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Abstract

The optical properties of wurtzite AlxIn1-xP nanowires are investigated in this research. This is done
by exciting arrays of nanowires with a laser source. The resulting photoluminescence is then ana-
lyzed to determine different optical properties of this ternary compound.

It is expected that AlxIn1-xP has a direct band gap, that increases with higher aluminium concentra-
tions. It is shown that it is possible to tune the light emission from the near infrared to the green
part of the visible spectrum for 0 < x < 0.40. Different optical effects have been observed. The
emission is characterized as mainly band gap related, with inclusion of some donor-acceptor re-
lated emission. It is also shown that the samples probably contain pockets of different compositions,
as lower emission peaks are seen with increasing excition power, that do not disappear at higher
temperatures.

2 - Photoluminescence Characterization of Wurtzite InP/AlxIn1-xP Nanowires



Technische Universiteit Eindhoven University of Technology

Contents

1 Introduction 5

2 Theoretical Background 6

2.1 Semiconductors 6

2.1.1 Crystal Phase 6

2.1.2 Nanowires 7

2.1.3 Band Structure 7

2.2 Photoluminescence 9

2.2.1 Radiative Recombination 10

2.2.2 Non-Radiative Recombination 11

3 Methodology 12

3.1 Samples 12

3.2 Setup 12

3.2.1 Laser Excitation Source 13

3.2.2 Cryostat 13

3.2.3 Spectrometer 13

3.3 Measurements 14

3.3.1 Power Series 14

3.3.2 Temperature Series 14

3.3.3 Arrhenius 14

3.3.4 Varshni 14

4 Results and Discussion 15

4.1 Sample Characterization 15

4.1.1 InP 15

4.1.2 Al0.05In0.95P 17

4.1.3 Al0.15In0.85P 19

4.1.4 Al0.25In0.75P 21

4.1.5 Al0.35In0.65P 23

4.1.6 Al0.40In0.60P 24

4.2 Comparisson 27

3 - Photoluminescence Characterization of Wurtzite InP/AlxIn1-xP Nanowires



Technische Universiteit Eindhoven University of Technology

5 Conclusion 28

4 - Photoluminescence Characterization of Wurtzite InP/AlxIn1-xP Nanowires



Technische Universiteit Eindhoven University of Technology

1 Introduction

Light emitting diodes (LEDs) have revolutionized the world of lighting in the recent years. LEDs have
become popular due to their high efficiency compared to other conventional sources of lighting.
However, a problem that remains with LEDs is the efficient emission of light in the green part of the
visible spectrum. This problem is known as the ’Green Gap’. This is important, since blue, green
and red emitting LEDs are necessary to create the appearance of white light.

Current generation green LEDs are generally blue LEDs covered with a layer of phosphorous mate-
rial, that "downgrades" the blue light to green light. During this process energy is lost, which inhibits
the efficiency of the LED and thus the efficiency of the emission of white light overall.

This research will take a look at light emission in the greep part of the visible spectrum by all wurtzite
AlInP nanowires. A theoretical background is presented in chapter 2 to better understand the subject.
The experimental setup of the research and the measurement methods are given in chapter 3.
Chapter 4 presents and discusses the results. Finally, a conclusion is drawn and recommendations
of further research are given.
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2 Theoretical Background

Every solid contains electrons. The electrons in the crystal structure of the solid can occupy different
energy states. There are, however, also regions where no wavelike electron orbitals exist [1]. The
regions where the electron energy states are allowed are called energy bands, while the unallowed
regions are called the band gaps. The way in which these energy bands and band gaps are ar-
ranged, is called the band structure of the material. The band structure depends on the specific
material and the crystal structure of that material. Materials have different properties, determined by
how their energy bands are occupied by their electrons.

2.1 Semiconductors

A semiconductor is a material of which the conductivity is dependent on its environment. The con-
ductivity of a semiconductor can be altered as a result of heat or light for example. The conductivity
can also be changed by controlled addition of impurities into the material, which is called "doping".
This property of semiconductors forms the basis of commonly used electrical components, such as
diodes and transistors.

The interesting properties of semiconductors arise from its electrons and how they occupy the band
structure. The distinguishing factor of semiconductors is that one band, the valence band, is nearly
filled while another band, the conduction band, is nearly empty. The band gap of semiconductors
is generally small enough, so that it is possible to excite carriers from the valence band to the con-
duction band without damaging the material. The semiconductor that is of interest in this research
is AlxIn1-xP due to its potential to emit green light at certain compositions.

2.1.1 Crystal Phase

Semiconductors can assume different crystal lattice structures. Some compounds can naturally
crystallize into different crystal structures. The most important crystal structures for semiconductors
are described below.

Diamond

Diamond, silicon, and germanium are some examples of atoms arranging in a diamond crystal
structure. This configuration is part of the cubic crystal family. This structure can be envisioned as
two interpenetrating face-centered cubic sublattices with one sublattice staggered from the other by
one quarter of the distance along a diagonal of the cube [4]. Each atom has four nearest neighbours,
arranged in a tetrahedron. This arrangement is common for group IV atoms.

Zinc Blende

This crystal structure is named after the mineral "spalerite," which is also called zinc blende and is
the principal ore of zinc. The mineral consists largely of crystalline zinc sulfide. Many III-V and II-VI
compounds naturally assume the zinc blende structure. Zinc blende is structurally identical to the
diamond structure described above, except that adjacent atoms are respectively from group III and
group V for III-V materials and groups II and VI for II-VI materials. Among the materials that classify
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(a) (b)

Figure 2.1: Schemetic representation of (a) zinc blende crystal structure and of (b) wurtzite crystal
structure [2,3].

into this structure are bulk Indium Phosphide and Aluminium Phosphide.

Wurtzite

The wurtzite crystal structure is named after the less frequently occuring mineral form of zinc sul-
fide. For some semiconductors, for example Gallium Nitride, the wurtzite structure is the stable
arrangement. The difference between the wurtzite and the zinc blende structure is that wurtzite
has a hexagonal stacking sequence (ABABAB), while zince blende has a cubic stacking sequence
(ABCABCABC). Wurtzite is not the preferred crystal structure of most semiconductors. However, a
unique property of nanowires is that they can be grown in pure wurtzite structure by controlling su-
persaturation with growth temperature, V/III ratio and doping amount [6]. Schematic representations
of the zinc blende and wurtzite crystal structure are given in Figure 2.1.

2.1.2 Nanowires

A nanowire is a structure, with a diameter of the order of nanometers and a length generally much
larger than their diameter. Nanowires are of particular interest because of the possibility of altering
the natural crystal structure of a material by controlling certain growth parameters and because of
their potential applications in electronic and optical devices, like LEDs and solar cells.

2.1.3 Band Structure

Electrons can only occupy discrete energy levels in a single atom, given by their atomic orbitals.
However, when multiple atoms bond, the atomic orbitals overlap. The Pauli Exclusion Principle
states that no two electrons can occupy the exact same state. Therefore the atomic orbitals must
split into multiple molecular orbitals with different energies. When a solid consists of N atoms, each
atomic orbital splits into N molecular orbitals. In a macroscopic piece of the solid, N is so large
that adjacent energy levels can be considered as continuous energy bands. However, there remain
regions where the electron energy states do not exist. These regions are called the band gaps.

Solids can generally be divided into three categories, depending on their band structure. A material
behaves like an insulator when all energy bands are either filled or empty and the band gap energy
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Figure 2.2: Scanning electron microscopic (SEM) image of nanowire array that is used in this re-
search.

Figure 2.3: Schemetic representation of the band structure of an insulator, a metal (conductor) and
a semiconductor [1].

is so large that it is practically impossible to excite carriers from the valence band to the conduction
band [1]. This means that no electrons can move in the material. A material behaves like a metal
when one or more energy bands are partially filled. This means that the electrons can move around
freely. As mentioned before, for a semiconductor the valence band is almost completely filled, while
the conduction band is almost completely empty. The band gap energy is generally low enough,
between 0.2 eV and 4.0 eV, such that it is possible to excite carriers from the valence band to the
conduction band.

A distinguising property of the band structure of the material is whether the band gap is direct or
indirect. In a direct band gap material, electrons and holes can recombine because they have the
same wave vector. This is not the case for indirect band gap materials. Therefore, to conserve
the momentum, one or multiple phonons need to be created in a recombination process. Phonon
assisted radiation is much less likely to occur. This results in far slower radiative recombination in
indirect band gap materials. Slower radiative recombination means that most recombination will take
place non-radiative. Therefore a direct band gap is needed for efficient emission of light.

The band gap of a material varies with temperature. This effect is believed to be caused by a relative
shift in position of the conduction and valence bands as a result of the thermal expansion of the
lattice and of temperature dependent electron lattice interactions. The temperature dependence of
the band gap is given by the emperical Varshni model [5]

Eg(T ) = Eg(0)− αT 2

T + β
, (2.1)
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(a) (b)

Figure 2.4: Calculated band structures for (a) InP and (b) AlP in the wurtzite phase [7].

where Eg is the band gap energy and α and β are fitting parameters. This relation holds for both
direct and indirect band gaps.

A direct band gap of 2.17 to 2.50 eV is needed for efficient light emission in the green region of
the visible spectrum. There are no simple semiconductors that satisfy this property. However,
band structure calculations predict direct band gaps for many III-V semiconductors in the wurtzite
phase [7]. In this research, different compositions of AlxIn1-xP in the wurtzite phase are of interest
to reach green light emission. It is possible to get an idea of these band structures by looking at
the band structures of wurtzite InP and AlP. The calculated band structures of InP and AlP in the
wurtzite phase are shown in 2.4.

InP has a calculated Γ7c →Γ9v band gap of 1.47 eV in the wurtzite phase and AlP has a calculated
Γ8c→ Γ9v band gap of 2.97 eV in the wurtzite phase. Theoretically, ternary AlxIn1-xP compounds can
be created to tune the band gap over a wide range of energies. However, at some point, a crossover
at the Γ point is expected for increasing Al concentrations. This Γ point crossover has already been
observed for InGaP compositions [8].

2.2 Photoluminescence

Luminescence is a process, where a system decays from an excited state to a lower energy state,
usually the ground state, by emission of a photon. This initial excitation energy is supplied by a
photon in photoluminescence (PL) [18]. Therefore, PL is a sensitive, non destructing tool for the
characterization of the optical or electronic properties of semiconductors. After the excitation of the
material, various relaxation processes can occur, of which the most important have been schemat-
ically represented in Figure 2.5. These processes can be divided into two categories, radiative
recombination and non-radiative recombination. For efficient light emission, radiative recombination
must be the main recombination mechanism.
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Figure 2.5: Schematic representation of different possible recombination mechanisms after a carrier
is created due to absorption of a photon [9].

2.2.1 Radiative Recombination

The recombination of electrons and holes can happen by means of different processes, some of
which are radiative. Different radiative recombination methods are mentioned below.

Band to Band Recombination
An excess of electron-hole pairs is created, when a material is excited by a laser with an energy
larger than the band gap energy (hν > Eg) of the material. Band to band recombination is when the
electrons in the conduction band recombine with the holes in the valence band and emit a photon
with an energy equal to the band gap energy.

Donor-Acceptor Recombination
Impurities in the crystal lattice can form new energy states, possibly within the band gap. This is
because the impurities add extra electrons to the material (donor) or add extra holes to the material
(acceptor). The new energy states are situated just below the conduction band for donors and just
above the valence band for acceptors. Donors and acceptors ionize with increasing temperatures
[15]. When the electrons have a certain thermal energy, kT , they can transition from the valence
band to the acceptor levels and from the donor levels to the conduction band, effectively ionizing the
donor and acceptor energy states. Different defects in the crystal lattice can also create new energy
states within the band gap, allowing for recombination via these defect states.

Deep Level Recombination
Deep level energy states are comparable to donor-acceptor states. The main difference being that
the deep level energy states are situated deeper in the band gap.

Excitonic Recombination
Excitons are electron-hole pairs that are bound together due to their Coulomb attraction [1]. The
exciton energy levels, En, are situated just below the conduction band and are given by a modified
Rydberg equation

En = Eg −
µe4

2h̄2ε2n2
, (2.2)

where n is the principal quantum number and µ is the reduced mass of the effective masses of the
electron and hole in the material. Excitons can also be bound to different donor or acceptor states,
which puts their exciton energy levels just below the donor or acceptor energy levels. Excitonic
mechanisms can normally only be seen in very pure crystals at low temperatures. This is because
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the excitons dissociate at high temperatures due to their low exciton binding energy compared to
the thermal excitations. Exciton binding energies are generally in the order of meV. Values of 4 meV
have been reported for exciton binding energies in InP [1] and values of 25 meV have been assumed
for AlP for calculations [16].

2.2.2 Non-Radiative Recombination

Electron-hole pairs can also recombine non-radiatively. This means that the absorbed energy is
dissipated through other mechanisms than the emission of a photon. Recombination can happen by
means of multiple phonons, which causes the sample to heat up.

Auger Recombination
Auger recombination is a process where the energy that is released when an electron and a hole
recombine is not emitted as a photon, but is instead transferred to another carrier [17]. This newly
excited carrier then loses its excess energy in a series of collisions with the lattice, relaxing back
to the edge of the band. This means that the recombination energy is ultimately dissipated as heat
through the lattice.

The processes involved with the loss of energy due to non-radiative recombination can be described
by the Arrhenius equation [10],

I(T ) =
I(0)

1 +A exp (−EA/KT ) +B exp (−EB/KT )
. (2.3)

where I(0) is a constant and EA and EB are the activation energies of two different non-radiative
processes. A measure for the efficiency of the emission of light at room temperature is retrieved, if
one assumes that recombination at 4 K is purely radiative. Then, by taking the ratio between the
integrated PL intensity at 300 K and 4 K, the internal quantum efficiency (IQE) can be determined

IQE =
I300K
I4K

. (2.4)

This is not an accurate representation of the IQE, but merely an upper bound to the IQE, since not
all recombination at 4 K is radiative.
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3 Methodology

The main focus of this research is the experimental analysis of the optical properties of different
samples of wurtzite AlxIn1-xP nanowires. This chapter will adress the different samples that are
used, as well as the experimental setup and the different measurements that are performed.

3.1 Samples

The different samples that are used in this research are arrays of wurtzite AlxIn1-xP nanowires grown
on a short wurtzite InP stem on a zinc blende InP substrate, exposing the (111)A surface. The growth
on the stems is necessary as the wurtzite AlxIn1-xP nanowires will not grow directly on the substrate.
All nanowires are grown with Selective Area Metalorganic Vapor Phase Epitaxy (SA-MOVPE). Selec-
tive Area means that the nanowires are grown through holes in a patterened silicon nitride mask on
the substrate without a catalyst. The material of the nanowires is introduced as Phosphine (PH3) and
the metalorganic vapors Trimethylindium (TMIn) and Trimethylaluminium (TMAl). Samples contain-
ing different aluminium contents are investigated. The aluminium contents and the different growth
conditions of the samples are given in Table 3.1.

Table 3.1: The composition of the samples having different aluminium contents and growth condi-
tions. The growth conditions from left to right; stem/wire material, stem/wire growth time, growth
temperature and the flow rates of TMIn and TMAl in sccm and the flow rate of PH3 and its dilution.

Sample Composition Growth conditions
InP InP/InP 1/19 min, 750 ◦C, TMIn 200, TMAl 0, PH3 150/500/350
Al0.05In0.95P InP/AlInP 1/19 min, 700 ◦C, TMIn 190, TMAl 2, PH3 150/500/350
Al0.15In0.85P InP/AlInP 1/19 min, 700 ◦C, TMIn 190, TMAl 5, PH3 75/500/350
Al0.25In0.75P InP/AlInP 1/19 min, 700 ◦C, TMIn 200, TMAl 10, PH3 35/500/350
Al0.35In0.65P InP/AlInP 1/19 min, 700 ◦C, TMIn 200, TMAl 15, PH3 150/500/350
Al0.40In0.60P (3273) InP/AlInP 1/14 min, 700 ◦C, TMIn 200, TMAl 20, PH3 25/1000/125
Al0.40In0.60P (3285) InP/AlInP 1/10 min, 690 ◦C, TMIn 200, TMAl 20, PH3 25/1000/125
Al0.40In0.60P (3288) InP/AlInP 1/10 min, 700 ◦C, TMIn 200, TMAl 20, PH3 25/1000/115

3.2 Setup

A schematic representation of the experimental setup is given in Figure 3.1. The general approach is
given here, while individual components of the setup are explained in further detail below. The light
emitted from the laser sources passes through a filter wheel. The filter wheel is used to accurately
determine the excitation power that reaches the samples. After that, the light passes through a beam
splitter. A power meter is used to precisely determine the excitation power of the laser source. The
light also falls on the samples mounted in the cryostat. The light is absorbed by the samples and
the samples emit light due to radiative recombination. This emitted light passes back through the
beam splitter. A 500 nm longpass filter is positioned after the beam splitter to filter out the laser
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Figure 3.1: Schematic representation of the experimental setup.

light. Different neutral density (ND) filters can be positioned after the longpass filter to ensure that
the CCD detector is not oversaturated and damaged.

3.2.1 Laser Excitation Source

Two different laser excitation sources are used, which can generally be seen as a low power and a
high power excitation source. First, for the low power source, a 420 nm (2.95 eV) laser diode is used.
It has a circular excitation spot with a diameter of 1 µW. The second source is a 405 nm (3.06 eV)
Titanium-Sapphire laser. A focusing lens is used to focus the light on the sample to achieve the
strongest signal

3.2.2 Cryostat

The samples are attached to an Oxford Instruments Microstat cryostat with silver paste. The cryostat
is then closed and brought to near vacuum with a vacuum pump. The continuous flow cryostat allows
the temperature to be regulated in the range of 4-300 K. A controlled flow of liquid helium is used
as the coolant. A resisitive heating unit that is connected to a temperature controller maintains the
target temperature.

3.2.3 Spectrometer

The light that is emitted from the samples is analyzed with a spectrometer. The incident light is
diffracted by a diffraction grating. Diffraction gratings of 150 g/mm and 1200 g/mm are used. The
150 g/mm grating is used for measuring larger ranges of wavelenghts, while the 1200 g/mm grating is
used for measuring shorter ranges with a greater accuracy. The intensity of the different wavelenghts
of the refracted light is measured with a charge coupled device (CCD) detector. Different neutral-
density (ND) filters are used to reduce the intensity of the emitted light. This is done to ensure that
the CCD detector cannot be damaged by oversaturation. All measurements are corrected for the use
of these ND filters. This is done by taking measurements with and without the filters. The resulting
spectra are compared to properly assess the effect of the ND filters on the spectra of the samples.
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3.3 Measurements

3.3.1 Power Series

A power series is a series of consecutive measurements on the same spot of the sample at constant
temperature, while differing the excitation power. The excitation powers used, vary from 0.2 µW
to 250 µW. Some samples have been looked at with the TiSa laser under excitation powers upto
40 mW. The excitation power is varied by means of the filter wheel. The power series are done at
low temperature (4 K) and at room temperature (300 K).

3.3.2 Temperature Series

A temperature series is a series of consecutive measurements on the same spot of the sample
at constant excitation power, while differing the temperature of the samples. A temperature series
is done by cooling the sample down to 4 K. Specific temperatures can be set by the temperature
controller that is connected to the resistive heating unit. Measurements of the PL spectrum of the
sample is taken at every 5 K until 50 K. Afterwards measurements are taken at every 10 K until
300 K. The temperature differences involved causes the samples and the cryostat to expand slightly
with increasing temperature. This effect makes it necessary to refocus the laser spot on the sample
every couple of measurements. This does mean that not every measurement is taken of exactly the
same array of nanowires. The specific measured nanowires do not cause great uncertainty in the
results, since SEM images have shown that the nanowires on most samples are very uniform.

3.3.3 Arrhenius

As mentioned before, an Arrhenius plot can be used to characterize non radiative recombination
processes. It is necessary to consider two different non radiative processes, since the integrated PL
intensity could not be fitted with only one activation energy. In an Arrhenius plot, the integrated PL
intensity is plotted on a logarithmic scale against the inverse of the temperature. An example of an
Arrhenius fit is seen in Figure 4.2 (b). The two activation energies are determined from the fit and
the IQE is determined as by Equation 2.4.

3.3.4 Varshni

The emperical Varshni relation is used to determine the band gap of a material. The peak energy of
the PL spectrum is plotted against the temperature. An example of a Varshni fit is seen in Figure 4.2
(a). The data is then fitted according to Equation 2.1. The band gap energies as determined by the
fit are well defined. However, the constants α and β are not well defined. The uncertainties in the
resulting values are generally of the same order as the resulting values of the constants.
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4 Results and Discussion

Different samples have been looked at, to get an understanding of the tunability of the band gap of
wurtzite AlxIn1-xP. The different samples have aluminium contents ranging from 0% to 40%. First,
pure InP is looked at. Then, Al0.05In0.95P is investigated for increasing contents of aluminium to finally
reach emission of light in the green part of the visible spectrum at aluminium contents of 40%. Three
samples containing 40% with slightly different growth conditions are compared. Finally, the most
promissing green emitting sample is compared to the other samples.

4.1 Sample Characterization

4.1.1 InP

The result of the power series and a temperature series of the InP sample is shown in Figure 4.1.
The highest energy emission from this sample is in the infrared. The measured peak around 1.49 eV
corresponds with the lowest band to band transistion, Γ7c → Γ9v, which is calculated to be 1.47 eV
[7] and has been experimentally determined to be in the range of 1.44 to 1.51 eV previously [11–14].
The measured peak at low temperature at 1.45 eV is most probably the result of donor-acceptor
levels. This is because the difference in energy of the band to band peak and the lower energy
peak corresponds with possible donor or acceptor levels, located near the conduction or valence
band. The donor-acceptor levels in the sample are limited. Therefore, the donor-acceptor states fill
up, and the intensity of the donor-acceptor peak stops increasing at higher excitation energies. The
donor-acceptor peak is absent in the room temperature measurements.

The temperature series shows two important phenomenon. First, a red shift is seen with increasing
temperature. This red shift corresponds with a decreasing band gap for increasing temperatures,
which is explained by Equation 2.1. Secondly, the low power peak decreases with temperatures and
eventually disappears completely around 100 K. This is because the donors and acceptors gradually
ionize with increasing temperatures [15]. Thermal broadening due to the increased thermal motion
of the particles is also observed. The IQE of the sample is 3.1%, as can be seen in Figure 4.2 (b).
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(a) (b)

(c)

Figure 4.1: Photoluminescence spectra of WZ InP nanowires. Measurements are performed at (a)
4 K and at (b) 300 K for differing excitation powers and (c) at 250 µW for differing temperatures.
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(a) (b)

Figure 4.2: (a) Energy of the PL peak of the InP sample as a function of the temperature, fitted
with Equation 2.1 and (b) the integrated PL intensity of the InP sample as a function of the inverse
temperature, fitted with Equation 2.3.

4.1.2 Al0.05In0.95P

The result of the power series and a temperature series of Al0.05In0.95P is shown in Figure 4.3. The
highest energy emission is in the near infrared. For the low temperature measurements, the domi-
nating emission peak is measured at 1.67 eV. This is the same band to band transition as seen in
InP. The peak is blue shifted due to the addition of aluminium, as expected. Another peak appears at
1.51 eV with increasing excitation powers. This peak is close to the band to band transitions for pure
InP. It is possible that pockets, containing higher levels of In are located in the wires, away from the
surface. Increasing the excitation power, increases the carrier concentration in the sample. Higher
carrier concentrations increase the chance of carriers reaching these pockets, making it possible to
only detect emission at 1.51 eV at higher excitation powers. The effect can not be assigned to donor-
acceptor levels, since the effect is visible at low temperature and at room temperature. It is however
much less visible in the temperature series. An explanation for this may be that the pocketing effect
is not equal across all nanowires, since the power series and temperature series may not have been
performed on exactly the same sample spot.

The expected red shift with increasing temperature is not seen in the temperature series. This effect
is better seen, looking at Figure 4.4 (a). The peak energy is randomly divided over a small energy
range. This is unexpected, further investigation is necessary to explain this phenomenon. The effect
of thermal broadening can be seen but is significantly smaller for Al0.05In0.95P than for InP. This
might be due to the larger effective mass of carriers under the addition of aluminium. The IQE of the
sample is 1.0% as given in Figure 4.4 (b).
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(a) (b)

(c)

Figure 4.3: Photoluminescence spectra of WZ Al0.05In0.95P nanowires. Measurements are performed
at (a) 4 K and at (b) 300 K for differing excitation powers and (c) at 250 µW for differing temperatures.
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(a) (b)

Figure 4.4: (a) Energy of the PL peak of Al0.05In0.95P as a function of the temperature, fitted with
Equation 2.1 and (b) the integrated PL intensity of Al0.05In0.95P as a function of the inverse tempera-
ture, fitted with Equation 2.3.

4.1.3 Al0.15In0.85P

The result of the power series and a temperature series of Al0.15In0.85P is shown in Figure 4.5. The
highest energy emission is in the red part of the visible spectrum. The low temperature measure-
ments show a peak from 1.92 eV to 1.95 eV with increasing excitation power. The increase in peak
energy compared to the previous sample is expected due to the increased aluminium content. The
peak with the relatively long tail are the band to band transitions. The longer tail may be due to the
fact that measurements are done on an array of nanowires and not on a single nanowire, resulting
in possible compositional difference and therefore a variety in emission energies. The Al0.15In0.85P
sample shows differences in the top facets between the individual nanowires, as can be seen in the
SEM image in Figure 4.6. Two pronounced peaks are left in the room temperature measurement at
1.72 and 1.89 eV. These are probably two band to band transitions, where the lower energy peak
is due to pockets containing less aluminium. In this sample, the carriers already recombine in the
pockets at lower excitation powers, which means that the pockets are probably located closer to the
surface.

An expected red shift with increasing temperature is seen in the temperature series. However, some
strange behaviour is also seen in the temperature series. Emission peaks seem to disappear and
later reappear with increasing temperature. This might be due to the inconsistency of the sample
itself, since the excited area on the sample can slightly differ with increasing temperature due to
thermal expansion of the sample and cryostat. This effect also requires refocussing of the laser
spot. This might also be a cause for the strange behaviour seen in the temperature series. The
temperature series results are not sufficient enough to determine the band gap with the Varshni
model.

19 - Photoluminescence Characterization of Wurtzite InP/AlxIn1-xP Nanowires



Technische Universiteit Eindhoven University of Technology

(a) (b)

(c) (d)

Figure 4.5: Photoluminescence spectra of WZ Al0.15In0.85P nanowires. Measurements are performed
at (a) 4 K and at (b) 300 K for differing excitation powers and (c) at 250 µW for differing temperatures.
The intensity of the two different peaks seen in (b) are plotted against the excitation power in (d).

Figure 4.6: SEM image of the Al0.15In0.85P nanowire array. Differences between the exposed top
facets of individual wires are observed.

20 - Photoluminescence Characterization of Wurtzite InP/AlxIn1-xP Nanowires



Technische Universiteit Eindhoven University of Technology

(a) (b)

(c)

Figure 4.7: Photoluminescence spectra of WZ Al0.25In0.75P nanowires. Measurements are performed
at (a) 4 K and at (b) 300 K for differing excitation powers and (c) at 250 µW for differing temperatures.

4.1.4 Al0.25In0.75P

The result of the power series and a temperature series of Al0.25In0.75P is shown in Figure 4.7. The
highest energy emission is in the orange part of the visible spectrum. A band gap related peak is
measured at 2.11 eV. This peak is even more blue shifted due to the increased aluminium content.
Another small, very broad peak is present at 1.84 eV. This peak becomes less pronounced with
increasing temperatures. This could be due to the decrease in carrier mobility at higher tempera-
tures. This would mean that the electrons probably recombine before reaching pockets with different
compositions of the material. Another peak at 2.05 eV, close to the main peak, becomes more pro-
nounced with increasing excitation power. This could be the result of pockets containing slightly less
aluminium being reached with increased carrier concentrations.

At room temperature the lower energy peak is dominating. The switch between the main peaks is
clearly visible in the temperature series, where the switch happens around 100 K. The temperature
series also shows an expected red shift with increasing temperature. Both peaks undergo a similar
red shift. This effect is better seen in Figure 4.8 (c). The IQE is different for both peaks, with the
higher energy peaks having an IQE of 0.5% and the lower power peak an IQE of 1.0% as given in
Figure 4.8 (a,b).
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(a) (b)

(c)

Figure 4.8: The integrated PL intensity of Al0.25In0.75P as a function of the inverse temperature, fitted
with Equation 2.3 for the (a) 2.11 eV and the (b) 2.05 eV peak. Energy of the PL peak of Al0.25In0.75P
as a function of the temperature, fitted with Equation 2.1 (c).
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(a) (b)

(c)

Figure 4.9: Photoluminescence spectra of WZ Al0.35In0.65P nanowires. Measurements are performed
at (a) 4 K and at (b) 300 K for differing excitation powers and (c) at 250 µW for differing temperatures.

4.1.5 Al0.35In0.65P

The result of the power series and a temperature series of Al0.35In0.65P is shown in Figure 4.9. The
highest energy emission is in the yellow part of the visible spectrum. Only one emission peak is
visible at low and room temperature. This peak corresponds with band gap related emission and is
located at 2.21 eV. The emission of this sample with an aluminium content of 35% is nearing green
light emission. The sample appears to be very pure, as no other radiative recombination processes
are seen.

The temperature series shows the expected red shift with increasing temperature, which is better
seen in Figure 4.10 (a). The effect of thermal broadening can be seen. A small secondary emission
peak is seen around 100 K and disappears again at 200 K. This behaviour is unexpected and can
most probably be explained as a result of the thermal expansion of the sample and the sample holder
and the refocussing of the lens. The IQE of the sample is 0.4% as given in Figure 4.10 (b).
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(a) (b)

Figure 4.10: (a) Energy of the PL peak of Al0.35In0.65P as a function of the temperature, fitted with
Equation 2.1 and (b) the integrated PL intensity of Al0.35In0.65P as a function of the inverse tempera-
ture, fitted with Equation 2.3.

4.1.6 Al0.40In0.60P

Different growth conditions have been used to create wurtzite Al0.40In0.60P as mentioned in Table
3.1. The PL spectra of three of these samples, referred to as 3273, 3285 and 3288, are shown in
Figure 4.11.

The PL spectra at 4 K, 25 µW are comparable for 3285 and 3288 with some minor differences in the
energy of the emission. However, 3273 shows three peaks instead of two. This could be due to a
higher concentration of pockets in 3273, due to the longer growing time.

Differences in the PL spectra of the three different samples become more pronounced at room
temperature. 3285 shows emission in the red part of the visible spectrum with a tail towards the
green part at low excitation powers. This is better seen in Figure 4.12 (a). At lower powers, a
peak is seen at 1.7 eV with a tail towards higher energies. The tail becomes more pronounced at
higher energies, until an emission peak appears at 2.25 eV. This effect might be the result of many
different compositions within the sample. However, this does not explain the apparent "filling" of
the lower energy states at higher excitation powers. Further investigation is needed to explain this
effect. This effect is not seen in 3273. This effect is not investigated for 3288, since emission at room
temperature for lower excitation energies gave to little signal to observe.

Even though 3285 shows an unwanted tail, it might be the best contender for a green emitting LED,
since its emission at room temperature is a factor 10 larger than 3273 and a factor 3 larger than
3288. So in the next section, 3285 is used for the Al0.40In0.60P sample to compare to the samples
with different aluminium contents.

The data shows that it might be possible to engineer the nanowires further. More research might
make it possible to create nanowires that emit in the green part of the visible spectrum with the
intensity of sample 3285 and the sharpness of the emission peaks of samples 3273 and 3288.

Figure 4.13 gives a better insight of sample 3285. The Varshni fit is only done until 100 K, since the
excitation power of the temperature series was not high enough to overcome the carrier localization
[10]. This relation gives a band gap of 2.30 eV, which is in the middle of the green part of the visible
spectrum. The Arrhenius plot shows that the IQE of the sample is 0.2%.
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(a) (b)

(c) (d)

Figure 4.11: Photoluminescence spectra of WZ Al0.40In0.60P for three samples with different growth
conditions. Measurements are performed at (a) 4 K and 25 µW, (b) 4 K and 250 µW, (c) 300 K and
25 µW and (d) 300 K and 250 µW.
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(a) (b)

Figure 4.12: Photoluminescence spectra of WZ Al0.4In0.6P nanowires (a) 3285 and (b) 3273. Mea-
surements are performed at 300 K for differing excitation powers.

(a) (b)

Figure 4.13: (a) Energy of the PL peak of Al0.40In0.60P as a function of the temperature, fitted with
Equation 2.1 and (b) the integrated PL intensity of Al0.40In0.60P as a function of the inverse tempera-
ture, fitted with Equation 2.3.
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(a) (b)

Figure 4.14: Photoluminescence spectra of WZ AlxIn1-xP nanowires for different aluminium contents.
At 4 K (a) the band gap is tunable between 1.49 eV (832 nm) and 2.30 eV (539 nm) and at 300 K
the band gap is tunable between 1.42 eV (873 nm) and 2.25 eV (551 nm).

4.2 Comparisson

Measurements are done on samples containing different amounts of aluminium. The PL spectra are
given in Figure 4.14 for measurements at 4 K and at room temperature (300 K). The tunability of
the band gap is clearly visible, as increased aluminium contents result in blue shifts in the emission
spectra of the samples. At 4 K (a) the band gap is tunable between 1.49 eV (832 nm) and 2.30 eV
(539 nm) and at 300 K the band gap is tunable between 1.42 eV (873 nm) and 2.25 eV (551 nm). It
is seen that the intensity of Al0.40In0.60P is about a factor 5 smaller than the intensity of InP.
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5 Conclusion

This research has shown that it is possible to achieve emission in the green region with wurtzite
AlxIn1-xP nanowires for sufficiently high aluminium contents. The tunability of the band gap has been
demonstrated and the photoluminescence spectra have been investigated and explained. Different
recombination mechanisms in the samples are considered, pocketing being the main suspect of the
non-expected observed emission.

Transmission electron microscopic (TEM) images can be made across several wires at different
heights to investigate the cross-sectional composition of the nanowires. The presence of possible
pockets in the wires can be determined this way. Another possibility to get a better understanding of
the emission of the nanowires is single wire excitation. This limits the dependence of the results on
the specific area of the sample and also limits displacement across the sample during temperature
series. Further research can be done to try to achieve the intensity of the brightest green sample
without the unwanted emission as seen in the other green samples.
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