valence
band of ZB InP are expected to be respectively 0.129 and 0.045 eV lower in energy than
the conduction and valence band in WZ InP.
WZ
Γ7c
Γ9v
Γ7v
Γ7v

E (eV)
1.474
0.000
-0.063
-0.348

m*||
0.105
1.273
0.839
0.097

m*┴
0.088
0.158
0.169
1.205

m*
0.08
0.6
0.089
0.17

E (eV)
1.421
0.000
0.000
-0.108

ZB
Γ6c
Γ8v
Γ8v
Γ7v

Table 3.2: Values for the energy levels in wurtzite6 (WZ) and zincblende4,17 (ZB) around the
conduction (c) and valence (v) band and the effective masses parallel and perpendicular to
the valley direction, in the case of WZ, and experimentally obtained effective masses, in the
case of ZB.

3.2.1 Selective transition
As discussed in section 2.2.4.2 certain transitions can be selective to polarization.
According to Birman28 the bandgap of ZB emits light with both polarizations, whereas
WZ emits only light polarized in the x-y direction. The 2nd valence band in WZ on the
other hand emits non-polarized light.
Optical studies by Mishra et al.3 has shown that PL from WZ InP is partly polarized. They
assigned the fact that the PL is not 100% polarized to the dielectric contrast created by
the geometry of the wire. In contrast they showed that light coming from ZB NWs is
partly polarized parallel to the wire, due to the geometry of the wire.
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Figure 3.2: Graphical representation of the conduction and valence
bands in ZB and WZ at the Γ-point, indicating their relative curvature
in k-space6 and relative distance in energy. For the curvature of the
bands in WZ a mean value of the longitudinal and transverse
effective masses in Table 3.2 is taken.

3.3 Growth
In the previous sections different predictions have been stated for WZ InP. To test these
predictions experimentally, pure WZ InP material has to be grown. Next to that a
sufficient amount of material has to be grown to minimize any quantum effects. Recently
many theoretical and experimental investigations are done on the growth of ZB and WZ
atomic structures. In this section some of these investigation will be mentioned, in order
to get a feeling on what parameters influence the growth of either ZB or WZ.
Currently it is widely understood that the formation of either WZ or ZB is influenced by
the ionicity of the material29,30,31, which is an indication of how electrons are shared
between the group III and V atoms. The higher the ionicity the more likely it will be that
the material adopts a WZ structure. Yamashita et al.29 also made calculations on the
effect of the catalyst particle size and saw that a smaller particle size tends to favour WZ
formation.
Algra et al.32, Caroff et al.31, Paiman et al.30 indeed showed experimentally that the
atomic structure is dependent on the size of the catalyst particle. Next to that Caroff et al.
demonstrated that switching between ZB and WZ is possible during growth by changing
the temperature, where WZ grows at a lower temperature than ZB. Mishra et al.3 on the
other hand grew WZ at a higher temperature than ZB. Paiman et al. saw a dependency
on the V/III ratio, but no other reports on experiments concerning the V/III ratio
dependency were found.
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To conclude the following trends can be seen. WZ is favourable in
- material with high ionicity
- small catalyst particles
A temperature dependency is seen, but literature is not consistent on this dependency.
Wires that are investigated in this report were grown by Magnus Borgström.
Experimentally it is seen that doping with zinc tends to favour ZB formation32, which
could be attributed to a change of ionicity in the material. We observed that sulphur (S)
doping favours WZ structure formation. By growing a thin S-doped core (15 nm) with
thick intrinsic shell, bulk-like NWs (bulk-wires) in WZ structure could be created.
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4 Sample Preparation and Experimental Setup
4.1 Growth of wurtzite material
The core was grown at a temperature of 420 ºC, with trimethylindium (TMI), phosphine
(PH3) and hydrogen sulphide (H2S) as precursors. H2S and HCl were brought
simultaneously into the growth chamber after a 15 s. nucleation step of InP using TMI
and PH3 as precursors. As discussed in section 3.3 doping with S favours WZ formation.
HCl was used as an in-situ dry etching agent to prevent any tapering of the core. It
seemingly also prevents carbon (from the precursors) to migrate into the core. The core
was grown for 20 min., after which TMI, H2S and HCL was switched off simultaneously,
and the temperature ramped up to 600ºC. At this temperature TMI was switched on to
grow a non intentionally doped epitaxial shell for 15 min. Because the shell was grown
at a high V/III ratio33, the methyl groups of the TMI precursor are expected to react with
hydrogen from the pyrolysed PH3 precursor, producing volatile methane. Therefore we
do not expect carbon in the shell.

4.2 Deposition
The density of wires on the as-grown sample was too high for measuring single wires. To
measure PL from a single wire, the wires were deposited on a silicon wafer, deployed
with a 100 nm layer of gold to eliminate the luminosity and static forces of the substrate.
In the gold layer a coordinate system has been edged.
First the wafer was cleaned in an Isopropanol bath with ultrasonic sound waves. The
wires were removed from the as-grown sample by tipping a point of a triangular shaped
piece of clean paper towel on the surface. After that, it was tipped several times on the
surface of the silicon-gold wafer at different places in order to obtain a descent spread of
wires. The success of the deposition was checked with an optical microscope and the
location of measurable wires was written down with the help of the coordinate system.
From here on the wafer with deposited wires will be called `sample´.

4.3 Photoluminescence Spectroscopy
The characterization of the band structure of the wires was done by laser excitation at
different temperatures and laser powers, after which the intensity and wavelength of the
emitted light was measured with a spectrometer. In the following three subsections the
experimental setup will be explained. An illustration of the setup is given in Figure 4.1.
4.3.1 Temperature Control
In order to control the temperature of the sample, it was placed on a cold finger inside a
cryostat. To avoid ice accumulation and at the same time provide a better isolation, the
cryostat was pumped down to a pressure of 10-5 bar, after which the cold finger was
cooled down with liquid helium. The temperature of the cold-finger was monitored with
a sensor and coupled to a heating element in the cryostat, which made it possible to vary
the temperature automatically through a feedback system. It was also possible to adjust
the temperature manually by adjusting the helium flow.
4.3.2 Excitation
The cryostat contained an optical window, through which the sample was illuminated by
using a 532 nm (2.33 eV) green laser, which can be coupled in through a microscope to
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obtain a focussed excitation power density of approximately 3·103 W cm-2 or coupled in
at a 45º angle outside the microscope to create a large excitation area with a excitation
power density of approximately 0.5 W cm-2. The microscope was deployed with a 50X
objective with an aperture of 13 mm and a numerical aperture (NA) of 0.5. In order to
change the location and focus of the laser on the sample, the cryostat was placed on a
stage that is movable in the x-, y- and z-direction. Neutral density filters were used to
control the laser power incident on the sample. A λ/4 plate was used to rule out
differences caused by different wire orientations and thus different dielectric contrast,
making it possible to compare differently orientated wires.
Note that the 92% pass mirror was only used when the laser was coupled in through the
microscope and has this transmittance for a wide range of wavelengths.

Figure 4.1: Illustration of setup. Note that the 92%
pass mirror was only used when the laser is coupled
in through the microscope. The polarization filters
are optional.

4.3.3 Luminescence analysis
The location of the laser spot on the sample was magnified by a microscope with a 50x
objective. The microscope contains a light source to illuminate the sample. When the
desired location is established, the 50% pass cube was removed and the luminescence of
the wire was directed out of the microscope by a mirror, into a spectrograph, where a
further selection of the signal was done by a slit at the entrance of the spectrograph.
Inside the spectrograph a movable grating converts the wavelength of the signal to a
location on the (electrically cooled) CCD-camera at the exit of the spectrograph. By
altering the angle of the grating, a certain wavelength window was selected. The spread
in wavelength depends on the grating that is used. In Table 4.1 the gratings that were
used in this experiment are stated, with their properties.
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A Labview program was used to read out the CCD camera and control the gratings. It
was noted that the programming in Labview could not be calibrated such that the
calibration was valid for large wavelength ranges. Therefore the x-axis in the CCD
camera was calibrated for a specific wavelength by illuminating the slit of the
spectrograph with a Krypton gas calibration lamp, when the slit was set at a width of
0.025 mm.
Two different setups were used, with different CCD cameras. It was noted that one of the
setups had a back illuminated CCD camera, which means that the CCD acts as a resonant
optical cavity for certain wavelengths. This caused destructive and constructive
interference of the incoming wave and the reflected wave inside the silicon of the CCD,
which is called Etaloning. The Etaloning in this CCD camera was visualized by
illumination with white light from a LED flash light (Figure 4.2). The fluctuation in the
intensity that was read out as a function of wavelength is clearly seen. It can also be seen
that the thickness of the silicon layer in the CCD camera is not uniform in the x- and ydirection. The front illuminated CCD camera on the other setup was also tested and did
not show this behaviour. Since the Etaloning is around the wavelength at which we
investigate in this report, only the front illuminated CCD camera was used after this
discovery.

Figure 4.2. CCD read out from illumination with white light, to show the
Etaloning effect in the back illuminated CCD camera.

The complete setup was tested for polarization dependence. No polarization
dependency was measured in the microscope, CCD camera or mirrors. Some gratings did
show a polarization dependency, which is stated in Table 4.1.
Grating
Max. efficiency
(gr/mm)
150
1200 nm (1.0332 eV)
1200
750 nm (1.6531 eV)
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Polarization Window/
dependent? spread on CCD
No
200 meV
Yes
20 meV

Table 4.1. Different gratings that were used in these experiments, their polarization
dependence and the wavelength (energy) of maximum efficiency. The gratings have a 50%
efficiency at ½ and 2 times this wavelength.

4.4 Variations on the Measurement Setup
4.4.1 Polarization measurements
Samples were tested for polarized emission by placing a polarization filter in front of the
spectrograph. By turning this filter the polarization of the PL could be measured.
Because the direction of the PL changed by turning the filter, a relatively large slit size
was used in order to create a buffer area for the drift of the signal.
In order to test for dependency on excitation polarization, the polarization of the
excitation light was turned by placing two polarization filters in the laser path, before
the laser light was coupled into the microscope with a 50% pass cube, which was placed
at the position of the 92% pass mirror. One polarization filter was kept on a fixed
polarization, in order to polarize the laser, while the other was turned to alter the angle
of the polarization with respect to the NW. Because, after the two polarization filters, the
light was coupled into the NW with a 50% pass cube and a mirror in the microscope,
only the 0° and 90° polarizations were transmitted correctly. What happens with the
intermediate angles, when reflected by a mirror, is hard to say.
4.4.2 PL Excitation
PLE measurements in this project were done with the help of Johanna Trägårdh.
For resonant excitation of the sample a frequency doubled YAG laser was used. The laser
was coupled in at a 45º angle outside the microscope. Luminescence from the sample
was sent through a series of 3 spectrographs, in order to select a certain wavelength
(preferably below the bandgap). While increasing the energy of the laser over a certain
range, light was captured at intervals with a CCD-camera. The intensity of the captured
light is proportional to the density of states in the conduction and valence bands at this
specific excitation energy.

4.5 Transmission Electron Microscope Imaging
TEM imaging in this project was done by Martin Ek.
Samples were prepared for high resolution transmission electron microscopy (HRTEM)
by direct transfer of the NWs to a lacy carbon Cu grid by gently pressing the grid onto
the substrate.
Accelerated electrons, by a field of 300 kV, were directed towards the NWs, after which
transmitted electrons were captured by a scintillator, which converted the energy of the
electrons into light. The light then was captured by a CCD camera to obtain an image.
To be able to see the atomic structure a thin piece of material is wanted. Therefore a NW
has to be oriented in the [11-20] direction. When oriented correctly by tilting the grid, it
was possible to visualize the atomic structure at an edge of a hexagonally shaped NW.
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5 Results
In this chapter experimental results will be stated. Main research was done on InP NWs
with a sulphur-doped (S-doped) core with thick, intrinsic InP shell. Other NW batches
were grown in order to clarify measurements on the WZ sample. Core-only NWs and
NWs with different shell thicknesses were grown, in order to test the influence of the Sdoped core.

5.1 TEM Imaging
TEM imaging is done by Martin Ek on the 15 nm S-doped core samples with intrinsic
shell. Figure 5.1 shows imaging on typical NWs in this batch. Long stretches of pure WZ
were seen (b) with interruptions of ZB monolayers (stacking faults) or ZB segments
(a,c), which are indicated by arrows in figure c. The NWs are estimated to be about 100
nm in diameter and 4 μm long. From the NW diameter a shell thickness of roughly 40 nm
and a core:shell volume ratio of roughly 1:50 is estimated. With eq. (2.29) the Bohr
radius in InP ZB can be approximated to be 10 nm, which gives an indication for the
Bohr radius in InP WZ. Thus the grown NWs are in fact in the bulk regime and these
wires will be referred to as bulk-wires from here on.

Figure 5.1. TEM images of the InP WZ bulk-wires. a) Overview image of wire at the [11-20] axis. An
adjacent wire which is off axis is also shown. The dark bands in the latter indicate the presence of
stacking faults and/or short ZB segments. b) shows the pure WZ structure which constitutes the
majority of the wire. c) shows part of a wire with short ZB segments (arrows). The scale bars
indicate 1 μm (a) and 6 nm (b,c).

In Figure 5.1c it is clearly seen that WZ stacks vertical, in the [111] direction, whereas ZB
stacks with a shift and therefore creates a kink at the nanowire surface.
Interesting is that in every NW the top (upper, left in figure a) and foot (bottom, right in
figure a) have a similar shape as depicted in the figure. The shape of the foot we attribute
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to diffusion of deposited atoms (at the foot of the wire) to the substrate during shell
growth. The shape of the top we attribute to unintended core growth during shell
growth and/or cooling down after growth, which explains the thinner shell at the top.
The step-wise structure suggests that this core part grew in spurts. Interesting to see
here is that this core part also is in WZ structure, without S-doping.

5.2 Power measurements
The energy levels available in these bulk-wires, were analyzed by PL measurements at
4K. To get insight on what kind of peaks are present in these spectra, Figure 5.2 shows a
multiple pseudo-Voigt (eq. (2.25)) fit of a spectrum from a WZ InP NW like discussed in
the previous section. The spectrum was obtained at a low excitation power density (5
mW cm-2), in order to minimize the state filling in the NW, after a calibration with a
Krypton gas lamp.

Figure 5.2: Fitting of spectrum from a WZ InP bulk-wire at low
excitation power density (5 mW cm-2), with multiple pseudoVoigt functions. Inset shows the fitting parameters for the
peaks indicated by 1 and 2.

The peaks below peak 2 that are visible in Figure 5.2 show relatively low luminescence
at high excitation power densities and vary per bulk-wire. These peaks could be
attributed to donor to valence band, conduction band to acceptor and/or donor-acceptor
transitions provided by small contaminations and/or crystal defects as discussed in
section 2.1.8. These peaks have a relatively low influence on the signal and will not be
discussed furthermore.
PL measurements at 4K with a focused laser spot at different excitation power densities
are depicted in Figure 5.3. The power spectrum depicted in Figure 5.3b is obtained from
the same wire as depicted in Figure 5.2. From Figure 5.3 it can be concluded that no ZB is
present in these NWs (dashed line) and that the two highest peaks (denoted by 1 and 2
in Figure 5.2) are prevailing at high excitation power densities. Therefore peak 1 is
attributed to conduction band to valence band transitions of WZ InP and peak 2 to
excitons bound to impurities. Peak 1 is probably related to excitons and will be referred
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to as the exciton peak. The exciton binding energy is expected to be low (a few meV’s)
and will not substantially affect the results with regards to e. g. bandgap energy, in case
the assignment is wrong. Peak 2 from here on will be referred to as the ‘impurity related’
peak.

Figure 5.3. Measurements at different excitation power densities for two different wires, obtained
with a focussed laser. Insets show corresponding normalized spectra. Dashed line indicates energy
of the ZB InP bandgap.

Many bulk-wires were characterised at low excitation power density (0.5 W cm-2) with
similar results as Figure 5.3. No transitions at energies above 1.496 eV were found in any
of the bulk-wires, at low excitation power densities. The impurity related peak varies in
intensity, as compared with the exciton peak, depending on bulk-wire and has an energy
which is about 5-6 meV below the exciton peak. At higher excitation power density the
exciton recombination always dominates over the impurity peak.
It was noted that the exciton peak has a rather low Lorentz content, which will be
discussed further in section 5.5.
With the dimensions of the bulk-wires, as measured from TEM imaging (section 5.1), it
can be approximated that, at an excitation power density of 3 W cm-2, 1022 photons/s
with an energy of 2,33 eV hit the bulk-wire. 67% of these photons enter the NW, after
which 60% gets absorbed (section 2.2.2). So eventually 4·1021 photons are absorbed in
the NW. In Figure 5.3 the red traces (at power P) correspond to an approximate total of
1.1·105 counts/s (a) and 0.9·105 counts/s (b). The distance between the objective and
the NW is about 2 cm (Figure 5.4). The objective has a 14 mm aperture. So the angle of
light that is captured by the objective is 19°, which is 5% of the total 360°. 92% of this
light passes the 92% pass mirror. If we take the efficiency of the grating (Table 4.1)
around the WZ InP wavelength to be 60%, the number of photons actually emitted by
the NW can be approximated to be 3.9·106 photons/s (a) and 3.2·106 counts/s (b). In
this calculation scattering of light between the above mentioned elements is not taken
into account.
The low intensity, as calculated above, can be attributed to diffusion of charge carriers to
the gold substrate and non-radiative processes inside the NW, like defects (section
1.1.2), surface effects (2.3.6), Auger recombination (2.3.2) and charge separation by
screening of the highly doped core.
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Figure 5.4: Graphical representation of the
propagation path of PL from a NW.

5.2.1 High excitation power density
At higher excitation power densities (Figure 5.5, coloured traces) a peak at higher
energy emerges, at an energy around 1.56 eV. This we attribute to a transition between
the conduction band and the 2nd valence band (Figure 3.2, Table 3.2). The tail on the low
energy side, at high excitation power density, we attribute to bandgap renormalization
(section 2.3.4). It is also noted that in the 2nd valence band transition a blue shift is
visible due to state filling (section 2.2.5).

Figure 5.5: PL spectra of two different bulk-wires at low excitation power density
(black traces), magnified for clarity (stated on the right side of these traces), and high
excitation power densities (coloured traces). The exciton peak here and the ZB
bandgap are indicated by dashed lines.
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5.2.2 Room temperature spectra
A similar energy splitting was seen in RT PL characterisation for 4 bulk-wires, where the
2nd valence band recombination is indicated by a peak around 1.464 eV (Figure 5.6a),
approximately 40 meV higher than the bandgap at 1.427 eV. The increase in transitions
with the 2nd valence band at RT at relatively low excitation power density we attribute
to the Boltzmann distribution (section 2.1.9.2) and the fact that the bandgap transition
has a higher selectivity compared to the transitions with the 2nd valence band (section
3.2.1), by which the probability of recombination with the 2nd valence band is higher
than that of the bandgap at RT. Comparison with figure (b) shows that this extra peak is
not found in ZB InP wires.

(a)

(b)

Figure 5.6. a) RT spectra of 4 WZ bulk-wires. The dotted lines indicate the bandgap and 2nd valence
band Energy levels. b) RT spectra of 2 wires with ZB structure. Both (a) and (b) are obtained with a
excitation power density of 0.5 W cm-2.

5.3 PLE measurements
In order to strengthen our PL characterisation, and to experimentally verify the energy
split of the top of the valence band in WZ InP, low temperature (10 K) PLE
measurements were performed (Figure 5.7). The lowest visible onset is at an energy
around 1.488 eV, which coincides with the impurity related peak. This onset levels out
around the energy of the exciton related peak, indicated by a dotted line at 1.496 eV,
indicating the bandgap that is seen in Figure 5.2. The onset in figure (a) levels out
around 1.493 eV.
About 40 meV higher a second onset is visible. This is in agreement with absorption in
the 2nd valence band. The PLE spectra were tested at different excitation polarizations
and no significant difference was seen in onsets. It has to be noted that the red and black
traces are separate measurements with detection at 1.48 eV and 1.5 eV. The black trace
is corrected by adding 600 counts, to match the lower energy plot.
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Figure 5.7: PLE spectra of two WZ InP bulk-wires. Coloured traces indicate separate
measurements with detection at 1.48 eV and 1.5 eV. Levels are indicated for the bandgap at
1.496 eV that is seen in Figure 5.2. A second onset is indicated about 40 meV higher.

5.4 Core-only reference
As a reference 15nm S-doped core-only NWs were tested for PL at 4 K (Figure 5.8).
Spectra were obtained with a focussed laser spot (P = 3 kW cm-2), but showed a relative
low luminescence. Explanations could be that:
- These NWs have a relative high contact area with the gold plated substrate,
compared to the core-shell bulk-wires. Consequently there will be a relatively
large diffusion of charge carriers to the substrate.
- The surface-volume ratio is relatively high. Surface states introduce defective
states (section 2.3.6), causing the non-radiative lifetime to decrease (section
2.3.1).
- The S-doping in the NWs is extremely high. Therefore the Fermi level could be
inside the conduction band (section 2.3.5), causing metallic behaviour and
therefore low luminescence.
The few radiative recombinations could eventually be shown by magnifying the signal
extremely in the CCD camera.
In the power spectra (Figure 5.8b) luminescence is measured below the WZ energy,
which is attributed to donor to valence band transitions. In the normalized spectra
(Figure 5.8a) a peak is visible around the WZ energy (indicated by a dashed line at 1.496
eV), at an excitation density of 0.01P. Furthermore it is seen that the highest visible
states at high excitation density (P) disappear at decreasing excitation density (indicated
by dashed lines), which indicates state filling of energy levels inside the NW.
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Figure 5.8: Normalized spectra (a) and power spectra (b) from a 15 nm S-doped core-only NW at
different excitation power densities and high CCD-magnification. Lines indicate bandgap of
intrinsic WZ InP (1.496 eV) and high energy levels that disappear at decreasing excitation powers.

Figure 5.9 shows the calculated quantized levels that should be present in a wire with a
diameter of 15 nm and a square cross section (particle in a box, eq. (2.37)). In this
calculation the 2nd valence band in WZ InP has not been taken into account. Figure 5.9
clearly shows that there should be distinct energy levels inside the wire. The z-direction,
along the NW axis, is taken to be not quantized. Calculations have been made for ni
(i=x,y)≤3, since at higher quantum numbers the energy levels are at energies above 1.8
eV, which are levels not visible in Figure 5.8. Another contribution to the energy levels
visible in Figure 5.8 could be the fact that the NWs were not lying straight on the sample.
Bending of a NW causes strain, which changes the local energy levels.

Figure 5.9: Calculation (eq. (2.37)) on the sub bands in a WZ InP NW
with a square cross section of 15 nm and a length of 4 μm (inset).

In the bulk-wires, with a diameter of roughly 100 nm, no quantization is expected.
Therefore PL that is produced in the core of the bulk-wires is expected to be lower in
energy than the bandgap of intrinsic WZ, due to doping induced bandgap narrowing and
donor to valence band transitions (Figure 5.10). PL produced in the core can therefore
propagate through the shell of a bulk-wire without getting re-absorbed. Note that the

36

energy transition of the conduction band at the core-shell interface in Figure 5.10 will
not be as sharp as sketched.

Figure 5.10: Sketch of energy diagram of the
doped core and intrinsic shell, with transitions
from the core conduction band (CB) and donor
states, to the valence band (VB).

The PL from the core will be improved by the shell, due to the annihilation of the surface
states in the core (section 2.3.6). Therefore it is possible that PL at an energy below the
impurity related peak (Figure 5.2 and Figure 5.3) is related to donor to valence band
transitions in the core. The core volume is too small though for it to give significant PL,
like the impurity related peak that is seen in the bulk-wires.
A type-II interface (section 2.3.8) between the core and shell is not expected. The many
donors will only lower the conduction band, effectively making the bandgap smaller.
Also any effect of strain at the core-shell interface (section 2.1.7) is expected to be
insignificant in a doped InP core with intrinsic InP shell.

5.5 Temperature dependent measurements
Temperature dependent measurements where obtained, with a 0.5mm slit-size to obtain
the maximum possible intensity of the PL coming from the bulk-wire, to get more insight
on the exciton and impurity related peak (Figure 5.11). A low excitation power density
was used (5 mW cm-2) to minimize state filling in the bands (section 2.2.6).
The low activation energy of 1.2 meV for the exciton related peak, that is estimated from
the Arrhenius plot (section 2.1.9.4), we relate to fluctuations in the potential landscape
of the crystal, induced by possible In- and P-concentration fluctuations during MOVPE.
Excitons bound to the minima of this fluctuating potential get lifted by 1.2 meV to form
one excitonic energy level, which is seen as an increase in Lorentzian content of the
exciton related peak with rising temperature (see appendix). At this slightly higher
energy the excitons are more mobile and may find non-radiative defects. The activation
energy of the impurity related peak is estimated to be around 5.4 meV, which is about
the same as the energy difference between the impurity peak and the exciton peak. In ZB
InP, sulphur has a ionization energy of 5,7 meV.4 The value for WZ is not known. Sulphur
is quite a big atom, which makes it difficult to migrate from the core to the shell. This is
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not proven, so it is still probable that the impurity related peak is from transitions
between sulphur bound excitons and the valence band.
In Figure 5.11b the corresponding spectra are found, showing the disappearing of the
impurity related peak. In the fitting data (appendix) it can be seen that the relative
distance between the different peaks does not change over temperature. Furthermore
the fact that the exciton peak does not become a full Lorentzian-shaped peak at high
temperatures could be due to the large slit size and increased drift of the sample at
higher temperatures.

Figure 5.11: (a) Arrhenius plot of the integrated luminescence intensity of the complete spectrum
(red), the exciton related (green) and impurity related peak (blue). Fit at 15 K is shown in inset,
where legend colours are used to indicate the peaks. Upper axis indicates corresponding
temperatures in degrees Kelvin. (b) Corresponding spectra. Spectra are obtained with an
excitation power density of 5 mW cm-2.

From another temperature dependent measurement, obtained with a 0.1mm slit-size in
order to measure the precise peak locations, the energy of the exciton peak is plotted as
a function of temperature (Figure 5.12), to obtain the values for the Varshni equation
(eq. (2.13)). In this fitting the blue shift of exciton peak towards the bandgap value, due
to phonons breaking up the excitons, is not taken into account. Furthermore the
impurity related peak could be acting as a donor, therefore inducing a doping induced
bandgap narrowing which is temperature dependent (section 2.3.5). Also this possible
temperature dependence is not taken into account. Looking at the values for α and β and
their error, they are very similar to those for ZB InP, α = 4.9 x 10-4 eV/K and β = 327 K.
From the unit cells (Figure 3.1) it can be concluded that the nearest neighbours of
an atom are the same for both structures, but, as was concluded from the lattice
constants (section 3.1), the distance between an atom and its nearest neighbours was
different for the two structures. When looking at 2nd nearest neighbours the structures
differ from each other, due to the stacking difference. Apparently, the slight difference in
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nearest neighbour distance and the difference in stacking have little influence on the
temperature behaviour of the bandgap.

Figure 5.12: Fitting of the temperature dependence of the bandgap,
according to the Varshni equation (eq. (2.13)).

5.6 Zincblende reference
Next we intended to grow InP bulk-wires with a 15 nm sulphur doped core and a very
thick intrinsic shell in order to check the dependence of the impurity related peak on the
core-shell ratio. To obtain this a 60 min. shell growth was applied to the core, but the
result was poor wires (Figure 5.13) with mixes of ZB and WZ, and very long ZB wires, as
observed from PL measurements (Figure 5.14).

Figure 5.13. SEM image (at a 30° angle) of the batch that
was grown in order to create 15nm S-doped core NWs with
intrinsic 60 min. shell.

These long NWs were used as a ZB reference, for instance to obtain the RT ZB spectra in
section 5.2.2. PL characterization of the long NWs at 4 K (Figure 5.14) showed that the
39

NWs were indeed ZB, with a bandgap around 1.42 eV, but contained a similar impurity
related peak as the bulk-wires (section 5.2) in some parts of the NW. CCD images are
shown to indicate the location along the NWs at which these spectra were taken. Other
long NWs in this batch showed similar PL. The relative intensity (or presence at all) of
the impurity peak varied along the length of these NWs.

Figure 5.14: Normalized spectra from top to bottom of two long ZB
NWs, obtained with an excitation power density of 5 mW cm-2. As
indicated by the dotted lines, no WZ is present in these NWs. Note that
the spectra in (a) have a relative shift in energy, due to the fact that
the NW was not perfectly aligned with the slit.

What could have happened is that nucleation of the long NWs was easier due to fusion of
multiple gold particles. If this is the case, the NWs have different diameters, which could
explain the difference between the spectra of the long NWs. Furthermore it was
concluded from TEM imaging (section 5.1) that, during shell growth, the core of the NW
grows as well. Judging from the length of the long NWs in this batch, this was certainly
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the case here. This means that the diameter is not uniform along the whole NW, which
means that excitons could experience quantum confinement that is location dependent,
therefore experiencing different transition energies along the NW. The possibility of
quantum confinement is not certain, due to the fact that the NW diameter is unknown.
Another or additional explanation could be that the impurity concentration and/or
In- and P- concentration varied during growth, the latter causing a change in defect
densities like interstitials and vacancies. These variations also cause a variation in
transition energies along the NW.

5.7 Polarization dependent measurements
To verify the theory stated in section 3.2.1, the bulk-wires were tested for polarized
luminescence and dependency on the polarization of the excitation light at 4 K.
5.7.1 Polarized luminescence
According to theory, the emission from bandgap transitions in WZ InP is polarized in the
x-y direction and transitions with an emission polarization in z direction are forbidden.
This in contrast with ZB InP, in which both transitions are allowed and the emission is
partly polarized in the z direction, due to the geometric effect (section 2.2.4.1).
In Figure 5.15 the intensity of the emission from the whole bulk-wire is plotted as a
function of its polarization. Indeed it shows a strong polarization in the x-y direction,
perpendicular to the wire axis. Especially emission from the middle of the bulk-wire
seems strongly polarized, as the insets indicate.

Figure 5.15: Polarization of all the emitted light from a WZ InP bulk-wire excited with
an excitation power density of 0.5 W cm-2 at 4 K, and fitted with cos2(theta) function.
The polarization angles are with respect to the axis of the NW. Insets are pictures
showing the origin of the light at different polarizations. The ends of the NW emit nonpolarized light, whereas the middle emits light polarized perpendicularly to the wire.

The non-polarized light coming from the ends of the bulk-wire can be explained by
randomization of the light by scattering through the end facets, which is different from
what Mishra et al.3 stated (section 3.2.1). This randomization is also seen in other bulkwires, were non-polarized luminescence was observed from parts of the bulk-wire,
indicating stacking faults and roughness. Wave guiding can also attribute to the nonpolarized emission in Figure 5.15, by scattering of the light inside the bulk-wire at the
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walls of the wire. In section 2.2.3 it was calculated that for PL from ZB InP the critical
radius is 34.7 nm. Since our bulk-wires have a radius of 50 nm, this is plausible. To
conclude, the bandgap transitions in WZ InP are indeed polarized in the x-y direction
and transitions with a polarization in the z direction are forbidden.
In Figure 5.16 3D plots are depicted to show the polarization of the different peaks that
are present in the PL. The bulk-wires are the same as depicted in respectively Figure
5.3a and b. To recapitulate, the bulk-wire in figure a has low contribution from the
impurity peak, whereas the bulk-wire in figure (b) has a high contribution from the
impurity peak.
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Figure 5.16: 3D plots showing the polarized luminescence for the different
peaks in the PL of two bulk-wires, of which the power plots are depicted in
Figure 5.3a and b.

In Figure 5.16a it is seen that the exciton related peak is polarized. Less polarization is
seen from the impurity related peak. In Figure 5.16b, the impurity related peak seems
polarized. However, because the impurity related peak dominates at low excitation
powers and the exciton related peak resides in the high energy tail of the impurity
related peak, it is not possible to evaluate whether the exciton related peak is truly
polarized.
5.7.2 Polarized luminescence of 2nd valence band transitions
Similar results are found for the bulk-wire depicted in Figure 5.15, during
measurements at high excitation power density on the polarization of photons created
by a transition from the conduction band to the 2nd valence band (Figure 5.17).
Interesting to see is that the middle of the bulk-wire shows a strongly polarized emission
in the x-y direction for the 2nd valence band transition as well. Explanations could be that
the 2nd valence band is polarized in the same direction as the bandgap transition, which
is different from what theory states.

Figure 5.17: a) Spectra of the perpendicular and parallel polarized emitted
light from the middle of a WZ InP bulk-wire (green part in inset in (b))
excited with an excitation power density of 3 kW cm-2 at 4 K. Dashed lines
indicate bandgap of WZ at 1.496 eV, as found in Figure 5.2, and 2nd valence
band at 40 meV higher, as found in the RT measurements in Figure 5.6. b)
CCD images showing the origin of the emission along the length of the NW at
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different polarizations. The NW is vertically aligned, as depicted in the inset.
The middle of the bulk-wire mainly emits light polarized perpendicular to
the wire, whereas the ends of the wire emit non-polarized light.

Also for the 2nd valence band transitions non-polarized light is coming from the ends of
the bulk-wire. Since theory states that the 2nd valence band should emit non-polarized
light, an other explanation could be that the geometry of the NW influences the
polarization in some way, though nothing is found on this possible effect in literature.
5.7.3 Excitation polarization dependence
The dependency of the PL on the polarization of the excitation laser is depicted in Figure
5.18. The intensity of the exciton related peak is found to be excitation polarization
dependent, with a maximum intensity at an excitation polarization parallel to the NW.
The intensity of the impurity related peak is found to be polarization independent in this
measurement.
It has to be noted that the intensity of the laser seemed to change when the excitation
polarization was changed. This intensity change was observed through the microscope.
Knowing this, it is only possible to make remarks on the relative intensity difference
between the exciton and impurity related peak at different excitation polarizations in
Figure 5.18.
In section 2.2.4 it is stated that the geometry of the NW influences the absorption of the
excitation light, where more excitons are created at an excitation polarization parallel to
the NW than perpendicular. The influence of this effect, and the selectivity of the
transition, could be different for the different peaks, explaining this relative intensity
difference.
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Figure 5.18: Dependency of the PL intensity of the impurity related and
exciton related peak on the excitation polarization. 0° polarization is
perpendicular to the NW.

5.8 ‘Pure’ wurtzite
The batch depicted in Figure 5.13 also contained one piece of WZ material (Figure 5.19a)
of which the luminescence only contained an exciton related peak at low excitation
density. Attached to this piece was a piece of material that contained as well ZB as WZ,
which we will refer to as the mixed part and will be discussed in section 5.8.1.
Figure 5.19b shows a magnification with the 1200gr/mm grating, where the bandgap of
this piece of material is indicated by a dashed line. Measurements under increasing
excitation density (Figure 5.19c-d) show no state filling up to 0.03 P (P=3 kW cm-2).
Note that in Figure 5.19c PL from the mixed part is also visible, due to the fact
that this part of the material was close to the WZ piece. A region was selected in the CCD
camera in which PL from the WZ piece was seen, but photons, created in the mixed part,
could scatter to this region. The intensity of this scattered light is relatively low, as seen
in (Figure 5.19c-d), and therefore it contributes very little to the low end energy tail in
Figure 5.19e. In Figure 5.19e features of the 2nd valence band can be seen, as in the bulkwires with the impurity related peak (Figure 5.5). Also state filling (blue shift) and
bandgap renormalization is visible in Figure 5.19d-e.
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Figure 5.19: a) Picture taken with a dark force microscope. The lower part of the wire is where the mixed
part is situated. b) Spectrum of the WZ part at 10-3 W cm-2, obtained with a 1200gr/mm grating for higher
resolution. c-e) PL spectra under increasing excitation density (P=3 kW cm-2). The band gap energy is
indicated by a dashed line. Also the energy of the 2nd valence band is indicated (e).

5.8.1 Quantum well features of stacking faults
From measurements under increasing excitation power density on the mixed part
(Figure 5.20) it can be concluded that the mixed part indeed is a mix of ZB and WZ.
According to theoretical calculations on the band structures (section 3.2), the ZB
conduction band and WZ valence band in this case act as a quantum well (section 2.3.7)
for respectively electrons and holes. The division of electrons and holes means that typeII transitions will become dominant. The lowest type-II transition should be around 1.38
eV. Indeed the lowest transition is seen around 1.39 eV, which indicates type-II
transitions take place between quantized states of ZB and WZ.
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Figure 5.20: Measurements under increasing excitation power density, showing the quantum
well behaviour of the mixed part. In the upper figure spectra are normalized and differently
factorized for clarification. Energy levels are indicated by a dashed line.

5.8.2 Polarized luminescence
The WZ part is tested for polarized luminescence (Figure 5.21). Also in this
measurement PL of the mixed part is seen, for the same reason as stated above.
Interesting to see is that the WZ part and mixed part both emit 100 % polarized PL in the
direction perpendicular to the vertical axis in Figure 5.19a. The fact that PL from the
mixed piece is polarized as well, means that it is not created by bandgap transitions in
ZB, since ZB InP is known to show non-polarized PL for bandgap transitions. A type-II
transition, as discussed in the previous section, could explain this. According to Birman28
the valence band of WZ only consists of orbitals with a transition dipole moment in the
x-y direction, perpendicular to the wire axis, which makes the valence band of WZ
selective towards polarization. The same selectivity can occur for the type-II transitions,
which explains the polarization of this transition. This measurement, together with the
measurement in the previous section, makes it plausible for the PL from the mixed part
to be created by a type-II transition. It can also be concluded, that indeed WZ InP is
completely polarized in the x-y direction, as discussed in section 5.7.1.
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Figure 5.21: Polarization of the emitted light from the uncontaminated wurtzite part. PL below
1.48 eV is from the mixed part.

5.9 Stability of the wurtzite structure
The piece of material, discussed in section 5.8, has been tested over time, after
illumination at high excitation power density (3 kW/cm2), and degraded (Figure 5.22).
In Figure 5.22 it can be seen that there is ZB present that seems to act as a quantum well
(Arrow 1) and a peak below the WZ bandgap (arrow 2), around the energy of the
impurity related peak. Luminescence between 1.45 and 1.48 eV could be from material
that has both ZB and WZ.
The indicates that the thermal energy of the laser makes it possible for the atoms to
rearrange themselves in a more energy favourable structure. Although the piece of
material grew accidentally, which could mean that the structure was unstable from the
beginning, the degradation of the piece of material could also mean that small structures
of WZ transform to a ZB formation at high temperatures.
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Figure 5.22: Power plot (a) and normalized plot (b) of the degraded WZ part under
increasing excitation power density.
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6 Conclusions
We conclude that we measured PL(E) on pure WZ InP bulk-wires. From the spectra the
bandgap is estimated to be between 1.493 and 1.496 eV. The peak and onset at higher
energy in the PL and PLE spectra is attributed to transitions via the 2nd valence band.
The two valence bands in WZ InP are split off by spin orbit coupling. RT PL and low
temperature PLE show that the energy difference between the two valence bands is
approximately 40 meV. Temperature dependent PL measurements indicate trapping of
excitons in potential minima in the fluctuating potential landscape of the crystal, induced
by possible In- and P-concentration fluctuations in during MOVPE. The temperature
dependence of the bandgap of InP WZ is very similar to that of InP ZB.
In the spectrum of the WZ InP bulk-wires a peak was seen at an energy about 5 meV
below the bandgap, which we relate to impurity bound excitons. This peak could be
related to transitions between sulphur bound excitons and the valence band, although
sulphur is not expected to migrate from the core to the shell.
Polarization measurements show a strong selectivity of the bandgap of WZ InP for
polarizations in the x-y direction, perpendicular to the wire axis. Irregularities in the
crystal structure tend to depolarize the PL. Type-II transitions between the ZB
conduction band and WZ valence band also show the same polarized luminescence.
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7 Recommendations
Further research should be done on the polarization of the transitions via the 2nd valence
band, since theory states that these transition should be non-selective.
The dependency on excitation polarization is still unclear. Interesting would be to test at
increasing excitation energies from the bandgap up. The question is if excitons can be
created at a bandgap resonant energy and excitation light polarized parallel to the wire
axis. If not, at which excitation energy is it possible for excitons to de-phase during
relaxation. Then also time resolved measurements could be interesting, revealing the
time it takes for an exciton to de-phase.
In TEM imaging it was seen that during shell growth the core grew on in pure WZ
structure, without S-doping. This suggests that, under the right conditions, WZ bulkwires could be grown without a S-doped core. If this is possible it would be a nice
reference to see if the impurity peak is created by sulphur.
It would be interesting and important to test small WZ structures in a ZB NW. The
question is if WZ changes its structure to ZB under strain from ZB, especially after
heating by light or electricity.
Now that WZ InP can be produced in bulk-like form, it would be interesting to measure
the dielectric constant. This could be done, for example, by capacitance measurements
or measurements of reflectivity under normal incidence. There are problems to
overcome, though. In the capacitance measurement one has to account for the dielectric
constant of the core as well, which is also unknown. Bulk-wires with an undoped core
would solve this problem. In the reflectivity measurements there is very little surface to
reflect on, which makes it hard to measure. One could create a bigger surface by lining
up nanowires side to side and depositing material on top with epitaxy. The created bulk
surface could then be treated to create a smooth surface.
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8 Appendix
Curve fitting data:
Curve fitting was done manually in the software program Origin with the sum of
multiple Pseudo-Voight functions (eq. (2.25)). All spectra were centred around the same
energy to make fitting more easy. Main focus was on peak 1 and 2. With increasing
temperature the Lorentz peak width was allowed to increase, while the Gaussian width
was kept constant. Also the Lorentzian content of the peak was allowed to change.
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