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Abstract

In this thesis the luminescence properties of highly doped semiconductors
are studied with focus on degenerately n-doped InP. It is demonstrated how
photoluminescence measurements on degenerately doped semiconductors
allow an estimation of the doping concentration without need for electrical
contacts. The degenerate doping can furthermore reveal the conduction band
structure for energies higher than the bandgap, which is exploited to exper-
imentally support the existence of a theoretically predicted second conduc-
tion band minimum in wurtzite InP.

Excitation energy dependence measurements reveal band-to-band absorp-
tion for photon energies much lower than the Fermi energy. That absorption
causes not only downconverted photoluminescence with photon energies
lower than the excitation energy, but also upconverted photoluminescence
with photon energies higher than the absorbed laser photon. From the results
of the detailed study of this novel upconversion mechanism in degenerately
n-doped InP nanowires and bulk InP we propose the following explanation:

An elevated electron gas temperature in degenerately doped semiconduc-
tors allows absorption of photon with energies much lower than the Fermi
energy. Band-to-band absorption of photons with energies lower than the
Fermi energy excites holes with k-values lower than kF and scattering of the
photexcited holes to higher k-values allows k-conserving radiative recombi-
nations with photon energies higher than the energy of the absorbed photon.

Similar upconversion luminescence is observed for degenerately n-doped
bulk GaAs and degenerately p-doped GaAs nanowires, which suggest that
similar photon upconversion could be observed in many degenerately doped
direct band semiconductors.

The three most important findings about degenerately doped direct band
semiconductors are. There is significant photon upconversion for excitation
energies between Eg and EF. The charge carrier recombination rate is higher
than, or comparable to the scattering rate of the minority carriers. And, the
radiative recombination is strongly dominated by k-conserving vertical tran-
sitions in contrast to the common assumption of relaxation of the k-selection
rule in degenerately doped material.
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Popular Science Description

Imagine a solar powered flash light. Each photon absorbed by the flash
light’s solar cell creates electric energy and the flash light’s light source con-
verts the electrical energy again into photons. The purpose of such a device
may be questionable, because you would be surprised if it would create more
light than what it absorbs. However, under certain conditions it is possible
that an absorbed photon creates two or more photons or that an absorbed
photon creates a photon with a higher energy.

That one absorbed photon can cause the emission of two (or more) photons
is not very surprising, as long as the total energy of the emitted photons is
less or equal to the energy of the absorbed photon. It is more surprising if the
emitted photon has more energy than the absorbed photon and that is what
is studied in this work.

Photon downconversion and upconversion

Instead of a solar powered flash light I studied the light emitted by a sam-
ple after absorption of photons, a method, which is called photolumines-
cence. If the emitted photons have lower energy than the absorbed photons
(which is typically the case) the process is called photon downconversion.
If the emitted photons have higher energy than the absorbed photons the
process is called photon upconversion.

One possible mechanism for photon upconversion is the simultaneous ab-
sorption of two photons, called two-photon absorption, followed by emis-
sion of one photon with the combined energy of both photons. The probabil-
ity of simultaneous absorption of two or more photons depends strongly on
the light intensity hitting the sample. For low light intensities the probability
is very low.

Rather Simple Experiment

I was quite surprised when I observed photon upconversion for the first
time, because I used relatively low laser light intensities and could exclude
two-photon absorption as main upconversion mechanism. I was studying
the photoluminescence of doped InP nanowires when I detected photons
with energies higher than the laser photon energy. The experiment is rather
simple, but apparently nobody before has studied photon upconversion in
highly doped semiconductors.

InP is a direct semiconductor, which means it absorbs light much stronger
than the indirect silicon. Each semiconductor has a certain photon energy
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range where it most efficiently converts absorbed photons into electric en-
ergy. Thus, to make a very efficient solar cell, different materials need to be
combined. Nanowires are very small structures, only up to one tenth of a
micrometer in diameter and a couple of micrometers long. At such small
dimensions it is possible to combine the very different semiconducting ma-
terials necessary for highly efficient solar cells.

Doping of Semiconductors

Pure semiconductors have quite high electric resistances, but incorpora-
tion of specific atoms into the crystal may change the local conductance
dramatically. Such incorporation is called doping. Most electronic devices
would not work without doping. In the studied sample the InP was doped
with sulfur, which means some of the phosphorus atoms in InP were re-
placed by sulfur atoms. The sulfur atoms have one electron more than the
phosphorus atoms and every additional electron increases the electronic con-
ductance.

If the concentration of electrons is sufficiently high they can be treated as
an ensemble of particles with average kinetic energy and temperature. The
thermal energy of such an electron gas can increase the energy of an emitted
photon. However, in my experiments the emitted photon energy was more
than the thermal energy higher than the absorbed photon energy. To explain
the observed upconversion we have to consider that electrons are Fermions
and thus follow the Pauli exclusion principle, which means if two electrons
have otherwise identical quantum states they cannot have the same energy.

Electrons are Fermions

If more electrons are added to the system, the additional electrons will
occupy higher energy states. The electrons always try to minimize their en-
ergy, but if the electrons are heated from the surrounding crystal or external
sources they can gain energy if the final state is not already occupied by an
electron. Such additional heating of the electrons together with the Pauli ex-
clusion principle can explain the observed upconversion.

The upconversion mechanism I discovered, will not enable perpetual mo-
tion or a solar powered flash light with a higher light output power than light
input power, however, it may be relevant for future optoelectronic devices.
In the present experiments it has proven to allow new ways to study the
processes preceding the emission of a photon and how the electrons interact
with the surrounding material.

xi





List of Publications
This thesis is based on the work presented in the following papers, which
will be referred to by their roman numerals in the text. All material from the
papers is reproduced by permission of the respective publisher.

I. Probing the Wurtzite Conduction Band Structure Using State Filling
in Highly Doped InP Nanowires
Jesper Wallentin, Kilian Mergenthaler, Martin Ek, L. Reine Wallenberg,
Lars Samuelson, Knut Deppert, Mats-Erik Pistol, and Magnus T. Borg-
ström
Nano Letters 11, 2286-2290 (2011)

I performed the optical measurements, took part in the discussion and
wrote parts of the paper.

II. Large Energy-Shift Photon Upconversion in Degenerately Doped InP
Nanowires by Direct Excitation into the Electron Gas
Kilian Mergenthaler, Azhar Iqbal, Jesper Wallentin, Sebastian Lehmann,
Magnus T. Borgström, Lars Samuelson, Arkady Yartsev, and Mats-Erik
Pistol
Nano Research 10, 752-757 (2013)

I performed the continuous wave measurements and was responsible
for the development of the theory and for writing the paper.

III. Photon Upconversion in Degenerately Sulfur Doped InP Nanowires
Kilian Mergenthaler, Sebastian Lehmann, Jesper Wallentin, Wei Zhang,
Magnus T. Borgström, Arkady Yartsev, and Mats-Erik Pistol
Nanoscale 7, 20503-20509 (2015)

I performed the measurements and was responsible for the develop-
ment of the theory and for writing the paper.

xiii



IV. Photon Upconversion in Heavily Doped Bulk Semiconductors
Kilian Mergenthaler, Nicklas Anttu, Neimantas Vainorius, Mahtab Ag-
haeipour, Sebastian Lehmann, Magnus T. Borgström, Lars Samuelson,
and Mats-Erik Pistol
Manuscript

I performed the measurements and was responsible for the develop-
ment of the theory and for writing the paper.

Publications not included in this thesis:

i Zn-Doping of GaAs Nanowires Grown by Aerotaxy
Fangfang Yang, Maria E. Messing, Kilian Mergenthaler, Masoomeh Gha-
semi, Jonas Johansson, L. Reine Wallenberg, Mats-Erik Pistol, Knut Dep-
pert, Lars Samuelson, Martin H. Magnusson
Journal of Crystal Growth 414, 181-186 (2015)

ii Carrier Recombination Dynamics in Sulfur Doped InP Nanowires
Wei Zhang, Sebastian Lehmann, Kilian Mergenthaler, Jesper Wallentin,
Magnus T. Borgström, Mats-Erik Pistol and Arkady Yartsev
Nano Letters 15 (11), 7238-7244 (2015)

iii In Situ Etching for Control Over Axial and Radial III-V Nanowire
Growth Rates Using HBr
Alexander Berg, Kilian Mergenthaler, Martin Ek, Mats-Erik Pistol, L.
Reine Wallenberg, Magnus T. Borgström
Nanotechnology 25 (50), 505601 (2014)

iv GaAs/AlGaAs Heterostructure Nanowires Studied by Cathodolumi-
nescence
Jessica Bolinsson, Martin Ek, Johanna Trägårdh, Kilian Mergenthaler,
Daniel Jacobsson, Mats-Erik Pistol, Lars Samuelson, Anders Gustafsson
Nano Research 4 (7), 473-490 (2014)

xiv



v Semiconductor-Oxide Heterostructured Nanowires Using Postgrowth
Oxidation
Jesper Wallentin, Martin Ek, Neimantas Vainorious, Kilian Mergenthaler,
Lars Samuelson, Mats-Erik Pistol, L. Reine Wallenberg, Magnus T. Borg-
ström
Nano Letters 13 (12), 5961-5966 (2013)

vi Single GaInP Nanowire p-i-n Junctions Near the Direct to Indirect
Bandgap Crossover Point
Jesper Wallentin, Laura Barrutia Poncela, Anna M. Jansson, Kilian Mer-
genthaler, Martin Ek, Daniel Jacobsson, L. Reine Wallenberg, Knut Dep-
pert, Lars Samuelson, Dan Hessman, Magnus T. Borgström
Applied Physics Letters 100 (25), 251103 (2012)

vii Numerical Simulations of Absorption Properties of InP Nanowires for
Solar Cell Applications
Peter Kailuweit, Marius Peters, Jack Leene, Kilian Mergenthaler, Frank
Dimroth, Andreas W. Bett
Progress in Photovoltaics 20 (8), 945-953 (2012)

viii Fabrication and Characterization of AlP-GaP Core-Shell Nanowires
Magnus T. Borgström, Kilian Mergenthaler, Maria E. Messing, Ulf
Håkanson, Jesper Wallentin, Lars Samuelson, Mats-Erik Pistol
Journal of Crystal Growth 324 (1), 290-295 (2011)

ix A New Route Toward Semiconductor Nanospintronics: Highly Mn-
Doped GaAs Nanowires Realized by Ion-Implantation Under Dy-
namic Annealing Conditions
Christian Borschel, Maria E. Messing, Magnus T. Borgström, Waldomiro
Paschoal Jr., Jesper Wallentin, Sandeep Kumar, Kilian Mergenthaler,
Knut Deppert, Carlo M. Canali, Håkan Pettersson, Lars Samuelson, and
Carsten Ronning
Nano Letters 11 (9), 3935-3940 (2011)

x Diffusion Length Measurements in Axial and Radial Heterostructured
Nanowires Using Cathodoluminescence
Jessica Bolinsson, Kilian Mergenthaler, Lars Samuelson, Anders Gustafs-
son
Journal of Crystal Growth 315 (1), 138-142 (2011)

xv



xi Growth of β-Ga2O3 on Al2O3 and GaAs Using Metal-Organic Vapor-
Phase Epitaxy
Volker Gottschalch, Kilian Mergenthaler, Gerald Wagner, Jens Bauer,
Hendrik Paetzelt, Chris Sturm, Ulrike Teschner
phys. stat. sol. (a) 206, 243-249 (2009)

xii Growth and Characterization of ZnO Nanostructures on Sapphire Sub-
strates
Kilian Mergenthaler, Volker Gottschalch, Jens Bauer, Hendrik Paetzelt
and Gerald Wagner
Journal of Crystal Growth 310, 5134-5138 (2008)

xvi



Contents

1 Introduction 1

2 Theoretical Background 5
2.1 Absorption in Semiconductors . . . . . . . . . . . . . . . . . . 5
2.2 Burstein-Moss Shift . . . . . . . . . . . . . . . . . . . . . . . . . 7
2.3 Absorption Below EF . . . . . . . . . . . . . . . . . . . . . . . . 11
2.4 Photoluminescence Intensity . . . . . . . . . . . . . . . . . . . 13
2.5 Photon Upconversion . . . . . . . . . . . . . . . . . . . . . . . . 14
2.6 Carrier Scattering in Semiconductors . . . . . . . . . . . . . . . 17

3 Experimental Details 23
3.1 Crystal Growth . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
3.2 Nanowire Growth . . . . . . . . . . . . . . . . . . . . . . . . . . 24
3.3 Single Nanowire Measurements . . . . . . . . . . . . . . . . . . 25
3.4 Photoluminescence Spectroscopy . . . . . . . . . . . . . . . . . 27
3.5 Photoluminescence Excitation Spectroscopy . . . . . . . . . . . 29
3.6 Cross-Polarized Dark Field Spectroscopy . . . . . . . . . . . . 30

4 Results 33
4.1 Probing the Conduction Band Structure . . . . . . . . . . . . . 33
4.2 Electron Gas Temperature . . . . . . . . . . . . . . . . . . . . . 38
4.3 Photon Downconversion . . . . . . . . . . . . . . . . . . . . . . 45
4.4 Photon Upconversion in n-doped InP . . . . . . . . . . . . . . 49
4.5 Photon Upconversion in GaAs . . . . . . . . . . . . . . . . . . 56

5 Conclusion and Outlook 59

Acknowledgements 63

Bibliography 65

xvii



Contents

Paper I: Probing the Wurtzite Conduction Band Structure Using
State Filling in Highly Doped InP Nanowires 74

Paper II: Large-Energy-Shift Photon Upconversion in Degenerately
Doped InP Nanowires by Direct Excitation Into the Electron Gas 82

Paper III: Photon Upconversion in Degenerately Sulfur Doped InP
Nanowires 91

Paper IV: Photon Upconversion in Degenerately Doped Bulk InP 100

xviii



Chapter 1
Introduction

"I have never had a single positive doping test."
Lance Armstrong, January 2004

Semiconductor devices are omnipresent in our digitalized world and al-
most all devices require doped semiconducting material. The most common
electronic device is the transistor and other examples are solar cells and light
emitting diodes (LEDs), all of which rely on highly doped semiconductors.

In recent decades the need for more transistors per integrated circuit
caused a technological progression to smaller and smaller transistor dimen-
sions and since about 2005 the active device size is smaller than 100 nm [1].
A transition to devices composed of nanometer sized elements may also be
advantageous for solar cells [2, 3] and light emitting diodes [4, 5]. One ad-
vantage is the up to 20 times higher absorption per semiconductor volume
in ordered nanowire arrays compared to bulk material [2].

Very promising for applications are alloy semiconductor nanowires com-
posed of group III and group V elements of the periodic table. In contrast
to silicon, most III-V semiconductors have a direct bandgap, which causes
more efficient absorption and emission of photons and the small diameter of
nanowires allows combinations of materials with very different lattice con-
stants [6]. Such combinations are relevant for efficient multi-junction solar
cells, where each junction is optimized for absorption of a specific wave-
length range.

For optoelectronic devices, such as solar cells and LEDs, the optical proper-
ties of the material are of major importance. A very specific optical property
is photon upconversion, which is a summarizing term for all processes which
convert absorbed photons into photons with higher energy than the absorbed
photons. Photon upconversion has many different applications ranging from
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Chapter 1: Introduction

medicine and biology to optoelectronics and photonics [7–11].
Photon upconversion in semiconductors has been reported for quantum

dots [12, 13], for type II heterojunctions and quantum wells [14, 15], and for
the high bandgap materials GaN and ZnO [16, 17]. Despite an extensive
literature search and despite the technological importance of highly doped
semiconductors we have found no previous reports on photon upconver-
sion in degenerately doped semiconductors. Thus the main finding of this
work is the observation of photon upconversion in degenerately doped di-
rect bandgap III-V semiconductors.

For this work the optical properties of n-doped InP nanowires were stud-
ied to evaluate doping concentration, crystal structure and possible appli-
cation in nanowire solar cells. The results show that sulfur doping of InP
nanowires may change the crystal structure from zincblende to wurtzite,
where the latter is a phase not stable in bulk growth processes. Further-
more, we show that photoluminescence can be used to probe the conduction
band structure of degenerately doped material, which is especially relevant
for wurtzite as relatively new material.

For excitation energies above the bandgap but lower than the Fermi en-
ergy of the degenerately doped InP nanowires, we observed photon upcon-
version. Our results of similar measurements on n-doped bulk InP, n-doped
bulk GaAs and p-doped GaAs nanowires show that the observed upcon-
version is not limitted to InP nor to nanowires or n-doping. Our model of
the upconversion mechanism includes an elevated temperature of the ma-
jority carriers and scattering of the photoexcited minority carrier to higher
k-values. Most parts of this work have already been published in peer re-
viewed journals as can be seen in the list of papers.

In Chapter 2 of this thesis I introduce the theoretical background. The
chapter includes a description of the Burstein-Moss state filling, absorption
into a heated electron gas and an explanation of different photon upconver-
sion mechanisms.

In Chapter 3 the experimental details are presented such as crystal growth,
nanowire growth and sample preparation. The spectroscopy methods pho-
toluminescence (PL), photoluminescence excitation spectroscopy (PLE) and
cross-polarized dark field PL are described, including a description of the
measurement setups.

The Results in Chapter 4 are divided into five parts. The first part is based
on Paper I and describes how the doping concentration can be calculated
from the luminescence spectra and how through the state filling the conduc-
tion band structure can be probed. The second part is based on Paper II and
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III and discusses heating of the electron gas. In the third and forth part I com-
pare the photon downconversion and upconversion results of the n-doped
InP nanowires (Paper II and III) with the results on n-doped bulk InP (Pa-
per IV). The fifth part shows the results of degenerately n-doped bulk GaAs
and degenerately p-doped GaAs nanowires.

Chapter 5 concludes and summarizes the thesis.
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Chapter 2
Theoretical Background

"There can be no flight without preceding dreams of flying."
Stanisław Lem in "Golem XIV"

The optical properties of a material describe how photons interact with the
material, which includes reflection, transmission, absorption and reemission
of photons. If a light beam hits a sample, a fraction of it is reflected at the sur-
face, a fraction may be absorbed, and the rest is transmitted. Semiconductors
can be defined as materials with an optical bandgap between zero and about
4 eV [18]. Almost all photons with energies lower than the bandgap will be
transmitted and most photons with energies higher than the bandgap will
be absorbed. Most photons emitted by a semiconductor will have energies
equal to the bandgap energy. Those optical properties of semiconductors are
the basis of many of their important optical applications, such as lasers, light
emitting diodes, photodetectors and solar cells.

A second way to define a semiconductor is as a material with electrical
resistivity in the range of 10−3 Ωcm to 108 Ωcm [19]. However, the resistivity
of a semiconductor can easily be changed through the incorporation of defect
atoms. Such doping of semiconductors is required for almost all electronic
devices. In this work the optical properties of highly doped semiconductors
were studied with a focus on the light reemitted after absorption of photons,
the photoluminescence.

2.1 Absorption in Semiconductors

In semiconductors only photons with sufficient energy can excite electrons
from the filled valence bands to the empty conduction bands. Most photons
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Chapter 2: Theoretical Background

Figure 2.1: Schematic images of direct (a) and indirect absorption (b) in a
direct bandgap semiconductor. Grey areas indicate filled states.

with energy less than the bandgap are transmitted. The bandgap is the en-
ergy separation between the highest valence band state (EV) and the lowest
conduction band state (EC) and is usually denoted as Eg. The bandgap is a
material specific value, which depends amongst others on the material com-
position, the crystal structure, and the temperature.

The energy of an absorbed photon is transfered to an electron by lifting
the electron to a higher energy state. The energy transfer is only possible if
the process is momentum conserving (k-conserving). Due to the comparably
low momentum of photons the absorption process leaves the momentum of
the electron almost unchanged and the electron can only be excited to states
with similar k. Such a vertical transitions in k-space, which is also called a
direct transition, is shown in Figure 2.1 (a). k-indirect transitions, where the
initial and the final electron state have different k-values (see Fig. 2.1 (b)) are
only allowed if the momentum difference is contributed by interaction with
a third (quasi) particle, for example with lattice vibrations, also known as
phonons. A phonon can provide momentum to the electron and additionally
contributes a small amount of energy, marked as ~ωph in Figure 2.1 (b). Such
indirect transitions allow absorption already at an energy ofEg−~ωph. How-
ever, the probability of simultaneous absorption of a photon and emission or
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2.2 Burstein-Moss Shift

absorption of a phonon is about 10−3 compared to the direct transitions with-
out phonon contribution [20].

Indirect transitions play an important role in indirect semiconductors, such
as silicon and germanium, where the top of the valence band and the bottom
of the conduction band are not at the same position in k-space, and thus,
excitation to the lowest conduction band state requires phonon assisted ab-
sorption.

In this work InP and GaAs were studied, which are both direct semicon-
ductors since the top of the valence band and the bottom of the conduction
band are at the same position in k-space (at the Γ -point). Direct bandgap
materials are beneficial for optoelectronic devices since the absorption and
emission of light is much stronger than for indirect materials. For exam-
ple are most solar cells made of the indirect semiconductor silicon typically
hundreds of micrometers thick to absorb sufficient light whereas in direct
bandgap material less than one micrometer of active material is sufficient [2].

2.2 Burstein-Moss Shift

In 1954 Elias Burstein measured the absorption of highly n-doped InSb and
observed for increasing doping concentrations a shift of the absorption edge
to higher energies [21]. The effect was explained by Trevor Simpson Moss the
same year as a result of state filling in the conduction band [22]. In degen-
erately doped semiconductors all states close to the conduction band edge
are populated and therefore no transition to these states can take place. This
shift of the absorption edge is depicted schematically in Figure 2.2. For a
given temperature T , about 4kBT below the Fermi energy more than 98 % of
the states are populated and absorption starts around ~ω = EF−4kBT , where
kB denotes the Boltzmann constant and EF the Fermi energy.

For free electrons the energy-wavevector relation can be written as E =
~2k2/2m, thus the reciprocal mass (1/m) determines the curvature of the en-
ergy dispersion. For an arbitrary dispersion the relation can be generalized
to define the effective mass tensor in a material as

(m−1)ij =
1

~2
∂2E

∂ki∂kj
. (2.1)

Close to the Γ -point the energy-momentum relations of conduction band
and valence band are parabolic and isotropic and the dependence simplifies
to E = ~2k2/2me,h. The indices e and h indicate the conduction band mass

7



Chapter 2: Theoretical Background

Figure 2.2: Schematic images of the absorption edge dependence on state fill-
ing: a) undoped and b) degenerately doped semiconductor material. Grey
areas indicate filled states.

of an electron and the valence band mass of a hole, respectively. A hole is
defined as a missing electron in an otherwise filled band with kh = −ke,
Eh(kh) = −Ee(ke) and mh = −me [20].

With that concept of electron and hole mass, for parabolic bands and k-
conserving optical transitions the absorption in degenerately doped semi-
conductors starts around

~ω = Eg +
~2k̂2

2me
+

~2k̂2

2mh
− 4kBT, (2.2)

where k̂ denotes the k-value of the lowest energy transitions. The respec-
tive energy shift in the conduction band and valence band are then equal
to

∆EC =
~2k̂2

2me
and ∆EV =

~2k̂2

2mh
. (2.3)
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2.2 Burstein-Moss Shift

The measured shift of the absorption edge ∆E = ∆EC+∆EV = ~ω−Eg de-
pends on the state filling in the respective band and can be used to determine
the doping concentration. In the following, I will derive the dependence for
degenerate n-doping and filling of the conduction band with electrons, but
a similar dependence can be derived for p-doping and filling of the valence
band with holes.

To get the relation between energy shift and carrier concentration the den-
sity of electrons in the conduction band needs to be calculated:

n =

∫ ∞
EC

De(E)fe(E) dE, (2.4)

where De is the density of electron states and fe the Fermi-Dirac distribu-
tion. The Fermi-Dirac distribution

fe(E, T ) =
1

exp E−EF
kBT

+ 1
, (2.5)

gives the probability that for temperature T a state at energyE is occupied.
For undoped material and low doping concentrations, the probability that a
conduction band state is populated, is low and the Boltzmann approximation
fe ≈ exp[−(E − EF)/(kBT )] can be used and the integral in Eq. 2.4 can easily
be executed, but not for a degenerately doped semiconductor. Generally the
electron density n is given by

n = 2

(
mekBT

2π~2

)3/2

F1/2

(
EF − EC

kBT

)
, (2.6)

where Fn(x) is the Fermi integral which is defined as

Fn(x) =
2√
π

∫ ∞
0

yn

1 + exp(y − x)
dy. (2.7)

For x� 1, i.e. EF − EC � kBT the Fermi integral can be approximated by
2
√
π(2/3)x3/2 and due to the assumption of low temperature the summand

4kBT can be neglected. Thus the relation between electron concentration and
energy shift can be written as:

∆E =
~2

2meff
(3π2n)2/3, (2.8)

where meff is the effective mass of the involved electron and hole. This
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Chapter 2: Theoretical Background

Figure 2.3: Schematic images of the dependence of luminescence on state fill-
ing: a) undoped, b) and c) degenerately doped semiconductor material,
b) non-k-conserving recombination and c) k-conserving recombination .
Grey areas indicate filled states.

equation is valid for degenerately p-doped material as well, with hole con-
centration p instead of the electron concentration as the only difference.

In luminescence measurements on degenerately doped material the high
energy side of the luminescence can be used to approximate the position of
the Fermi energy and through Eq. 2.8 this shift can be used for an estimation
of the charge carrier concentration [23–25].

The effect of state filling on the emission is schematically depicted in Fig-
ure 2.3. In undoped direct semiconductors, absorption and recombination
processes usually conserve the k-vector (see Fig. 2.3 (a)). It is possible for
electrons and holes with a finite k-vector to recombine before they relax to
their respective band extrema (which has been observed using femtosecond
spectroscopy [26]), however, such a recombination is a very unlikely process
because it requires holes and electrons with similar k and k > 0.

Many scientific publications have assumed that in degenerately doped
semiconductors the k-conservation rule is relaxed, which means that holes
at k = 0 recombine not only with electrons with k = 0, but also with
electrons with finite k-vector (see for example [27–30]). Such indirect, non-
k-conserving recombination is depicted in Figure 2.3 (b). In this work
I show experimental evidence that the radiative recombination in degen-
erately doped semiconductors is dominated by the k-conserving process
shown in Figure 2.3 (c), where hot holes recombine with conduction band
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electrons with similar k-vectors.
The absorption energy shift in equation 2.8 is derived for k-direct transi-

tions, for k-indirect transitions it would change to

∆E =
~2

2me
(3π2n)2/3 and ∆E =

~2

2mh
(3π2p)2/3 (2.9)

for n-doping and p-doping, respectively.

2.3 Absorption Below EF

The absorption in semiconductors increases strongly for photons with ener-
gies larger than the bandgap energy. However, some processes allow also
absorption of photons with energies lower than the bandgap. The indi-
rect phonon assisted absorption was already mentioned. Other mechanisms
leading to absorption below the bandgap energy are: Excitonic states, transi-
tions involving defect states and free carrier absorption.

An exciton is a hydrogen-like state due to mutual Coulomb interaction
between a conduction band electron and a valence band hole. In absorp-
tion measurements the exciton is visible as absorption peak close below the
bandgap energy. The exciton binding energy in InP is about 4.8 meV [31] and
in GaAs about 4.2 meV [32], which corresponds to thermal energies of 56 K
and 49 K, respectively. Thus, at room temperature excitonic effects are not
observed. In highly doped semiconductors the exciton is unstable due to the
screening effect of large carrier concentrations [20].

The term defect state absorption describes transitions from the valence
band to a defect state, from a defect state to the conduction band or from an
acceptor state to a donor state. For low doping concentration the defect state
absorption is visible as sharp peaks below the bandgap energy. For doping
concentrations higher than the critical doping concentration (for GaAs about
1016 cm−3 [33]) an impurity band is formed that eventually overlaps with
the conduction or valence band. That overlap fills the conduction or valence
band states and leads to degenerate doping of the semiconductor. The many-
body Coulomb interaction in highly doped material also leads to narrowing
of the observed bandgap, which is called bandgap narrowing or bandgap
renormalization.

Free carrier absorption describes intra-band photoexcitation of conduction
band electrons or valence band holes. In degenerately doped semiconduc-
tors this effect strongly increases the sub-bandgap absorption. However, free
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Figure 2.4: Temperature dependence of the fraction of unoccupied states se-
lected energies below the Fermi energy.

carrier absorption does not separate electrons and holes over the band gap
and does not lead to radiative recombination.

In real samples the onset of the absorption at the badgap energy does not
follow the theoretical square root dependence of the density of states, instead
an exponential tail is observed. This tail is called the Urbach tail [34] and
is attributed to deviations from the perfect crystal. The deviations can be
caused by defects, doping or fluctuations due to lattice vibrations [20].

In the previous section the absorption edge was derived for degenerately
doped semiconductors at low temperatures. For higher temperatures, the el-
evated temperature of the charge carrier gas allows band-to-band transitions
to unoccupied states below the Fermi energy. The temperature dependence
of the fraction of unoccupied states at an energy below the Fermi energy is
described by the Fermi-Dirac distribution (Eq. 2.5).

Figure 2.4 shows the temperature dependence of the relative number of
unoccupied states for selected energies below the Fermi energy. It illustrates
that band-to-band absorption into the filled band is only allowed for energies
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close to the Fermi energy or elevated temperatures.

2.4 Photoluminescence Intensity

If the absorption of photons leads to conduction band electrons and valence
band holes, the electrons and holes can recombine and emit a photon. This
process is called photoluminescence (PL). The intensity of the PL signal is
proportional to the product of the conduction band electron concentration
and the valence band hole concentration [35]. Every electron needs a hole to
recombine with. Thus, the integrated PL intensity, which is proportional to
the radiative recombination rate, is

IPL = ca ·BN2, (2.10)

where N is the electron-hole concentration, B is a coefficient for band-to-
band recombination and ca a proportionality constant that is determined by
sample and measurement geometry.

Under low injection conditions the generation-recombination rates can be
written as powers of the electron-hole concentration [36]. The three most
important processes are: Intrinsic band-to-band generation-recombination,
Shockley-Read-Hall (SRH) generation-recombination and Auger generation-
recombination processes.

SRH processes describe non-radiative transitions of charge carriers from
or to defect states. Such transitions involve only one charge carrier (and
usually a phonon) and thus, their generation-recombination rate is propor-
tional to N . Band-to-band processes involve two charge carriers and have
a rate proportional to N2. In Auger processes momentum and energy of
the recombination of an electron and a hole are transfered to another elec-
tron or hole. Those processes involve three charge carriers and thus, their
generation-recombination rate is proportional to N3.

Hence, the fraction of absorbed excitation intensity is related to the recom-
bination rates by

IL = cb(AN +BN2 + CN3), (2.11)

where A, B and C are coefficients for SRH, band-to-band and Auger pro-
cesses, respectively. cb is again a sample and measurement specific propor-
tionality constant. By combining Eq. 2.10 and Eq. 2.11 the excitation intensity
can be written as powers of the integrated PL intensity
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Figure 2.5: A selection of photon upconversion processes.

IL = APL(IPL)1/2 +BPL · IPL + CPL(IPL)3/2, (2.12)

with APL, BPL and CPL as coefficients for each of the generation-recom-
bination processes. When any one of the processes is dominant, Eq. 2.12 is
reduced to a simple power law, with the form IPL ∝ (IL)α, where the ex-
ponent α reveals the underlying dominant process: α < 1 Auger processes,
α = 1 band-to-band processes, and α > 1 SRH processes.

2.5 Photon Upconversion

For most photoluminescence measurements the photon energy of the excit-
ing laser is chosen to be much higher than the expected emission of the stud-
ied material. The spectral response from the sample is then recorded for en-
ergies below the laser photon energy and no luminescence is expected above
the laser energy. Only under certain conditions photo absorption can lead to
the emission of photons with higher energies than the energy of the absorbed
photons and all such processes require that the additional energy comes from
an energy reservoir, for instance from heat, or from multi photon absorption.

Photon upconversion can occur through many different physical mecha-
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nisms [37], however most mechanisms can be described by one of the pro-
cesses depicted in Figure 2.5. The first three mechanisms in Figure 2.5 show
photon upconversion caused by absorption of two photons. The absorption
of two photons can be sequential for instance via electron levels in ions or
electronic states in the semiconductor bandgap (Two-step absorption) or it
can be simultaneous absorption of two photons [38]. If the simultaneous
absorption of two photons excites an electron to a real state it is called two-
photon absorption. If the absorption of two photons causes photon upcon-
version without available real excited states the process is called second-
harmonic generation.

The last two mechanisms in Figure 2.5 summarize photon upconversion
processes with contribution of other energy sources. The additional energy
typically is contributed as heat, for example the temperature of the surround-
ing crystal, atoms, or electrons, however it can also be contributed by deex-
citation of surrounding excited electrons (Auger processes). For photon up-
conversion caused by thermal excitation the emission energy does not exceed
the excitation energy by more than a few kBT [38]. For photon upconversion
through Auger processes the photon energy gain is limited by the energy of
the deexcitation process. Both photon upconversion mechanisms can occur
with real and with virtual electron states as depicted in Figure 2.5.

The first studied photon upconversion mechanisms were upconversion
processes caused by thermal population of energy states above the absorp-
tion state [37], one such example is the well-known anti-Stokes emission in
Raman spectroscopy [39–41]. As reference to these anti-Stokes Raman lines,
photon upconversion luminescence is in general sometimes also called anti-
Stokes photoluminescence.

In recent years photon upconversion with more than a few kBT energy
gain has been reported for many different systems and materials:

• For lanthanide and uranide ions embedded in solids [37, 42–44] the
strongest upconversion mechanisms are multistep excitations, and en-
ergy transfer upconversion. In multistep excitation an excited ion ab-
sorbs another photon and in energy transfer upconversion the energy
of an excited ion is transfered to a second excited ion.

• Strong upconversion was reported for colloidal [13, 45, 46] and self as-
sembled quantum dots [13, 47, 48], where the photon upconversion was
caused by two-step two-photon absorption [12, 13, 45], or by excitation
to higher energy states through phonon-assisted excitation [46] or en-
ergy transfer from Auger recombination processes [49].
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• In two-dimensional hetero-structure quantum well systems the ob-
served upconversion was explained by Auger process excitation of
electrons from the well into the barrier material [14, 50–52] or by two-
step two-photon absorption [53–56].

• In bulk or bulk-like high bandgap semiconductors such as GaP and
ZnO, upconversion was observed for excitation photon energies lower
than the bandgap [17, 57, 58]. The observation was explained by sec-
ond harmonic generation [59–61], by two-step two-photon absorption
via defect states [57, 58, 62, 63] or by optical-phonon assisted, below
bandgap absorption [64].

• In bulk GaAs and AlGaAs the reported photon upconversion was ex-
plained by two-step two-photon absorption via defect states in the
bandgap [65–68]. From the literature study, I conclude that so far only
intrinsic and lowly doped zincblende III-V semiconductors have been
studied for photon upconversion.

For this work I studied photon upconversion in degenerately doped InP
and GaAs. I observed photon upconversion for excitation photon energies
higher than the bandgap, but lower than the Fermi energy in the studied
material. From the analysis of the measured results I conclude that the ob-
served photon upconversion process does not require two-step two-photon
absorption nor indirect phonon assisted absorption. Instead I propose an up-
conversion mechanism relying on band-to-band absorption below the Fermi
energy and scattering of the photoexcited minority carrier to higher k-values.

Photon upconversion is not only of scientific interest, but is also of signif-
icant technological importance. One example is upconversion lasers, which
are a promising approach towards short wavelength, visible, coherent light
sources [9, 69] and tunable UV solid-state lasers [37]. A second example is bi-
ological imaging [70], where upconversion is of interest due to its low photo-
damage to living organisms, weak background fluorescence, high detection
sensitivity, and high light-penetration depth in tissues. And, a third example
for technical applications of upconversion is the detection of infrared pho-
tons where the upconverted radiation may be detected with relatively high
sensitivities with no requirement for any cryogenic cooling [8]. Furthermore
photon upconversion could be used for optical cooling [71] and to increase
solar cell efficiency [62, 63].
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2.6 Carrier Scattering in Semiconductors

Only absorption of photon energies equal to the bandgap creates charge car-
riers at the respective band extremum and absorption of higher energy pho-
tons creates charge carriers at higher energies and higher k. To reach the band
extremum the charge carriers need to loose the excess energy and momen-
tum via scattering processes. The most important scattering mechanisms in
III-V semiconductors are:

• scattering with ionized impurities,

• scattering with acoustical and optical phonons, and

• scattering with other charge carriers.

For low temperatures the scattering with ionized impurities dominates
and for high temperatures scattering with polar optical phonons is the domi-
nating scattering process [72]. In degenerately n-doped semiconductors only
the relaxation of the photoexcited holes need to be considered and the elec-
tron gas can be seen as an ensemble of particles. However, the scattering
rates depend not only on many material specific constants, but also on hole
energy and sample temperature.

In this section, I will present calculations of the hole energy dependence
of the scattering rates of holes in InP, for scattering with ionized impurities
and with LO phonons. The calculation is based on the equations presented
by Brudevoll et al. [73]. The InP parameters used for the calculation are sum-
marized in Table 2.1.

Scattering of a hole with ionized impurities is treated similar to Ruther-
ford scattering and the scattering rate can be derived by considering singly
charged impurities with a screened Coulomb potential. The scattering rate
can then be expressed by

P im =
3e4NimfF

32π~3ε20ε2Sk2i kf
, (2.13)

where e is the electron charge, Ni is the density of ionized scatterers, ε0 is
the vacuum dielectric constant,m is the hole mass, and εS is the static relative
dielectric permittivity of the semiconductor. The indices i and f mark initial
and final states of the scattering hole. For elastic intraband scattering with
ionized impurities is k = ki = kf, but for interband scattering is ki 6= kf.
In Eq. 2.13 the distinction between intra- and interband scattering is made
through the factor F :
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mhh = 0.6m0 heavy hole mass
mlh = 0.089m0 light hole mass
εS = 12.5 static dielectric constant
ε∞ = 9.61 high frequency dielectric constant
~ω0 = ELO = 42.6meV LO phonon energy

Table 2.1: List of parameters for InP

F intra =
β2 + 2k2

k2
ln

(
β2

β2 + k2

)
+

4

3

3β4 + 12β2k2 + 8k4

β2(β2 + 4k2)
, (2.14)

F inter =
β2 + k2i + k2f

kikf
ln

(
β2 + (ki + kf)

2

β2 + (ki − kf)2

)
− 4, (2.15)

where β =
√

(Nie2/kBTε0εS) is the inverse screening length. For the
calculations a temperature independent density of ionized scatterers Ni =
1024 m−3 was assumed, which means the calculation is most accurate for
temperatures above about 70 K (for donor ionization energies of about
6 meV).

The hole scattering mechanism by optical phonons creates or annihilates a
phonon with energy ~ω0, therefore the scattering with optical phonons is an
inelastic process. The scattering rate for holes by polar optical phonons can
be expressed as:

P po =
e2ω0mf

4πε0~2

(
1

ε∞
− 1

εS

){
N0

N0 + 1

}
ΨH

ki
, (2.16)

whereN0 is the optical phonon occupation number, and the factorsN0 and
N0 + 1 refer to absorption and emission of an optical phonon, respectively.
Furthermore, Ψ = ln |(ki + kf)/(ki − kf)| and the H factors for intra- and
interband scattering are:

H intra = [1 + 3Φ(Φ− ψ−1)]/4, (2.17)

H inter = 3[1− Φ(Φ− ψ−1)]/4, (2.18)

with Φ = (k2i + k2f )/(2kikf).
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Figure 2.6: Energy dependence of the calculated scattering rates of InP light
and heavy holes with ionized impurities at 300 K.

Absorption of photons may excite holes to the heavy hole band, the light
hole band and the splitoff hole band. About 20 % of the holes are initially ex-
cited to the splitoff band [74] and of the remaining 80 % about one third are
excited to the light hole band [75]. A common excitation photon energy for
PL measurements is 2.33 eV (532 nm). Absorption of such photons in room
temperature InP excites heavy holes about 120 meV below the valence band
maximum (VBM), light holes about 470 meV below the VBM and splitoff
holes about 370 meV below the VBM (260 meV below the splitoff band max-
imum).

In InP the spin-orbital splitting energy Eso is about 110 meV, which means
splitoff holes can only be excited for photon energies higher than Eg + Eso.
For excitation photon energies lower thanEg+Eso the absorption excites only
light and heavy holes. Most excitation energies used for our upconversion
experiments were lower than Eg +Eso. Absorption of photons with energies
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100 meV larger than the bandgap creates in InP heavy holes about 12 meV
below the VBM and light holes about 50 meV below the VBM.

The hole energy dependence of the calculated scattering rates of InP light
and heavy holes with ionized impurities is shown in Figure 2.6 for 300 K and
Ni = 1019 cm−3. The comparison shows that the inter-band scattering rate
for scattering from the light hole band to the heavy hole band is stronger than
for the reverse scattering process. For hole energies larger than about 5 meV
the intraband scattering rates are dominating the scattering with ionized im-
purities.

Figure 2.7 shows the energy dependence of the InP hole scattering rates
with polar optical phonons at room temperature. For comparison, the rates
of the inverse scattering mechanisms are shown in the respective graphs. The
graphs show that the emission of phonons has the highest scattering rate if it
is energetically allowed. For hole energies lower than the optical phonon en-
ergy the absorption of phonons dominates. The comparison of the scattering
rates with the rates of the reverse scattering mechanism shows that scattering
from the light hole band to the heavy hole band is always stronger than the
reverse, similar to the results for scattering with ionized impurities (Fig. 2.6).

In doped materials scattering with ionized impurities is an important
mechanism, however it does not contribute to hole energy relaxation. For
hole energy relaxation, scattering with optical phonons is the most important
scattering mechanism [73], whereby phonon emission is dominating for hole
energies larger than the optical phonon energies and phonon absorption for
lower energies. Scattering with acoustic phonons is the most important hole
energy loss mechanism for hole energies lower than the optical phonon en-
ergy [73], but has lower scattering rates than the emission of optical phonons
if that is energetically allowed. Photo excited holes in the splitoff band relax
rapidly by phonon emission into the heavy or light hole band [74] and light
holes are quickly scattered into the heavy hole band [75].

Another important scattering mechanism in highly doped material is
carrier-carrier scattering. In first approximation the hole-electron scattering
could be calculated similar to the scattering with ionized impurities except
that the reduced mass of the scattered carriers has to be applied. How-
ever, the Pauli exclusion principle has to be taken into account, which means
that majority carriers (in n-doped material electrons) have few available final
states into which they may scatter. The actual calculation of the scattering
rates would require a complicated many-body theory [76].

Important for electron-hole scattering is Rutherford scattering caused by
Coulomb interaction, screening of the Coulomb potential for high charge

20



2.6 Carrier Scattering in Semiconductors

Figure 2.7: Energy dependence of the InP hole scattering rates with LO
phonons (absorption and emission) for heavy holes and light holes (red
spectra) at 300 K and rates of the respective reverse scattering processes,
back to initial hole band, energy, and momentum (gray spectra).
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carrier concentrations, and Pauli exclusion principle [77]. Due to energy con-
servation and Pauli principle the electron-hole scattering rate goes down for
T → 0. The Rutherford scattering rate decreases for increasing tempera-
tures, but The screening effect is enhanced for low temperatures. Thus the
theoretical dependence of the electron-hole scattering rate shows the high-
est scattering rates for temperatures around the Fermi temperature TF =
~2/2mkB(3π2n)2/3 [78].
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"...a sophisticated heat beam which we called a ’laser’."
Dr. Evil

3.1 Crystal Growth

The most common semiconducting materials are crystalline solids and it is
even possible to find semiconductor crystals in nature as for example pyrite
(fool’s gold, FeS2). But, for semiconductor devices very clean and large area
crystals are needed. Thus, all semiconductors of industrial importance are
artificially produced.

For large scale production the so called Czochralski process [79] is most
commonly used. In this process the crystal is grown from a solution only
slightly above the melting temperature. A seed crystal is dipped into the
solution and then slowly pulled upwards and rotated simultaneously. By
precisely controlling the temperature gradients and the pulling and rotation
speed, it is possible to extract a large, single-crystalline, cylinder from the
melt. The bulk samples studied in Paper IV were grown with the Czochralski
process.

The Czochralski process is not suited for nanowire growth or growth of
thin films, but epitaxial nanowire growth techniques need a crystalline sub-
strate which is usually fabricated by applying the Czochralski process or a
vertical gradient freeze method (VGF). In the VGF method the position of
the seed crystal is kept constant and instead the position of the temperature
gradient is moved along the growth axis [80].

A method suitable, and widely used, for epitaxial layer growth is growth
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from the gas phase also called chemical vapor deposition (CVD) [81]. For
CVD the precursor gases are introduce into the growth reactor while the sub-
strate is heated and through chemical reactions a solid layer is deposited on
the substrate surface. Low growth pressures are used to reduce parasitic re-
actions in the gas phase. CVD is applied for the fabrication of high-purity,
high-performance solid materials and by the selection of precursor gases the
deposited material is determined.

The metallic elements required for compound semiconductors would need
very high temperatures to pass into the gaseous phase. One solution to lower
the necessary growth temperature, is the employment of metalorganic com-
pounds, which is then called metalorganic vapor phase epitaxy (MOVPE).
Typical precursors for the group III elements are trimethylic or triethylic com-
pounds whereas usually PH3 and AsH3 are used as precursors for phospho-
rus and arsenic, respectively.

CVD and MOVPE allow a very precise control of doping along the growth
direction by simply switching the doping precursor gases. Such doping is
called in situ doping and has the advantage of not damaging the crystal as
much as for example ion implantation.

3.2 Nanowire Growth

The formation of nanowires needs a very anisotropic growth and while some
semiconductor materials tend to form nanowires even without catalyst (e.g.
ZnO [82]) for most materials a pre-processing of the substrate is required.
One of the common ways to initiate nanowire growth is to use gold particles
as catalyst [83]. The gold particle determines the position and approximate
diameter of the nanowire.

The gold particle acts as a preferential nucleation site for the growth mate-
rial. If the collected atoms are soluble in the seed particle they are absorbed,
which changes the alloy composition in the particle slowly towards super-
saturation. As long as the supersaturation in the gas phase is higher than
the supersaturation in the particle the precursor atoms will be deposited at
the interface to the solid semiconductor material to reach equilibrium. A
schematic figure of the wire growth is shown in Figure 3.1. The particle will
most likely be liquid during growth and therefore the process is also known
as vapor-liquid-solid (VLS) growth mechanism [84].

The gold seed particles can be produced by different methods and each
method has advantages and disadvantages. For homogeneous and evenly

24



3.3 Single Nanowire Measurements

Figure 3.1: Schematic image of the vapor-liquid-solid growth mechanism. To
the left the gold paricle before nanowire growth and to the right the grown
nanowire.

spaced nanowires lithography methods are most eligible, but the process is
quite time consuming and expensive. A faster and cheaper method is the
fabrication of gold aerosol particles and the deposition of such particles on
the growth substrate. The disadvantage of this method is the random posi-
tioning on the substrate.

The nanowires studied in Paper I, II and III were grown in a low pressure
MOVPE reactor and gold aerosol particles were used as seed particles. The
aerosol particles were produced using a spark discharge generator and their
size was selected by a set of differential mobility analyzers (DMA). For the
growth of InP nanowires the gold aerosol particles were deposited on InP
substrates and for the MOVPE growth trimethylindium and PH3 were used
as precursor gases and H2S as dopant precursor.

3.3 Single Nanowire Measurements

Most semiconductor nanowires are grown homo-epitaxialy, which means the
substrate is the same material as the nanowires. For optical characterization
of the nanowires, such a configuration may cause difficulties, since in first
approximation the luminescence intensity scales with sample volume, and
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Figure 3.2: Optical microscopy image of nanowires transferred to substrate
for optical measurements. The nanowires are about 4 µm long and the
substrate is a silicon wafer with patterned gold layer.

thus, the substrate usually outshines the nanowires. For hetero-epitaxially
grown wires, i.e. if the substrate material differs from the nanowire material,
the nanowire signal can be separated from the substrate luminescence and
the measurement is possible.

For photoluminescence measurements on single nanowires the nanowire
density on the substrate needs to be low enough to allow a separation of the
wires in the optical microscope. The best way to measure individual wire
properties is to separate the wires from the growth substrate and deposit
them on an optically inactive substrate. The substrates typically used for lu-
minescence measurements are silicon substrates with a thin patterned SiO2

or gold layer on top. The pattern allows the location and relocation of in-
dividual nanowires and thus the study of the same nanowire with various
characterization methods.
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Experimentally the transfer is done by touching first the growth substrate
and then the silicon substrate with a small piece of cleanroom tissue. Fig-
ure 3.2 shows the result of such a nanowire transfer in an optical microscopy
image. The nanowires were deposited on a gold layer on a silicon substrate.
The laser spot for PL measurements is for the tightest focus of the laser ap-
proximately five micrometer in diameter, which means the nanowires must
be separated at least that much, which is the case for many of the nanowires
seen in the optical microscopy image (Fig. 3.2).

3.4 Photoluminescence Spectroscopy

The term photoluminescence (PL) describes emission of light (luminescence)
that is initiated by absorption of photons. As spectroscopic method PL is
very sensitive for measuring electronic transitions in the studied material.
For PL measurements on semiconducting material typically excitation pho-
ton energies much higher than the bandgap of the studied material are used.
Absorption of such high energy photons excites electrons from the valence
band to the conduction band and thus creates holes in the valence band.

The continuous bands in semiconductors allow nonradiative energy relax-
ation of the photoexcited electrons and holes to lower band states by emis-
sion of phonons. Typically most photoexcited carriers relax to the lowest
energy state in the respective band before recombining radiatively. The en-
ergy and the intensity of the radiative recombinations are recorded to obtain
the PL spectrum of the sample.

The PL spectrum provides information on the energetically lowest radia-
tive states, which in intrinsic and lowly doped semiconductors usually repre-
sents the band extrema, excitonic states and defect states close to the badgap.
In degenerately doped material the lowest band states are occupied and the
radiative recombinations from higher energy states contribute additionally
to the PL spectrum.

In practice a PL measurement setup contains many mirrors, filters and
lenses, but also other parts are found in almost all PL measurement setups.
The most important parts are:

Laser: A stable and powerful light source is required and monochromatic
light allows a better separation of luminescence and reflected light.

Optics: to focus the light on the sample and to collect the emitted lumines-
cence.
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Monochromator: to spatially separate the different photon energies emitted
by the sample.

Detector: to record the intensity of the different photon energies emitted by
the sample.

Measurements at low temperature require additionally a cryostat to cool
the sample to the desired temperature. Typical measurement temperatures
are: room temperature (RT), liquid nitrogen temperature (about 77 K), and
liquid helium temperature (about 4 K). For spatially resolved PL measure-
ments and measurements on small objects, such as nanowires, some PL se-
tups are equipped with an optical microscope. Such PL measurement setups
are called micro PL setups.

The Luminescence setup used for this work was equipped with a contin-
uous flow liquid helium cryostat. In the cryostat the sample was mounted
on a cold-finger with help of silver glue to assure a good heat conduction
between sample and cold-finger. The sample temperature could be changed
by adjusting the the helium flow and by regulating the power dissipation
in an electric heater, which allowed PL measurements from liquid helium
temperature (4 K) up to 500 K.

Figure 3.3 shows a schematic image of the micro PL setup used in this
work. The setup is equipped with two lasers with different optical excitation
energies: a frequency doubled solid state laser emitting at 2.33 eV (532 nm)
and a tunable pumped Ti:Sapphire laser which enables photon energies from
1.31 eV (945 nm) up to 1.76 eV (705 nm). Both lasers could be focused on the
sample from the side by a using lens or from the top by using the microscope
objective lens.

The excitation from the side enables a rather homogeneous excitation of an
area more than 100 µm in diameter with typical laser power densities about
400 W/cm2. The excitation from the top is used for highly focused excitation
with laser power densities up to 150 kW/cm2. For both excitation paths the
excitation power intensity can be controlled by inserting gray filters into the
laser beam pass.

To enable a well-defined excitation energy the light emitted by the green,
frequency doubled solid state laser, passes a bandpass filter before it is di-
rected to the sample. For the tunable laser instead a computerized monochro-
mator is used as bandpass filter to remove additional laser lines.

In Figure 3.3 the two possible excitation paths are displayed by two differ-
ent lasers, but both paths are accessible with both lasers. The cryostat with
the sample is mounted on a xyz-translation stage to allow focusing of the
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Figure 3.3: Schematic image of a micro PL setup. The laser light can be fo-
cused by a lens from the side or through the objective lens. The eyepiece is
used to locate the nanowires and the camera detects the luminescence.

microscope and positioning of the vield of view precisely on the place or
the nanowire of interest. The luminescence from the sample is collected by
the microscope objective lens and then directed towards a monochromator,
behind which it is recorded by a digital camera.

To avoid damaging of the camera and to prevent scattered laser light from
entering the monochromator, a long wavelength edgepass filter is placed at
the entrance slit of the monochromator.

3.5 Photoluminescence Excitation Spectroscopy

Photoluminescence excitation spectroscopy (PLE) is an experimental method
to probe the absorption to higher excited electron states. The basic principle
is exacly the same as in regular PL spectroscopy, but PLE utilizes addition-
ally that the emitted PL intensity depends on the absorption strength of the
selected excitation energy.
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For PLE measurements the luminescence intensity in a selected photon en-
ergy interval is detected in dependence of the excitation photon energy. The
luminescence is typically detected at energies close to the lowest excited state
transition i.e. for semiconductors close to the band gap energy. In intrin-
sic and lowly doped semiconductors, most of the electrons excited to higher
energy states thermalize to the lowest excited state before they recombine.
Thus, the detected PLE spectrum contains information about the density of
unoccupied states.

In this work for PL measurements and PLE measurement the same setup
was used. However, for PLE measurements the long wavelength edgepass
filter at the entrance slit of the monochromator had to be replaced. Instead
of the edgepass filter two additional monochromators were used acting as a
computer controlled band-pass filter which allows measurements very close
to the laser wavelength of a tunable laser.

To allow a comparison of the luminescence intensities for different excita-
tion energies, the laser intensity has to be constant for all excitation energies.
In our setup that is assured by a computerized feedback loop, which mea-
sures the laser intensity and automatically adjusts the optical output power.

3.6 Cross-Polarized Dark Field Spectroscopy

In the previous section I described that two monochromators can be used as
computer controlled band-pass filter for luminescence measurements close
to the laser line. Another method for measurements very close to the laser
energy is cross-polarized dark field PL. In this method the excitation light
polarization is orthogonal to the detection polarization [85].

The setup used in this work is depicted schematically in Figure 3.4. The
combination of polarizing beam splitters, achromatic lenses and pinhole,
lower the detected laser intensity up to five orders of magnitude. The strong
suppression of laser intensity entering the monochromator, allows a simulta-
neous measurement of the luminescence on both sides of the laser although
the laser energy is detected in the same energy range.

To allow the application of the cross-polarized dark field method for PLE
measurements, the excitation laser intensity is measured by a power me-
ter and the laser intensity is automatically adjusted over the whole range
of available laser wavelengths. Cross-polarized dark field PLE enables the
simultaneous measurement of upconversion and downconversion PL and
PLE.
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Figure 3.4: Schematic image of the cross-polarized dark field PL setup. The
λ/2 wave plate is used to adjust the laser light polarization to the align-
ment of the polarizing beam splitter cubes. The combination of polarizing
beam splitters, achromatic lenses and pinhole strongly suppresses the laser
light intensity in the monochromator and the camera.
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Chapter 4
Results

"’Oh, figures!’ answered Ned. ’You can make figures do whatever you
want.’"

Jules Verne in "20,000 Leagues Under The Sea"

In this chapter I will summarize some of the findings of the papers attached
to the thesis and present some further supplementing experimental results.

4.1 Probing the Conduction Band Structure

Doping is necessary for most electronic device applications to control the
conductivity of the semiconducting material. In nanowires the incorporation
of doping atoms may furthermore have a quite strong effect on the growth
mechanism [86–88], which may change the shape, the growth rate and the
crystal structure of the nanowires. For Paper I, we studied the effect of sul-
fur doping of InP nanowires and observed that the n-dopant induces perfect
wurtzite crystal structure.

The nanowires for this study were grown from deposited 80 nm gold aero-
sol particles in a 100 mbar low-pressure MOVPE system and H2S was used as
dopant. The addition of H2S did not only dope the material, but also strongly
increased the axial growth rate and decreased the radial growth rate. The
increase of the axial growth rate can be explained by the exponential depen-
dence of the growth rate on the steady-state supersaturation and the radial
growth rate may be due to a smoother surface of the wurtzite crystal struc-
ture with fewer nucleation sites.

Figure 4.1 shows high-resolution transmission electron microscopy (TEM)
images, scanning electron microscopy (SEM) images and the dependence of
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Figure 4.1: (A) and (B) are high-resolution TEM images of InP nanowires
grown with χH2S = 0 and χH2S = 11.1 × 10−6, respectively the scale bars
are 10 nm. The insets show SEM images of the same sample with 50 nm
scale bar. (C) Wurtzite crystal structure, as percent of total, and nanowire
diameter, versus H2S molar fraction during growth.
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the relative amount of wurtzite in the nanowires and the nanowire diame-
ter on the H2S precursor concentration. The TEM analysis shows that the
undoped reference nanowires have a mixed crystal structure with approxi-
mately the same amount of zincblende as wurtzite. With increasing doping
concentration the amount of wurtzite increases and for the highest H2S con-
centration only one stacking fault was found in a total of five investigated
nanowires.

InP layers and InP bulk material typically crystalize in the zincblende
phase and the properties of this phase are well known (e.g. [89] and the ref-
erences therein). The wurtzite phase of InP on the other hand is a very new
material and the physical properties are still investigated. De and Pryor com-
puted the band structure of InP using an empirical pseudopotential method
and predicted that wurtzite InP should have an unusual conduction band
structure with a second minimum at the gamma point only 0.24 eV above
the first minimum [90].

Experimentally the predictions about the semiconductor band structure
close to the Γ -point can be tested by applying luminescence measurements.
The band gap and the valence band splitting energy of wurtzite InP were, for
example, measured using photoluminescence and photoluminescence exci-
tation spectroscopy [91, 92].

For Paper I, we took advantage of the strong state-filling in highly doped
semiconductors, to probe the conduction bands and experimentally verify
the predicted second conduction band minimum. The typical photolumines-
cence spectra for undoped nanowires and nanowires with increasing doping
concentrations are shown in Figure 4.2. The undoped reference nanowires
exhibit a mixed crystal structure with a luminescence peak for photon ener-
gies around 1.45 eV. Such luminescence lies energetically between the band-
gap energies of zincblende InP (1.424 eV at 4 K [93]) and wutzite InP (about
1.49 eV at 4 K [92, 94, 95]), which is typical for mixed crystal structure InP
nanowires [96]. With increasing doping concentrations the Burstein-Moss ef-
fect shifts the luminescence edge to higher energies and the band gap renor-
malization effects extend the luminescence to lower energies.

The Burstein-Moss shift can be used to calculate the carrier concentration
from the luminescence data as described in Chapter 2.2. By using the theoret-
ically predicted carrier masses [90] and parabolic bands for the calculation,
the electron density is estimated to be 3.4 × 1018 cm−3 for a H2S precur-
sor molar fraction of 1.9 × 10−6. From energy-dispersive x-ray spectroscopy
(EDX) the determined sulfur concentration was 1.3 × 1020 cm−3.

One reason for the different doping concentrations determined by PL and
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Figure 4.2: PL of single nanowires grown with varying H2S molar fractions.
The bandgap of wurtzite InP is indicated by the vertical black line. The
cryostat temperature was 4 K.

EDX measurements, may be the uncertainty of the charge carrier masses in
wurtzite InP and the assumption of isotropic parabolic bands without k-
dispersion for the calculation of the Burstein-Moss shift. A second reason
is the systematic difference between the methods. EDX measures the chem-
ical composition and PL measurements the charge carrier concentration and
many sulfur atoms may not act as donors. The EDX measurement results
indicate that the surface of the highly doped nanowires may be passivated
by sulfur atoms and such a passivation would give rise to approximately the
observed difference between sulfur concentration and doping concentration.

The PL spectra of the highest doped samples shown in Figure 4.2 exhibit
not only a weak shoulder around the wurtzite InP band gap (marked as A in
the figure), but also a second peak around 1.73 eV (marked as C in the fig-
ure). The spectral shape of the Burstein-Moss shifted luminescence reflects
the transition probability as well as the density of states in the conduction
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Figure 4.3: Dependence of spectral features seen in Figure 4.2 on the molar
fraction of H2S. For high H2S molar fractions the dependence diverges
from the one-band model.

band, and a single conduction band should not give rise to a distinct addi-
tional peak. The two quite closely separated valence bands which have been
observed using PLE [94, 95] are improbable origins, because the peak is only
seen for high doping concentrations and the relative peak intensity does not
depend on the excitation intensity. Thus, the high-energy peak, C, in our PL
spectra is most likely the predicted second gamma point [90], and we inter-
pret the PL for very high doping concentrations as radiative recombination
from two conduction bands.

The dependence of the spectral features on the doping concentration pre-
sented in Figure 4.3 supports the second conduction band model. In a one-
band model of the state filling, the energy shift for the high doping concen-
trations should be stronger than observed, whereas the dependence fits well
with a two-band state filling model. The equation for the displayed one-band
model isE = 1.49+1100χ

2/3
H2S

(eV), and the equation for the two-band model

is E = 1.70 + 280χ
2/3
H2S

(eV).
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4.2 Electron Gas Temperature

For Paper II, we studied more detailed the PL spectra of degenerately doped
InP nanowires with Burstein-Moss shift less than the energy separation be-
tween the two conduction bands. Figure 4.4 shows a comparison of the dop-
ing concentration dependence of the PL spectra and the PLE spectra of the
same samples. The Burstein-Moss state-filling is visible in the PL spectra as
extension of the PL spectra to higher photon energies and in the PLE spectra
as a shift of the steep on-set to higher energies. Such a shift of the absorp-
tion edge is expected from the state filling of the conduction band states (see
Chapter 2.2). At 4 K measurement temperature, 5 meV below the Fermi en-
ergy, less than 10−6 states are unoccupied and noticeable absorption should
start approximately 4 kBT (1.4 meV at 4 K) below the Fermi energy. However,
in the PLE spectrum of sample IV in Figure 4.4, significant absorption can be
seen already for much lower photon energies starting at about 1.5 eV.

Some possible mechanisms for photon absorption with energies much
lower than the Fermi energy are: phonon assisted indirect absorption, intra-
valence band absorption, free carrier absorption, and two-photon absorption.
However, in PLE measurements absorption is only detected if it is followed
by radiative recombination. Intra-valence band absorption and free carrier
absorption usually do not cause luminescence and do not contribute to an
increase of the PLE signal. Phonon assisted indirect absorption enables ra-
diative recombination, but it would lower the absorption edge only about
the energy of the involved phonon. Two-photon absorption can also result in
radiative recombination, but it requires very high excitation intensities and
absorption would start already below the bandgap energy.

Single photon direct band-to-band absorption requires unoccupied con-
duction band states. An elevated electron gas temperature would imply un-
occupied states below the Fermi energy (see Chapter 2.3), but to explain the
observed absorption far below the Fermi energy, the electron gas tempera-
ture has to be much higher than the 4 K cryostat temperature. To estimate
the actual electron gas temperature in the samples we analyzed the spectral
PL shape.

If an even hole distribution is assumed, the spectral line shape of k-con-
serving band-to-band recombinations is proportional to the product of the
density of states and the Fermi-Dirac distribution function [20]. The Fermi-
Dirac distribution is directly temperature dependent, and thus, the electron
gas temperature of a degenerately doped semiconductor can be estimated
from the line shape of the PL spectra. To calculate the electron temperature
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Figure 4.4: Low temperature PL (filled squares) and PLE spectra (hollow
squares) of individual nanowires normalized to the same maximum in-
tensity. (I) A nominally undoped nanowire and from (II) to (IV) nanowires
with increasing doping concentration. The doping concentration of spec-
trum IV is comparable to the the doping for the red spectrum in Figure 4.2.
The detection energy for the PLE was at 1.38 eV.
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Figure 4.5: The best fit of an n-doped InP nanowire PL spectrum measured
at 4 K. The parabolic density of states and the Fermi-Dirac distribution
are shown together with the resulting function after convolution with a
Gaussian peak.

we assume isotropic, parabolic bands with a density of states

IDOS(E) =

√
E − Eg

Em
, (4.1)

and filling of the conduction band states according to the Fermi-Dirac dis-
tribution

IFermi =
1

1 + exp E−EF
kBT

. (4.2)

Where Eg is the bandgap, Em ∝ π4~6/2m3 was used as fitting parameter
for the effective mass m, EF is the Fermi energy, kB is the Boltzmann con-
stant and T the absolute temperature. The product of Eq. 4.1 and Eq. 4.2
was convoluted with a Gaussian peak to account for intrinsic broadening ef-
fects. The resulting fitting functions are shown in Figure 4.5 together with a
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Figure 4.6: Laser intensity dependence of n-doped InP nanowires at a cryostat
temperature of 4 K: (a) Normalized PL spectra with increasing laser inten-
sity from bottom to top (λ = 750 nm, 1.65 eV). (b) Integrated PL intensity
and electron temperature. The latter was calculated from PL spectra using
a parabolic density of states multiplied by a Fermi-Dirac distribution and
convoluted by a Gaussian broadening peak as fitting function. 4 K was
set as lower temperature limit. The width of the Gaussian broadening was
assumed to be a sample specific constant, which was fitted for the lowest
laser intensity and then kept constant for the other laser intensities.
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PL spectrum measured at 4 K and at low excitation intensity. The cryostat
temperature (4 K) was set as lower limit for the temperature variable T .

The influence of the laser intensity on the electron gas temperature is vis-
ible in Figure 4.6. Figure 4.6 (a) shows PL spectra for different laser inten-
sities and (b) the estimated electron gas temperature and the integrated PL
intensity. For low laser intensities the calculated electron gas temperature is
equal to the cryostat temperature, but for laser intensities of at least 1 % of
the full laser intensity, the electron gas temperature increases drastically with
increasing laser intensity. The direct dependence of the electron gas temper-
ature on the laser intensity shows that at high laser intensities the laser heats
the electron gas.

The laser intensity dependence of the integrated PL intensity (Fig. 4.6 (b))
exhibits a power law dependence (I ∝ Pα) with exponent α < 1. As de-
scribed in Chapter 2.4, the exponent of the power law dependence contains
information about the dominating absorption-recombination processes and
α < 1 is usually attributed to Auger generation-recombination processes.
Thus, the electron gas heating process is probably driven by Auger processes.

J. Shah reported that intense photoexcitation can create a hot electron gas
in semiconductors and that the electron gas acquires energy from the pho-
toexcited electrons [97], but very high laser powers were needed to observe
the electron heating. J. Shah studied GaAs and measured, for example, elec-
tron temperatures around 76 K with a laser intensity of 100 kW/cm2. The
sample was kept at 2 K and the rise in lattice temperature was insignificant.
The reasons for the much higher electron temperature in the samples stud-
ied in this work at laser intensities below 400 W/cm2 are most likely the
small nanowire dimension and the high doping concentration. With laser
spot sizes larger than the studied nanowires the whole nanowire is heated
and the high doping concentration strongly increases carrier-carrier scatter-
ing [97].

Figure 4.7 shows another indication for heating of the conduction band
electrons in our measurements. The figure shows the luminescence of a sin-
gle nanowire for continuous excitation and for pulsed laser excitation. For
the continuous excitation measurement, the laser intensity was lowered with
a gray filter to 8 % of the total laser intensity and for the pulsed excitation
measurement a chopper was used, which reduced the integrated laser inten-
sity about the same amount. The total energy transfer was the same for both
excitation methods, but the two spectra exhibit a significant difference.

By fitting the high-energy side of the spectra with a Fermi-Dirac distribu-
tion, the Fermi energy and the electron gas temperature for the two excita-
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Figure 4.7: Normalized PL spectra of a single nanowire excited by a 532 nm
continuous wave laser (gray filter) and pulsed laser light (chopper) with
the same integrated intensity measured at 4 K cryostat temperature.

Max. PL Int. EF in eV TF in K

Grey filter 303137 1.590 144
Chopper 52012 1.595 155

Table 4.1: Maximum PL intensity, Fermi energy and electron temperature cal-
culated from the continuous wave and the pulsed laser illumination spec-
tra shown in Figure 4.7.
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Figure 4.8: Cryostat temperature dependence of the electron gas temperature
in n-doped InP nanowires, estimated trough a fitting procedure of the PL
spectra assuming a Fermi-Dirac distribution of the conduction band elec-
trons in a parabolic isotropic conduction band.

tion conditions were estimated. The resulting parameters are summarized in
Table 4.1. For continuous wave excitation the estimated electron gas temper-
ature is 144 K. When the chopper is used the illumination is a short intense
laser pulse and due to the short electron life time, the luminescence repre-
sents a snap shot of the electron temperature during and short after the exci-
tation. The estimated electron gas temperature for pulsed excitation is 155 K
while the Fermi energy changes only marginally from 1.590 eV for continu-
ous wave excitation to 1.595 eV for pulsed laser excitation.

For the estimation of the electron gas temperature we used a very simpli-
fied fitting procedure and neglected band structure, intrinsic broadening and
inhomogeneous hole distributions. However, the different excitation condi-
tions should not change the physical properties of the sample and the results
indicate a significant, but rather low, increase of the electron gas temperature
for pulsed excitation, compared to continuous wave excitation. For pulsed
excitation, the instantaneous power was about 12 times higher (during the
laser pulse) than the power for continuous wave excitation, but the PL in-
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tensity was about five-times lower for pulsed excitation. Together with the
calculated higher electron gas temperature for pulsed excitation, this indi-
cates that the electron gas cools to a lower temperature between the pulses.

For electrons far above the Fermi energy the dominating scattering mech-
anisms are scattering with polar optical phonons and with other conduc-
tion band electrons [97]. At high temperature the scattering with optical
phonons is faster and at low temperature the electron-electron scattering
dominates [98]. Thus, at high system temperatures the electron gas heating
effect of photo-excited electrons is lower than for low system temperatures.
This effect is seen in Figure 4.8, where the cryostat temperature dependence
of the calculated electron gas temperature is depicted. At low cryostat tem-
peratures the calculated electron temperature is more than 150 K higher than
the measured cryostat temperature, but at room temperature and above, at
identical laser intensities, the heating effect is almost negligible. At low tem-
perature the excess energy is transfered to the electron gas and at high tem-
perature it is transfered to the LO-phonon system [99].

4.3 Photon Downconversion

In the previous section, I showed that photoexcitation with a laser may heat
the conduction band electron gas in degenerately doped semiconductors and
that the elevated electron gas temperature may allow band-to-band absorp-
tion with photon energies far below the Fermi energy. Such absorption was
visible as luminescence in the PLE spectra in Figure 4.4. For those PLE mea-
surements the laser excitation energy was higher than the energy of detection
and the same is true for the PL spectra in the previous sections. Such lumi-
nescence with photon energies lower than the exciting laser is called down-
conversion PL.

In this section, I will discuss photon downconversion PL for excitation
close to the Fermi energy and below and compare the results for n-doped
InP nanowires (published in Paper II) with results of similar measurements
on n-doped bulk InP (part of Paper IV).

Figure 4.9 shows the excitation energy dependence of the InP nanowire
luminescence measured at 4 K cryostat temperature. Figure 4.10 shows the
results of similar measurements on n-doped bulk InP for 4 K (Fig. 4.10 (a))
and 100 K (Fig. 4.10 (b)) cryostat temperature. In the measurements on nano-
wires we observed luminescence (and thus absorption) for all selected exci-
tation energies higher than the bandgap of InP. For bulk InP at 4 K the PL
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Figure 4.9: Normalized PL spectra for a highly n-doped nanowire sample
(corresponding to spectrum III in Fig. 4.4) for different energies of the
exciting laser. The gray vertical lines indicate the exciting laser energy. The
integration time above the laser energy was 20 times higher than below the
laser energy. The cryostat temperature was 4 K.
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Figure 4.10: PL spectra of n-doped bulk InP samples for selected excitation
energies measured at 4 K (a) and at 100 K (b). The excitation laser energy
is indicated by vertical gray lines. Inset in (a): Normalized PL spectra
including low excitation intensity PL for 2.33 eV excitation. The vertical
black line indicates the doping induced Fermi energy estimated from the
PL spectrum for 2.33 eV excitation.
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signal intensity dropped below the noise level for excitation energies lower
than 1.49 eV. For measurements at 100 K we could observe luminescence
further below the Fermi energy, but still not for energies as low as for the
measurements on nanowires.

The comparison of the luminescence results for measurements on nano-
wires and on bulk InP, indicates that the laser induced heating effect is
stronger in nanowires. A possible explanation for the more efficient heat-
ing of nanowires could be the small size of the nanowires in comparison to
the excitation laser spot size on the sample. Thus, in PL measurements on
nanowires the whole nanowire is optically pumped, while in bulk material
the pumped electron gas is surrounded by colder electrons outside of the
excitation volume.

In degenerately n-doped semiconductors the absorption of photons with
energies lower than the Fermi energy is limited by the number of available
conduction band states. However, the radiative recombination is limited by
number and properties of the photogenerated holes. In scientific literature
the radiative recombination process in degenerately n-doped semiconduc-
tors, is commonly described by fast relaxation of the photoexcited hole to the
valence band maximum or to acceptor states, which is then followed by re-
combination with a conduction band electron at any position in k-space (see
for example [27–30]). It is claimed that the k-conservation rule is abrogated in
degenerately doped semiconductors due to localization of the acceptor states
in real space [28] or by carrier scattering with ionized impurities [27].

A dominantly non-k-conserving recombination process would mean that
the spectral PL shape is independent of the k-vector of the photoexcited hole,
and thus, independent of the energy of the absorbed photon. However, our
PL measurement results for n-doped bulk InP show a spectral change with
changing excitation energy. The spectral difference is most pronounced at
100 K measurement temperature, in a comparison of excitation at 1.47 eV
with excitation at 1.52 eV (Fig. 4.10 (b)). Due to the spectral difference, we
exclude an exclusively non-k-conserving recombination process. Instead we
suppose that most photoexcited holes recombine radiatively with conduction
band electrons before reaching the valence band maximum and that the dom-
inant radiative recombination mechanism is k-conserving recombination of
hot holes with conduction band electrons with similar k.

A comparison of the PL spectra of n-doped InP nanowires (Fig. 4.9) seems
to support the conclusions we draw from the bulk spectra. However, the
most interesting feature of the spectra in Figure 4.9 is the observed lumines-
cence at energies higher than the laser photon energy, the upconversion PL.
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4.4 Photon Upconversion in n-doped InP

The 4 K nanowire PL spectra in Figure 4.9 and also the 100 K PL spectra
of n-doped bulk InP (Fig. 4.10 (b)) show luminescence on both sides of the
laser energy; downconversion PL below the laser energy and upconversion
PL above. The mechanism resulting in upconversion will be discussed in this
section.

Absorption of a photon creates a hole with a specific k-vector, kex, typically
with kex > 0. Scattering of the photoexcited hole, in most cases, leads to
energy and momentum relaxation, which causes a reduction of the k-value of
the hole. Direct, k-conserving transitions of conduction band electrons with
holes at k < kex are visible as photon downconversion in PL measurements,
as discussed in the previous section.

Photon upconversion requires either holes at k > kex or k-indirect transi-
tions. In Paper II we argued that k-indirect recombinations could cause the
photon upconversion. However, after further measurements (condensed in
Paper III and IV) we now argue that even the upconversion PL is dominated
by k-conserving direct recombinations.

The temperature dependence of the upconversion intensity, which is
shown in Figure 4.11 for n-doped InP nanowires, provides a first indication
that k-indirect recombination is not the main reason for the observed upcon-
version. The upconversion intensity relative to the downconversion intensity
decreases strongly with decreasing temperature. Which is in contrast to the
luminescence intensity dependence in crystalline silicon, where the radiative
recombination coefficient increases with decreasing temperature [100] and in
crystalline silicon the radiative recombination is completely dominated by
k-indirect phonon assisted recombinations.

The measurements on n-doped bulk InP show a temperature dependence
of the upconversion similar to the upconversion in nanowires. Figure 4.10
shows the photon upconversion and downconversion PL of n-doped bulk
InP for 4 K and 100 K cryostat temperature. At 4 K the upconversion in-
tensity vanished completely. Even more interesting is the change of the up-
conversion PL for different excitation energies at 100 K. For k-indirect re-
combinations the spectral shape of the upconversion PL should not depend
on the excitation energy or the k-vector of the photoexcited hole. The opti-
cal phonon assisted recombination would not suppress recombinations with
electrons at high k.

As possible upconversion mechanism, instead of k-indirect recombina-
tions, we propose that photon upconversion in degenerately n-doped di-
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Figure 4.11: Temperature dependence of n-doped InP nanowire PL spectra
for 2.33 eV excitation (gray spectra) and excitation at the PL peak maxi-
mum (colored spectra). The laser photon energy is indicated by the vertical
purple lines.
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rect band semiconductors is caused by scattering of valence band holes to
higher k-values followed by k-direct recombinations with conduction band
electrons at similar k. The temperature dependence of such upconversion is
then determined by the temperature dependence of the k-increasing scatter-
ing mechanism.

One possible scattering process to higher k-values involves the absorp-
tion of optical phonons. Scattering with optical phonons changes not only
the k-vector of the hole, but also increases (or decreases, for phonon emis-
sion) the energy of the scattering hole about the optical phonon energy. Fig-
ure 4.12 shows the possible scattering processes for photoexcited light and
heavy holes with LO phonons.

Most of the photoexcited light holes will scatter to the heavy hole band
(see Chapter 2.6) and cause photon downconversion with a low energy shift
or heavy holes with k much larger than kF. For the shown photon energy
(100 meV higher than the bandgap, similar to the experimental conditions
for Fig. 4.11) heavy holes are created less than the LO phonon energy below
the valence band maximum, which means that for heavy holes emission of
phonons is prohibited and phonon absorption is the only allowed optical
phonon scattering process and scattering within the heavy hole band has a
higher probability than scattering to the light hole band (see Chapter 2.6).

Optical phonon scattering of photoexcited heavy and light holes both dis-
play scattering to k-values higher than kF and momentum relaxation of such
high-k holes allows k-conserving direct recombinations with energies higher
than the energy of the absorbed laser photon.

Scattering with optical phonons is only one possible scattering mecha-
nisms that can cause scattering of holes to higher k-values, but the spectral
shape of downconversion in Figure 4.11 indicates that (at least in nanowires)
the scattering with optical phonons contributes strongly to the momentum
distribution of holes. The spectra in Figure 4.11 show a decrease in intensity
for photon energies right below the laser energy which could be attributed
to an discrete energy jump of the photoexcited holes to lower k-values. The
most likely candidate for such a scattering event is emission of an optical
phonon.

Figure 4.13 (a) to (c) show the excitation energy dependence of the nor-
malized luminescence of n-doped InP bulk samples. A horizontal cut line
through the contour plot corresponds to a PL spectrum with excitation en-
ergy determined by the vertical coordinate. A selection of such horizontal cut
lines through the non-normalized contour plots has already been presented
in Figure 4.10. The excitation energy is in Figure 4.13 visible as diagonal
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Figure 4.12: Illustration of different scattering paths involving optical
phonons. The figure is to scale (effective masses and band edge energies
for zincblende InP were used), apart from the bandgap which has been de-
creased for clarity. The absorbed photon energy is 100 meV higher than the
bandgap and the optical phonon energy was taken to be 42.6 meV, which
corresponds to the LO phonon energy. We neglect the k dependence of the
LO phonon energy and the carrier masses. Left panel: If holes are created
in the light hole band, they may scatter to lower energy by emission of
an optical phonon causing downconverted luminescence. Absorption of
an optical phonon causes scattering to the light hole band or to the heavy
hole band and both can be seen as photon upconversion, but only scat-
tering to the heavy hole band enables photon emission at energies much
higher than the absorbed photon. Right panel: Illustration of holes created
in the heavy hole band, where (for the shown excitation energy) scattering
by optical phonons can only cause photon upconversion.
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Figure 4.13: Excitation energy dependence of the normalized luminescence
of n-doped InP bulk samples as photon energy contour plots measured at
4 K (a), 100 K (b) and at room temperature (c). (d) Normalized room tem-
perature PLE spectra for selected detection energies and integrated PLE
intensity. The detection energy is indicated by arrows and vertical dashed
lines. The gray spectrum shows the room temperature PL spectrum for
1.66 eV excitation for comparison.
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Figure 4.14: 4 K PLE spectra of n-doped InP nanowires (sample IV in Fig. 4.4)
with PLE detection below and above the exciting laser, respectively.

white line, where the laser line was deleted from the graphs. Luminescence
above those white lines corresponds to photon downconversion and lumi-
nescence below to photon upconversion.

In contrast to the results on nanowires (Fig. 4.9) the 4 K downconversion in
n-doped bulk InP does not show a clear decrease of luminescence intensity
right below the laser energy (see Fig. 4.13 (a) and Fig. 4.10 (a)). Additionally,
the clear change of the upconversion PL in n-doped bulk InP (see Fig. 4.13 (b)
and (c), and Fig. 4.10 (b)) was not observed for nanowires. Those differences
indicate that, while hole scattering in nanowires may be dominated by opti-
cal phonon scattering, in bulk material it is dominated by a different scatter-
ing mechanism, for example scattering with other charge carriers or acoustic
phonons.

54



4.4 Photon Upconversion in n-doped InP

In Figure 4.4, I presented PLE measurements to show that band-to-band
absorption far below the Fermi energy is possible in nanowires even at liq-
uid helium cryostat temperatures. The existence of such absorption and the
emission of photons with higher energies than the exciting laser allows the
measurement of PLE intensity above the varying laser energy. Figure 4.14
shows a comparison of nanowire PLE signal for detection of the lumines-
cence below (at 1.38 eV) and above (at 1.55 eV) the exciting laser. The first
mentioned detection window lies below the bulk InP band gap and detects
primarily photons from transitions between states close to the Γ-point of the
renormalized band gap. The latter detection window lies close to the lumi-
nescence maximum and since it detects above the laser energy, according to
the previous discussion it detects only recombinations with holes, that have
scattered to higher k-values.

The offset in Figure 4.14 was added to distinguish between up- and down-
conversion. The detected luminescence intensity around 1.5 eV was com-
parable for both measurements, but for upconversion PLE a 5 times longer
integration time was used. The two spectra exhibit quite different spectral
dependences, which could be attributed to the different mechanisms lead-
ing to the detected luminescence. The room temperature PLE measurements
on n-doped bulk InP (Fig. 4.13 (d)) show how strongly the PLE spectrum
depends on the detection energy.

The fast recombination rate in degenerately doped InP causes a strong de-
pendence of the detected PLE intensity on the hole scattering mechanism
and on the energy of the photoexcited hole relative to the detection energy.
The PLE spectrum that most closely represents the absorption is obtained by
integrating the total emission spectrum for every excitation energy. Such an
integrated PLE spectrum of n-doped bulk InP is included in Figure 4.13 (d).
The differences between upconversion and downconversion PLE are caused
by the different scattering rates to the k-vectors involved in the radiative re-
combination of electrons and holes.

The fundamental differences between upconversion and downconversion
PL can be studied by comparing the excitation intensity dependences of the
integrated luminescence intensities with the theoretical dependences derived
in Chapter 2.4. In Figure 4.15 the excitation intensity dependence of the inte-
grated upconversion and downconversion intensities for n-doped InP nano-
wires are shown. For the highest laser intensities the luminescence intensity
saturated, which may be caused by the limited number of available conduc-
tion band states below the Fermi energy.

For laser intensities below the saturation both upconversion and down-
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Figure 4.15: Excitation intensity dependence of integrated upconversion (UC)
and downconversion (DC) intensity of n-doped InP nanowires for 840 nm
(1.48 eV) laser excitation, measured at 4 K.

conversion intensity exhibit a power law dependence, but with different ex-
ponents. For photon downconversion the exponent was determined to be
around 0.7, while for upconversion an exponent of 1.34 was determined. A
power law dependence with exponent α < 1 is usually attributed to Auger
generation-recombination processes and an exponent α > 1 to Shockley-
Read-Hall processes. Thus, we assume the detected photon downconver-
sion shows predominately Auger effect heating of the electron gas and the
detected photon upconversion is shaped by the non-radiative scattering of
holes to higher k-values.

4.5 Photon Upconversion in GaAs

The upconversion mechanism discussed in the previous sections requires
only degenerate doping of a direct bandgap semiconductor and unoccupied
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4.5 Photon Upconversion in GaAs

Figure 4.16: Room temperature excitation energy dependence of the normal-
ized luminescence of (a) n-doped bulk GaAs samples and (b) p-doped
GaAs nanowires grown by the Aerotaxy method [101]. The excitation laser
energy is indicated by vertical gray lines.
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states below the Fermi energy which could be due to elevated sample tem-
perature or due to direct heating of the electron gas. Thus, the upconver-
sion process should not be an n-InP specific attribute. To test the validity
of this claim, degenerately n-doped bulk GaAs sample and degenerately p-
doped GaAs nanowires were measured and the resulting room temperature
PL spectra are presented in Figure 4.16.

In both systems we observe strong photon upconversion at room tempera-
ture, which lets us conclude that photon upconversion may have a strong
contribution to the optical properties of many degenerately doped direct
band semiconductors. Further measurements may reveal if the recombina-
tion and scattering processes differ for different materials, dopants and crys-
tal structures.
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Chapter 5
Conclusion and Outlook

"We demand rigidly defined areas of doubt and uncertainty!"
Douglas Adams in "The Hitchhiker’s Guide to the Galaxy"

In this thesis, I demonstrated how photoluminescence measurements on
degenerately doped semiconductors allow an estimation of the doping con-
centration without need for electrical contacts. The degenerate doping can
furthermore reveal the conduction band structure for energies higher than
the bandgap, which we exploited to experimentally support the theoretically
predicted existence of a second conduction band minimum in wurtzite InP.

Our luminescence study on degenerately doped InP nanowires revealed
a novel photon upconversion mechanism for excitation energies higher than
the bandgap, but lower than the Fermi energy. The most important findings
of our detailed study of the photon upconversion in n-doped InP nanowires
and n-doped bulk InP can be summarized as follows:

• There is significant photon upconversion for Eg < Eexcitation < EF.

• The radiative recombination is strongly dominated by k-conserving
vertical transitions.

• The charge carrier recombination rate is higher than or comparable to
the scattering rate.

Our proposed mechanism for the observed photon upconversion in degen-
erately doped InP, includes an elevated electron gas temperature, scattering
of the photoexcited holes to higher k-values and k-conserving vertical tran-
sitions of the holes with conduction band electrons with similar k-vector.
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The elevated electron gas temperature allows absorption of photons with
energies much lower than the Fermi energy. The electron gas heating may
be induced by an elevated sample temperature or by direct heating of the
electron gas.

The focus of this thesis was on n-doped InP, but the included first mea-
surements on degenerately n-doped bulk GaAs and degenerately p-doped
GaAs nanowires suggest that the mechanism is more common and that sim-
ilar photon upconversion could be observed as well in other degenerately
doped direct band semiconductors.

The upconversion results presented in this work may lead to devices based
on low power upconversion. The upconversion mechanism may be used
for laser cooling and the understanding of the process may allow a more
accurate description of the radiative processes in semiconductors, which may
influence the design of optoelectronic devices.

As continuation of the work it would be interesting to study the photon
upconversion in degenerately doped GaAs in more detail and extend the
study to other direct bandgap semiconductors such as GaN or ZnO. Further
experiments should also investigate the time-dependence of the downcon-
version and upconversion processes and investigate the luminescence at the
same energy as the exciting laser photons.
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