Opto-electronics on Single Nanowire
Quantum Dots

Opto-electronics on Single Nanowire
Quantum Dots

Proefschrift
ter verkrijging van de graad van doctor
aan de Technische Universiteit Delft,
op gezag van de Rector Magniﬁcus prof. ir. K.C.A.M. Luyben,
voorzitter van het College voor Promoties,
in het openbaar te verdedigen
op maandag 28 juni 2010 om 15:00 uur
door

Martinus Petrus VAN KOUWEN
doctorandus in de natuurkunde
geboren te Utrecht.

Dit proefschrift is goedgekeurd door de promotor:
Prof. dr. ir. L.P. Kouwenhoven
Dit
proefschrift is goedgekeurd door de promotor:
Copromotor:
Prof.
ir. L.P. Kouwenhoven
Dr. V.dr.
Zwiller
Copromotor:
Dr. V. Zwiller
Samenstelling
van de promotiecommissie:
Rector Magniﬁcus
voorzitter
Samenstelling
van de
promotiecommissie:
Prof. dr. ir. L.P.
Kouwenhoven
Technische Universiteit Delft, promotor
Rector
Magniﬁcus
voorzitter
Dr. V. Zwiller
Technische Universiteit Delft, copromotor
Prof.
L.P. Kouwenhoven Technische
Technische Universiteit
Universiteit Eindhoven
Delft, promotor
Prof. dr.
dr. ir.
A. Fiore
Dr.
V.
Zwiller
Technische
Universiteit
Delft,
Prof. dr. E.P.A.M. Bakkers
Technische Universiteit Delft copromotor
Prof. dr.
dr. L.D.A.
A. FioreSiebbeles
Technische Universiteit
Universiteit Delft
Eindhoven
Prof.
Technische
Prof.
dr.
E.P.A.M.
Bakkers
Technische
Universiteit
Delft
Dr. J. Gomez-Rivas
FOM institute AMOLF Amsterdam
Prof.
dr. Feiner
L.D.A. Siebbeles
Technische
Dr. L.F.
Technische Universiteit
Universiteit Delft
Eindhoven
Dr.
J.
Gomez-Rivas
FOM
institute
AMOLF Delft,
Amsterdam
Prof. dr. Yu.V. Nazarov
Technische Universiteit
reservelid
Dr. L.F. Feiner
Technische Universiteit Eindhoven
Prof. dr. Yu.V. Nazarov
Technische Universiteit Delft, reservelid

Supported by NanoNed, a national nano-technology program coordinated by the
Dutch Ministry of Economic Aﬀairs.
Supported by NanoNed, a national nano-technology program coordinated by the
Published
by: of Economic
Maarten van
Kouwen
Dutch
Ministry
Aﬀairs.
Cover design by: JEK design
Published
Maarten
Kouwen
Format: by:
170 x 240van
mm,
160 pages
Cover
design
by:
JEK
design
Printed by:
Gildeprint, Enschede
Format:
170 x 240 mm, 160 pages
ISBN:
Printed978-90-8593-075-4
by:
Gildeprint, Enschede
Casimir PhD Series, Delft-Leiden, 2010-12
ISBN:
978-90-8593-075-4
c 2010 by Maarten van Kouwen
Copyright
⃝
Casimir
PhD version
Series, Delft-Leiden,
An
electronic
of this thesis is2010-12
available at www.library.tudelft.nl/dissertations
c 2010 by Maarten van Kouwen
Copyright ⃝
An electronic version of this thesis is available at www.library.tudelft.nl/dissertations

Preface
At the end of 2004, during the last phase of my Physics studies in Utrecht, I
decided to attend a course on device physics. Part of this course was writing
a proposal in which a new device-application should be described. I chose to
write about the possibility to use Carbon nanotubes in CRT screens. Thereby
the quality of CRT could be incorporated in a fancy ﬂat screen. While writing
the proposal, I encountered publications from Niels de Jonge, working at Philips
Research Eindhoven. As it was time for me to ﬁnd a place to do my master
thesis project, I contacted him on a Tuesday. He replied directly that he was
being relocated to the United States, while his friend and colleague Erik Bakkers
was doing similar things with nanowires. A free translation of his kind email:
”...and nanowires are just like nanotubes, however, they aren’t hollow though.”
On Thursday I was invited by Erik to talk about the possibilities to do the master
project with him, and the deal was closed: from February until September 2005
I would develop n-type and p-type contacts to InP nanowires and create an intra
nanowire LED.
A highly ambitious project, which (of course) did not completely work within
7 months. During the research at Philips I really got triggered by the enthusiasm
of Olaf Wunnicke, Erik himself, a red-haired, side-burned fellow student (and
brabander) Maarten van Weert and later Magnus Borgström. I discovered that
I was intrinsically curious about the coming steps in the research. Furthermore I
found fellow soldiers in Ethan Minot and Freek Kelkensberg who started working
on the nanowire LEDs from Delft. In June (when I realized the nanowire LED
would take a little bit longer to create) I decided to apply for a PhD position in
Delft.
On the day of the application, some peculiar things happened. First, during a
one-to-one meeting with the professor, Leo Kouwenhoven, he asked me whether
I could play football. Second, he presented a futuristic device, in which my
dream, the nanowire LED, was incorporated in an (if possible) even more ambitious device, which would be an interface between quantum optics and quantum
electronics. Third, I had my ﬁrst lunch at The Aula... Finally, a dinner was or5
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ganized, in which I met Floris Zwanenburg, who talked about The Hague, hockey
and related things that made him tick.
So there I was, I liked the project, I liked the atmosphere and I took a football
course to get in. In October, I ﬁrst met Valery Zwiller, my supervisor and the
optics guru within the quantum transport group. My PhD project had started.
During the past 4 and a half years I have experienced the Quantum Transport
(QT) group as a highly ambitious and yet very social environment. The nature
of our research is such that endurance, optimism and intrinsic motivation are key
requirements, as not all experiments turn out the way they are planned. When the
linewidth of our nanowire quantum dots hampered doing quantum experiments,
I experienced the group as being warm, critical and optimistic. Furthermore
solutions to big problems and good ideas in general are always facilitated and
stimulated. When the samples do work, the group is a pool of experts to rely on
and speed up the processes, provides a huge international scientiﬁc network and
is genuinely happy for the achieved results. In the following I want to thank the
people that have made my life at QT so nice and contributed a great deal to this
thesis.
Leo Kouwenhoven, thanks for creating the challenging environment at QT.
Your focus towards the electron-to-photon interface has helped me to put priorities and give direction to my research. Furthermore I admire your talent for
triggering people and for the delegation of responsibilities to young people. These
responsibilities are very important for young researchers to develop organizational
skills and give them a broader perspective than their own research topic. I never
met a more competitive person in sports than you and I will never forget your
face when I arrived at our bicycle-tour to Texel by ordinary bike last year.
Valery Zwiller, thanks a lot for introducing me (and many, many others!) into
the building and use of the optics lab. You are the most creative scientist I have
met during my PhD and your enthusiasm spreads faster than oil on water. I wish
you all the happiness with your very young family and good luck with further
Valorization of nanotechnological break-throughs.
Erik Bakkers, thanks for introducing me into the nanowire world. I think
it is a great achievement that you were able to create a research group within
Philips which was science-driven and application focused at the same time. I am
happy you can continue your work at Eindhoven/Delft and I congratulate you
once more with your professorship: you deserve it.
Ethan Minot, it was a luxury to be introduced into Quantum Transport and
the clean-room by you. It is impressive how you managed to order almost the
entire optics lab, without previous optics experience. This made it possible to
measure single nanowire photoluminescence almost from the start in October
6

2005. You have been very patient, inspiring and dedicated to help Freek and me
in our ﬁrst steps at the Delft nano-LED team.
Umberto Perinetti, your true degree of handiness was clear from the start.
Your eﬀorts to make our lab tidy, automatic, aligned, technologically just and
well equipped had and still has a tremendous eﬀect on the output of the opticssubgroup of QT. You help really everybody if necessary. In my mind is still
the Umberto-Bram elevator pitch. Good luck with your dates in and after the
summer.
Maarten van Weert, same name, diﬀerent projects. We were optics Maarten
and electronics Maarten at Philips, later magnetic ﬁeld Maarten and electric ﬁeld
Maarten at Delft. You are a very pleasant person to work with, always willing to
help, discuss and also always open to suggestions (asked and not asked). I ﬁnd
your nanowire knowledge and determination were key ingredients in solving the
emission linewidth issue in 2008. Your humor ”op een krukje” and dedication at
QT trips are (world) renowned. ”Thank you” are not the right words for your
contribution to my work at QT. Good luck with your defence! Make it more than
”quite nice!”.
Michael (do not forget the E.!) Reimer, thanks for joining the projects when
it was most needed. Your quantum dot background, professional attitude and
team-play have contributed a great deal to the results in the past year. It was
a pleasure to exchange our experiences and knowledge. I wish you the best of
luck and success with crossing what you want to cross, entangle what you want
to entangle, rotate what you want to rotate and emit/detect what you want to
detect/emit.
Yvonne Beijer, you joined the group when times were still diﬃcult for contacted nanowire-quantum dots. I think you are a very bright person, and I hope
you are very happy in your new job!
Magnus Borgström and Rienk Algra, thanks for the growth of fabulous nanowires. Furthermore I wish to thank Fukui sensei and Motohisa sensei for giving
me the opportunity to grow nanowire quantum dots in Sapporo.
Other nanowire optics group members cannot be forgotten: Nika Akopian,
thanks to your contribution our lab professionalized when it contained more people than holes in the table. Good luck with the slow light and homo dots. Mark,
good luck in the coming period, I do not doubt you will make the right decision.
Sander, sorry I have locked you into the lab once (twice?). I think it is good to
see you need less and less beers to talk now more and more publications come
out. It was nice you were able to measure AB on the Japanese nanowire samples
(once you got out of the lab). Reinier, your contribution to the optics lab and
QT as a whole is clear: python, plasmons and pinten. Is is nice to borrel with
7
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you. Moira, your presentations are impressive. Thanks for your help and good
luck with the Si-InP interface. Gilles, the construction of your setup makes one
think: you should help Kees Harmans designing his house. Furthermore I wish
the best to the newly started PhD students: Maria, Basia and Gabriele. Hatim,
thanks for showing me around in the Holland Spoor area in The Hague, I feel
much more integrated now. Good luck with ﬁnishing your PhD in Stockholm.
During my PhD I had the pleasure to work with 4 fantastic students. Freek
Kelkensberg, we started almost at the same time and worked like brothers: sometimes competitive, but always driven towards the end-goal. I enjoyed your direct
way of communicating. Ataklti G.W., you were the ﬁrst student I had the pleasure to supervise. You did not have an easy start, but due to your dedication
and theoretical skills you completed a very nice thesis. Good luck with your
PhD project at Leuven. Gerben Tuin, together we discovered the lifetime measurements. Good luck with your next move in life...nanowires?? Last but not
least, Anne Hidma. You joined the project when/and it was taking oﬀ. Your
energy and determination have been key in the last period, in which we had to
combine the acquiring of all the nice data, the analysis, the interpretation, the
presentation and the writing of a publication. It was a very hectic period, with
a very rewarding outcome. I will not easy forget the coﬀee-machine incident and
the moment we discarded the green laser. Good luck with your new job!
The research could not have been completed without the staﬀ-members: Bram,
Remco, Peter, Raymond, Yuki and Angele, but also Hans, Ad and Kees: you
made my days and the coﬀee-breaks. Lieven, thanks for your introduction into
quantum algorithms.
Other PhD students I wish to mention: Juriaan, you are a real colleague! We
shared good and bad times, and I am looking forward to your defence (and beach
party)! My roommates Pol, Lan and Thomas, good luck with the last period, it
was very nice to share the oﬃce (and smells and presentations) with you. Lan,
since the shape of your device and your data are always alike, I suggest you make
a meander in graphene, I promise you will measure Rabi. And maybe you can
detect single photons! Katja, thanks for your curiosity in everything (including
Belgian beers and boys). Pieter two face, one glass, it was fun to discuss, good
luck as well in the week after the party week. Georg, sorry about the referenda,
I did not mean to insult you. Also the best for your defence.
Han, Victor, Stijn, Stevan, Floris B., Tang, Mohammad: you form the next
generation, do you feel the pressure already? The diamond vakantie team,
Ronald, Lucio, Gijs, Wolfgang, Toeno, Hannes and the post-docs Sergey, Gary,
Lars, Amelia, Edward and Martin: good luck with everything! Gary, thanks for
your sharp comments and open discussions. Ronald, de verloren zoon, thanks
8

for returning to Delft, I hope you like the new gossip-material. Toeno, you know
what is coming.................brak?
There is a list of former members of QT I want to mention as well: Jorden,
Floris, Hubert, Frank, Pablo, Jelle, Ivo, Sami and Floor: you made QT when I
arrived. Floris, without you I could never have made the start in The Haque I
did. Groen geel, joining a corpsballenhuis, you name it. Good luck with your
quest to come back to Holland (Germany?).
In the past 4 years, friends from my time in Utrecht, Den Haag and elsewhere
have been very supportive. Marit, Joris, Willem, Sander, Koen and others, thanks
for being there all the time. Louise, thanks for covering my back (and front).
Although not everybody knows, your contribution to this thesis is not easy to
put into words.
Last but not least I wish to thank my parents, my brothers and their partners
and my grandparents for their love, moral support and ﬂexibility in busy periods.
Opa en Oma, deze thesis is voor jullie!
Maarten van Kouwen
May 2010
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Chapter 1
Introduction
1.1

Scope of the research

From a technological point of view, the integration of direct band gap semiconductors (materials with optically addressable energy levels) into silicon industry,
enables optical on-chip transfer of information. In addition, III-V (direct band
gap) semiconductors, such as indium arsenide (InAs) and indium phospide (InP),
have high electron mobility which enables the integration of faster transistors into
silicon chips. Until this moment the integration of III-V and silicon functional
elements is restrained by the diﬀerent lattice parameter, the separation between
individual atoms in the crystal. Semiconductor nanowires are structures in which
the diameter is nanometer scale, while the length can be several µm. Due to the
small diameter, semiconductors with a diﬀerent lattice parameter can be connected. The connection is possible since strain can be relaxed at the nanowire
surface. Therefore, integration of nanowire opto-electronic elements on silicon is
feasible.
The scientiﬁc importance of nanoscale opto-electronics is found in the ability
to convert energy of a single electron into a single photon (or vice versa), thereby
interfacing quantum optics and quantum transport. The transfer of an electron
spin state into a photon polarization state enables new experiments in the ﬁeld of
quantum information processing. Single photon control can be used for quantum
cryptography, where the need for a projective measurement of the photon polarization enables a safe identiﬁcation of communication-partners [1]. Furthermore
photons can be used as the output of an electron-spin based quantum computer.
The recent developments of spin-manipulation and readout in GaAs 2DEG quantum dots show that the spin-qubit is feasible [2, 3]. Measurements on double
dots show that coupling of qubits is feasible as well [4]. Electrical transport of
the quantum output of such a device is limited by the electron decoherence-time,
15
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depending on nuclear and stray ﬁelds and electron-electron interaction. Because
of their charge neutrality photons are more robust ﬂying qubits. In the following
section, a brief overview of key experiments at the interface of quantum optics
and quantum transport will be given.

1.2

State of the art

Michler et al. [5] showed in 2000 that due to Coulomb interactions in a selfassembled quantum dot the emission from the dot under pulsed laser excitation
shows sub-poisonian behavior (and thereby acts as a single photon source). The
lifetime of an optically excited bound electron-hole pair (an exciton) is typically of
the order of nanoseconds. When the quantum dot is re-excited within this period,
multi-excitons can be generated. Due to Coulomb interactions, however, the
emission lines of multi-excitons are separated in energy. Filtering or a microcavity
can select a single exciton line for single photon emission. Single photon emission
since then was not only seen in self-assembled quantum dots, but amongst other
schemes also in GaAs quantum dots embedded in GaAsP nanowires by Borgström
et al.[6] in 2005. Apart from the photon emission statistics, single photon sources
based on quantum dots can be used to generate entangled photons. In 2000
Benson et al. [7] proposed a scheme for creation of entangled photons out of a
quantum dot via the biexciton cascade. In this process two electrons and two holes
are conﬁned in the dot (in the ground state, the so called biexciton singlet state
2X). By successive radiative recombination two photons will exit the dot. Due
to spin selection rules these photons will be polarization-entangled. The scheme
proposed by Benson et al. is based on self-assembled quantum dots. In these
dots strain causes asymmetry in the lateral direction. This means conﬁnement
is diﬀerent for diﬀerent axes, which causes the exciton spin doublet to be nondegenerate[8] (this is caused by electron-hole exchange interaction which will be
discussed in section 2.1.4). In 2002 Santori et al[9] managed to show polarization
correlations of the ﬁrst and second photon, but weren’t able to show entanglement
for this reason. Stevenson et al [10] managed to reduce the electron-hole exchange
splitting by annealing the quantum dots. Akopian et al.[11] by spectral ﬁltering
managed to select the photons that due to homogeneous (lifetime limited) linebroadening of the two exciton transitions have overlapping energy and showed
that these selected photons are entangled.
The experiments mentioned above were all performed under optical excitation.
The conversion of electrons into photons can be done by electrically exciting a
single photon source by means of a p−n junction. At ﬁrst two groups reported on
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optical readout of an electrically excited single self-assembled quantum dot. Yuan
et al et al.[12] in 2002 selected a single dot by etching and found anti-bunching of
the photons from the electrically excited dot, as a proof of single photon emission.
This was done under pulsed and continuous electrical excitation. Schmidt et
al [13] managed to select a single InAs self-assembled quantum dot by making
crossed electrodes on a pin-junction. Single photon emission was shown. Kim
et al.[14] in 1999 used post-structures to fabricate three quantum wells within
a pn-junction. Eﬀectively the device combined an electron with a hole turnstile
device [15] to generate single or n photons in the central well.
In photocurrent experiments, the quantum dot is optically excited and electrically read out. Zrenner et al [16] presented this is a powerful tool, and showed
that a turnstile can be made by applying optical π pulses to a single InGaAs
quantum dot. It was shown that the 2-level-system of the quantum dot can
be excited coherently, as Rabi-oscillations in the photocurrent were observed.
Recently, single spins in self-assembled quantum dots have been initialized, coherently manipulated and read-out within picosecond timescales.[17, 18]. Here,
the manipulation was done by optical excitation. The (yet not achieved) combination of fast optical spin read out with local electrical spin manipulation and
storage would enable preparation and transfer of quantum information.

1.3

System of choice

Although many of the results mentioned above are obtained using self-assembled
quantum dots, the structure has disadvantages for more advanced experiments.
Signal to noise ratio under optical excitation is limited due the the so called
wetting-layer which originates from the growth. And as the quantum dots are
embedded in a high refractive index material, light extraction from a single dot
is limited. The strain-induced electron-hole exchange splitting mentioned above
will also limit the coherence of a future electron spin to photon polarizationconversion.
Stinaﬀ et al. [19] showed by photoluminescence that the electronic levels
of two self-assembled quantum dots can be coupled. However, the controlled
alignment of two and more self-assembled quantum dots combined with electrodes
is a challenge. Crossed electrode geometries as used by Schmidt et al.[13], make
the devices diﬃcult to access with gates for electrostatic manipulation. To move
on from here control is needed over dot-positions, sizes and contacting schemes.
Nanowire-structures oﬀer great prospects for opto-electronics. Due to the material freedom and the controlled growth mechanism it is straightforward to stack
17
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intra-wire quantum dots with high accuracy. Besides heterojunctions along the
axis, core shell structures can also be grown. Any III-V material can in principle
be combined and silicon can be included. In the long term this is important as
Si has zero nuclear spin and electron spin coherence times are therefore long. As
mentioned earlier, quantum dots in nanowires are a proven single photon source.
Furthermore, at certain diameter, nanowires can act as photon-waveguides due
to their high refractive index. In 2003 it was shown that InP nanowires can be
used for single electron transport [20]. Side-gating of InAs nanowires can deﬁne
an electrical quantum dot [21]. Furthermore it was shown that it is possible to
create a nanowire LED by modulated doping along the nanowire axis[22][23].
A main advantage of a nanowire LED containing a quantum dot over a selfassembled quantum dot LED structure is that the electron and hole channel is
naturally aligned with the quantum dot. In addition, the open geometry of the
nanowires makes side gating possible which enables the combination of as-grown
dots (optically active as they conﬁne electrons and holes) with electrostatic gategeometries. In the work presented in this thesis, the ﬁrst steps are taken to
interface quantum optics and quantum transport in nanowire quantum dots. In
the next section an overview of the structure of the thesis is given.

1.4

Outline of this thesis

Since nanowire quantum dots are a novel way to conﬁne electrons and holes, in
Chapter 2 the fundamental nanowire quantum dot properties will be addressed,
and diﬀerences with self-assembled quantum dots will be pointed out. In Chapter
3 the nanowire synthesis and device fabrication will be explained. The devices
presented include nanowire Schottky diodes, LEDs and nanowire quantum dots
which are coupled to lateral gates. In Chapter 4 the clean optical properties of
the nanowire quantum dots will be presented, and electron spins will be optically addressed. The ﬁrst devices are presented in Chapter 5 where we present
photodetection properties of InP nanowires with an embedded quantum dot. In
Chapter 6, the nanowire devices are used to study single electron charging eﬀects
in the quantum dot. In Chapter 7 we study Coulomb interactions in the optically
active nanowire quantum dots by means of lateral gating. To move on to electrical excitation we embedded quantum dots in nanowire LEDs. These results will
be presented in Chapter 8. In Chapter 9, we present nanowires can be synthesized in a scalable manner and demonstrate that the nanowire quantum dots are
a source of single photons. In the closing Chapter 10 the presented results are
discussed and an outlook will be given.

18

Chapter 2
Fundamental properties of nanowire
quantum dots
Maarten van Kouwen1 and Maarten van Weert1

In this Chapter, the fundamental properties of quantum dots in nanowires will
be treated. The Chapter starts with an introduction to the quantum dot geometry and the conﬁnement is discussed, using an eﬀective mass approach. In
section 2.1.3, the optical properties are discussed. In the following section 2.2,
few-particle interactions are explained. The Chapter ends with two sections describing nanowire quantum dots in an electric ﬁeld (section 2.3) and magnetic
ﬁeld (section 2.4). Throughout this Chapter, an attempt is made to point out the
diﬀerences and similarities of nanowire quantum dots compared to self-assembled
quantum dots.

2.1

Conﬁnement

Quantum dots are nanostructures in which electrons and/or holes are conﬁned
to a small region. In this study conﬁnement has been achieved by introducing
a short section of InAsP material in an InP nanowire. Typically, the height of
the InAsP section is less than 10 nm, while the diameter is about 30 nm. See
Figure 2.1a for the nanowire quantum dot geometry. The z-axis is deﬁned along
the growth direction.
In order to calculate the energy levels of heterostructure quantum dots, an
atomistic approach is common [24, 25]. In that case many-body eﬀects of the
1

Both authors contributed equally to this Chapter.
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∼ 106 atoms have to be taken into account. For ﬁxed quantum dot sizes, the
analysis is carefully done for self-assembled quantum dots [24, 25], and more
recently for InAsP quantum dots in InP nanowires [26].
The numerical atomistic calculations require signiﬁcant computing time per
geometry. Hence, this approach is time consuming when studying the eﬀect of
diﬀerent geometries. To understand the inﬂuence of the quantum dot size and
shape on the energy levels, we take an adiabatic eﬀective mass approach [27]
and solve for the energy levels analytically. Assuming that the axial (z) conﬁnement is much stronger than the radial (r,θ) conﬁnement, which will be motivated
later, the nanowire quantum dot conﬁning potential in the axial and the radial
direction can be treated separately. Although side-faceting may occur, resulting
in hexagonal or triangular nanowire cross-sections [28], we assume a cylindrical
cross-section throughout this Chapter.
a)

b)
InAsP

20-50 nm

InP

147
meV

4-8 nm (h)
z

1.42 eV

1.20 eV
73 meV

2-4 µm

InP

InAsP

InP

Figure 2.1: Schematics of the nanowire quantum dot geometry. (a) Typical
dimensions of the nanowire quantum dots under study. (b) Band structure of an InP
nanowire with an InAs0.25 P0.75 quantum dot, presenting the band gap Eg , and the
conduction and valence band oﬀsets, ∆Ec and ∆Ev , respectively.

2.1.1

Conﬁnement in the z-direction

Consider an InP nanowire with a ternary InAsx P1−x quantum dot of height h
(see Figure 2.1a). Here, x is the ternary parameter and has a value between 0
and 1. To calculate the z-direction conﬁnement energies for electrons and holes,
the band gap energy of InP (EgInP ), InAsP (EgInAsP ), and the relative conduction
and valence band oﬀsets, ∆Ec and ∆Ev , are required.
Bulk values for the eﬀective masses of electrons (m∗e ), and heavy (m∗hh ) and
light (m∗lh ) holes are considered for the InP wire. We assume a linear change
in eﬀective mass for the quantum dot, depending on the ternary parameter x.
The eﬀective mass of an electron in the quantum dot is then approximated by
m∗e,InP (1 − x) + m∗e,InAs x. In a similar way m∗hh and m∗lh can be determined for
the quantum dot. The origin of heavy and light holes will be discussed later in
this Chapter in section 2.1.3.
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Table 2.1: Band gaps and particle eﬀective masses for InP and
InAs0.25 P0.75 used for determining the ﬁnite well conﬁnement energy.

Band gapa (eV)
Eﬀective mass electronb (m∗e /m0 )
Eﬀective mass heavy holeb (m∗hh /m0 )
Eﬀective mass light holeb (m∗lh /m0 )
a
b

InP
1.42
0.073
0.6
0.089

InAs0.25 P0.75
1.20
0.061
0.553
0.073

Measured value for a section in a nanowire
Calculated from theoretical InAs and InP bulk values

z-confinement energy (meV)

In table 2.1 we list the relevant eﬀective masses and band gaps of zinc-blende2
InP and the InAs0.25 P0.75 quantum dot. For the band oﬀsets we assume a 66%
(147 meV) oﬀset in the conduction band and 33% (73 meV) in the valence band,
predicted for InAs/InP interfaces in the absence of strain [29]. Now, for a derivation of the one-dimensional ﬁnite well conﬁnement energies as a function of quantum dot height h, we follow a standard textbook approach [30].
Electron (1st orbital)
Heavy hole

Light hole
Electron (2nd orbital)

120
80
40
0

0

5

10

15

20

25

30

Quantum dot height h (nm)

Figure 2.2: Axial conﬁnement energies. Modeled one-dimensional ﬁnite well zconﬁnement energies for electrons (ground and ﬁrst excited state) and holes (light and
heavy) relative to the corresponding band edge, as a function of InAs0.25 P0.75 quantum
dot height h. Conﬁning potential and eﬀective masses as presented in table 2.1.

Figure 2.2 presents the resulting conﬁnement energies for the ground state
conf
conf
conf
electron (Ee0
), heavy hole (Ehh
), light hole (Elh
) and the ﬁrst electron
conf
excited state (Ee1 ) as a function of quantum dot height. As expected, the
2
Although a wurtzite crystal structure is often observed in InP nanowires, electronic properties of this crystal phase are still unknown, except for the band gap.
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conﬁnement energies increase with smaller quantum dot size. In the case of h <
17 nm, the ﬁrst electron excited state conﬁnement energy exceeds the conduction
band-oﬀset and becomes an extended state. For 2 < h < 17 nm, the quantum dot
contains a single z-conﬁned electron level. In absence of strain, heavy holes have
a lower conﬁnement energy than light holes, due to the diﬀerence in eﬀective
mass. Therefore, heavy holes form the valence band ground state. For future
reference, the simulated z-conﬁnement energies are listed for quantum dots of
heights h = 4 nm and 8 nm, respectively, in table 2.2.
Table 2.2: Conﬁnement energies for a quantum dot height of 4 nm and 8 nm.

Quantum dot height (nm)
Electron z-conﬁnement (Econf
) (meV)
e
Heavy hole z-conﬁnement (Econf
hh ) (meV)
Light hole z-conﬁnement (Econf
lh )(meV)

2.1.2

4
79
18
48

8
38
6
26

Lateral conﬁnement

As described in the previous section, the quantum dot conﬁnes only the lowest
orbital in z, since its height is smaller than 10 nm. However, besides the axial
conﬁnement, the (weaker) lateral conﬁnement causes the formation of sublevels.
Following the convention of atomic physics, the lowest energy sublevel is named sshell, the ﬁrst excited sublevel p-shell, and the second excited sublevel is addressed
to as d-shell in optically-active quantum dots.
The energy separation of the s- and p-shell (orbital energy diﬀerence, E sp ) is
highly relevant for photoluminescence experiments, tunneling events, Coulomb
interactions, and exchange interactions, discussed later in this Chapter. In order
to derive the s-p-shell energy splitting E sp , the radial conﬁnement potential is
assumed to be a harmonic potential. Such an assumed potential has proven to
accurately predict the sublevel spacings for self-assembled quantum dots [31].
d-shell

(n,l) = (0,-2), (1,0), (0,+2)

p-shell

(n,l) = (0,-1), (0,+1)

s-shell

(n,l) = (0,0)

Figure 2.3: Shell model in the conduction band for a two-dimensional harmonic potential. Electron shell and spin degeneracy are depicted.
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We model the energy levels in the nanowire by neglecting few-particle interactions and strain. In polar coordinates (r,θ), the two-dimensional harmonic
1
potential in the conduction band is given by V (r) = m∗e ωe2 r2 , in which ωe is
2
the conduction band harmonic oscillator frequency and m∗e denotes the electron
eﬀective mass (table 2.1). The eigenenergies for this potential, can be solved analytically leading to a spectrum known as the Fock-Darwin states[32, 33], which
at zero external magnetic ﬁeld are given by:
En,l = (2n + |l| + 1)�ωe .

(2.1)

Here, n(= 0, 1, 2, . . .) is the radial quantum number, l(= 0, ±1, ±2, . . .) is the
angular momentum quantum number of the oscillator and �ωe is the electrostatic
conﬁnement energy. Note that E0,0 is uniquely assigned to the s-shell, E0,±1 are
degenerate and form the p-shell, while E1,0 and E0,±2 are degenerate and form
the d-shell. When considering the twofold spin-degeneracy of each state En,l the
s, p, and d-shell have two, four, and six degenerate energy levels, respectively.
See Figure 2.3 for an overview.
Conduction band
Valence band

Conduction + Valence band
Conduction + Valence band
infinite well

30 nm

Esp

(meV)

40

20

0
20

60
Quantum dot diameter (nm)

100

Figure 2.4: Radial conﬁnement energies. Modeled one-dimensional harmonic
potential radial conﬁnement energies (E sp ) for electrons in the conduction band, holes
in the valence band and the total conﬁnement (conduction + valence band) as a function
of InAs0.25 P0.75 quantum dot diameter. Grey curve represents the total conﬁnement
for an inﬁnite potential well.

To obtain the energy separation between the shells we assume the potential
V (r) at the edge of the nanowire (r = R, with R the nanowire radius) is limited to
the band oﬀset (∆Ec ) with InP, since during growth a thin InP shell is deposited
around the wire simultaneously with VLS growth. In that case ωe can be derived
as a function of nanowire diameter:
qVc (R) =

m∗e ωe2 R2
= ∆Ec ,
2

(2.2)
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in which ∆Ec is the conduction band oﬀset (see table 2.1). The energy levels are
separated by:
√
2∆Ec 1
E sp = �ωe (R) = �
,
(2.3)
me R
A similar derivation is applicable for the valence band.
In Figure 2.4 �ω(R) is plotted for the conduction and valence band. The
conduction + valence band s-p splitting is also shown (circles). For a nanowire of
30 nm in diameter a total s-p splitting of 24 meV is predicted for the harmonic
potential case. The s-p splitting according to an inﬁnite well potential is depicted
in grey diamonds for comparison. In this case, a splitting of 21 meV is predicted
for a nanowire of diameter 30 nm.

2.1.3

Optical selection rules

Optical selection rules dictate that the total angular momentum should be preserved in the electron-hole recombination and photon generation. Let us ﬁrst
recapitulate the quantum states, and in particular the angular momentum and
spin in our quantum dot.
The angular momentum operator J = Lband + L + S consists of the spin
angular momentum, S, the internal (band) angular momentum Lband , and the
orbital angular momentum of a particle L, originating from the Fock-Darwin
states (see section 2.1.2). The corresponding quantum numbers for the relevant
operators J, Jz , and S are denoted j, jz , and s, respectively.
In bulk InP, the electrons at the conduction band minimum have zero angular
momentum (Lband = 0) since they occupy an s-like orbital. The total angular
momentum, J = Lband + S, is found by including the spin of the electron, S = 12 .
Thus, the projections of the angular momentum, jz , can take the values of ± 12 .
In contrast, holes at the top of the valence band occupy a p-like orbital,
corresponding to Lband = 1. Including the spin of the hole, S = 12 , there are six
possible states for the hole in the valence band. For the two states, for which
J = 12 holds, the corresponding projections along z are jz = ± 21 . For the states
where J = 32 , the four possible values are jz = ± 12 , and ± 32 . The J = 12 states are
split from the J = 32 states by spin-orbit interaction, where the two J = 21 states,
referred to as split-oﬀ bands, are typically a few hundreds of meV’s below the
J = 32 states, and can be neglected [29]. The J = 32 states can be separated in
the light-hole band (jz = ± 12 ), and the heavy-hole band (jz = ± 32 ). In bulk, the
heavy- and light-hole bands are degenerate. Conﬁnement lifts the degeneracy,
due to diﬀerent eﬀective masses. As already mentioned in section 2.1.1, the lighthole states are typically tens of meV’s below the heavy-hole states. As a result,
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the lowest energy optical transition is that between jz = ± 12 electron and jz = ± 32
hole. Interaction between the sublevels can lead to heavy-light hole mixing. The
strength of this intersub-band mixing depends on the diﬀerence in eﬀective mass
along and across the symmetry axis. Furthermore, the strength of the mixing
increases with decreasing dot size [34]. Strain, however, can lead to a weakening
of the intersub-band interaction. In the following, the intersub-band mixing will
be neglected, which is motivated by experiments showing clean selection rules
for holes in self-assembled quantum dots, such as Ref. [35]. In Figure 2.5a, the
diﬀerent energy levels for the electrons and holes are depicted schematically.
Since a circularly polarized photon carries angular momentum of ±� and has
zero spin, the following selection rules should be obeyed for a transition between
two electronic states:
∆jz = ±1,
∆s = 0.

(2.4)

These constraints distinguish the bright exciton states, |M ⟩ = |− 12 ⟩e + |+ 32 ⟩h =
|+ 1 ⟩ and |M ⟩ = |+ 12 ⟩e + |− 32 ⟩h = |− 1 ⟩, from the dark exciton states, |M ⟩ =
|+ 12 ⟩e + |+ 32 ⟩h = |+ 2 ⟩ and |M ⟩ = |− 12 ⟩e + |− 32 ⟩h = |− 2 ⟩. These transitions
are depicted in Figure 2.5a.
A similar derivation can be made for transitions involving the light holes. It
becomes clear which transitions are allowed, when we rewrite the four hole states
in the LS basis:
|j = 32 , jz = 32 ⟩
= |lband = 1, s = 12 ⟩
3
3
1
|j = 2 , jz = − 2 ⟩ = |l√
band = −1, s = − 2 ⟩
√
(2.5)
1
1
2
|j = 32 , jz = 12 ⟩
=
|l
=
1,
s
=
−
⟩
+
|lband = 0, s = 12 ⟩
band
2
√3
√3
1
|j = 32 , jz = − 12 ⟩ =
|l
= −1, s = 12 ⟩ + 23 |lband = 0, s = − 12 ⟩
3 band

According to equation 2.4, the allowed light hole exciton states are |M ⟩ = |+ 12 ⟩e +
|+ 12 ⟩h = |+ 1 ⟩ and |M ⟩ = |− 12 ⟩e + |− 12 ⟩h = |− 1 ⟩. These transitions are shown
in Figure 2.5a. The other two transitions are dark for the optical axis aligned
parallel to the symmetry axis. When the optical axis is aligned perpendicular
to the symmetry axis (as is the case for the lying nanowire geometry), the two
dark exciton states containing light holes, become allowed. Photons with linear
polarization along the symmetry axis can couple to the (lband = 0) part of the
wave function [36]. As a result, all of the four exciton states possible with light
holes are accessible in the lying nanowire geometry, and they couple to linear
photon polarization, along and perpendicular to the symmetry axis.
So far, we have discussed the ground states of the dot. We can extend this to
the excited states using the shell model, introduced in the previous section 2.1.
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We do this for the heavy holes, since these transitions have the lowest energy. The
shell model is taken into account by the orbital angular momentum of the particle
L, originating from the Fock-Darwin states [31]. Since ∆jz = ±1 is fulﬁlled by
the Lband part in J, the change in orbital angular momentum should vanish
∆l = 0. Hence, only transitions between conduction and valence band states
with the same values for l are optically allowed. In Figure 2.5b the optically
allowed transitions in the diﬀerent shells are shown schematically.
a)

b)
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+1/2

σ-

σ+

-1/2

σ-

d-shell
p-shell

σ+

s-shell

hh
s-shell
lh
jz

p-shell
-3/2

-1/2

+1/2

+3/2

d-shell

Figure 2.5: Allowed optical transitions in an ideal quantum dot. (a) Optical
selection rules applied to ground state transitions including spin degeneracy. (b) Energy
levels in conduction and valence band. The allowed optical transitions (∆l = 0) are
indicated by the vertical arrows.

The above is true for the ideal situation, i.e., symmetric and neglecting surroundings. However, in practice, asymmetry in the quantum dot (e.g. geometrical
or crystallographic) leads to an anisotropic exchange splitting of the neutral exciton state. Furthermore, the dots are embedded in a nanowire structure, which
in turn aﬀects the far ﬁeld properties of the dot. These eﬀects will be elucidated
in the following.

2.1.4

Anisotropic exchange splitting

In an external magnetic ﬁeld B the exciton transition exhibits a Zeeman splitting.
This is treated in section 2.4. However, even without applying an external magnetic ﬁeld a splitting can arise from the exchange interaction, which couples the
spins of the electron and hole. This exchange interaction consists of a short range
and a long range contribution. We will discuss the short range term below. The
long range term can be included, by adding its contribution to the short range
interaction [37]. The Hamiltonian for the electron-hole exchange interaction is
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given by
Hexchange = −

∑ (

i=x,y,z

)
3
ai Jh,i · Se,i + bi Jh,i
· Se,i ,

(2.6)

where Jh and Se are the spins of the heavy-hole and electron, respectively, and
the coeﬃcients ai and bi are material-dependent. This interaction energy is more
than a factor of ten smaller than the splitting between heavy and light holes,
hence the light holes are neglected. We can construct a matrix representation
of the Hamiltonian in equation 2.6, by using the bright and dark exciton states
(|+ 1 ⟩|− 1 ⟩|+ 2 ⟩|− 2 ⟩) as a basis. This matrix is as follows [37]


δ0 δ1 0
0

1
0
0 
δ δ
(2.7)
Hexchange =  1 0
.
2  0 0 −δ0 δ2 
0 0 δ2 −δ0
The three coeﬃcients in this representation are δ0 = 3/2 (az + 9/4bz ), δ1 =
3/4 (bx − by ), and δ2 = 3/4 (bx + by ). The coeﬃcients ai in the linear term of
equation 2.6 are larger than the coeﬃcients bi in the cubic term. Hence, the
splitting between the bright and dark excitons, δ0 , is the largest. For a perfectly
symmetric quantum dot (bx = by ) δ1 vanishes. In this case, |+ 1 ⟩ and |− 1 ⟩ are
degenerate eigenstates of Hexchange . When the dot is not perfectly symmetric,
the bright excitons will hybridize: the two eigenstates are symmetric and antisymmetric linear combinations of the two ±1 excitons, split by δ1 , the anisotropic
exchange splitting. In contrast, the dark ±2 excitons always mix, regardless of the
quantum dot symmetry. The splitting between the two new eigenstates (linear
combinations of the ±2 exciton states) is δ2 .
The long range interaction introduces an extra splitting between the two
bright excitons, and has the same form as the short range term. Therefore, it can
be taken into account by adding the corresponding energies to the oﬀ-diagonal
terms that mix the ±1 states [37]. The long range term vanishes for bx = by ,
similar as the short range term.
To summarize, when the dot is symmetric around z, the ±1 exciton states are
(degenerate) eigenstates of the Hexchange Hamiltonian, and the two oppositely
circularly polarized photon states, σ±, can couple to the dot. When the dot
has no rotational symmetry, the (non-degenerate) eigenstates of Hexchange are the
symmetric and anti-symmetric linear combinations of the ±1 exciton states. In
this case, two orthogonally linearly polarized photon states can couple to the dot.
The above is valid for a neutral exciton X0 , with one electron and one hole.
For a singly charged exciton X1− (X1+ ), which will be treated extensively in the
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next section 2.2, the electron-hole exchange interaction vanishes, since the two
electrons (holes) in the excited state form a singlet with zero spin. For the biexciton state 2X0 the exchange interaction also vanishes, because the two electrons
and the two holes both form singlet states. The ﬁnal state of the biexciton transition, however, is the X0 state, and exhibits an anisotropic exchange splitting.
Hence, in luminescence both X0 and 2X0 transitions show (opposite) exchange
splitting. This is shown schematically in Figure 2.6a.
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b)
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Figure 2.6: Electron-hole exchange interaction for the exciton and biexciton.
(a) Energy diagram of the exciton (X0 ) and biexciton (2X0 ) cascade. The exciton state
is split by δ1 due to anisotropic electron-hole exchange interaction. These states are
the ground states for the biexciton transition, which as a result shows an opposite
splitting with respect to the exciton transition. The arrows denoted with H and V
represent horizontally and vertically polarized emission, respectively. (b) Eﬀect of the
alignment of the optical axis on the observation of the emission from the hybridized (bi)exciton states. When the optical axis is aligned parallel to the conﬁnement axis, both
hybridized (bi-)exciton states can be distinguished by polarization (H and V). When
the optical axis is aligned perpendicular to the conﬁnement axis the two hybridized
states are indistinguishable by polarization (H’ and V’).

When the optical axis is aligned with the symmetry axis z, the two linear
polarizations of the hybridized exciton state can both be observed, since both
polarizations are orthogonal to the optical axis. When the optical axis is aligned
perpendicular to the symmetry axis, as is the case for the lying nanowire geometry, both polarization states are projected on the polarization perpendicular to
the optical axis. Hence, the two exciton states are indistinguishable by polarization, or, in the special case where one of the polarization states is aligned with
the optical axis, only one of the hybridized exciton states is observable [38]. This
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is shown schematically in Figure 2.6b.
The anisotropic exchange splitting has important technological implications.
In 2000, Benson et al. [7] proposed a scheme for generating entangled photon
pairs using the exciton-biexciton cascade. However, the anisotropic exchange
splitting prevents measuring polarization entanglement, since in that case the
photons can be distinguished in energy. Recent calculations show that nanowire
quantum dots show no anisotropic exchange splitting due to their highly symmetric shape (circular or hexagonal) and crystal structure (wurtzite, ⟨111⟩) [26].

2.1.5

Nanowire polarization anisotropy

Besides intrinsic polarization properties of the quantum dot, which are described
above, the surroundings can strongly modify the polarization properties in the farﬁeld emission. A nanowire is a structure with a high dielectric constant (ϵ = 12),
and has sub-wavelength lateral dimensions. This will modify the absorption,
scattering, and emission properties of the dot inside the wire. In the limit of
λ ≫ d, the component of an external electric ﬁeld E0 parallel to the wire can
penetrate a cylindrical wire with diameter d fully:
E∥ = E0,∥ .

(2.8)

The component of the electric ﬁeld perpendicular to the wire will be strongly
suppressed inside the wire:
E⊥ =

2ϵ0
E0,⊥ .
ϵ + ϵ0

(2.9)

Here ϵ and ϵ0 are the dielectric constants of the wire and the surroundings, respectively. This polarization anisotropy is experimentally observed by Wang et
al. [39]. However, this approach is only valid when the diameter is much smaller
than the wavelength of the light. When the diameter approaches the wavelength
of the light, as in our case, the scattering and absorption from such a nanowire
structure can be calculated using Mie scattering theory, which will be introduced
in this section.
In the experiments, light can be coupled to the nanowire either perpendicular
to the wire axis, or parallel to the wire axis. The former geometry will be referred
to as the lying nanowire geometry; the latter will be referred to as the standing
nanowire geometry. The standing nanowire geometry is trivial: the dielectrics
are circular symmetric along the light path in this case. The latter geometry is
calculated as follows.
The nanowire is modeled as an inﬁnite cylinder placed in an external ac
electric ﬁeld E0 . This approximation of an inﬁnite cylinder is valid as long as the
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nanowire diameter is much smaller than its length, as in our case. Furthermore
the eﬀect of the dot is omitted in the model, since it has a similar refractive index.
The scattering and absorption of light by a cylinder can be found by starting
with the scalar wave equation in cylindrical coordinates [40]
(
)
1 ∂
∂ψ
1 ∂ 2ψ ∂ 2ψ
r
+ 2 2 + 2 + k 2 ψ = 0,
(2.10)
r ∂r
∂r
r ∂ϕ
∂z
where z is the direction of the nanowire elongation. Separable solutions of 2.10
are of the form
ψ(r, ϕ, z) = Zn (ρ)einϕ eihz ,
√
where ρ = r k 2 − h2 and Zn is a solution to the Bessel equation
(
)
(
)
d
d
ρ
ρ Zn + ρ2 − n2 Zn = 0.
dρ
dρ

(2.11)

(2.12)

The separation constant h is governed by the form of the incident ﬁeld and can be
found by using the boundary conditions between the cylinder and the surrounding
medium. We assume that light comes in with a certain angle ζ with respect to
the nanowire axis. We can now consider two cases: incident electric ﬁeld parallel
or perpendicular to the xz-plane. For both cases one can solve for the scattered
ﬁeld (Es , Hs ) for both parallel and perpendicular polarization, when considering
the boundary conditions for a dielectric interface at r = R, where R is the radius
of the nanowire.
We can subsequently calculate the scattering (Csca,∥ and Csca,⊥ ) and absorption cross sections (Cabs,∥ and Cabs,⊥ ) per unit length by constructing an imaginary
closed concentric surface A of length L and radius R. These cross sections are a
function of the wave vector k, radius a of the nanowire, and the angle of incidence
ζ. To take into account the limited numerical aperture of N A = 0.85, we integrate
Qabs (x, ζ) over the whole solid angle ζ = ζmin . . . π/2, where ζmin = arccos (N A).
The degree of linear polarization in absorption is deﬁned by
ρabs =

Cabs,∥ − Cabs,⊥
.
Cabs,∥ + Cabs,⊥

(2.13)

For the calculations we use a laser wavelength of 532 nm (ﬁgure 2.7a) and 930 nm
(ﬁgure 2.7b), and the dielectric functions of InP, ϵ = 3.68 + 0.42i (532 nm) and
ϵ = 3.39 + 0.011i (930 nm). Mie theory assumes the surrounding of the nanowire
as a homogeneous medium, which diﬀers from our situation where the nanowire
is lying on a substrate. Therefore, to approximate the eﬀect of the substrate we
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Figure 2.7: Polarization anisotropy of the absorption in a lying nanowire.
Calculated degree of linear polarization in absorption as a function of nanowire diameter
for an excitation wavelength of 532 nm (a), and 930 nm (b). In both cases the incident
light is directed perpendicular to the nanowire axis, as is the case for lying nanowire
quantum dots. For the solid (dashed) curve an eﬀective refractive index of n = 1
(n = 1.85) is used.

consider the nanowire as being embedded in a medium with an eﬀective refractive
index, i.e., an average of the refractive indices of the diﬀerent media surrounding
the nanowire: vacuum, SiO2 , and Si. The outcome of the calculations, assuming
an eﬀective refractive index of nef f = 1.85 = 0.5nvacuum + 0.25nSiO2 + 0.25nSi is
represented by the dashed curve in Figure 2.7. As an upper limit we consider
the nanowire in vacuum, thus ignoring the substrate, which is represented by
the solid curve in Figure 2.7. As can be seen in Figure 2.7 one can increase the
degree of linear polarization by measuring the nanowire quantum dot in vacuum,
or decrease it by increasing the nanowire diameter. However, in the latter case
the advantage of the one-dimensional channel of the device is reduced as well.
Furthermore it can be noted that for these calculations, a numerical aperture of
0.85 was used. In experiments, the degree of linear polarization can be increased
(decreased) by using a smaller (larger) numerical aperture.

2.1.6

Waveguiding

The diﬀerence between the lying and standing nanowire geometry is not only
expressed in the polarization properties, as explained in the previous section. The
nanowire geometry also modiﬁes spatial emission proﬁles, since dipole radiation
is strongly dependent on its surroundings.
When a dipole is placed in a cylinder with a high refractive index, this object
will change the dipole’s emission proﬁle [41]. This eﬀect has been simulated using
ﬁnite diﬀerence time domain (FDTD) simulations. In these simulations a 4 µm
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long InP nanowire with varying diameter was placed in vacuum and a dipole with
a polarization along the x-direction was placed in the center of the nanowire. The
intensity proﬁle along the nanowire axis (z) and perpendicular to the nanowire
axis (x and y) was analyzed. The results are presented in Figure 2.8a for diﬀerent
nanowire diameters.
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Figure 2.8: Waveguiding in an InP nanowire. (a) Calculated intensity proﬁles
along z, y, and x directions (from top to bottom) using FDTD simulations, in which a
x-polarized dipole is placed in the center of a 4 µm long InP nanowire with its elongation
axis in the z direction. From left to right, the results of a nanowire with 10 nm, 30 nm,
80 nm (x 0.05), and 100 nm (x 0.005) diameter are shown. (b) Integrated intensity
proﬁles, normalized to the total dipole emission, along the three directions z (squares),
y (circles), and x (diamonds), as a function of nanowire diameter.

The integral of the intensity proﬁles in the diﬀerent directions, normalized to
the total intensity emitted by the dipole, is a measure of the intensity measured
in the far ﬁeld in the corresponding direction, when using a numerical aperture
of 0.45. The results of this integration are shown in Figure 2.8b. In the case of
a 10 nm diameter nanowire, the intensity proﬁle resembles the proﬁle of a dipole
emitting in vacuum, as expected. With larger diameters, the emission tends to
get ’squeezed’ along the nanowire axis, which is not only observed in the twodimensional ﬁeld proﬁles, but also is a clear trend in the integrated intensity as
a function of nanowire diameter. These results predict a large diﬀerence in the
intensity measured in the lying and standing nanowire geometry. This diﬀerence
can become profound when taking the (high refractive index) substrate into account. The exact measured intensity in the lying nanowire geometry depends,
however, on the exact dipole orientation with respect to the optical axis. Furthermore, tapering and scattering by the gold particle or metal contacts have
been neglected.
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2.2

Few-particle interactions

In the description of the quantum dot energy levels in section 2.1, Coulomb interactions were neglected. In this section we will ﬁrst introduce the relevant Coulomb
forces when conﬁning more than one charged particle in a nanowire quantum dot.
Second, we will present the expected optical s-shell recombination energies as a
function of excess charge on the quantum dot, as correct understanding of the
eﬀect of resident charges on the emission spectrum provides optical read-out of
the number of electrons on the quantum dot.

2.2.1

Coulomb interactions

In bulk InAs0.25 P0.75 the size (given by the exciton Bohr radius aX ) and binding
energy (Veh ) of the exciton are given by:
aX =

4πϵh2
m∗X q 3
= 11 nm; Veh =
= 6 meV,
∗ 2
mX q
(32(πhϵ)2 )

(2.14)

In which m∗X = (1/m∗e + 1/m∗hh )−1 is the exciton eﬀective mass, q is the elementary charge, h is Planck’s constant and ϵ is the dielectric constant. In strongly
conﬁned systems (when the quantum dot radius is smaller than the bulk Bohr
exciton radius aX ), the energy is quantized by the uncorrelated electron and
hole single particle orbitals presented in section 2.1. In this regime, Coulomb
interactions (like Veh ) can be regarded as a perturbation of the single particle
energies [42]. When compared to the bulk Bohr radius (aX ) of 11 nm, a nanowire
quantum dot with a 15 nm radius is on the boundary of strong conﬁnement.
To determine the eﬀective conﬁnement in a quantum dot, however, one should
consider the actual shape of the potential. For the ground state heavy hole (hh)
and electron (e) for a nanowire quantum dot of 15 nm in radius, in the harmonic
conﬁning potential presented in section 2.1, the modeled characteristic length
)−1
(√ ∗
mhh ωhh
= 5.3 nm for the hole
at a radius of 15 nm is given by Lhh
0 =
√
and Le0 = ( m∗e ωe )−1 = 7.7 nm for the electron. Therefore, despite the larger
nanowire radius, we will assume strong conﬁnement in our nanowire quantum
dots in the remainder of this thesis. As a result we treat the single particle
conﬁnement energies and Coulomb interactions independently [42].
As can be seen from the bulk exciton binding energy of 6 meV, direct Coulomb
interactions in InAsP are low due to the high dielectric constant (ϵ ∼ 4ϵ0 ). Two
main eﬀects contribute to a higher binding energy in nanowire quantum dots: i)
localization of the single particle wave functions enhances their interaction and
ii) the interface between the nanowire and vacuum gives rise to image charges
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due to the high dielectric-constant mismatch. Taking these eﬀects into account,
it has been calculated that for InAs quantum dots in InP nanowires the binding
energy can be 40-60 meV [43].
In case electron and hole wave functions are identical the magnitude of electronelectron repulsion Vee is equal to the electron-hole attraction (Vee = −Veh ). Howe
ever, since Lhh
0 < L0 , the ground-state electrons are less conﬁned (less localized)
than the holes. As a result, Vee is reduced and Vee < −Veh [27]. This diﬀerence will become important when analyzing the eﬀective Coulomb interactions
between charges residing in the quantum dot, as we discuss next.

2.2.2

Charge eﬀect on exciton energy

Charge eﬀects in optically active quantum dots can be divided in two classes: i)
interaction between the Ne electrons or Nhh holes residing in the quantum dot
at thermal equilibrium [44], and ii) the electron and hole recombination energy
Eehr (Ne + 1, Nhh + 1) as a function of the number of resident carriers Ne , Nhh [45,
46]. The number of resident carriers is determined by the chemical potential
µ, which is deﬁned as the energy needed to add an additional N th electron to
the quantum dot (µ(Ne ) = E(Ne ) − E(Ne − 1)). As the quantum dot chemical
potential can be changed by electrical gates or Schottky contacts, the number of
resident charges can be tuned. Mechanisms for charge-tuning will be presented
in section 2.3. We ﬁrst focus on the charging energies µ(0) to µ(3) and present
the expected exciton recombination energies of X0 , X1− , X2− , and X3− .
Let us consider an empty quantum dot at zero temperature. We deﬁne the
chemical potential as zero when the Fermi-level is aligned with the bottom of the
InAsP conduction band (µ(0) = 0). Given a total conﬁnement energy of Ee for
the electron, Ehh for the hole, a quantum dot band gap Eg and a binding energy
Veh , the minimum photon energy Eehr (1, 1) needed to excite a bound electron
hole-pair in the ground state of the quantum dot (X0 ) is given by
µ(0) = 0

Eehr (1, 1) = Ee + Ehh + Eg − Veh = E(X 0 )

(2.15)

The upper left panel of Figure 2.9 presents the initial and ﬁnal state for Eehr (1, 1).
Using table 2.2 for Ee and Ehh and assuming a binding energy of Veh = 40 meV,
the expected recombination energy for the neutral exciton (X0 ) for a 4 nm high
InAs0.25 P0.75 quantum dot is then E(X 0 ) ∼ 1.34 eV. The absolute values for the
excitonic energies depend highly on the details of the Coulomb interactions. To
get a qualitative picture we will express charge state recombination energies with
respect to the neutral exciton energy. For simplicity we will omit the band gap
energy Eg in the following.
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Figure 2.9: Band diagrams of neutral and charged excitons. Initial, ﬁnal and
ground state quantum dot occupation for X 0 (upper left panel), X 1− , (upper right
panel) X 2− (middle panel) and X 3− (bottom panel) including exchange interaction
and asymmetry eﬀects.

Let us consider a quantum dot which possesses an excess electron. As the
electron occupies the s-shell, a charging energy of µ(1) = Ee is added by the
surrounding material or gates. To excite an additional electron-hole pair (X1− )
electron-electron repulsion Vee and twice Veh have to be taken into account:
µ(1)
= Ee − 0 = E e
Eehr (2, 1) = (Ee + Eh + Vee − 2Veh ) = E(X 1− )

(2.16)
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See the top right panel of Figure 2.9 for the initial and ﬁnal state of Eehr (2, 1).
Quantum dots with a small number of radially conﬁned shells have limited scattering of the resident electrons to higher orbitals. Therefore we neglect X1−
renormalization due to correlations [47]. Under this assumption the diﬀerence in
energy between X1− and X0 emission is:
E(X 1− ) − E(X 0 ) = Vee − Veh .

(2.17)

The relative conﬁnement lengths Le0 and Lhh
0 aﬀect the relative values for Vee
and Veh . For InGaAs quantum dots of comparable radial size, the energy X0 and
X1− as function of the relative conﬁnement strength has been calculated within
a direct-diagonalization approach [27]. In this approach all possible electronelectron and electron-hole Coulomb interactions are accounted for.

Figure 2.10: Energy of X0 , X1− and X2− as a function of the relative conﬁnement strengths. Relative conﬁnement strengths are expressed as the eﬀective
e
conﬁnement of the hole divided by that of the electron, Lhh
0 /L0 . Data taken from
Findeis et al. [48]
e
The calculated conﬁnement ratio Lhh
0 /L0 for our nanowire quantum dots is
0.8. Figure 2.10 indicates that the expected energy diﬀerence between X0 and
X1− emission in our nanowire quantum dots is −3 to −2 meV and Vee < Veh . An
overview of the Coulomb interactions is presented in Figure 2.11.
A second additional electron forms a spin-singlet in the s-shell with the ﬁrst
electron. The charging energy does not involve orbital energy and the chemical
potential has to be increased by Vee only:

µ(2) = Ee + Vee − Ee = Vee

(2.18)

For excitation of Eehr (3, 1) one has to add the orbital energy, as the electron s-shell
is occupied. The photo-excited hole can relax to the s-shell of the valence band
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Figure 2.11: Coulomb and exchange interaction energies relevant for X0 ,
X1− and X2− . When adding electrons e and holes h, Veh : e-h Coulomb attraction
energy, Vee : e-e repulsion, ∆sp : s-p exchange interaction energy. E0 : empty QD, Ee :
1 electron, Ene+mh : n electrons and m holes on the QD. X1− and X0 are separated by
Vee − Veh , X2− and X0 are separated by 2(Vee − Veh ) ± ∆sp . Orbital energies and band
gap have been omitted.

within picosecond timescales. Due to angular momentum conservation presented
in section 2.1.3, the hole can only recombine with an electron occupying the sshell. The recombination energy Eehr (3, 1) is therefore lower than the excitation
energy Eehe (3, 1). When neglecting spin exchange interactions:
Eehe (3, 1)

= Eep + Ehp − 3Veh + 2Vee ,

while
Eehr (3, 1)

= Ees + Ehs − 3Veh + 2Vee = E(X 2− )
(2.19)

leads to
E(X 2− ) − E(X 0 )

= 2(Vee − Veh ),

and
Eehe (3, 1) − Eehr (3, 1) = (Eep − Ees ) + (Ehp − Ehs ) = Eesp + Ehsp ,

p
s
where Ee/h
and Ee/h
represent the energy of an electron/hole in the s or p shell
sp
respectively and Ee/h
is the orbital energy splitting caused by the lateral conﬁnement. Here, the Coulomb interactions between carriers in diﬀerent shells are
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assumed to be the same as for carriers both residing in the s-shell for simplicity.
Before photon emission, Ehsp is removed from the quantum dot by the phononmediated hole relaxation mentioned before. After photon emission, the quantum
dot s and p-shell both contain a single electron. This is a non-equilibrium situation as µ(1s , 1p ) = µ(2) + Eesp . In the intermediate state ((1s , 1p )), the energy of
the quantum dot depends on the relative spin conﬁguration (singlet or triplet) of
the two electrons. The possible spin orientations in the (1s , 1p ) state are:

|S ⟩ =

√1

(↑↓ − ↓↑)
↑↑
↓↓
|T ⟩ =

 √1 (↑↓ + ↓↑)
2
2



(2.20)

The s-p exchange interaction causes the Coulomb repulsion for |T ⟩ is weaker,
while leading to a higher repulsion energy for |S ⟩ [49] (see Figure 2.9). As a result,
2−
two emission lines (X2−
t , higher energy and Xs , lower energy) are observed for
2−
X recombination.
The middle panel of Figure 2.9 presents an overview of the photon emission
2−
initial and ﬁnal states for X2− . The splitting between the X2−
t and Xs transition
is twice the s-p electron exchange energy ∆sp [50]. After recombination, the pshell electron relaxes by emitting a phonon to the s-shell and µ(2) equilibrium
is restored. It has to be noted that the triplet |T ⟩ state requires a spin-ﬂip to
relax. Re-excitation is more probable in this case, and as |T ⟩ is three times more
probable than |S ⟩, X2−
is usually (more than) three times brighter than X2−
t
s .
To add a third resident electron, one has to provide the Coulomb repulsion
and the orbital energy to the system:

µ(3) = Eep + 3Vee − (Ees + Vee ) = Eesp + 2Vee = �ωe + 2Vee ,

(2.21)

in which Eesp is the orbital energy splitting caused by the lateral conﬁnement
potential, discussed in section 2.1. Let us ﬁrst assume a cylindrical quantum dot
in absence of spin exchange interaction. For excitation of an additional electron38
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hole pair (Eehe (4, 1)) and corresponding recombination (Eehr (4, 1)) holds:
Eehe (4, 1)

= Eep + Ehp − 4Veh + 3Vee ,

while
Eehr (4, 1)

= Ees + Ehs − 4Veh + 3Vee = E(X 3− )
(2.22)

leads to
E(X 3− ) − E(X 0 )

= 3(Vee − Veh ),

and again
Eehe (4, 1) − Eehr (4, 1) = Eesp + Ehsp .

After recombination, two electrons remain in the p-shell of the quantum dot while
there is an unpaired electron in the s-shell: µ(1s , 2p ) = µ(3) + Eesp . The energy of
the intermediate state µ(1s , 2p ) depends on the quantum dot symmetry and the
spin exchange interaction. The bottom panel of Figure 2.9 shows scenarios for the
X3− state. The upper scenario describes a system with perfect cylindrical symmetry. Similar to the case of X2− , this leads for X3− to two, energetically distinct,
spin conﬁgurations with diﬀerent exchange interaction energies [51]. However, a
reduced quantum dot symmetry can result in a splitting of the p-shell states.
If this splitting (∆E) is larger than the s-p spin exchange interaction, the two
p-shell electrons will occupy the same orbital as shown in the middle panel of
Figure 2.9. The two ﬁnal states are energetically equivalent and a single emission
line is expected for X3− . This eﬀect was ﬁrst observed in self-assembled InGaAs
QDs [52].
When increasing the excitation intensity, biexciton complexes occur as the
quantum dot is re-excited before single exciton recombination (see Figure 2.12),
thereby creating Eehr (2, 2). Single photon emission to the µ(1, 1) state gives:
µ(1, 1)
Eehr (2, 2)

= Ee + Eh − Veh − 0 = E(X 0 )
= (Ee + Eh + Vee + Vhh − 3Veh ) = E(2X 0 );

E(2X 0 ) − E(X 0 ) = (Vee + Vhh − 2Veh ),
and
E(2X 0 ) − E(X 1− ) = (Vhh − Veh ),

(2.23)

in which Vhh is the hole-hole Coulomb repulsion. As holes are more localized,
Vhh is expected to be larger than Veh and 2X0 is at higher energy than X1− .
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Depending on the details of Vee and Vhh the biexciton energy can be higher or
lower than the energy of X0 emission.
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Figure 2.12: Coulomb interaction energies relevant for 2X0 . Energy renormalization of 2X0 compared to the X1− and X0 emission energies. When adding electrons
e or holes h, Coulomb interaction energies are depicted: Veh : e − h Coulomb attraction
energy, Vee : e − e repulsion. Energy plateaus: E0 : empty QD, Ee : 1 electron, Eh : 1
hole, E2e : 2 electrons, Ee+h : X0 before decay, E2e+h : X1− before decay, E2e+2h : 2X0
before decay. Orbital and band gap energies are neglected.

2.3

Single electron charging

The Coulomb interactions, described in the previous section not only aﬀect the
emission energies, but also inﬂuence tunneling probabilities under an applied
electric ﬁeld. In this section we present the two main requirements to control the
charge in a nanowire quantum dot: i) ability to change the chemical potential
(µ) in the quantum dot and ii) suﬃcient tunnel coupling between the dot and its
surroundings.
The electrochemical potential in the nanowire can be tuned by metallic gates
isolated from the nanowire by a dielectric. The gate geometry deﬁnes a gate
coupling parameter α, which is deﬁned as α = ∆EF /q∆Vgate , in which ∆EF
is the change in Fermi-level and ∆Vgate is the change in applied gate voltage.
For ﬁnite α, a change in gate voltage causes a repositioning of the nanowire
conduction and valence bands with respect to the Fermi-level. Note that EF is
related to µ: EF = µ − eϕ in which ϕ is the electric potential. For a grounded
nanowire, away from the (Schottky) contacts ϕ = 0 and EF = µ. Therefore
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repositioning of the Fermi-level tunes the quantum dot charge state, provided
that the charges have a ﬁnite tunneling time. In addition to the eﬀects on the
quantum dot, the change in chemical potential also aﬀects the charge density in
the nanowire. See Figure 2.13 for a simpliﬁed picture of the gating eﬀect.
EF

gate potential

++++++

------

Figure 2.13: Working principle of an electrostatic gate. from left to right the
electrochemical potential EF is lowered with respect to the quantum dot energy levels,
resulting in discharging of the quantum dot.

An electric ﬁeld along the nanowire elongation axis tilts the energy bands as
shown in Figure 2.14. As the bias voltage increases, the tunnel barrier is reduced
and the tunneling probability for the electrons increases. At high electric ﬁeld,
the conﬁned charge carriers are able to tunnel out of the quantum dot and can
be detected as a current. This process is called Fowler Nordheim tunneling [30].
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Figure 2.14: Single electron tunneling.
(a) Change in tunneling distance/probability with increasing electric ﬁeld. Carrier tunneling distance depicted by
dotted line. Long distances correspond to low tunneling probabilities. (b) Schematic
diagram of relevant energies for tunnel events from the nanowire quantum dot.

Assuming a triangular tunnel barrier in the z-direction, the tunnel probability
can be derived from the time independent Schrödinger equation with use of the
th
WKB approximation. The tunnel probability for the Ne(h)
electron (hole) in the
conduction band (valence band) Te(hh) depends on the ﬁeld Fz across the quantum
dot according to
√


2qm∗e (∆Ec − µ (Ne ))3
4
,
(2.24)
Te (Ne ) = exp −
3
�Fz
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in which ∆Ec is the band oﬀset. A similar tunnel probability can be deﬁned for a
hole. For the ﬁrst electron, µ(1) is simply Ee , the conﬁnement energy of the ﬁrst
electron orbital. In that situation the tunnel barrier height is given by ∆Ec − Ee ,
as presented in Figure 2.14b. Note that for Ne > 1 the tunnel barrier is lower
since µ(2) > µ(1). Hence, higher charge-states tunnel at lower applied ﬁeld Fz .
To determine the single electron tunneling probability we take a semiclassical
approach (∆Ec − µ (Ne ) = 1/2m∗e v 2 ) to obtain the single particle bounce rate:
√
∆Ec − µ (Ne )
A=
,
(2.25)
2m∗e hz
where hz represents the height of the quantum dot. The ground state electron
tunnel probability after time t is then given by:
Pe (t, F⃗ ) = 1 − exp [−ATe (Fz )t] .

(2.26)

Besides tunneling of resident charges, the applied bias can also cause photoexcited carriers to tunnel. For X0 we model the escape rate Γesc by assuming that
the binding energy can be subtracted from Ee . In that case the tunnel barrier
height becomes ∆Ec − (Ee − Veh ). From this it can be seen that the escape
will occur at a higher electric ﬁeld than the single electron tunneling mentioned
before.
In case the (dis)charging and escape rates are probed by photoluminescence,
the radiative lifetime determines the maximum time the optically excited states
are residing in the quantum dot. In the following we assume that the radiative
lifetime ((Γrad )−1 ) does not depend on the applied electric ﬁeld Fz (correct to
ﬁrst order as the ﬁeld is applied in the strongest conﬁnement dimension z [49]).
The two competitive mechanisms, radiation and tunneling, and their rates
e
Γrad and Γesc = ∂P
lead to a reduced eﬀective lifetime of X0
∂t
(τX 0 )−1 = Γesc + Γrad .

(2.27)

The photocurrent is proportional to Γesc τX 0 , while the X0 photoluminescence is
proportional to 1 − Γesc τX 0 .
In the case of X1− , the ﬁnal state tunnel probability is higher than the initial
state tunnel probability, since the optically excited hole binds the two electrons
(Vee < Veh ). In addition, the initial state of X0 is higher in energy than X1− ,
as discussed before in section 2.2 and presented in Figure 2.11. An electron
can tunnel on the dot to lower the energy and form the X1− initial state. This
tunnel event at rate Γcharge has to occur within the radiative lifetime of X0 .
An estimation for the stable X1− photoluminescence voltage range is made by
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Occupation probability (P)

comparing the unbound electron tunnel probability Γdischarge of the X1− ﬁnal
state to Γcharge and thereby the radiative lifetime of X0 . The resulting X0 and
X1− normalized photoluminescence, and normalized photocurrent are plotted as
a function of the applied electric ﬁeld in Figure 2.15. In this model, the dot height
is hz = 4 nm, and the electron-hole binding energy is set to Veh = 25 meV.
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Figure 2.15: Voltage dependent tunneling. Quantum dot occupation of single
electron (solid curve) and X0 (dashed curve). Dotted curve depicts the normalized
photocurrent.

2.4

Quantum dots in a magnetic ﬁeld

In this section the inﬂuence of a magnetic ﬁeld B on the exciton emission is
discussed. On the one hand there are the conventional Faraday and Voigt conﬁgurations, where the optical axis is aligned with the symmetry axis, and the
magnetic ﬁeld is either parallel (Faraday), or perpendicular (Voigt) to the symmetry axis. On the other hand, when using the geometry of a nanowire lying on
a substrate, the magnetic ﬁeld and the optical axis are both perpendicular to the
symmetry axis. This geometry is referred to as the lying nanowire conﬁguration.
All three conﬁgurations are discussed below. The focus of these paragraphs is the
Zeeman interaction from the magnetic ﬁeld acting on the spins of the electronhole pair, and the polarization of the emitted photons. In addition to the Zeeman
interaction the B-ﬁeld induces a diamagnetic shift. This is explained in the last
paragraph of this section.

2.4.1

Faraday conﬁguration

The Hamiltonian of the electron and hole spins in a magnetic ﬁeld is as follows [37]:
∑
HZeeman = µB
(ge,i Se,i − gh,i Jh,i ) Bi ,
(2.28)
i=x,y,z
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where µB is the Bohr magneton, ge and gh are the electron and hole Landé
g factors, and B = (Bx , By , Bz ) is the applied magnetic ﬁeld. Note that the
g-factors are anisotropic in general: their values are dependent on crystal axis
orientation, conﬁnement, strain; quantities which are all anisotropic.
When a magnetic ﬁeld is applied parallel to the symmetry axis, B = (0, 0, Bz ),
the Hamiltonian 2.28 in the basis of bright and dark exciton states
(|+ 1 ⟩|− 1 ⟩|+ 2 ⟩|− 2 ⟩), is as follows:


+(ge,z +gh,z )
0
0
0
µB B 
0
−(ge,z +gh,z )
0
0

HZeeman =
(2.29)

.
0
0
−(ge,z −gh,z )
0
2
0
0
0
+(ge,z −gh,z )

Since rotational symmetry is preserved in this conﬁguration, the matrix has diagonal form and no (extra) mixing occurs. It is convenient to introduce the exciton
g-factor gexc = ge + gh . The two Hamiltonians 2.7 and 2.29 can now be combined to obtain the total Hamiltonian for a neutral exciton X0 . At low magnetic
ﬁelds the exchange interaction dominates, and the emitted photons will have linear polarizations due to hybridization of the ±1 and ±2 states, as explained in
section 2.1.4. At higher magnetic ﬁelds the diagonal matrix elements, which are
proportional to B, start to dominate, and the exchange can be neglected. In
this case, the ±1 and ±2 excitons form eigenstates of the Hamiltonian. As a
result, the emitted photons will have circular polarization, according to the spin
M = ±1 of the exciton. Furthermore, the energy diﬀerence between the two
bright exciton states is proportional to the magnetic ﬁeld, with a proportionality factor of gexc µB . The same holds for the dark excitons. A schematic of the
resulting energy levels of an exciton in a B-ﬁeld using Faraday conﬁguration is
shown in Figure 2.16a. For a charged exciton X1− the exchange interactions are
absent and the Hamiltonian simpliﬁes to equation 2.29, a linear dependence.

2.4.2

Voigt conﬁguration

We start with the same Hamiltonian 2.28 as in the previous paragraph. In the
Voigt conﬁguration, the magnetic ﬁeld is aligned perpendicular to the symmetry
axis, B = (Bx , By , 0). For simplicity, we choose By = 0. The matrix form of
Hamiltonian 2.28 becomes in this case:
( 0 0 ge,x g )
h,x
µB B
0
0 gh,x ge,x
HZeeman =
.
(2.30)
ge,x gh,x 0
0
2
gh,x ge,x 0
0
In contrast to the Faraday conﬁguration, this matrix does not have diagonal
form, causing the bright and dark excitons to mix. As a result, the optical
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Figure 2.16: Neutral exciton levels as a function of magnetic ﬁeld. Due
to exchange interaction the dark ±2 excitons are split from the bright ±1 excitons
by δ0 . Both bright and dark exciton pairs hybridize due to the anisotropic exchange
interaction. (a) With increasing magnetic ﬁeld B in the Faraday conﬁguration the
bright and dark exciton pairs split. When the magnetic energy gexc µb B is stronger
than the exchange energies δ1 , δ2 , a linear dependence of the exciton splitting on the
B-ﬁeld is found. (b) With increasing magnetic ﬁeld B in the Voigt geometry, the
bright and dark exciton pairs split. With increasing magnetic ﬁeld, both bright and
dark excitons split and mix, since the B-ﬁeld destroys the circular symmetry.

transition of the dark excitons become weakly allowed and are observable in
luminescence. At ﬁnite magnetic ﬁeld, the direction of B becomes the principle
axis of rotation. Since the optical axis is perpendicular to the axis of rotation,
the observed polarization of the emitted photons will be linear in this case. A
schematic of the resulting neutral exciton energy levels in a B-ﬁeld using Voigt
conﬁguration is shown in Figure 2.16b. For a charged exciton X1− the dependence
is similar, except that the exchange interactions vanish. Hence, by applying a
magnetic ﬁeld, the X1− single emission line will evolve in four emission lines, since
the dark exciton states become weakly allowed due to mixing.

2.4.3

Lying nanowire conﬁguration

This geometry is diﬀerent from the two geometries discussed above. In this case,
the optical axis is not along the symmetry axis. Since the magnetic ﬁeld is also
aligned perpendicular to the symmetry axis (similar as for the Voigt geometry),
the matrix form of the Hamiltonian 2.28 is the same as shown in equation 2.30.
However, the observed polarizations of the emitted photons will be diﬀerent. At
high magnetic ﬁeld, the principal axis of rotation is determined by B. Since the
B-ﬁeld and the optical axis are oriented parallel in this case, the emitted photons
carry circular polarization.
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2.4.4

Diamagnetic shift

Besides acting on the spin of the particles, the magnetic ﬁeld also acts on the
exciton. The energy of the exciton can be written as [53]:
Eexc (B) = Eexc (0) + γ1 B + γ2 B 2 + . . . .

(2.31)

For weak magnetic ﬁelds, the quadratic term is dominant. In the strong conﬁnement regime gamma2 = γ as a function of dot radius R is given by:
(
)
e
1
1
2
2
⟨r
⟩
+
γ(R) ∼
⟨r
⟩
,
(2.32)
e
hh
8 m∗e
m∗hh
in which ⟨re ⟩ and ⟨rhh ⟩ are the electron and hole eﬀective conﬁnement lengths.
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Figure 2.17: Diamagnetic shift as a function of lateral conﬁnement. The
two extreme cases are shown here as a function of diameter: the strong conﬁnement
regime (solid curve), where electron and hole radii are determined by the conﬁnement
potential, and the weak conﬁnement (dashed line), where electron and hole radii are
determined by the exciton Bohr radius.

Figure 2.17 shows the dependence of the diamagnetic shift on the lateral
radius of the dot, for both the strong conﬁnement limit, and the weak conﬁnement
limit. For the strong conﬁnement calculation, the eﬀective conﬁnement lengths
for the electron and the hole are estimated to be half of the nanowire radius (see
section 2.2) by using the values of m∗ and E conf , shown in tables 2.1 and 2.2,
respectively. For the weak conﬁnement calculation, the exciton Bohr radius aX is
used as eﬀective conﬁnement length. Measurement of the diamagnetic shift γ can
be used to estimate the quantum dot size, as we do in Chapter 4 and compare
this value with TEM.
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Chapter 3
Nanowire opto-electronic device
fabrication
Before the novel properties of opto-electrical nanowire devices are presented in
the following Chapters, the device fabrication techniques are addressed here.
In section 3.1, the nanowire synthesis will be explained and relevant nanowirestructures (considering material and shape) will be discussed. The means of processing of the nanowires into functional opto-electrical devices will be presented
in section 3.2.

3.1

Nanowire synthesis

The bottom-up synthesis (often referred to as ”growth”) of nanowires is a chemical process, in which material is site selectively deposited on a substrate. The
material can be introduced by chemical vapor deposition (CVD)[54, 55], molecular beam epitaxy [56], chemical beam epitaxy [57] or laser ablation[58, 59]. The
nanowires studied in this thesis are grown by metal-organic CVD (MOCVD),
since MOCVD is the standard technique in semiconductor industry. This technique is also referred to as metal-organic vapor phase epitaxy (MOVPE). For
nanowire growth, it is needed to resrict the material deposition to certain areas on the substrate. In the following part we discuss two MOVPE based
nanowire growth mechanisms, vapor liquid solid (VLS) nucleation and selective
area MOVPE (SA-MOVPE), for which site selectivity is obtained by a metal
catalyst or an etched mask of SiO2 , respectively.
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3.1.1

Vapor Liquid Solid nanowire growth

During nanowire growth using the vapor liquid solid[60] technique, a metal colloid
is introduced as a catalyst for nucleation. In Figure 3.1a ﬁve diﬀerent phases of
the nanowire growth are depicted. At ﬁrst, colloids, in our case consisting of
gold, are dispersed on a substrate. In a second step the substrate is heated up
to 420 ◦ C in a MOVPE chamber and precursors are introduced by a carrier gas
(hydrogen). In the case of InP nanowires, trimethylindium (TMI) and phosphine
(PH3 ) are introduced to the growth chamber, forming an alloy with the gold. In
the third phase, the gold particle super-saturates and an InP nanowire section
starts to grow at the gold-substrate interface1 .
To obtain a heterostructure (possibly a quantum dot) in the nanowire, the
PH3 partial pressure is (partly) replaced by arsine (AsH3 ) in step four to grow
InAs(P) (see Figure 3.1a). In a ﬁfth and last step, the nanowire is completed with
the growth of a second segment of InP. In the VLS growth mode, the diameter of
the nanowire is set by the size of the colloids, which in this research typically have
a diameter of 20 nm. The length of the InP and InAsP segments are controlled
by the growth time. For the quantum dots, the size (and therefore growth time)
is very critical. To obtain a total quantum dot height of 5-10 nm a typical
growth time is set to 1 to 3 seconds. See Figure 3.1a for the dimensions of the
InP-InAs(P)-InP nanowires under investigation. In Figure 3.1b a transmission
electron micrograph (TEM) of an InP nanowire is presented. Here, the InAsP
quantum dot is visible by a change in contrast. The density of the nanowires is
determined by the density of colloids spun on the substrate. Figure 3.1c shows InP
nanowires on their 111-B InP growth substrate. InP nanowires have a wurtzite
crystalstructure and grow epitaxially in the [111] direction[59], which is shown in
Figure 3.1c. Vertical growth is also possible on silicon substrates[62].
In addition to the growth of heterostructures, VLS growth allows for the
incorporation of dopants in the nanowire. For instance, Se atoms form a donor
when introduced in an InP nanowire to fabricate n-type segments, while Zn atoms
form an acceptor to fabricate p-type segments. By changing the impurity gases
during growth, it is possible to fabricate intra-nanowire p-n junctions for light
emitting diodes (LEDs). Here it is important to note that in order to prevent
sulphur overgrowth of the p-type section of the nanowire, the n-type section has
to be grown ﬁrst.
Another important degree of freedom is that the nanowires can be surrounded
by a shell by increasing the temperature to 660 ◦ C in the growth-chamber. A
1
The VLS growth mechanism for nanowires is a point of debate: for nanowires grown by
chemical beam epitaxy it was stated that the gold particle is actually solid[61]
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Figure 3.1: (a) Nanowire synthesis by the VLS mechanism. Subsequent diagrams
(1-5) represent diﬀerent steps. 1, Gold colloid deposited on substrate. 2, Precursor
atoms absorbed by the gold particle create an In-Au alloy during annealing. 3, When
supersaturation is reached, InP precipitates under the In-Au droplet and nanowire
growth starts. 4, The nanowire composition is tuned by changing the precursor gases.
5, Schematic of the resulting nanowire with embedded quantum dot. (b) TEM image
of an InP nanowire including an InAsP quantum dot. (c) SEM image of a high density
yield of nanowires.

shell is added to passivate the nanowire and quantum dot surface or for the
creation of optical cavities. Without intentional shell-growth, the nanowire side
walls thicken slightly because surface growth competes with the VLS process. In
addition, diﬀusion of material on the surface occurs. Therefore, InP nanowires
grown by VLS are usually tapered (the diameter at the top is smaller than at the
base, see for instance Figure 3.1b).
The distribution of the gold colloids sets the nanowire positions. Since the
nanowire growth rate depends on the size of the gold droplets and on the distance
between the nanowires,[63] a homogenous nanowire distribution is beneﬁcial for
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the reproducibility of quantum dot growth and device properties. A recent development is the possibility to deﬁne the position of the golden catalysts by
nano-imprint and thereby create arrays of nanowires with a speciﬁed pitch[64].
Another way to create arrays of nanowires is selective area MOVPE which is
discussed next.

3.1.2

Selective area MOVPE

In the selective area MOVPE (SA-MOVPE) growth mode, site selectivity is created by electron beam lithography (EBL). In Figure 3.2a, three sequential processing steps are depicted to obtain nanowires in an array. In the ﬁrst phase,
a silicon oxide mask in sputtered on a crystalline InP substrate. In a second
step, openings are created in the SiO2 layer by EBL followed by a chemical (HF)
selective oxide etch. This enables to grow InP nanowires in a last step (by conventional MOVPE at 660 ◦ C) since the growth is limited to the opening-areas
due to the amorphous nature of the SiO2 mask. As a consequence, the nanowire
diameters are determined by the size of the openings. Figure 3.2b presents a
SEM image of an opening before nanowire growth. See Figure 3.2c for an array
of InP nanowires containing InAsP quantum dots. The optical properties of these
nanowires will be discussed in Chapter 9.

3.1.3

Nanowire heterostructures under investigation

Except for the nanowires in Chapter 9, the nanowires under investigation are
synthesized at Philips research labs by the VLS growth mechanism. In Chapters
4, 5, 6 and 7 the opto-electrical properties of undoped InP nanowires containing
an InAs0.25 P0.75 quantum dot are studied, in which 0.25 and 0.75 represent the
estimated As and P quantum dot content fraction. In Chapters 5 and 6 the
nanowires are embedded in a Schottky diode structure while in Chapter 7 lateral
gates are added to the Schottky diode to locally tune the electronic properties.
In Chapter 8 the quantum dots are intertwined by a n-type and a p-type InP
section, to create single quantum dot nanowire LEDs. In the following section
the techniques used to fabricate these devices will be discussed.

3.2

Device fabrication

To obtain electrodes which contact individual nanowires, electron beam lithography (EBL) is performed. First we will brieﬂy describe the EBL procedure in
section 3.2.1. Second, the nanowire contact properties will be discussed in section
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Figure 3.2: (a) Nanowire synthesis by SA-MOCVD nucleation. Subsequent diagrams
(1-3) represent diﬀerent processing phases. 1, The InP growth substrate is covered
with sputtered SiO2 . 2, Electron beam lithography is used to selective etch openings
in the SiO2 to make a nanowire nucleation mask. 3, The heterostructure nanowire is
grown by the MOVPE technique described before, without the need for a gold-particle.
Courtesy of Hokkaido University, Sapporo, Japan.

3.2.2. The procedure for aligning lateral gates to the nanowire will be presented
in section 3.2.3.

3.2.1

Electrode patterning

The procedure to contact individual nanowires consists of eight diﬀerent steps
which are depicted in Figure 3.3. In the ﬁrst step, the nanowires are deposited
on a prepatterned highly doped Si substrate covered by 285 nm of thermal oxide
(SiO2 ). The pattern on the substrate consists of an array of unique metallic
markers, enabling the localization of individual nanowires. The nanowires are
transferred from the as-grown substrate by a tissue tip transfer method and are
randomly dispersed in the marker-ﬁeld. In addition, the substrate is spin-coated
with a PMMA-layer, which we will discuss in more detail at step 3. In the
micrograph depicted by (1) in Figure 3.3, a marker (light squares) and deposited
nanowires can be seen. In a second step, micrographs of the deposited nanowires
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Figure 3.3: Nanowire device fabrication

are imported into a design CAD program to deﬁne the position of the electrodes
with respect to the nanowires. The design, which is presented in diagram (2), is
imported into the electron beam pattern generator and the sample is exposed to
the electron beam in step (3). Here, the resist on the exposed part of the sample
will dissolve. A double layer of PMMA is used to create an undercut, which
is visible in diagram (4). Here, the exposed resist is removed in a development
step, consisting of a 60 s rinse in MIBK. The undercut is created by using a
PMMA with a shorter chain length for the top layer than for the bottom layer.
Thereby the bottom layer is more susceptible to electron beam exposure. The
function of the undercut will be explained at diagram (6). After development,
PMMA residues are removed by an oxygen plasma and the nanowire native oxide
is removed by a short (6 s) dip in buﬀered HF in step (5). To prevent that the InP
surface reoxidizes, it is important to minimize the time in between the HF dip and
the metallization step depicted in diagram (6). Thin ﬁlms of metal are thermally
evaporated on the entire substrate. Here, the thickness of the PMMA layers is
chosen such that the metal in the exposed parts does not connect to the metal on
top of the resist layer. The undercut leaves the side walls of the resist accessible
by acetone, which is used in step (7) to lift oﬀ the metal on the non-exposed
areas. After lift-oﬀ the nanowire devices are ready for a ﬁrst characterization
(see diagram (8) in Figure 3.3). To obtain electrically transparent contacts, the
choice of metal is crucial. In the next section we will discuss the details of the
metal-nanowire interface.
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3.2.2

Metal-nanowire interface optimization

In the description of the metal-semiconductor interface we ﬁrst follow a standard
textbook approach[65]. In Figure 3.4 an energy diagram of a metal-semiconductor
interface is presented. In Figure 3.4a can be seen that for optimizing the electron
transport properties at the interface between a metal and a n-type semiconductor
(and creating an Ohmic contact), the metal has to be selected such that its workfunction ϕm matches the electron aﬃnity χ of the semiconductor to have a limited
electronic barrier ϕB at the interface (see Figure 3.4b).
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Figure 3.4: The metal-semiconductor interface. (a) Energy diagram of the interface
between a n-type semiconductor section and a metal before thermal equilibrium. χ:
semiconductor electron aﬃnity, ϕm : metal work-function. (b) At thermal equilibrium
a Schottky barrier of heigth ϕB and width W is formed at the metal-semiconductor
interface.

For non-ideal interfaces, the barrier ϕB gives rise to a charge redistribution
depending on the chemical potential µ in the semiconductor, generating a built-in
voltage ϕbi : ϕbi = ϕB − Ece−µ , in which Ec is the energy of the conduction band
minimum. The built-in potential is governed by a depletion region of width W
in the semiconductor, depicted in Figure 3.4b. Using the Schottky approximation for an√
n-type semiconductor, the width W of the depletion region is given
2ϵr ϵ0
by: W =
(ϕbi − Vext ), in which Nd is the donor impurity density in the
eNd
semiconductor and Vext is the externally applied voltage to the interface. The
built-in potential ϕbi is enhanced by a negative external (reverse) bias, while
it is completely compensated for when Vext = ϕbi ; the barrier ϕB is rectifying.
The barrier ϕB in InP-metal interfaces is found to deviate from the workfunction
derivation mentioned before, in line with the Bardeen model [66]. Adatoms and
anti-site defects in the InP itself cause Fermi level pinning at the interface[67].
It was reported that InP has two distinct pinning positions at ϕB1 = 200 meV
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below the conduction band and ϕB2 = 500 meV below the conduction band[67].
Due to the Fermi level pinning, the Schottky barrier is less dependent on the
work-function of the selected metal. In contrast, the reactivity of the metal is of
importance to pin the Fermi level either at ϕB1 (for reactive metals) or at ϕB2 (for
inert metals)[68]. In Figure 3.5 the depletion width W is plotted as a function of
applied external bias Vext for n-type (a) and p-type (b) InP sections of diﬀerent
doping-level Nd , Na . Here, the Fermi level pinning positions are set to 200 meV
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Figure 3.5: Depletion width W as a function of applied bias to the InP-metal interface
Vext . (a) n-type InP depletion presented for Nd = 1015 , 1016 , 1017 and 1018 cm−3 . Fermi
level pinning position is set to 200 meV below the conduction band. Top: bandstructure
of nanowire-metal interface. (b) p-type InP depletion presented for Na = 1015 , 1016 ,
1017 and 1018 cm−3 . Fermi level pinning position is set to 900 meV above the valence
band. Top: bandstructure of nanowire-metal interface.

below the conduction band and 900 meV above the valence band respectively. For
low doping levels (intrinsic nanowires), the depletion width approaches 2 µm at
an applied voltage of 3 V, enough to deplete the complete nanowire. In the next
paragraphs we discuss the optimized contacting materials for n-type, intrinsic
and p-type InP nanowires.
Contacts to n-type and intrinsic InP nanowires
For n-type and intrinsic InP nanowires the aim is to pin the Fermi level close
to the conduction band (at ϕB1 ). Therefore contacts are made of 100 nm of
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(reactive) titanium, with a capping layer of gold or aluminum of 20 nm, to prevent
oxidation of the titanium. Typical contacts have a lateral width of 500 nm to
1 µm. For n-type InP nanowires contact (two-terminal) resistances of 20 kΩ have
been achieved, as is presented in Figure 3.6a. For low doping levels (intrinsic
nanowires), the presented depletion width of 2 µm at an applied voltage of 3
V limits the current to sub picoampere, independently of the chosen metal. In
Chapters 6 and 7 we will utilize the low currents to alter the electrostatics of
the embedded quantum dot. In contrast to carriers originating from the leads,
carriers that are optically excited in the nanowire, face no barrier. This means
these intrinsic InP nanowire devices have a high photoselectivity and can therefore
be used as nanowire photodiodes, which we will present in Chapter 5.
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Figure 3.6: Room temperature I-V device characteristics of homogeneously n-doped
and p-doped InP nanowires[69]. (a) Single n-InP nanowire contacted by Ti/Al electrodes. Device resistance is 20 kΩ. (b) Single p-InP nanowire contacted by Ti/Zn/Au
electrodes. Device resistance at low bias is 1 MΩ.

Contacts to p-type InP nanowires
To obtain electroluminescence from a nanowire quantum dot, besides the n-type
contacts, Ohmic contacts to p-type InP nanowire sections are beneﬁcial. From
Figure 3.5b it can be seen that the depletion width for p-type InP is similar to the
depletion width in n-type InP, especially at large bias. However, when considering
the entire band gap of 1.42 eV for InP, it can be seen that the barrier for hole
transport in the valence band is at least 900 meV (when the Fermi level is pinned
at ϕB2 ), inducing an initial depletion width (Vext = 0) of 200 nm for a doping
level of Na = 1017 cm−3 . Due to additional Fermi level pinning at the nanowire
surface, (again at the positions ϕB1 and ϕB2 [67]) p-type chemical dopants tend
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to ionize enlarging the depletion region.[70] To minimize the eﬀects of the Fermi
level pinning in the p-type contacts, we utilize the fact that the depletion region
W is smaller for higher Zn acceptor doping concentrations. Therefore the ptype contacts are made of a thin layer of Zn (30 nm), and a cover layer of gold
(100 nm). Due to the large grain size of the Zn, contacts have a minimal lateral
width of 1 µm. After the metal evaporation and lift-oﬀ, the contacts are annealed
in a rapid thermal processor (RTP) at 320 ◦ C for 60 seconds to stimulate Zn
diﬀusion into the nanowire, creating a high impurity concentration in the vicinity
of the contact. Annealing reduces the contact (two-terminal) resistance by three
orders of magnitude, to 1 MΩ, see Figure 3.6b. To contact a nanowire with a
built-in p-n junction, ﬁrst the p-type contact needs to be processed, followed
by the n-type contact, since the n-type contact degrades when exposed to RTP.
Opto-electrical characterization of the nanowire LEDs is presented in Chapter 8
of this thesis.

3.2.3

Lateral gate positioning

The fabrication of contacts is based on nanowire identiﬁcation and localization by
optical microscopy. When we want to position lateral gates next to the nanowire,
the resolution of the optical microscope is insuﬃcient: due to the high refractive
index of InP (12ϵ0 ), scattering of light causes that the nanowires appear to have a
diameter similar to the wavelength of the light in an optical image, and therefore
the actual diameter is overestimated. While for contacting this overestimation
was beneﬁcial (the nanowires are visible while their diameter is actually smaller
than the wavelength of the light), exact positioning of lateral gates within 50 nm
of the nanowire is impossible and another (high resolution) technique is needed.
Here, we use the technique in section 3.2 in combination with Atomic Force
Microscopy[71](AFM). In Figure 3.7 we present three important steps involved in
the fabrication of contacted and laterally gated nanowire quantum dots. First, the
contacts to the nanowire are created by EBL, similar to the description presented
before. However, in addition to the contacts, we create four extra markers next
to the nanowire device. These markers (300 nm2 in area) are positioned close
to the nanowire, to minimize the area needed to image by AFM. Such an AFM
image of a nanowire device and adjacent markers is presented in Figure 3.7a. In
the next step, the AFM image is aligned into the design ﬁle of the contacts by
aligning the markers. The resolution of the AFM image now allows for accurate
design of the lateral gates, which is presented in Figure 3.7b. The position of the
quantum dot along the nanowire axis is not known from AFM. The reprodicibility
of MOVPE synthesis growth rates is used to estimate the quantum dot is in the
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Figure 3.7: Processing lateral gates to a single nanowire quantum dot. (a) AFM
image of a contacted nanowire including AFM alignment markers, both exposed in a
ﬁrst EBL step. (b) The AFM image in (a) is used to design side gates close to the
nanowire, and align a second EBL step with the ﬁrst. (c) AFM image of the fully
processed, side gated, contacted nanowire quantum dot.

middle of the nanowire. Since the quantum dot is only 5 to 10 nm in height along
the nanowire axis, the width of the lateral gates has to be chosen in such a way
that the aligning probability to the quantum dot is reasonable. Therefore, the
width of the lateral gates is 300 nm. In the last step, the second EBL pattern is
exposed and the lateral gate metal is evaporated, followed by lift-oﬀ.
Generally the thickness of the lateral gates is limited to half the diameter of the
nanowire, to enable optical excitation (and detection) with a high NA objective.
To prevent plasmon generation, the lateral gates are made of aluminum. To
obtain maximum electrostatic coupling to the quantum dot, the distance between
the two lateral gates is ∼160 nm. When considering the nanowire diameter of
∼40 nm, on average the lateral gates are positioned 60 nm away from the surface
of the nanowire. The fully processed laterally gated nanowire device is presented
in Figure 3.7c. Extensive experiments on these devices are presented in Chapter
7 of this thesis.
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Chapter 4
Selective excitation and detection of
spin states in a single nanowire
quantum dot
Maarten van Weert, Nikolay Akopian, Umberto Perinetti, Maarten van Kouwen,
Rienk Algra, Marcel Verheijen, Erik Bakkers, Leo Kouwenhoven, Valery Zwiller

We report exciton spin memory in a single InAs0.25 P0.75 quantum dot embedded
in an InP nanowire. By synthesizing clean quantum dots with linewidths as
narrow as about 30 µeV we are able to resolve individual spin states at magnetic
ﬁelds of order 1 Tesla. We can prepare a given spin state by tuning excitation
polarization or excitation energy. These experiments demonstrate the potential
of this system to form a quantum interface between photons and electrons.

This Chapter has been published in Nano Letters 9, 1989-1993 (2009).
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4.1

Introduction

The unprecedented material and design freedom makes semiconducting nanowires
very attractive for novel opto-electronics [22, 72–74]. Quantum dots incorporated
in nanowires enable experiments on both quantum optics [6, 69, 75] and electron
transport [76]. This system has the potential to form a quantum interface between these separate ﬁelds of research. A crucial element for such interface is
control over the spin of an exciton by means of photon polarization. Optical
spectra of such nanowire quantum dots, however, have so far been hampered by
broad linewidths, insuﬃcient for identifying quantum states. Here, we demonstrate clean InAs0.25 P0.75 quantum dots embedded in InP nanowires with excellent
optical quality. Narrow linewidths enable us to selectively excite and detect single exciton spins. We control spin excitation by the polarization or the energy of
the excitation light. The dots exhibit exciton-spin memory demonstrating that
nanowires are a viable alternative to the system of self-assembled dots with new
design options to interface single photon [5, 77] with single electron devices [2, 4].
Photoluminescence (PL) from homogeneous nanowires [39, 78] and from quantum dots (QDs) embedded in nanowires [79] is highly linearly polarized for light
emitted perpendicular to this 1D geometry. This forms an important obstacle
for controlling the spin states of excitons for which circularly polarized light is
needed. Circular polarization requires the light to be precisely aligned along the
nanowire axis, since nanowires are circularly symmetric around this axis. Here
we report such a study on as-grown, vertical nanowires standing parallel to our
optical axis. We demonstrate full optical access to the spin states of individual
excitons by means of right and left circularly polarized photons.
Exciton spin states have been studied extensively in self-assembled quantum dots [80]. Quantum dots in nanowires are a promising alternative to selfassembled dots when it comes to more complex circuits. For instance, multiple
dots are naturally aligned in nanowires [28]; heterostructure dots can be connected to gate-deﬁned dots [81]; and circuits of dots can be integrated with pnjunctions to allow for electroluminescence and photocurrent experiments. Also
local gating of heterostructure dots in nanowires has become possible with recently developed wrap-around gates [82–84]. These promises motivate the development of clean nanowire quantum dots where cleanliness is measured as a
narrow linewidth in the optical spectra. Initial optical studies of nanowire quantum dots reported linewidths of order meV [6, 69, 75], which is a thousand times
broader than expected for the natural linewidth (i.e. the inverse radiative lifetime of about 1 ns). Such broad lines hampered resolving individual spin states.
Here we report on clean nanowire quantum dots with optical linewidths of tens
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of µeV; i.e. suﬃciently sharp for measuring spin states above a magnetic ﬁeld of
∼ 1 Tesla.

4.2

Quantum dot characterization

We grow InAs0.25 P0.75 quantum dots embedded in InP nanowires (see methods [28, 85, 86]. Figure 4.1a shows an image of our sample with bright spots
from the nanowires. The typical distance between the nanowires is larger than
our spatial resolution ( 0.6 µm), enabling us to select an individual dot. The dots
are typically 10 nm high with a diameter of 30 nm and are surrounded by a thin
shell of InP (see Figure 4.1b.
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Figure 4.1: Structural and optical properties of nanowire quantum dots. (a)
Dark ﬁeld optical microscope image of standing nanowires, observed as bright white
spots (scale bar is 5 µm). Inset shows a scanning electron micrograph of a 4 µm long,
standing nanowire. (b) Schematic nanowire device. Magnetic ﬁeld and optical axis
are parallel to the nanowire axis. (c) Photoluminescence (PL) spectra for increasing
excitation power, taken at 4.2 K under non-resonant (532 nm) cw excitation. The
two emission peaks correspond to the exciton (X) and biexciton (2X) transitions. (d)
Example of a narrow exciton transition from a single dot. The linewidth is limited by
our setup resolution. (e) Integrated PL intensity of X and 2X versus excitation power.
The solid (dashed) line is a guide to the eye for linear (quadratic) power dependence.

The presented data are all taken at 4.2 K on diﬀerent quantum dots. Figure 4.1 shows optical spectra with peaks as narrow as 31 µeV (limited by the
resolution of our spectrometer). Figure 4.1d shows a single peak for exciton
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emission (X) at low excitation power. On increasing the power the biexciton
(2X) emission becomes visible with an exciton-biexciton splitting of 2.2 meV.
The PL intensities of X and 2X depend, as expected, linearly and quadratically
on excitation power (Figure 4.1e), clearly identifying these optical transitions.
Note also the saturation of the peak intensities at high powers indicating that
also other states become occupied.

4.3

Magnetic ﬁeld dependence

Next we measure the spin splitting of the exciton transition as function of a magnetic ﬁeld, B, parallel to the nanowire axis (i.e. Faraday conﬁguration). The
excitation light is polarized linearly with an energy exceeding the InP bandgap.
Via phonon relaxation, electrons and holes occupy the quantum states in the
dot where they annihilate under emission of a photon (see Figure 4.2a and b).
We select the exciton transition from the lowest energy (s-) states and measure
the peak evolution as a function of B. Figure 4.2c shows a peak splitting linear
in B on top of a quadratic B-dependence. The distance between the two peak
maxima corresponds to the Zeeman spin splitting from which we obtain an exciton g-factor, gexc = (ge + gh ) = 1.3 ± 0.1. A gexc -factor value between 1 and 2
is typical for our dots with a material fraction As/P = 1/3. Variations between
dots are likely due to small variations in the material composition and diﬀerent
conﬁnements [76]. The overall quadratic shift, α = 10 µeV/T2 , can be ﬁtted to
the diamagnetic shift of an electronic orbital with a diameter of ∼ 20 nm [53].
This is in reasonable agreement with our quantum dot size.
The measured PL in Figure 4.2c is not ﬁltered for a speciﬁc polarization. By
adding such ﬁlters (see setup in Figure 4.2b) we analyze the polarization of the
emitted photons from which we deduce the spin states of the exciton transitions.
Right (σ+) and left (σ−) circularly polarized photons are expected, respectively,
for the exciton states ↓⇑ and ↑⇓. Here, ↑(⇑) represents a spin-up electron (hole)
and ↓(⇓) represents a spin-down electron (hole). For well-resolved spin states at
9 T we indeed ﬁnd in Figure 4.2e that the high energy emission peak consists
of σ+-photons whereas the lower energy peak is σ−-polarized. Note that the
(nearly complete) absence of a second peak in Figure 4.2e implies full circular
polarization of the two spin resolved exciton transitions. For linear polarizers, two
peaks of equal height are visible, as expected (Figure 4.2d). For spin-degenerate
excitons at B = 0 the polarization analyzers make no diﬀerence for the observed
PL, as shown in Figures 4.2f and g. We emphasize that the observed absence of
any linear polarization for vertical nanowires [79] (in contrast to horizontal wires,
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Figure 4.2: Polarization sensitive magneto-photoluminescence of a single
nanowire quantum dot. (a) Schematic of non-resonant excitation and recombination. (b) Experimental setup. The excitation polarization is vertically linearly polarized, while the polarization of the emission is analyzed. (c) PL for diﬀerent magnetic
ﬁelds in steps of 0.5 T. Emission polarization is not ﬁltered. (d-g), PL with linear and
circular polarization ﬁlters for 0 and 9 T.

see Chapter 2) is essential for exciting and measuring speciﬁc spin states, which
we discuss next.

4.4

Polarization-selective excitation of spin states

A speciﬁc spin state can be excited when using either σ+or σ−polarized light. If
the emitted photons have the same polarization, it means that no spin relaxation
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has occurred during this excitation-relaxation cycle. Although this cycle is short
(of order the radiative lifetime of about 1 ns) it represents a ﬁrst step towards
an exciton-spin memory. A complete spin memory also requires the ability to
suppress the radiative decay for a controllable storage time, as has been demonstrated with self-assembled dots [87]. We have found that excitation above the
InP band gap (as in Figures 4.1 and 4.2) with subsequent relaxation into the
dot, scrambles up the spin state and thus destroys any spin memory eﬀect. The
phase space for relaxation is largely reduced when we excite below the InP band
gap into one of the conﬁned higher energy states of the dot. Figure 4.4a illustrates excitation in an excited p-state with subsequent relaxation to the ground
s-state. This relaxation between conﬁned states is spin conserving, as we now
demonstrate.
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Figure 4.3: Excited states in a nanowire quantum dot. (a), Power dependent
PL from a nanowire quantum dot. At low powers only the X and 2X transitions are
visible. At high excitation powers the X and 2X peak heights saturate and excited
states at higher emission energies become visible. (b), Comparison of non-resonant PL
(lower spectrum) with quasi-resonant PL (upper spectrum). In the lower spectrum the
exciton, biexciton, and excited states are visible. The upper spectrum is taken with
the laser energy tuned into the p-shell at 1309 meV. The peak at 1309 meV is from
excitation light scattered into the detector. The peaks at lower energies correspond to
the X and 2X transitions after fast phonon relaxation from the p-shell to the s-shell.

We characterize the higher energy states using combined PL and PLE (photoluminescence excitation) and identify a p-shell resonance around 1300 meV.
Figure 4.3a shows an example of non-resonant photoluminescence spectra of a
nanowire quantum dot under increasing excitation power density. Under low
excitation power density, only the exciton (X) transition is visible. At higher
powers also the biexciton (2X) appears (as identiﬁed by its quadratic power dependence). When increasing the power further, new emission lines in a second
energy band emerge. These emission lines emerge from excited states in the quan64
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Figure 4.4: Polarization selective excitation and detection of exciton spin
states. (a) Schematic of quasi-resonant excitation and recombination. (b) Experimental setup. Both excitation and detection polarizations are varied. (c-e) PL for
diﬀerent magnetic ﬁelds. Excitation is linearly, right circularly and left circularly polarized, respectively. Emission analyzers are set to linear (black), right (blue) or left
(red) circular polarization.

tum dot, which are populated when the ground states are saturated. Figure 4.3b
shows a comparison of non-resonant PL with quasi-resonant PL. Resonances in
absorption are found in the same energy region as the p-shell emission.
We use quasi-resonant excitation into this p-shell and measure the exciton
luminescence for various polarization analyzers (see schemes in Figure 4.4a,b).
We ﬁrst reproduce Figure 4.2c but now for quasi-resonant excitation. Figure 4.4c
is taken with linear excitation and analyzer such that both spin states are excited
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and measured. Again as a function of B, the exciton transition shows a Zeeman
splitting and a diamagnetic shift. Note that the two split-peaks are of diﬀerent
height due to a slightly unequal spin excitation since the p-shell also shows spin
splitting. Figures 4.4d and e show the results for left and right circularly polarized excitation. When exciting with right circular polarization, only the spin
up branch of the Zeeman split exciton is populated. In this case we dominantly
observe luminescence from the high-energy peak which is also right-circularly polarized. We thus clearly observe spin memory. Close inspection reveals that the
spin memory is not perfect and that also a small peak for the wrong polarization
is observed. For non-zero B the peak-height ratio I high /I low ∼ 10. However,
at B = 0 a reduced polarization ratio I high /I low ∼ 3 was found for all seven
dots that we measured. This likely indicates spin relaxation mediated by the
hyperﬁne interaction with nuclear spins [88]. Similar measurements have been
reported on ensembles of self-assembled quantum dots under quasi-resonant [89]
and resonant excitation [90]. However polarization memory was not observed at
B = 0, possibly due to a larger exciton ﬁne structure splitting.

4.5

Energy-selective excitation of spin states

As we noted the spin memory only works for quasi-resonant excitation into the
p-shell. The precise initialization of a particular spin depends on the exact excitation conditions, as exempliﬁed by the peak height diﬀerences in Figure 4.4c.
This excitation energy dependence can, as we discuss now, be exploited for an
alternative method for spin initialization. To understand the absorption sensitivity, Figure 4.5a shows quasi-resonant PLE into the p-shell for linearly polarized
excitation. The excitation energy is scanned and the spin-split exciton transition
is measured at 4 T. The lower left panel shows two vertical stripes that are narrow
in PL energy (∼ 0.1 meV) but broader along the vertical axis of excitation energy
(∼ 3 meV). These widths are directly related to the respective lifetimes, short in
the p-shell (∼ ps due to fast intra-band, non-radiative relaxation to the s-shell)
but much longer for the inter-band radiative decay. The stripes are colored red
and blue indicating the degree of measured circular polarization. Note that the
red stripe is slightly shifted up in energy, indicating a higher σ−intensity at high
excitation energies. The upper panels display two cuts clearly showing a larger
σ−-peak at high excitation energy and a larger σ+-peak at low excitation energy. We ﬁnd maximum polarization ratios I high /I low ∼ 2.5. We emphasize that
this polarization occurs despite using linear excitation light. The polarization is
entirely due to selectivity in the energy of the excitation. By combining energy66
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selective excitation together with polarization-selective excitation, as shown in
Figures 4.5b,c, the polarization ratio is further increased to I high /I low ∼ 10.
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Figure 4.5: Selective excitation and detection of exciton spin states at 4 T.
Bottom panels show photoluminescence excitation (PLE) scans under (a), linearly,
(b), right circularly, and (c), left circularly polarized excitation. Blue and red colors
are measured separately with right and left circular polarization analyzers. Upper and
middle panels show horizontal cross sections taken, respectively, at the upper and lower
dashed lines in the lower panels.

4.6

Conclusion

In conclusion we have demonstrated clean quantum dots in nanowires with narrow
optical transitions. Speciﬁc exciton spin states are created and measured with
properly polarized light. In addition, we have demonstrated an alternative energy
selective mechanism for spin excitation. Future devices will have top and bottom
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electrical contacts, for instance, for the use of fast energy selectivity using the
Stark eﬀect.

4.7

Methods

The nanowires were synthesized in a low pressure (50 mbar) Aixtron 200 metalorganic vapour-phase epitaxy (MOVPE) reactor in the vapour-liquid-solid growth
mode. Colloidal gold particles of 20 nm diameter were deposited on a (111)B InP
substrate as catalysts for nanowire growth. The diameter of the nanowire and
the quantum dot was set by the gold particle size, while the nanowire density was
set by the gold particle density on the substrate. The dot height and nanowire
length were controlled with growth time [69]. By controlling diameter, height,
and As concentration we can tune the quantum dot emission over the wide range
of 900 nm to 1.5 µm [91]. Under appropriate growth conditions we were able
to grow a sample with low density of nanowires containing single InAs0.25 P0.75
quantum dots. These dots are designed to have luminescence around 1.2 eV. The
gold particle is transparent for the light.
Micro-PL studies were performed at 4.2 K. For non-resonant excitation experiments, the nanowire quantum dots were excited with a linearly polarized
532 nm continuous wave laser focused to a spot size of 0.6 µm using a microscope objective with a numerical aperture N A = 0.85. For photoluminescence
excitation experiments a tunable titanium sapphire laser was used. The PL signal was collected by the same objective and was sent to a spectrometer, which
dispersed the PL onto a nitrogen-cooled silicon array detector with 30 µeV resolution. Linear and circular emission polarizations were analyzed using a half- or
quarter-waveplate, respectively, followed by a ﬁxed polarizer. Linear and circular
excitation polarization was set by placing a ﬁxed polarizer followed by a halfor quarter-waveplate, respectively. Magnetic ﬁelds were applied in the Faraday
conﬁguration, i.e., along the quantum dot conﬁnement axis. The data shown are
all measured on diﬀerent quantum dots. Similar results on polarization sensitive
magneto-photoluminescence have been found on 3 dots. Polarization memory at
B = 0 T has been measured on 7 dots, giving all similar results.
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Chapter 5
Single quantum dot nanowire
photodetectors
Maarten van Kouwen, Maarten van Weert, Michael Reimer, Nikolay Akopian,
Umberto Perinetti, Rienk Algra, Erik Bakkers, Leo Kouwenhoven, Valery Zwiller

In this Chapter, we report InP nanowire photodetectors with a single InAsP
quantum dot as light absorbing element. With excitation above the InP band
gap, the nanowire photodetectors are eﬃcient (quantum eﬃciency of 4%). Under resonant excitation of the quantum dot, the photocurrent amplitude depends
on the linear polarization direction of the incident light. The photocurrent is
enhanced (suppressed) for a polarization parallel (perpendicular) to the axis of
the nanowire (contrast 0.83). The active detection volume under resonant excitation is 7·103 nm3 . These results show the promising features of quantum
dots embedded in nanowire devices for electrical light detection at high spatial
resolution.

This Chapter has been submitted to Applied Physics Letters
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5.1

Introduction

Nanowires oﬀer a large material design freedom since materials of diﬀerent lattice
constants can be combined. The large surface to volume ratio of the nanowires
is beneﬁcial for detection of viruses,[92] and gases[93]. In additon, nanowire devices have shown excellent light detection properties.[39, 74, 94, 95] Recently,
quantum dots embedded in nanowire devices have shown both single electron
control[20, 96–98] and single photon emission,[6] which are important in quantum information applications. The unique combination of an on-chip light emitter
and detector is useful for near ﬁeld optical circuits using plasmon waveguides.[99]
Although electrically driven light emission from nanowires and nanowire quantum
dots have been reported,[69, 100, 101] electrical light detection using nanowire
quantum dots has not been studied extensively. Here we present InP nanowire
photodetectors containing a single InAsP quantum dot. InP is a suitable material for eﬃcient electrical photon detection since it has a high absorption coeﬃcient (3.1·104 cm−1 at 1.5 eV photon energy),[102] a high electron mobility
(103 cm2 /Vs), a long minority carrier diﬀusion length (1-2 µm) and a low surface
recombination velocity (103 cm/s).[103]

5.2

Nanowire photodetection

The nanowires studied here have typical lengths of 4 µm and tapered diameters
ranging from 20 nm to 60 nm.[98] The nanowires were grown by metal-organic
vapor phase epitaxy, using 20 nm gold colloids as catalysts for vapor liquid solid
nucleation.[104] The InAs0.25 P0.75 quantum dot is (5 ± 2) nm high with (33 ± 1)
nm diameter and is positioned in the middle of the nanowire.[105] The contacts
consist of a titanium (110 nm)/aluminum (10 nm) thin ﬁlm. The processing of
these nanowire quantum dot devices has been described in detail in Chapter 3.
In Figure 5.1, we present the photo-response and carrier dynamics of the single
nanowire photodetector. The device geometry and circuit schematics (inset) are
shown in Figure 5.1(a). The applied voltage diﬀerence between the two contacts
to the nanowire (source and drain) is depicted by Vsd . In Figure 5.1(b) (red
traces), the photocurrent of the nanowire as a function of Vsd is presented. The
photodetector is excited with photons of 1.5 eV, close to the band gap of the
wurtzite InP nanowire, at laser intensities of 25 W/cm2 and 430 W/cm2 . In
the bias range of 0 V < Vsd < 1 V, an exponential photocurrent increase is
observed in the current-voltage characteristic (I-V) due to the Schottky nature of
the contacts. Above Vsd = 2 V, the photocurrent increases linearly with applied
bias. At Vsd = 6 V and under an excitation intensity of 430 W/cm2 , the detector
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photodetector. Inset: circuit schematics. (b) Illuminated (20 W/cm2 and 430 W/cm2 ,
1.5 eV, red lines) and dark noise (blue line) current-voltage characteristic of the photodetector. (c) Incident photon rate dependence of the photocurrent for excitation
with an energy of 2.33 eV (squares) and 1.5 eV (triangles). Gray lines indicate linear
intensity dependence (n = 1) (T = 10 K, Vsd = 2 V). (d) Time resolved photoluminescence measurement under pulsed optical excitation for Vsd =0 V (black squares)
and 2 V (blue circles). Data obtained using a streak-camera. Fits to the exponential
decay presented in red. (Excitation intensity = 100 kW/cm2 , photon energy = 1.5 eV,
T = 10 K, Integration time 600 s).

generates a photo-excited current of ∼400 pA. The dark current (blue trace) is
lower than 0.5 pA up to Vsd = 6 V. A high signal to noise ratio (∼800) is obtained
as the photoexcited carriers easily tunnel through the forward biased Schottky
contact at Vsd > 2 V.
In Figure 5.1(c) we present the photocurrent as a function of incident photon
rate ϕ (calculated from the nanowire diameter, the laser spot size and power,
under the assumption of total absorption) at a source-drain bias of Vsd = 2 V
for two excitation energies: at the InP band edge (1.5 eV, triangles) and well
above the band gap (2.33 eV, squares). The photocurrent increases linearly with
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excitation intensity for both excitation energies, as expected for direct band gap
semiconductors. Here, we obtain a linear dependence over three orders of magnitude, comparable to core shell pin nanowire diodes.[95] From the linear dependence, the total quantum eﬃciency (QE=I/eϕ) at Vsd = 2 V is determined to be
(2.13 ± 0.04)·10−6 (1.5 eV excitation) and (4.1 ± 0.1)·10−2 (2.33 eV excitation),
indicating that the absorption highly depends on the excitation photon energy.
√
The corresponding noise√equivalent power (NEP) of the detector is 10−9 W/ Hz
hν D
(1.5 eV) and 10−13 W/ Hz (2.33 eV), where NEP is deﬁned as QE
, where D
e
is the dark current noise (RMS of 0.02 pA at Vsd = 2 V, sampling frequency: 100
Hz).
We now investigate the eﬀective lifetime of the photoexcited carriers in the
nanowire (τef f ), which depends on the applied source-drain bias. Optical lifetime measurements are performed at two applied source-drain biases in Figure
5.1(d). Here, the normalized photoluminescence intensity from the InP nanowire
sections is presented as a function of time after excitation by a 2 ps laser pulse of
100 kW/cm2 . At Vsd = 0 V (black squares), a bi-exponential decay can be ﬁtted
(upper red trace) with 180 ps and 1.5 ns time constants. The long process we
attribute to recombination of trapped photoexcited carriers, which is caused by
surface roughness/states of the nanowire. At Vsd = 2 V (blue circles) we are able
to ﬁt a single exponential decay (lower red trace) with a time constant (τef f ) of
175 ps indicating that the surface state-trapping is removed.

5.3

Quantum dot properties

In the following, the photodetection properties of the single InAsP quantum dot
embedded in the nanowire are presented. Photoluminescence spectra of a contacted nanowire quantum dot (Vsd = 0 V) are shown in Figure 5.2(a). The emission shows typical ﬁlling of the single quantum dot s, p, and d shells under increasing excitation intensity. More extensive optical properties of these devices will
be presented in Chapter 6. The broad peak at 1.46 eV is attributed to wurtzite
InP emission.[106] In Figure 5.2(b), the integrated quantum dot s-shell photoluminescence intensity is compared to the generated photocurrent as a function of
Vsd . At Vsd = 0 V and 10 W/cm2 excitation intensity, only photoluminescence
from the nanowire quantum dot is observed. Beyond Vsd = 1 V, the photoluminescence intensity decreases, while the photocurrent increases, thereby revealing
the competing processes of photoemission and photocurrent. At Vsd = 2 V,
no photoluminescence is observed and the photocurrent saturates (180 pA). The
two processes are presented schematically in the upper panel of Figure 5.2(b).
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Figure 5.2: (a) Photoluminescence spectra of the quantum dot as a function of
laser excitation intensity. (Excitation energy = 2.33 eV, Bias = 0 V, T = 10 K).
(b) Comparison of the integrated photoluminescence intensity to the photocurrent as
a function of applied source-drain bias. (Excitation intensity = 10 W/cm2 , photon
energy = 2.33 eV, T = 10 K, Integration time = 10 s). Top, band-structures of the
nanowire photodetector quantum dot indicating radiative recombination and tunneling
processes.

5.4

Quantum dot photodetection

Finally, we present spatial and polarization selectivity of the nanowire photodetector under resonant excitation of the quantum dot in Figure 5.3. The quantum
dot volume is 7·103 nm3 , which is two orders of magnitude smaller than the
smallest previously reported active region in a nanowire photodetector.[107] Figure 5.3(a) shows the resonant photocurrent as a function of laser position on
the sample. The small size of the detector enables imaging of a laser spot with
the single quantum dot photocurrent. A spot size of 0.62 ± 0.1 µm (FWHM)
is obtained, which corresponds to the diﬀraction limit of the excitation beam
(NA = 0.75, λ = 933 nm).
In contrast to theoretical predictions,[43] it has been experimentally demonstrated that nanowire quantum dot optical excitation is most eﬃcient under excitation of linearly polarized light in the direction parallel to the nanowire axis.[79]
In that work, the quantum dot was excited in the p-shell. Here, we use the photocurrent technique to resonantly excite the optically allowed s-shell transition
and study the polarization dependence (see Figure 5.3(b)). The resonant photocurrent experiment conﬁrms the previously reported polarization anisotropy,
with an enhanced photo-response for a linear polarization parallel to the nanowire
axis. The degree of linear polarization ρ can be obtained from the photocurrent
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Figure 5.3: The quantum dot photodetector. (a) Contour plot of the photocurrent
as a function of laser position under resonant excitation of the quantum dot. Contacts
(blue dashed lines) and nanowire (green dashed line) correspond to geometry presented
in Figure 5.1(a). (Laser intensity = 30 kW/cm2 , incident photon energy = 1.328 eV,
Vsd = 2 V, T = 10 K). (b) Polarization dependence of the photocurrent under resonant excitation of the quantum dot (Laser intensity = 200 kW/cm2 , photon energy
= 1.328 eV, T = 10 K, Vsd = 6 V). Each square represents the average current over
100*10 ms = 1 s. The data ﬁts to ∼cos2 (α), plotted in red. At α = 0 the incident light
is polarized along the nanowire axis.
−Imin
amplitude: ρ = IImax
= 0.83. The polarization anisotropy in the resonant
max +Imin
excitation of the quantum dot indicates that the absorption is inﬂuenced by the
nanowire, which acts as an elongated and highly refracting structure. The quantum dot ρ value of 0.83 is consistent with Mie calculations for nanowires.[79] The
degree of linear polarization is similar to previously reported values for nanotubes
[108] and -wires.[106] The total QE of the resonant quantum dot photocurrent
ranges from 3 · 10−5 (perpendicular polarization) to 2 · 10−4 (parallel polarization). We note that by assuming total absorption for the QD cross section, we
underestimate the QE. On-chip waveguides could highly improve the collection
eﬃciency of the quantum dot.

5.5

Conclusion

To conclude the Chapter, we presented single quantum dots embedded in nanowire
photodetectors. We demonstrated a nanowire photocurrent
quantum eﬃciency
√
of up to 4% with a noise equivalent power of 10−13 W/ Hz. In addition, we have
shown that the quantum dot photocurrent has high spatial and linear polariza74

5.5 Conclusion
tion selectivity. These results represent the promising features of quantum dots
embedded in nanowire devices for electrical light detection at sub-wavelength
spatial resolution. In order to obtain single photon detection, it is desirable to
induce multiplication via a p-i-n junction[109] in future nanowire quantum dot
photodetectors.
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Chapter 6
Single Electron Charging in Optically
Active Nanowire Quantum Dots
Maarten van Kouwen, Michael Reimer, Anne Hidma, Maarten van Weert, Rienk
Algra, Erik Bakkers, Leo Kouwenhoven, Valery Zwiller

We report optical experiments of a charge tunable, single nanowire quantum dot
subject to an electric ﬁeld tuned by two independent voltages. First, we control
tunneling events through an applied electric ﬁeld along the nanowire growth
direction. Second, we modify the electrochemical potential in the nanowire with
a back-gate. We combine these two ﬁeld-eﬀects to isolate a single electron and
independently tune the tunnel coupling of the quantum dot with the contacts.
Such charge control is a ﬁrst requirement for opto-electrical single electron spin
experiments on a nanowire quantum dot.

This Chapter has been published in Nano Letters 10, 1817-1822 (2010).

77

6. Single electron charging

6.1

Introduction

Single, optically-active quantum dots are widely investigated due to the ability to combine both single electron charging[27, 48] and single[5] or entangled[11]
photon-emission - all key requirements for quantum information processing applications.[1] Nanowire quantum dots (NW-QDs) oﬀer additional functionalities
over self-assem-bled quantum dots since they are embedded in a one-dimensional
system instead of a three-dimensional host matrix. Therefore, the single electron (hole) transport channel is naturally aligned to the optically-active quantum dot in the nanowire, advantageous for combining both quantum optics[6]
and transport.[20, 96, 110] In addition, due to the small radial dimensions of the
nanowires, electrostatic gate geometries are highly versatile[96, 110] and axial
heterostructure design is not limited by strain. As an example, the combination
of Si sections, which are free of nuclear spins, with optically addressable electronic
levels in III-V materials is promising for extending electron spin storage times.
Prior to the work presented here, we have shown that a single InAsP quantum
dot grown in an InP nanowire geometry is optically active, exhibits narrow emission lines, spin polarization memory eﬀects[105] and can be embedded in a LED
device geometry.[69] Furthermore, it is predicted that NW-QDs are ideal sources
of entangled photons due to the nanowire symmetry.[26] Recently, an electron
spin-to-charge conversion read-out scheme has been proposed[111], which is compatible with controlled storage of carriers up to microseconds.[112] Such storage
times are promising since single spins in self-assembled quantum dots (SA-QDs)
have been initialized, coherently manipulated and read-out within picosecond
timescales.[17, 18] The proposed spin read-out scheme[111] highly depends on
the overall tunnel coupling between the SA-QD energy levels and the continuum,
determined by the quantum dot-to-contact spatial separation, which is ﬁxed during growth.[113]
In this Chapter, we present electrical control and optical read-out of the number of electrons residing in a single InAs0.25 P0.75 quantum dot embedded in an
InP nanowire. We ﬁrst identify the neutral exciton by photocurrent spectroscopy.
Second, we demonstrate that the electron number can be controlled by an electric
ﬁeld applied along the nanowire growth direction or by an electrostatic back-gate
that modiﬁes the overall potential landscape of the nanowire. Finally, we tune
the tunnel coupling of the quantum dot to the leads independently of the charge
state.
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6.2

Device details

Our nanowires have a typical length of 4 µm and a tapered diameter of 20 nm
at the apex versus 60 nm at the base (Figure 6.1a). The nanowires have no
intentional doping. The InAs0.25 P0.75 quantum dot is between 4-6 nm high and
∼30 nm in diameter.[105] The nanowires are contacted by a titanium (Ti) source
and drain, while the p++ Si/SiO2 substrate forms a back-gate (methods section).
Figure 6.1b presents the device geometry and circuit schematics.
At the Ti-InP interface, the Fermi level is pinned ∼200 meV below the InP
conduction band.[114] Therefore, Schottky barriers are formed and a source-drain
voltage Vsd generates an electric ﬁeld along the nanowire growth axis without
inducing a high current (I < 8 pA at Vsd < 6 V). In addition, the charge density
in the nanowire can be changed with the back-gate voltage Vg .

6.3

Quantum dot resonances

Figure 6.1c presents the photoluminescence from a single NW-QD as a function
of incident laser power under non-resonant continuous wave excitation and at Vsd
= Vg = 0 V. Here, the quantum dot is expected to be negatively charged due to
the Fermi level pinning at the nanowire surface.[114] (The exact determination
of the number of excess charges residing in the quantum dot is determined below
using resonant photocurrent experiments). In photoluminescence at low excitation power, a single peak is observed at 1.335 eV attributed to the recombination
of a single electron-hole pair in the quantum dot s-shell. At higher excitation
power, the s-shell emission consists of an excitonic and biexcitonic peak, described in more detail in reference [105]. With increasing excitation power, a
second (p, 1.352 eV) and third (d, 1.361 eV) shell appear as the lower energy
transitions in the NW-QD become saturated. The broad emission peak observed
around 1.42 eV is due to InP carrier recombination.[70]
Figure 6.1d presents a photoluminescence excitation (P LE) spectrum (blue
line), obtained by integrating the s-shell photo-emission intensity at varying laser
excitation energies. In the P LE spectrum, the InP and d-shell absorption resonances are detected using the s-shell emission. Laser ﬁlter constraints inhibit
P LE measurements below 1.36 eV excitation energy. Therefore, resonant photocurrent spectroscopy (Figure 6.1d, red line) is performed to demonstrate resonant absorption in the s-, p- and d-shells. Here, the photo-excited electron-hole
(e-h) pairs are separated by an applied bias of Vsd = 6 V. The energy diﬀerence
between the s- and p-shell resonances (the s-p orbital splitting) is determined by
the quantum dot radial conﬁnement. The splitting is found to be 17 meV and is
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Figure 6.1: : (a) Typical atomic force microscopy image of a contacted nanowire comprised of a single quantum dot. (b) Schematic cross-section of the contacted nanowire
(NW) quantum dot (QD) on a substrate containing a back-gate. (c) Photoluminescence spectra under increasing excitation intensity. (Excitation energy = 2.33 eV,
source-drain bias, Vsd = 0 V, back gate potential, Vg = 0 V, integration time dt = 1
s). (d) The NW InP and QD s-p and d-shell resonances. Blue line: photoluminescence
of the s-shell as a function of laser excitation energy (P LE). Red line: photocurrent
as a function of laser excitation energy (P CE). (P LE: Laser intensity = 10 W/cm2,
Vsd = 5.4 V, Vg = -9 V, dt = 10 s P CE: Laser intensity = 100 W/cm2 , Vsd = 6 V, Vg
= -9 V).
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similar to InAs/InP SA-QDs of comparable size.[115] In order to avoid screening
of applied electric ﬁelds due to photo-excited carriers in the InP barrier region,
photoluminescence experiments are performed under quantum dot d-shell quasi
resonant excitation (1.361 eV) in the remainder of this Chapter. The s-shell photocurrent resonance at Vsd = 6 V is found at 1.3394 eV excitation energy. In
contrast, at Vsd = 0 V the emission energy is found at 1.335 eV in Figure 6.1c.

6.4

X1−, X0 emission and resonant photocurrent

In Figure 6.2a (top), photoluminescence from the quantum dot s-shell is presented
as a function of Vsd in the bias range between 0 V and 6 V. The corresponding
integrated photoluminescence intensity is shown in Figure 6.2a (bottom).
In addition, Figure 6.2a (bottom) compares the source-drain current in absence of illumination (black line) to the s-shell resonant photocurrent (red line),
which is excited at the 1.3394 eV resonance presented in Figure 6.1d. Above
Vsd = 3.8 V, no photoluminescence is observed. In photocurrent spectroscopy,
however, a resonance peak of ∼8 pA is measured. In this bias regime, the applied electric ﬁeld compensates for the Coulomb attraction of the electron-hole
pair and in addition reduces the tunnel barriers. Therefore, the photo-excited
carriers tunnel out of the quantum dot before undergoing radiative recombination. When reducing the bias to 3.5 V, a single emission peak emerges at the
same energy of 1.3394 eV (linewidth 280 µeV). The increase in photo-emission
coincides with a decrease in the resonant photocurrent, displaying the competition between photo-emission (at rate Γrad ) and carrier tunneling (at rate Γescape )
from the same optical transition. The corresponding transitions are presented in
Figure 6.2b (top). Based on the presented resonant photocurrent measurements,
the optical transition at 1.3394 eV is identiﬁed as the neutral exciton X0 involving
single electron-hole pair recombination in the quantum dot s-shell.
The onset voltage for the X0 resonant photocurrent is independent of the
excitation intensity since the single exciton escape rate, Γescape , is determined by
the applied electric ﬁeld across the nanowire, which will be modeled by a 1D
W KB approximation in section 6.9. The photocurrent reduces slightly at a bias
above Vsd = 4 V, as the X0 resonance shifts due to the quantum conﬁned Stark
eﬀect, which will be presented later in Figure 6.4d.
At approximately Vsd = 1.5 V, the X0 emission quenches while a new peak
appears at 1.3376 eV originating from exciton recombination in the presence of an
electrostatically induced electron (X1− ). For the X1− transition, no photocurrent
resonance is observed. See Figure 6.2b (bottom) for an overview of the X0 and
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Figure 6.2: : From light emission to photocurrent. (a) top: contour plot of quasiresonantly excited photoluminescence as a function of source-drain bias (Laser intensity
(CW) = 10 W/cm2, excitation energy = 1.361 eV, Vg = +54 V, dt = 10 s). Bottom: integrated photoluminescence intensity of X1− (green circles with solid line as guide to the
eye) and X0 (blue squares with solid line as guide to the eye) compared to X0 resonant
photocurrent (red line, laser intensity = 100 W/cm2, excitation energy = 1.3394 eV)
and dark current (black line) as a function of source-drain bias. PL intensity corresponds to top, in which the maxima are indicated by dotted lines. (b) Band energy
diagrams representing possible X1− and X0 transitions at Vsd = 3.5 V and Vsd = 1.5 V.
Colored horizontal arrows indicate charge neutral optical transitions and tunneling
events. Colors correspond to (a) bottom. Black arrows indicate (dis)charging events.
(c) Eﬀect of Coulomb interaction energies on the quantum dot conduction band energy
level when adding electrons e and holes h. For clarity valence band energy is assumed
constant. Veh : e-h Coulomb attraction energy, Vee : e-e repulsion, E0 : empty QD, Ee :
1 electron, Eh : 1 hole, E2e : 2 electrons, E2e+h : 2 electrons and 1 hole on the QD.
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6.5 Two mechanisms to change the charge state
X1− radiative and tunneling transitions at Vsd = 1.5 V. The photoluminescence
transition between X1− and X0 is governed by tunneling of the single electron
(e− ) in the X1− ﬁnal state, in which Coulomb interactions can be neglected (see
W KB model in section 6.9). The observed emission energy diﬀerence between
X1− and X0 (the X1− renormalization energy) is 2 meV for our NW-QD, which
is similar to calculations for SA-QDs of comparable dot diameter.[25] Figure
6.2c presents the electron-hole Coulomb attraction energy Veh and the electronelectron Coulomb repulsion energy Vee inducing a X0 -X1− energy diﬀerence of
Vee -Veh . The observed X1− emission at lower energy implies that Veh (calculated
to be 40-60 meV in InAs/InP NW-QDs[43]) exceeds Vee .
These Coulomb interactions aﬀect the photo-emission coexistence of X0 and
1−
X (from Vsd = 0.5 V to 2 V) in Figure 6.2a via tunnel events in the photoexcited state. From Figure 6.2b (bottom) the mechanism for the X0 and X1−
overlap can be understood. Two tunnel events are of importance: ﬁrst, when
the source-drain bias is increased, the tunnel probability (Γdischarge ) of the X1−
ﬁnal state electron (e− ) through the triangular shaped tunnel barrier increases;
second, the quantum dot can recharge via initial state tunneling (Γcharge ). The
second charging event is driven by the quantum dot energy, which is higher in
the X0 initial state than in the initial state of X1− due to Coulomb interactions
(see Figure 6.2c). A low tunneling probability (Γcharge ∼ Γrad ) can allow for X0
recombination before an energetically favorable electron tunnels into the quantum
dot to result in X1− emission. In contrast, when the tunnel coupling is high
(Γcharge > Γrad ), the quantum dot charge state can easily change to follow the
electrochemical potential. Hence, at high tunnel coupling the X0 -X1− transition
is expected to be more abrupt.[113]

6.5

Two mechanisms to change the charge state

Instead of controlling the electron number in our NW-QD by electric ﬁeld induced tunnel events along the nanowire growth direction (source-drain bias), the
back-gate potential can be utilized to tune the Fermi level in the nanowire with
respect to the energy levels in the quantum dot. In Figure 6.3a, high resolution photoluminescence spectra are presented as a function of back-gate voltage
(Vsd = 0 V). At large negative back-gate bias (Vg = -42 V), X0 is observed at
1.3394 eV. At ∼ Vg = -35 V, X1− recombination appears in the optical spectrum
while X0 quenches.
Here, the Fermi-level in the nanowire is aligned with the quantum dot electron
s-shell. Reducing the large negative back-gate bias further results in an unstable
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Figure 6.3: High resolution s-shell photoluminescence as a function of back-gate (Vg )
and source-drain (Vsd ) bias. (a) Contour plot of the photoluminescence at varying backgate voltages. Corresponding linetraces presented in (b). Top: back-gate is depicted
in red. (Laser intensity = 10 W/cm2 , excitation energy = 1.361 eV, Vsd = 0 V, dt =
80 s). (c) Contour plot of the photoluminescence at varying source-drain bias voltages.
Corresponding line traces presented in (d). Top: source contact is depicted in red
(Laser intensity = 10 W/cm2, excitation energy = 1.361 eV, Vg = +54 V, dt = 80 s).

regime of the optical spectra between -20 V and +5 V, indicating that the quantum dot suﬀers from charge ﬂuctuations in its environment.[116] Even though
the optical spectra are unstable over long time-scales, line traces in Figure 6.3b
show that the emission at Vg = 0 V consists of two peaks. The intensity of the
lower energy peak is one order of magnitude smaller than the higher energy peak.
We attribute the two observed peaks at Vg = 0 V to X2− since X2− recombina2−
tion typically consists of a singlet (X2−
s ) and a triplet (Xt ) emission line, which
are separated by twice the s-p exchange interaction.[50] The observed intensity
of X2−
is expected to be lower than X2−
due to the number of possible ﬁnal
t
s
states.[50] At Vsd = Vg = 0 V, the quantum dot is charged with 2 extra electrons
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caused by the Fermi level pinning at the nanowire surface.[114] At large positive
back-gate voltages (Vg > 15 V), the emission stabilizes and a peak (linewidth of
160 µ eV) at 1.3339 eV is observed. We assign this line to X3− involving s-shell
exciton recombination in the presence of three additional electrons. Note that the
observed emission linewidth is larger than expected from the exciton life-time.
Presumably the dynamics of the nanowire surface states cause inhomogeneous
broadening of the emission lines.
In Figure 6.3c, high resolution photoluminescence spectra are presented as
a function of source-drain bias at a ﬁxed back-gate voltage of Vg = +54 V. At
Vsd = 0 V, X3− emission is observed. When increasing the electric ﬁeld along
1−
the nanowire elongation axis, the quantum dot discharges. Here, X3− , X2−
t , X
0
and X emission are observed successively before quenching of the quantum dot
photoluminescence at Vsd = 4.7 V. It should be noted that X2−
s emission is not
observed here due to the lower intensity obtained for the source-drain sweep
compared to the back-gate voltage sweep.

6.6

Tuning the quantum dot tunnel coupling

The back-gate and source-drain bias can now be combined to tune the charge
density in the nanowire and control the quantum dot tunnel events. In Figure
6.4a, b and c, the quantum dot photoluminescence is plotted as a function of
Vsd for corresponding Vg = -18 V, 0 V and +18 V. Extracted from Figures 6.4ac, we ﬁrst study the eﬀect of the back-gate bias on the observed X0 quantum
conﬁned Stark eﬀect (QCSE) in Figure 6.4d. When assuming a homogeneous
electric ﬁeld, F = Vsd /l (with l = 1.4 µm, the electrode spacing), the QCSE
shifts are determined to be -1.5, -1.2 and -1.7 µeV/cm2 kV2 for Vg = -18 V, 0 V
and +18 V, respectively. These values are comparable to Stark shifts obtained
in self-assembled InAs-InP quantum dots of similar quantum dot height.[117]
A more signiﬁcant eﬀect of the back-gate potential on the quantum dot emission is the observed coexistence variation of X1− and X0 in Figures 6.4a-c. Here,
the NW-QD is tuned from a regime in which X0 and X1− are highly overlapping (for a range of ∼2 V in Figure 6.4a) to a regime in which the peaks are
virtually non-overlapping (Figure 6.4c) indicating that the tunnel coupling (i.e.,
Γcharge and Γdischarge ) from the quantum dot to the contacts is strongly modiﬁed.
The graphic representation of the X0 and X1− emission in Figure 6.4e explicitly
demonstrates that the coexistence is reduced with increasing back-gate bias voltage. The altered nanowire carrier-density by the back-gate changes the charge
state of the quantum dot (Figure 6.3b) and in addition aﬀects the transparency
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of the Schottky barriers, thus modifying the tunnel coupling. The reduced escape
voltage of X0 conﬁrms the tunnel coupling is enhanced.
At this high tunnel coupling, we could estimate an electron charging energy
of 8 meV, extracted from the length of the charge plateaus of X1− (1.75 V)
and X0 (0.7 V) in a similar manner to the work of Seidl and co-workers.[46] In
contrast to that work, we also utilize the conduction band s-p orbital energy
splitting (11.3 meV) to estimate a coupling strength (0.011) of the contacts to
the quantum dot, which provides a relationship between the applied voltage and
the electron charging energy. The s-p orbital energy splitting is estimated by
assuming a 2:1 electron versus hole orbital energy ratio, which is determined
for InAs/InP quantum dots[118]. The total s-p orbital splitting of 17 meV was
obtained from Figure 6.1c.
The tunability of the tunnel coupling in an optically-active quantum dot enables the optimization of tunnel rates with respect to the exciton radiative lifetime, which is crucial for any electron spin-to-charge optical read-out scheme.

6.7

Conclusions

In conclusion, we have presented single electron charging in an optically active
nanowire quantum dot. We showed by photoluminescence spectroscopy that the
exciton charge state was tuned by two independent mechanisms: electric ﬁeld
induced tunneling along the nanowire growth axis and electrochemical potential
tuning with a back-gate. We combined these two mechanisms to isolate a single
electron within the optically active quantum dot and tune the quantum dot tunnel
coupling with the contacts. The device geometry allows for addition of multiple
lateral electrostatic gates to a single quantum dot. These results demonstrate that
nanowire devices are promising for future single electron (spin) opto-electrical
experiments such as coherent electrical spin manipulation followed by optical
read-out and conversion of electron spin into photon polarization for long distance
transfer of quantum information.

6.8

Methods

Nanowire growth and device fabrication
The nanowire quantum dots were grown in the vapor-liquid-solid mode[60] by
means of metal-organic vapor-phase epitaxy in a similar manner as reported
by Minot et al.[69] Colloidal Au particles of 20 nm diameter were used to ﬁrst
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grow an InP section for 20 minutes (∼2 µm) followed by 1 second of InAsP
growth. The ∼4 µm long nanowires were completed by another 20 minutes
of InP growth. By energy dispersive X-ray analysis in a transmission electron
microscope, the dot size for 2 seconds of growth was estimated to be 9 ± 1 nm high
and 33 ± 1 nm in diameter.11 After growth, the InP nanowires were transferred
from the InP growth-substrate to a pre-patterned p++ silicon wafer with thermal
oxide layer of 290 nm. Characterization by micro-photoluminescence (µP L, see
below) was done to select individual quantum dots with emission linewidths below
400 µeV. Nanowire identiﬁcation and electrode positioning were done with the
use of markers by optical microscope imaging. Electrode patterning was done by
e-beam lithography. Before metal deposition, HF (6 s. in 6:1 buﬀered HF) was
used to remove the InP native oxide layer. The contacts consist of an evaporated
Titanium (110 nm)/Gold (10 nm) thin ﬁlm. Out of 35 selected nanowires, 20
single nanowire quantum dots were successfully contacted.

Experimental setup
Micro-PL studies were performed at 4.2 K (Figure 6.1c, 6.3 and 6.4) and 10 K
(Figure 6.2). The cryostat is mounted with electrical access and a computer
controlled motorized stage. Optical excitation was performed with a diode laser
(photon energy 2.33 eV) and a tunable titanium sapphire laser (photon tuning
energy range of 1.24 - 1.77 eV). A 0.65 NA objective was used. The incident
linear laser polarization was modiﬁed by a half-wave plate to align the linear
polarization along the nanowire elongation axis to maximize the excitation eﬃciency. Detection of the emitted photons was achieved through a single grating
spectrometer with a nitrogen cooled CCD. The collection eﬃciency of the setup
was ∼2 %. Biases were applied using battery driven voltage sources, controlled
by computer via an optical ﬁbre enabling currents as low as 10 fA to be measured.

6.9

WKB model tunneling events

The charging diagrams obtained above can be reproduced by a WKB approximation, as has been explained in section 2.3. In Figure 6.5, the data from Figure
6.2a is compared to calculations. The model-parameters used, are listed in table
6.1 and the resulting energies are shown in table 6.2.
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Figure 6.5: : Experiment compared to WKB modeling of ﬁnite well tunneling events
under an applied electric ﬁeld along the nanowire axis. (a) Experimental photoluminescence as in Figure 6.2a presenting integrated PL emission intensity of X1− (circles) and
X0 (squares) compared to X0 resonant photocurrent (line) and darkcurrent (straight
line) as a function of source-drain bias. (b) Modeled integrated photoluminescence
and photocurrent, presenting e- occupation, (left line), X0 occupation (middle) and
X0 escape probability (right) as a function of source-drain bias. The QD occupation
probability of e- (Γrad /(Γrad + Γdischarge ), the radiative rate Γrad is ﬁxed at 1 ns-1)
represents the X1− voltage range. X0 is given by the QD occupation (Γrad /(Γrad +
Γescape ) of an electron bound to an additional hole (Veh = 25 meV). The competing
X1− probability is subtracted for X0 . X0 photocurrent probability is represented by
(Γescape /(Γrad + Γescape ). Modeling parameters are presented below.

Table 6.1: Model parameters.

Electrode spacing
Height of quantum dot
InAs(x)P(1-x)
Band gap InP
Emission energy X0
Quenching voltage X0

lnw
z
x
EInP
EX 0
Vc

=
=
=
=
=
=

1.4 µm
4 nm
0.25
1.42 eV
1.34 eV
∼ 3.8 V
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Table 6.2: Model outcome.

Binding energy
Band gap InAsP
Band oﬀset conduction band
Band oﬀset valence band
Conﬁnement energy 1st electron
Conﬁnement energy 1st heavy hole
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Veh
EInAsP
∆Ec
∆Ev
Ee
Ehh

=
=
=
=
=
=

25 meV
1.289 eV
87 meV
44 meV
57 meV
14 meV

Chapter 7
Coulomb interactions in laterally gated
nanowire quantum dots
Maarten van Kouwen, Michael Reimer, Anne Hidma, Maarten van Weert, Umberto
Perinetti, Rienk Algra, Erik Bakkers, Leo Kouwenhoven, Valery Zwiller.

We report tunability of exciton, charged exciton and biexciton Coulomb interactions by the use of lateral gates applied across an optically-active quantum dot
embedded in a electrically contacted nanowire. By applying an equal positive
potential to the lateral gates we observe modiﬁcations of the doubly charged exciton and the singly charged exciton emission energies with respect to the neutral
exciton. The energy shifts are explained by a reduction of the electron-electron
Coulomb and s − p exchange interactions. In addition, we present large biexciton
emission energy control when a lateral electric ﬁeld is applied to the quantum
dot. Here, the binding energy of the biexciton approaches zero - a key result for
entangled photon pair generation.

In preparation for publication
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7.1

Introduction

The biexciton-exciton cascade in semiconductor quantum dots has been proposed
as a source of entangled photon pairs.[7] The anisotropic electron-hole exchange
energy splitting (AES) of the exciton, however, provides which path-information
and thereby destroys the conditions for entanglement.[8, 9, 119] The AES has
been successfully removed ex-situ by annealing the quantum dots.[10] In addition,
a magnetic can be used to tune the AES to zero.[10] In another successful experiment, spectral ﬁltering was used to select the photons with indistinguishable
energy and generation of entangled photons was obtained.[11] More recently, time
reordering schemes have been proposed [120, 121] to generate entangled photons.
Here, entangled photons are generated according to theory in the presence of AES,
provided that the timing information of the exciton and biexciton is lost in the
measurement setup[120, 121] and the exciton and biexciton emission are energetically overlapped. In addition to the use of lateral strain,[122] local lateral gating
has been proposed to tune the biexciton binding energy to zero.[120] Although
the AES is predicted to be small due to the nanowire cylindrical symmetry,[26]
in experiment an AES of 20 µeV has been observed.[79]
Single quantum dot charge control can be achieved[98] leaving the radial dimension of the nanowire accessible for lateral gates, which for self-assembled
quantum dots enabled tuning of the biexciton binding energy.[120] In this Chapter, the small radial dimensions of the InP nanowire are exploited to laterally
gate an embedded InAsP quantum dot. We demonstrate charge tunability by
lateral gating, in addition to strong modiﬁcation of Coulomb interactions for the
exciton, charged exciton and biexciton. With the use of a lateral electric ﬁeld the
biexciton binding energy can be tuned from 3 meV to zero - a ﬁrst requirement
for generating entangled photon pairs in the presence of an AES larger than the
natural line broadening.

7.2

Device details

The InP nanowires containing an embedded InAs0.25 P0.75 quantum dot studied
here are synthesized by metal organic vapor phase epitaxy (see section 7.7.1 for
device fabrication details). In Figure 7.1a we show a typical nanowire quantum
dot device with lateral gates. It can be seen that the contact separation is 1.4
µm, while the lateral gates are separated by 160 nm. The small separation of the
lateral gates allows for generation of high electric ﬁelds. The device geometry and
the electrical circuitry are presented schematically in Figure 7.1b. Source-drain
biases are created by biasing the source and drain contacts with opposite sign
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Figure 7.1: : (a) Scanning electron micrograph representing a typical contacted
laterally gated nanowire quantum dot. (b) Schematic of the nanowire quantum dot
surrounded by contacts and lateral gates.

(Vs = −Vd = Vsd /2 ) to minimize potential changes at the quantum dot position,
which would cause parasitic gating eﬀects by the lateral gates. Vl and Vr are
deﬁned as the left and right lateral gate voltages.

7.3

Single electron charging diagrams

In Chapter 6, we have presented single electron charging in a nanowire quantum dot, induced by a source-drain bias voltage or by a change in back gate
potential.[98] In section 7.3.1, the source-drain bias is tuned to reproduce the
single electron charging stability diagram. In addition, the energy spectrum of
the quantum dot is obtained and the charge states are identiﬁed. In section 7.3.2,
the lateral gate-potential is changed to show their electrostatic coupling to the
quantum dot.

7.3.1

Discharging by a source-drain bias voltage

The eﬀect of the source-drain bias on the photoluminescence is presented in Figure
7.2a. At low excitation power, s-shell recombination is observed only, presenting
subsequent discharging as a function of Vsd from X2− to X1− , followed by X0
and quenching of the photoluminescence at Vsd = 7 V. The quenching of the
luminescence identiﬁes the peak at 1.332 eV to be the neutral exciton, which has
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Figure 7.2: (a) Source-drain bias induced discharging of the nanowire quantum dot.
(Vs = −Vd = Vsd /2, excitation intensity = 3 kW/cm2 , excitation energy = 1.37 eV, Vg
= 0 V, Vl,r = 0 V, Integration time (dt) =30 s). (b) Photoluminescence spectra under
increasing excitation intensity (left) and ﬁtted emission intensity versus laser intensity
for X0 and 2X0 (right). (Excitation energy = 2.33 eV, source-drain bias (Vsd ) = 8 V
back gate potential (Vg ) = 0 V, Vl =Vr = − 4 V, dt = 1 s, T = 4.2 K).

been studied in more detail in reference [98]. At Vsd = 5.7 V , biexciton (2X0 )
emission is observed at 1.329 eV. Here, the applied electric ﬁeld compensates the
electron charging energy and tunneling events between the photoexcited states
of X1− , X0 and 2X0 occur due to the relative Coulomb interactions, as we show
below in section 7.7.2.
To conﬁrm the 2X0 assignment, photoluminescence spectra as a function of
laser intensity are presented in Figure 7.2b. A super-linear increase (n = ∼ 1.5)of
the emission intensity of 2X0 is obtained, while X0 emission increases linearly as
a function of laser intensity. At high excitation power, the X0 emission saturates
since the excitation rate exceeds the recombination rate, while 2X0 continues to
increase in intensity for higher excitation powers, which is observed before for the
biexciton-exciton radiative cascade.[123]

7.3.2

Lateral gates for discharging

Operating the lateral gates at an equal potential (Vl = Vr ) allows the nanowire
electrochemical potential to be tuned locally and induce an electric ﬁeld along the
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nanowire growth axis. When the lateral gates are positioned correctly (and have
a ﬁnite gate coupling α), the electric ﬁeld enables quantum dot electron charging
and discharging events. In Figure 7.3a, we present simpliﬁed band-diagrams of
the nanowire quantum dot, explaining the (dis)charging from X1− to X0 .

a

b
Vsg<<0

V
-0.8 V

0.8 V
V
30
PL intensity (cps)

Vsg=0

Side gate bias (V)

6
3
0

X

2-

1-

-3

X

-6

0

X
1.31

1.32

1.33

0
1.34

PL energy (eV)
Figure 7.3: : Eﬀect of tuning of lateral gates at equal potential. (a) Schematic
band energy diagrams for negative (top) and grounded (bottom) lateral gates. (b)
Lateral gate induced discharging of the nanowire quantum dot from X2− to X1− . (Laser
intensity = 3 kW/cm2 , excitation energy = 1.37 eV, Vs = −Vd = 0.8 V, Vg = 0 V, dt
= 10 s).

Figure 7.3b presents the quantum dot photoluminescence as a function of
lateral gate voltage Vsg . A source-drain bias of 1.6 V is applied to enhance the
tunnel coupling needed for (dis)charging. At Vsg larger than 0 V, the quantum dot
is charged with two excess electrons and X2− emission is observed. For negative
Vsg , X1− emission is observed. The transition from X2− to X1− induced by the
lateral gates demonstrates their electro-static coupling to the quantum dot.
The energy of the emission lines is highly dependent on the lateral gate bias
in Figure 7.3b. In the next section, we focus on the origin of these energy shifts.
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7.4

Tuning electron-electron interactions

Discharging events are suppressed at low source-drain bias (the tunnel coupling
is low). As a result of the low tunnel coupling, charge states co-exist over a large
lateral gate bias range (see Chapter 6), enabling studying the eﬀect of the lateral
gate potential on the neutral and charged exciton emission energy.

7.4.1

Tuning X1− Coulomb and X2− exchange interactions

Figure 7.4a presents a lateral gate sweep at Vsd = 0 V. At Vsg = 0, X1− and X2−
emission are both observed. Their photoemission coexists for the entire lateral
gate voltage range shown, a manifestation of long tunneling times. In Figure 7.4b
the emission energies are plotted as a function of lateral gate voltage. The X1−
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Figure 7.4: : Eﬀect of tuning of lateral gates at zero source-drain bias. (a) Photoluminescence as a function of lateral gate potential (Vl = Vr , Laser intensity = 3 kW/cm2 ,
excitation energy = 1.37 eV, Vs = Vd = 0 V, Vg = 0 V, dt = 10 s). (b) Lateral gate
2−
1− emission. Data
induced energy shifts of the nanowire quantum dot X2−
s , Xt and X
corresponds to (a).

emission energy is rather constant for Vsg < +1.5 V. However, a large (5-6 meV)
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shift to lower energy is observed when Vsg > +1.5 V. The energy shift is explained
by a change in Coulomb interactions between the two electrons in the X1− excited
state. The lateral gate potential inﬂuences the electron-electron spatial overlaps,
changing the Coulomb repulsion energy Vee [49]. Here, when applying a negative
potential to the lateral gates, electron-electron interactions (Vee ) are expected to
increase, governing a shift to higher energy for the negatively charged exciton.
In contrast, for positive lateral gates, the electrons in the photo-excited state of
X1− are separated and a strong shift to lower energy is observed.
The energy shift of X1− indicates that Vee is larger than 6 meV, which is in
agreement with the earlier observed charging energy for these quantum dots in
Chapter 6. X2− is a more complex charge state since the initial state consists of
3 electrons of which one occupies the p shell of the quantum dot (see Chapter 6).
Resulting from exchange interaction, the emission consists of two lines, a singlet
2−
(X2−
s ) and a triplet (Xt ). Here, the singlet emission energy is lowered by ∆sp ,
is increased in energy by the
the s − p spin exchange interaction, while the X2−
t
same energy ∆sp [50].
In Figure 7.4a it can be seen that (as expected) X2− emission becomes brighter
at positive lateral gate bias. The observed diﬀerence in energy shift for the singlet
and triplet emission is remarkable. The energies of the X2− (singlet and triplet)
emission are determined by a Gaussian ﬁt and are shown in Figure 7.4b. X2−
s
shows a clear shift to higher energy between Vsg = 0 V and Vsg = + 3.5 V,
eventually the emission line crosses X1− at Vsg = 2 V.
2−
At the crossing of X1− and X2−
is enhanced and
s , the emission intensity of X
2−
we observe Xt , the triplet emission. At the lateral gate potential of 2 V, the X2−
t
emission energy is 4.5 meV higher than X2−
s , leading to a ∆sp of 2.3 meV. This
s − p exchange interaction energy is similar to values obtained for InAs quantum
dots in InP of comparable lateral dimensions[50, 117]. Towards more positive
lateral gate bias, we observe a reduction in the singlet-triplet splitting, resulting
from an equal contribution of an increase in energy for the singlet emission, and
a decrease in energy for the triplet emission. The splitting 2∆sp is tuned from
4.5 meV at Vsg = +2 V to a minimum value at Vsg = +3.7 V of 3 meV, a change
in ∆sp of −0.8 meV. Under the applied positive lateral-gate potential, spatial
separation reduces the exchange interactions between the s and p shell electron
in the X2− ﬁnal-state. The reduction in ∆sp also explains the shift to higher
energy for the singlet emission (in contrast to X1− ). In the next paragraph we
verify that the electron-hole attraction energy Veh is weakly inﬂuenced by the
lateral gate potential by comparing the X1− and X0 emission energy.
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7.4.2

X1− versus X0 emission energy

Although at ﬁnite source-drain bias the quantum dot charge state can change
due to an enhanced tunnel coupling (see Figure 7.3 b), Coulomb energy eﬀects
are also observed in the presence of an axially applied electric ﬁeld. Figure 7.5a
shows an equal (Vl = Vr = Vsg ) lateral gate voltage dependent photoluminescence
measurement at a source drain bias of 5.2 V.
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Figure 7.5: : Eﬀect of tuning of lateral gates at equal potential at Vsd = 5.2 V. (a)
Lateral gate induced Coulomb eﬀects visible for X1− . (Laser intensity = 3 kW/cm2 ,
excitation energy = 1.37 eV, Vs = −Vd = 2.6 V, Vg = 0 V, dt = 10 s). (b) Left axis:
emission energy of X0 (light grey circles) and X1− (grey squares) as a function of equal
lateral gate voltage. Right axis: emission energy diﬀerence (hexagons) of X0 and X1−
as a function of equal lateral gate voltage. Data corresponds to (a).

At Vsg = 0 V, the quantum dot is charged with a single electron (consistent
with Figure 7.2a). At positive Vsg , a shift to lower energy is observed for the X1−
emission. At negative Vsg , X1− shifts to higher energy while X0 emission arises
between Vsg = −1 V and Vsg = −4 V. In Figure 7.5b the emission energies for
X1− and X0 are compared as a function of Vsg . The clear energy shift for the
X1− emission is absent in the X0 emission. As a consequence, the diﬀerence in
emission energy between X0 and X1− (∆EX 1− ) is reduced by negative Vsg . The
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value of ∆EX 1− ranges from 4 meV at Vsg = 0 V to 2.5 meV at Vsg = −4 V, which
is represented by red hexagons in Figure 7.5b. Since the emission originates from
quantum dot s-shell exciton recombination, the constant X0 emission indicates
that the electron-hole conﬁnement energies and binding energy Veh are not affected by the lateral gate potential. The observed energy shift of X1− presented
in Figure 7.5b thus indicates that the negative lateral gates strongly increase
Vee , which is consistent with the ﬁndings at zero source-drain bias in Figure 7.4.
The tuning of the energy diﬀerence between diﬀerent charge-states conﬁrms the
nature of the electron-electron Coulomb interactions in the quantum dot. In the
next section we will present the results when applying a lateral electric ﬁeld to
the quantum dot, and ﬁnd that the electron-hole Coulomb interactions can be
tuned as well.

7.5

Lateral electric ﬁelds

In the following, the eﬀect of the application of a lateral electric ﬁeld on the
quantum dot emission is presented. The lateral-gate voltage Vl is opposite to
Vr , (Vl = −Vr ) in these experiments. The deﬁnition of the lateral gate potential
is Vlat = Vr − Vl . In Figure 7.6a-c we present source-drain induced charging
diagrams at Vlat = 0 V, 6 V and 12 V respectively.
At zero applied lateral electric ﬁeld, in Figure 7.6a, the exciton and biexciton
transitions can be easily assigned since the emission is at diﬀerent energies. In
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Figure 7.6c, however, the energy diﬀerence has been removed by the lateral bias
of Vlat = 12 V. In addition, the X1− emission quenches at a higher applied
source-drain bias, and X2− is observed in the presented voltage range.
In Figure 7.7 the lateral gate bias is changed at a ﬁxed source-drain bias of
5.2 V. In order to resolve the exciton-biexciton energy diﬀerence, the measurement is done at a high resolution and moderate laser intensity. In the contour
plot in Figure 7.7a the eﬀect of the lateral ﬁeld is clearly visible in energy shifts
for X0 and 2X0 . The ﬁtted emission energies are shown in Figure 7.7b.
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eV, Vs = −Vd = 2.6 V, Vg = 0 V, dt =30 s). (b) top: X0 (light grey circles), 2X0
(dark grey triangles) and X1− (grey squares) emission energy as a function of a lateral
gate induced lateral electric ﬁeld. Red hexagons represent data points of irresolvable
X0 and 2X0 emission. Bottom: energy diﬀerence ∆E2X0 of X0 and 2X0 as a function
of lateral electric ﬁeld. Dotted line indicates the resolution-limit. Data corresponds to
(a)

At positive applied lateral electric ﬁelds, a blue shift is observed (∼3 meV)
for the biexciton emission, while the exciton X0 is constant in energy. At Vlat
= 10 V, exciton and biexciton emission energy cannot be distinguished and the
total intensity increases. Above Vlat = 5 V, X1− emission appears, an indication
that the axially applied electric ﬁeld (Vsd = 5.2 V) is partially compensated by
the lateral gates, a parasitic gating eﬀect. This is consistent with the presence of
X2− emission in Figure 7.6c. The fact that the emission energies of the lines are
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asymmetric around Vlat = 0 V is another indication for parasitic gating eﬀects.
These gating eﬀects occur when the quantum dot is not in the center of the four
metallic gates.
When applying a negative lateral ﬁeld, the exciton and biexciton show an
equal (quadratic) red shift, originating from the single particle Stark shifts which
are explained in more detail in the additional information in section 7.7.2. Here,
the applied source-drain bias enhances the eﬀective lateral electric ﬁeld. We tune
the biexciton transition (dark grey triangles) from 1.329 eV to 1.3325 eV, a shift
of 3.5 meV. The X0 transition (light grey circles) is tuned by 0.5 meV. In the
bottom panel of Figure 7.6(d), we present the energy-diﬀerence ∆E2X0 between
X0 and 2X0 . For negatively applied lateral ﬁelds, ∆E2X0 weakly depends on the
applied ﬁeld. At positive applied lateral electric ﬁeld, we tune ∆E2X0 down to
zero.
As mentioned in the introduction, the removed binding energy of the biexciton allows for the generation of polarization entangled photon pairs. In Chapter
2 polarization anisotropy is presented for these nanowire quantum dots, since
the optical axis is perpendicular to the nanowire axis in these experiments. The
polarization anisotropy makes the entanglement measurement challenging. The
observed overlap of the exciton and biexciton in these devices is a proof of principle for lateral gating of nanowire quantum dots, and a strong motivation for
further investigations.

7.6

Conclusions

We have presented a laterally gated quantum dot embedded in a nanowire device
architecture. Single electron charging diagrams were obtained by tuning the
source-drain bias, and in addition by modifying the potential of the lateral gates.
We observed strong lateral gate voltage dependence of the X2− and X1− emission
energies when the lateral gates are at equal potential. The energy shifts are
explained by electron-electron interactions, which get reduced when the lateral
gates are positively biased. The reduced interaction shows up in reduced electronelectron repulsion energies and s − p spin exchange interactions. In addition, we
have applied a lateral electric ﬁeld across a single quantum dot, and observed a
strong modiﬁcation of the exciton-biexciton energy separation. Experimentally
it was demonstrated that local lateral electric ﬁelds are suitable to make the
exciton and biexciton emission energies to overlap, which is promising for the
generation of entangled photon pairs. Moreover, these results clearly propose
nanowire quantum dots for experiments in which a high level of electrical control
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is demanded, such as electrical single electron spin manipulation and -storage
followed by optical read-out.

7.7
7.7.1

Additional information
Device fabrication

In a ﬁrst device fabrication step, which is described in detail in reference [98],
individual nanowires are contacted by e-beam lithography (EBL) followed by a
shadow mask evaporation of 100 nm of titanium and 20 nm of gold. Imaging and
identiﬁcation of the nanowires is done by optical microscopy. Due to the 30−50
nm nanowire diameter, sub-wavelength precision is needed for estimation of the
correct position of the lateral gates. Therefore, in addition to the contacts, 300
nm2 large markers are created in the vicinity of the device (see Figure 7.1a).
These markers allow for accurate alignment of a second EBL step via AFM microscopy. In contrast to the optical imaging, AFM imaging reveals the nanowire
diameter accurately. For correct design of the lateral gate position along the
nanowire elongation axis, the position of the quantum dot has to be known.
Here we use the reproducibility of MOVPE nanowire growth rates as an estimate
for the quantum dot position: in the middle of the nanowire. As the precision of
this estimate is limited to ∼ 100 nm, the lateral gates are designed to be 300 nm
in width to increase the yield of lateral gates coupled to the quantum dot. To
limit the competing eﬀect of plasmon-generation[124], the lateral gates are made
of aluminum. For optical accessibility with a high NA objective, the height of the
lateral gates is limited to 50 nm. See Figure 7.1a for a typical nanowire quantum
dot device with lateral gates. Note that the contact separation is 1.4 µm, while
the lateral gates are separated by 160 nm, allowing for generation of high electric
ﬁelds.

7.7.2

Theory of a lateral electric ﬁeld

That laterally applied electric ﬁelds are an eﬀective way to tune ∆E2X to zero,
can be derived from the Coulomb interactions involved in X0 and 2X0 . Figure
7.8a presents the quantum dot Coulomb interactions for n electrons and m holes,
where the interaction energies are represented by Ene+mh . The Coulomb interaction energy of X0 (E1e+1h ) is simply −Veh . The Coulomb interaction energy
for 2X0 (E2e+2h ), adds up to Vee + Vhh − 4Veh , in which Vhh is the hole-hole
repulsion energy. The 2X0 recombination ﬁnal state is X0 . Therefore the biexciton transition involves Vee + Vhh − 3Veh (see Figure 7.8a). Assuming ground
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state transitions and neglecting correlations, the emission energy diﬀerence ∆E2X
between X0 and 2X0 consists of Vee + Vhh − 2Veh . Hence ∆E2X would be twice
more eﬃciently tuned by a change in electron-hole interaction Veh than by a
change in Vee . In the strong conﬁnement regime, the few particle Coulomb interactions are dominated by the single particle spatial extensions [49]. The radial
extent of the wave functions is determined by the radial conﬁning potential. In
self assembled quantum dots the radial conﬁnement is modeled accurately by a 2dimensional harmonic conﬁning potential [31]. In this section, we assume for the
nanowire a 2-dimensional harmonic lateral conﬁnement potential. Furthermore
it is important to note that in the following, the eﬀect of the nanowire surface
(such as image-charges) are neglected.
Assuming a cylindrical quantum dot, we present the single particle Hamiltonian for a single lateral dimension x. The harmonic potential for the conduction
band (valence band) is then given by:
1
2
Vc(v) (x) = m∗e(hh) ωc(v)
x2
2

(7.1)

In which m∗e(hh) is the electron (heavy hole) eﬀective mass and ωc(v) is the harmonic oscillator frequency of the speciﬁc quantum dot band conﬁnement. The
orbital energy separation is given by �ωc(v) , as depicted in Figure 7.8 b (left).
When applying a lateral electric ﬁeld F along x, the single particle Hamiltonian
can be written as[125]:
He(hh) (F ) =

p̂
1 ∗
eF
(eF )2
2
2
m
+
ω
[(x
∓
)
]
−
(7.2)
e(hh)
c(v)
2
2
2m∗e(hh) 2
m∗e(hh) ωc(v)
2m∗e(hh) ωc(v)

Here the ﬁrst term consists of the electron (heavy hole) single particle kinetic
energy (determined by the z-dimension conﬁnement energy), the second term is
the spatially translated harmonic potential and the third term in equation 7.2
is the single particle Stark eﬀect. Note that, due to the opposite polarity, the
displacement for the conduction band (∆xc (F) = meF
∗ ω 2 ) is along the electric ﬁeld
e c
direction, while the displacement for the valence band (∆xv (F) = m−eF
∗ ω 2 ) is in
hh v
opposite direction. The total displacement is therefore given by ∆xc (F) − ∆xv (F)
= ∆xtot (F),[125] which is graphically represented in Figure 7.8 b (right). As a
result, the laterally applied electric ﬁeld F aﬀects the spatial overlap of oppositely
charged carriers.
In the regime of strong conﬁnement Vee and Vhh are not expected to change
as a function of the lateral electric ﬁeld, since the conﬁning potentials of the
conduction and valence band are spatially translated separately. The electronhole interactions, however, reduce in a lateral electric ﬁeld, as the overlap of
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Figure 7.8: : Graphic representation of the predicted lateral gate induced eﬀects.
(a) Energy diagram depicting Coulomb interactions involved in the energy of X0 , X1−
and 2X0 emission in absence of an electric ﬁeld. Orbital energies are neglected. Veh :
electron (e) - hole (h) Coulomb attraction energy, Vee : e-e repulsion, Vhh : h-h repulsion,
E0 : empty QD, Ee : 1 electron, Eh : 1 hole, E2e+h : 2 electrons and 1 hole, E2e+2h : 2
electrons and 2 holes on the QD. (b) Modeled lateral electric ﬁeld dependence of X0 ,
2X0 and X1− emission energy. Band gap energy is subtracted for clarity. (�ωc = 14
meV, �ωv = 3 meV, L0e = 8.3 nm, L0hh = 8.1 nm, V0eh = 14.5 meV, ∆E2X 0 = −4 meV,
∆EX 1− = −5 meV. Left inset: grounded lateral gates, band structure in the radial
dimensions of the QD, representing the biexciton lowest energy charge conﬁguration
prior to photon emission. Right inset: band structure with oppositely biased lateral
gates, showing the predicted lateral spatial separation of the harmonic oscillators for
the electron and hole.
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the wavefunctions reduces. Therefore, Veh is expected to reduce for increasing
lateral ﬁeld. In addition, a single particle Stark eﬀect (∼ F 2 ) is expected to
shift the particles to lower energy. We now consider the emission energy of X0
(consisting of recombination of a bound electron-hole pair). The electric ﬁeld
induced change in spatial overlap s(F ) of the electron - and hole wave function
2
tot (F ))
is approximated by: s(F ) = exp[ −(∆x
] [125], where L0e is the conﬁnement
8(L0e )2
√
length for electrons: L0e = m∗�ωc [49] and provided that L0e > L0hh . The change
e

in overlap s(F ) aﬀects the magnitude of the Coulomb attraction energy Veh :
Veh (F) = V0eh *s(F), in which V0eh is electron-hole Coulomb interaction at zero
electric ﬁeld, approximated by: V0eh = 4πϵreϵ0 L0 [126]. The energy for X0 is then
e
given by:
EX 0 (F ) = Ee (F ) + Ehh (F ) − Veh (F ),

(7.3)

where Ee,hh (F) are eigenvalues of the electron and hole single particle Hamiltonians (Equation 7.2, respectively. Assuming Vee and Vhh are not aﬀected by the
applied lateral electric ﬁeld, the recombination energy separations of 2X0 and
X1− with respect to X0 are given by:
0
0
∆E2X (F ) = E2X 0 − EX 0 = ∆E2X
+ 2Veh
− 2Veh (F )

(7.4)

0
0
∆EX 1− (F ) = EX 1− − EX 0 = ∆EX
1− + Veh − Veh (F ),

(7.5)

and

0
0
0
where ∆E2X
= Vee + Vhh − 2V0eh and ∆EX
1− = Vee − Veh are the zero ﬁeld
biexciton and charged exciton binding energy respectively (see Figure 7.8 a). To
calculate EX 0 (F), ∆E2X (F) and ∆EX 1− (F) for the nanowire quantum dot, we
need to derive the lateral conﬁnement parameters ωc and ωv .
At the nanowire surface, the potential is assumed to be limited by the conduction (valence) band oﬀset bc(v) with the InP shell. We can relate ωc(v) to the
2
nanowire radius a by using equation 7.1 and setting: Vc(v) (a) = 12 m∗e(hh) ωc(v)
a2 =
bc(v) , yielding
√
2bc(v)
ωc(v) =
(7.6)
m∗e(hh) a2

Since bc + bv = 0.22 eV, the diﬀerence in band gap between the quantum dot
and the InP nanowire, the reported band oﬀset distribution for the system (in
absence of strain) of bc ∼ 2bv [29] yields bc = 146 meV and bv = 73 meV. From
the optical spectrum at high excitation intensity, the total splitting between the
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s and p shell (�ωc + �ωv ) is determined to be 17 meV for the nanowire quantum
dots studied here. Using equation 7.6 we can now solve for the nanowire radius
a yielding an eﬀective quantum dot diameter of 40 nm, consistent with AFM
and SEM analysis. The found a and b are used in equation 7.6 to give: �ωc = 14
meV and �ωv = 3 meV, leading to: L0e = 8.3 nm, L0hh = 8.1 nm and V0eh = 14.5
meV.
The resulting relative emission energies versus lateral electric ﬁeld are plotted
0
0
in Figure 7.8c for ∆E2X
= −4 meV and ∆EX
1− = −5 meV. Although at F
0
1−
= 0 kV/cm both 2X and X are lower in energy than X0 , the compensation
of Veh leads to an expected crossing of the emission lines with X0 at F = 2
kV/cm and F = 3.5 kV/cm respectively. At these applied ﬁelds, the electron-hole
overlap s is 0.88 and 0.67, which predicts a limited reduction in oscillator strength
for this system, allowing for observation of the crossings by photoluminescence
experiments.
When we compare the model to the data presented in Figure 7.7, it is clear
that the nanowire quantum dot emission energy-shifts deviate from the predicted
result. The ﬁrst diﬀerence is the observed asymmetry around zero applied ﬁeld,
most likely caused by the position of the quantum dot with respect to the four
gates. This would imply that in absence of a lateral external bias, the quantum
dot is already subject to a lateral ﬁeld, which is induced by the applied sourcedrain bias. The measured result in Figure 7.7b cannot simply be ﬁtted by the
model with the use of a voltage translation, since the relative slopes of the charged
exciton and biexciton at positive lateral ﬁeld are not in correspondence with the
model. In the experiment, the slope of the biexciton energy with respect to the
applied ﬁeld is lower than the slope for the charged exciton. As mentioned before,
the nanowire surface could induce image charges which could induce Vee and Vhh
to depend on the lateral electric ﬁeld. The biexciton photoexcited state has an
extra hole with respect to the negatively charged exciton. A decrease in the
hole-hole repulsion energy as a function of lateral electric ﬁeld could explain the
reduced observed slope for the biexciton emission energy.
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Chapter 8
Single quantum dot nanowire LEDs
Ethan Minot, Freek Kelkensberg, Maarten van Kouwen, Jorden van Dam, Leo
Kouwenhoven, Valery Zwiller, Magnus Borgstrm, Olaf Wunnicke, Marcel Verheijen,
Erik Bakkers

We report reproducible fabrication of InP-InAsP nanowire light emitting diodes
in which electron-hole recombination is restricted to a quantum-dot-sized InAsP
section. The nanowire geometry naturally self-aligns the InAsP section with the
n−InP and p−InP ends of the wire, making these devices promising candidates
for electrically-driven quantum optics experiments. We have investigated the
operation of these nano-LEDs with a consistent series of experiments at room
temperature and at 10 K, demonstrating the potential of this system for single
photon applications.

This Chapter has been published in Nano Letters 7, 1144-1148 (2007).
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8.1

Introduction

Nanowire light emitting diodes (NW LEDs) oﬀer exciting new possibilities for
opto-electronic devices. Growth of direct-bandgap NWs on Si [62, 127] will allow
optically active elements to be integrated with already highly mature Si technology. For solid-state lighting applications, broad-area LEDs made from NW
arrays have higher light-extraction eﬃciency than traditional planar LEDs [128],
and in the ﬁeld of quantum optics, NWs oﬀer the possibility to control electron
transport at the single-electron level[20] and light emission at the single-photon
level[6].
Since the ﬁrst demonstration of GaAs NW LEDs in 1992 [129], diﬀerent geometries and materials have been used to produce NW LEDs operating over a
wide range of wavelengths.[101, 128, 130–132] Single-NW LEDs with doping modulation in the axial direction, which is the most interesting geometry for many
applications, have been fabricated using GaN-GaInN multi-junctions [128] and a
proof-of-principle device has been shown using binary InP [101]. In this Chapter
we describe the fabrication and characterization of reproducible axial InP NW
LED devices, and show that an active InAsP quantum dot region can be incorporated into these devices. The axial geometry allows for controllable injection
of electrons and holes into the precisely deﬁned active region, giving the advantage of high emission eﬃciency since the optically active region is not embedded
in a high refractive index material. Unlike GaInN, InAsx P1−x emission can be
tuned to infra-red telecommunications wavelengths where there is strong interest
in electrically driven single-photon sources.[12]

8.2

Device details

Nanowire p−n junctions were reproducibly grown in the vapor-liquid-solid (VLS)
growth mode[60] by use of metal-organic vapor-phase epitaxy (MOVPE). 20 nm
colloidal Au particles were dispersed on (111)B InP substrates, after which the
samples were transferred to a MOVPE system (Aixtron 200), and placed on a
RF -heated gas foil rotated graphite disc on a graphite susceptor. The samples
were heated to a growth temperature of 420 ◦ C under phosphine (PH3 ) containing ambient at molar fraction PH3 = 8.3 10−3 , using hydrogen as carrier gas
(6 l/min H2 at 50 mbar). After a 30 s temperature stabilization step, the NW
growth was initiated by introducing trimethyl-indium (TMI) into the reactor cell
at a molar fraction of TMI = 2.2 10−5 . During the ﬁrst 20 minutes, hydrogen
sulﬁde ( H2 S = 1.7 10−6 ) was used for n-type doping, after which the p-type
NW part was grown by switching to diethyl-zinc (DEZn = 3.6 10−4 ) as a dopant
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source for another 20 minutes of NW growth. A low growth temperature of
420 ◦ C was used to minimize thermally activated radial overgrowth[28] that will
degrade the electrical properties of axial modulation doping.[133] To incorporate
nominally intrinsic InAsx P1−x heterostructure segments in the InP p − n junctions, both dopant gases were shut oﬀ and arsine (AsH3 ) was added to the gas
ﬂow between n− and p−type InP growth. The fraction of As in the InAsx P1−x
segment was controlled by adjusting the AsH3 / PH3 ratio. After growth, PH3
was kept present during cooling.

Figure 8.1: Figure 1 a) AFM height image of an LED device. The p−InP/n−InP NW
is electrically contacted on the left and right side by Ti/Zn/Au and Ti/Al respectively.
A step-like change in NW diameter, from 55 nm to 45 nm, corresponds to the location
of the p − n junction. Scale bar (for x-y dimensions) is 1 mm. b) Room temperature
I − V characteristic of a NW LED device at low bias. The inset shows data on a log
plot. c) Suface potential map of a device in reverse bias (top) and line trace along NW
axis (bottom). The step in surface potential corresponds to the depletion region of the
pn junction (highlighted in yellow). There is not a one-to-one correspondence between
applied voltage and measured surface potential due to capacitance between the AFM
tip and the grounded substrate.[102]

A typical NW LED device without an InAsP heterostructure is shown in Figure 8.1a. A total of 20 such devices have been successfully fabricated with a
process yield of about 50 %. As-grown NWs were transferred to oxide coated
Si substrates and contacted using electron beam lithography and metal evaporation. Immediately before metal evaporation, an HF etch was used to remove
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native oxide from the NW surface (5 seconds in 6:1 buﬀered HF). Ti/Al (100/10
nm) was used to contact n−InP and Ti/Zn/Au (1.5/30/90 nm) was used to contact p−InP. The surface roughness at the p−type electrode is due to Zn grain
formation. The contact properties, similar to those previously reported[101], were
determined on individual n−InP and p−InP NWs. Contact to n−InP is Ohmic
and typical two-terminal resistance is about 20 kΩ suggesting a doping concentration > 3 x‘1018 cm−3 (electron mobility in bulk InP is ∼ 1000 cm2 V−1 s−1 [103]).
Contact to p−InP is non-ohmic, with room-temperature low-bias resistance of
about 10 MΩ when the p−electrodes are 1 µm wide. Gating of individual p−type
wires shows pinch-oﬀ at about 10 V, which suggests a doping concentration of
∼ 1018 cm−3 [4]. We note that doping estimates are complicated by surface depletion which reduces the eﬀective diameter of the p−type conductance channel[70],
and by surface charges on the NW which can screen the back-gate.
The p−InP was observed to be more susceptible to tapering than the n−InP,
which can be seen as a diameter expansion on the p−side of the junction (Figure
8.1a and Figure 8.3). Diﬀerent susceptibility to radial overgrowth is likely due to
enhanced materials diﬀusion on the n−InP surface. The n−type dopant, sulfur,
is a well know surface passivant, therefore a thin sulfur protective shell on n−InP
is a likely explanation for this eﬀect.

8.3

p-n junction characterization

Nanowire p−n junctions were ﬁrst characterized using three complementary techniques: DC electrical measurements, Kelvin probe force microscopy (KPFM)[134],
and photocurrent measurements. Figure 8.1b shows current as a function of voltage, I(Vbias ), for a NW p − n junction. For small forward bias (Vbias < 2 V), the
current increases following I ∝ exp(eVbias /nkT ) where e is the electron charge,
k is the Boltzmann constant, T is temperature, and the ideality factor, n, is 4.1.
Typical bulk InP diodes have n ∼ 2 due to mid-gap states [135]. The larger n
seen in our NW devices may be due to the non-ohmic behavior of the p−type
contact. In reverse bias our NW diodes show almost no current (∼ 10 pA at
-2 V) until breakdown occurs at -15 V. Kelvin probe force microscopy was used
to spatially resolve the electric ﬁeld within the p − n junction. This technique allows imaging of the electrostatic surface potential in semiconductor devices.[136]
Figure 8.1c shows a NW p − n junction in reverse bias. A drop in surface potential is seen in the middle of the NW, indicating the location and the length,
L, of the depletion region. From the surface potential data we estimate L to
be about 200 nm. Lastly, the p − n junction was characterized by photocurrent
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measurements (not shown). A 532 nm laser was used to excite electron-hole pairs
in the NW. Electron-hole pairs created in the depletion region contribute to a
photocurrent, driven by the built-in electric ﬁeld of the junction. At zero Vbias
we measure 15 pA per Wcm−2 which is consistent with a depletion length L
∼ 100 nm (assuming wire diameter D = 40 nm and 40 % of the photons hitting
the area DL are absorbed[102] and converted to current). The size of the depletion region, measured by photocurrent and by KPFM, is consistent with our
estimates of n−type and p−type doping concentrations.

Figure 8.2: Electroluminescence properties of a single-NW LED. a) Optical microscope image of a device at zero bias (left image) and under forward bias (right image).
Scale bar is 2 µm. b) Room temperature and 10 K spectrum from the device at I
= 1 µA. All spectra were collected on a 1340 pixel Si-CCD array. c) Integrated light
emission as a function of current at T = 10 K.

8.4

Nanowire electroluminescence

Electroluminescence (EL) from the NW LED becomes detectable in forward bias
(Figure 8.2a and b). At T = 10 K we estimate the quantum eﬃciency (QE) of this
device (photons generated/electrons injected) to be about 10−4 (light detection
eﬃciency of the EL measurement is ∼ 1 %). Quantum eﬃciency varies between
devices, with low temperature eﬃciencies of 10−5 to 10−4 and room temperature
eﬃciency about 10 times lower. A signiﬁcant loss of eﬃciency is likely due to
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carrier escape to the metal contacts; the minority carrier diﬀusion length in InP
is > 1 µm. [103] The EL spectrum is signiﬁcantly blue shifted from the InP
bandgap energy (1.42 eV at 10 K). This eﬀect is also seen in heterostructure
wires and will be discussed below.

8.5

Deﬁnition of an InAsP/InP nanowire heterostructure

To achieve light emission from an active region with precisely deﬁned dimensions,
we have incorporated a nominally intrinsic InAsP section inside the NW p − n
junction. The lower-bandgap InAsP material is chosen as a potential well for
both electrons and holes, ensuring that recombination will occur in the InAsP,
in a similar manner as previously demonstrated for MOVPE grown GaAs-GaP
single-photon-emitter NW heterostructures.[6]

Figure 8.3: Scanning transmission electron microscope (STEM) image of an
n−InP/i−InAs0.6 P0.4 /p−InP NW. Rotational stacking defects are seen in the InP
segments, with a higher density of stacking defects in n−type InP. The p−InP has
zincblende crystal structure, whereas the InAsP segment is wurtzite. The n−type InP
shows a mixture of zinc blende and wurtzite structure. Inset shows a high resolution
STEM image of the InAsP crystal structure.

Figure 8.3 shows a high resolution TEM image of an InP p − n junction
with an embedded InAsP heterostructure segment. In contrast to bulk InAsP,
the heterostructure segment has wurtzite crystal structure. The stoichiometry
of InAsx P1−x was determined by electron dispersive x-ray (EDX) TEM measurements with 3 nm spatial resolution (see additional information for axial and
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radial proﬁles of As content). The axial length of the InAsx P1−x segment depends on growth time. We used growth times of 50 seconds and 5 seconds to
grow 50 nm and 12 nm segments. In the 50 nm segment, shown in Figure 8.3,
the central region has uniform x = 0.6, but As content gradually drops within
20 nm (10 nm) of the n−InP (p−InP) interface. Non-sharp interfaces may be
due to As carry-over.[137]

Figure 8.4: Photoluminescence spectra from InAsP sections in three diﬀerent
InP/InAsP/InP NWs. The length and As content of the section has been varied.
Red and blue curves are spectra from 50 nm long segments. Low energy emission
corresponds to higher As content. The black curve shows emission from a 5 nm long
segment grown with higher As content. The sharp line width and blue shift is suggestive
of quantum conﬁnement.

The optical properties of the InAsx P1−x segments in individual NWs were
characterized by micro-photoluminescence (micro-PL) spectroscopy. Figure 8.4
shows emission spectra from three diﬀerent NWs, each with a diﬀerent
i−InAsx P1−x section sandwiched between i−InP ends. By using low laserexcitation powers, emission is detected only from the InAsP. The two spectra
with broad peaks centered at 1.17 eV and 1.31 eV are measured from 50 nm
long InAsx P1−x segments with maximum x = 0.6 and 0.25 respectively. As
expected, higher As content corresponds to lower emission energy. The sharp
peak at 1.24 eV is from a 12 nm InAsP segment grown with the maximum
x = 0.5. The sharp linewidth (1 meV) and blue shift that results from shrinking
the heterostructure dimensions is strongly suggestive of quantum conﬁnement.
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8.6

Nanowire quantum dot electroluminescence

A similar 12 nm i−InAsP section has been incorporated into NW LED devices.
Figure 8.5 shows the EL spectra from such a device. At low current, the spectrum
consists of a single peak that includes 1.24 eV emission. As current/voltage
increases, this peak grows towards high-energies, but remains below the InP
bandgap energy (vertical dashed line). When Vbias > 1.6 V a second peak emerges
in the EL spectrum. This high-energy peak continues to grow as Vbias increases,
becoming broader and more blue-shifted at large Vbias .

Figure 8.5: a) Electroluminescence spectrum at 10 K from an InP NW LED with an
InAsP active region. The spectra correspond to Vbias = 1.4, 1.6, 1.8, 2.0 and 2.2 V.
The vertical dashed line shows the InP bandgap energy at 10 K. Inset shows I − Vbias
curve of the device. Photon counts have been corrected for Si detector sensitivity which
drops to zero at 1.1 eV.

The low-energy peak is attributed to electron-hole recombination in the InAsP
section. The recombination energy is consistent with PL characterization (Figure 8.4) and the blue shift, with increasing current through the junction, is consistent with state ﬁlling of the InAsP. These results show that electron-hole recombination can be restricted to an InAsP active region at low currents.
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There is a striking diﬀerence between the spectral linewidth seen in Figure 8.4
(sharp peak at 1.24 eV) and Figure 8.5. The PL spectra (Figure 8.4) were measured from an undoped NW in which single uncharged excitons can be excited.
In contrast, the electrically-driven InAsP section (Figure 8.5) will be remotely
doped by nearby p− or n−InP. The broad linewidth seen in Figure 8.5 is likely
due to overcharging of the InAsP [138] by the surrounding highly doped InP. To
further develop the NW LED as an electrically-driven photon source for quantum optics [12–14], the active region should be shielded by appropriate barriers
of intrinsic material.
The high-energy emission in Figure 8.5 gives insight into transport mechanisms in the LED device. The emergence of this high-energy emission peak is
due to recombination in the InP outside the InAsP heterostructure. Electroluminescence from NW LEDs without the heterostructure shows identical highenergy emission. The blue shifting and peak broadening at high current indicates that signiﬁcant state ﬁlling occurs. For a qualitative transport model, we
neglect recombination, since minority carrier diﬀusion length is longer than device length.[103] At 1 µA, the 0.2 eV blue shift corresponds to ∼104 electrons
in the conduction band of a 1 µm section of p−InP NW. This electron density and current level is consistent with a minority-carrier electron mobility of
∼ 10 cm2 V−1 s−1 . To fully model transport in the NW LED, self-consistent solutions for carrier densities and electrostatic potential must be calculated for both
ends of the NW. Our results show that both electrochemical and electrostatic
energy play an important role in transport when Vbias > 1.6 V.

8.7

Conclusions

Using the InP-InAsP system we have demonstrated single-NW LEDs in which
carriers are injected into a quantum-dot-sized active region. These results show
that InP-InAsP NW LEDs are promising candidates for combining single-electron
and single-photon control. Photocurrent measurements show that InP p−n junctions can be used for photon detection, opening the way for both photon generation and detection within single NW waveguides. [72] Tuning the properties
of the quantum dot active region in the NW LED may enable higher eﬃciency
electrically-driven single-photon sources[12–14], photon-to-electron turnstiles[16,
139], and novel experiments in solid-state quantum optics, such as spin qubit
manipulation followed by conversion to photon polarization state.[140]
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Chapter 9
Scaling up: position controlled nanowire
infrared single photon sources
S. N. Dorenbos, H. Sasakura, M. P. van Kouwen, N. Akopian, S. Adachi,
N. Namekata, M. Jo, J. Motohisa, Y. Kobayashi, K. Tomioka, T. Fukui, S. Inoue,
H. Kumano, C. M. Natarajan, R. H. Hadﬁeld, T. Zijlstra, T. M. Klapwijk, V. Zwiller
and I. Suemune

We report the experimental demonstration of single-photon and cascaded photon pair emission in the infrared, originating from a single InAsP quantum dot
embedded in a standing InP nanowire. A regular array of nanowires was fabricated by epitaxial growth on an electron-beam patterned substrate. Photoluminescence spectra taken on single quantum dots show narrow emission lines around
1.2 µm. Superconducting single photon detectors enable us to measure the second order correlation function as well as cross correlations. Clear antibunching
is observed (g(2) (0) ≤ 0.12). Furthermore we performed cross correlation measurements to determine the nature of the emission lines. We have identiﬁed a
biexciton-exciton cascade and two excitonic charge states.

This Chapter has been submitted to Nano Letters

117

9. Nanowire single photon sources in an array

9.1

Introduction

Semiconductor quantum dot (QD) structures are attractive candidates for solidstate single photon and entangled-photon pair generation. [11, 12, 141–144]
Nanowire quantum dots (NW-QDs) are promising candidates for such sources
due to the controllability of doping, shape, and material freedom. [22, 86, 98, 105]
Furthermore, due to the high light extraction eﬃciency [41] and straightforward
electrical contacting, nanowires present advantages over self assembled quantum
dots. In addition, ﬁne structure splitting, present in self assembled dots, is predicted to be absent in NW-QDs,[26] ideal for the creation of entangled photon
pairs. While recently single photon emission from a NW-QD is shown at a wavelength <1000 nm [6, 145], a single photon NW-QD emitter at telecommunication
wavelengths and a detailed study to its emission lines has not been reported.
In this Chapter we report on the fabrication and characterization of a regular
array of InAsP QD embedded in an InP nanowire and characterization of the
QD photoluminescence. InAsP is an attractive material due to its band gap,
which can be tuned to telecommunication wavelengths by changing the composition. We demonstrate controlled positioning of the nanowires by growing them
in a regular array. Control of the positioning allows further advancement towards practical devices and control of the density, which is necessary for uniform
growth conditions. We show that a NW-QD indeed is a source of single photons
by measuring non-classical antibunching in second-order photon correlation experiments, proving sub-Poissonian light statistics. Furthermore we perform cross
correlation experiments to identify biexcitonic and excitonic transitions.

9.2

Nanowire array growth

Arrays of InAsP QDs embedded in InP NWs were synthesized by selective area
metal organic vapor phase epitaxy (SA-MOVPE [146]). In previous Chapters,
a catalyst has been used (i.e. Au) to grow NW structures, however with SAMOVPE a catalyst is not needed. A (111) InP wafer was covered by 30 nm
of SiO2 . By electron beam lithography and wet-etching, 40 to 60 nm diameter
openings were created to form nanowire nucleation-sites. At a growth rate of
3 nm/s, ﬁrst a 1 µm long segment of InP was grown by adding trimethylindium
(TMI) and tertiarybutylphosphine (TBP) to the MOVPE reactor at 640 ◦ C.
Subsequently the temperature was lowered to 580 ◦ C and arsine (AsH3 ) was
added to the reactor (V/III ratio 340, partial pressure TBP:AsH3 3:1) to grow a
8 to 10 nm layer of InAsP to form the QDs. To cover the QDs with an InP shell,
InP growth was ﬁrst performed at 580 ◦ C. To ﬁnalize the nanowire, a second 1 µm
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segment of InP was grown at 640 ◦ C. A scanning electron microscope image of
the array is shown in Figure 9.1a. A schematic of an individual nanowire is shown
in Figure 9.1b.
a
a

b

b
InP
2 µm

10 nm

InAsP
InP

Figure 9.1: (a) Scanning electron microscope image of the regular array of nanowires.
(b) Schematic of the nanowire, consisting of two 1 µm long InP segments and a 10 nm
InAsP section forming the quantum dot.

9.3

Single quantum dot spectroscopy

NW-QD photoluminescence (PL) spectroscopy was performed by micro-PL measurements. The sample was cooled to 5 K in a He ﬂow cryostat. An excitation
laser beam directed along the NW growth direction was focused on the sample
surface by an aspheric lens (NA=0.5). The NW-QD emission collected by the
same aspheric lens was dispersed by a double grating spectrometer (f = 1.0 m)
and was detected with a liquid-nitrogen-cooled InGaAs photodiode array. The
typical exposure time was 1 s to obtain a spectrum with a high signal-to-noise
ratio. The excitation source was a pulsed-Ti:sapphire laser at a wavelength of
800 nm with a repetition rate of 76 MHz. A typical spectrum is shown in Figure 9.2a.
At an excitation intensity of 150 W/cm2 , we identify an intense peak centered
at 1211.30 nm (1.02328 eV) with a linewidth of 46 mueV FWHM. As expected,
the ﬁne structure splitting normally induced by QD lateral anisotropy and associated exchange interaction [37, 147] was not observed in polarization dependent
measurements, within our setup resolution of less than 5 µeV. Because the laser
intensity dependence (Figure 9.2b) is linear, we assign this peak to be a single
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Figure 9.2: (a) Spectrum of the nanowire quantum dot. The origin of the X0 line
and the 2X0 line follows from the power dependence. (b) Power dependence of the
spectrum, revealing exciton and biexciton behavior. The solid lines are exponential
ﬁts. (c) Time resolved measurement of the X0 line. The solid line is a ﬁt with a
mono-exponential decay, which gives a lifetime of 2 ns.

exciton. For convenience we name this transition X0 in the following. Determination of the actual charge state is beyond the scope of this Chapter. With increasing excitation power, the PL intensity of X0 saturates at an excitation power
of 393 W/cm2 . An additional line, labeled 2X0 , appears at a power of 19 W/cm2
with its PL intensity increasing super-linearly as shown in Figure 9.2b. The origin
of 2X0 was therefore assigned to a biexciton transition of the InAsP QD. This was
conﬁrmed by cross correlations, as will be shown in section 9.5. The radiative
lifetime of the X0 transition was measured by time-resolved PL measurements
using a streak camera and a pulsed laser, see Figure 9.2c. A mono-exponential
ﬁt reveals a lifetime of 2 ns. The long lifetime indicates the absence of fast non
radiative processes, revealing the high quality of the nanowire quantum dots.
120

9.4 Nanowire
9.4 Nanowire
quantum
quantum
dot dot
as a as
single
a single
photon
photon
emitter
emitter

9.4 9.4Nanowire
Nanowire
quantum
quantum
dotdot
as aassingle
a single
photon
photon
emitter
emitter
SingleSingle
photon
photon
emission
emission
was demonstrated
was demonstrated
by a by
Hanbury
a Hanbury
Brown-Twiss
Brown-Twiss
(HBT)
(HBT)
experiment.
experiment.
A schematic
A schematic
of theofsetup
the setup
is shown
is shown
in Figure
in Figure
9.3a. 9.3a.
The NW-QD
The NW-QD
is optically
is optically
excited
excited
with with
a He-Ne
a He-Ne
sourcesource
at 633
at nm
633and
nm aand
spectrum
a spectrum
similar
similar
to to
Figure
Figure
9.2a is9.2a
observed.
is observed.
The emission
The emission
is ﬁltered
is ﬁltered
with awith
longa pass
long ﬁlter
pass ﬁlter
(1100(1100
nm) nm)
and sent
and to
sent
a 50:50
to a 50:50
beamsplitter.
beamsplitter.
AfterAfter
each each
beamsplitter
beamsplitter
output,
output,
the emission
the emission
0
is ﬁltered
is ﬁltered
with with
a 0.5 anm
0.5wide
nm wide
band band
pass ﬁlter
pass ﬁlter
to select
to select
the Xthe
line
X0and
line sent
and to
sent
a to a
superconducting
superconducting
singlesingle
photon
photon
detector
detector
(SSPD).
(SSPD).

a

b

Figure
Figure
9.3: 9.3:
. (a) .Setup
(a) Setup
for measuring
for measuring
auto and
autocross
and cross
correlations.
correlations.
The emission
The emission
is
is
ﬁltered
ﬁltered
with awith
longa pass
long ﬁlter
pass ﬁlter
(LPF,(LPF,
1100 1100
nm) and
nm) aand
0.5 anm
0.5broad
nm broad
band band
pass ﬁlter
pass ﬁlter
(BPF).
(BPF).
A wavelength
A wavelength
tuneable,
tuneable,
ﬁbre coupled,
ﬁbre coupled,
50:50 50:50
beam beam
splitter
splitter
(BS) (BS)
is employed.
is employed.
The ﬁltered
The ﬁltered
emission
emission
is sentisto
sent
thetoSSPDs,
the SSPDs,
whichwhich
are connected
are connected
to a time
to a to
time
amplitude
to amplitude
converter
converter
(TAC).
(TAC).
A schematic
A schematic
of theofSSPD
the SSPD
operation
operation
is added,
is added,
showing
showing
the current
the current
supplysupply
(Ibias )(Iand
SEM
a SEM
picture
picture
of theofdevice,
the device,
consisting
consisting
of a 100
of anm
100wide,
nm wide,
500 µm
500 µm
bias )aand
long wire,
long wire,
meandering
meandering
in an in
area
an of
area
10x10
of 10x10
µm. The
µm. output
The output
of theofSSPD
the SSPD
is ampliﬁed
is ampliﬁed
with awith
50 dB
a 50ampliﬁcation
dB ampliﬁcation
stage.stage.
(b) Normalized
(b) Normalized
histogram
histogram
of theofautocorrelation
the autocorrelation
0 . Excitation
measurement
measurement
of theofXthe
X0 . Excitation
wavelength
wavelength
is 633isnm
633and
nmthe
andtime
the bins
timeare
bins200
areps.
200 ps.
The solid
The line
solidisline
a ﬁt,
is indicating
a ﬁt, indicating
a dip aofdip
theofcorrelation
the correlation
function
function
of g (2)of
(0)g (2)
=(0)
0.12.
= 0.12.

At the
Atwavelength
the wavelength
of interest
of interest
SSPDs
SSPDs
are aare
logical
a logical
choicechoice
for correlation
for correlation
ex- experiments
periments
[148],[148],
as they
as oﬀer
they free
oﬀerrunning
free running
singlesingle
photon
photon
detection
detection
with with
low dark
low dark
counts
counts
and excellent
and excellent
timing
timing
resolution
resolution
and decent
and decent
eﬃciency
eﬃciency
in theininfrared.
the infrared.
In In
121 121
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addition, SSPDs have very short dead times (10 ns) and no after pulsing. SSPDs
consist of a long meandering superconducting nanowire, see lower panel of Figure 9.3a. Detection is based on the transition from the superconducting to
the normal state after absorption of a photon.[149] The SSPDs are made of
NbTiN on a thermally oxidized silicon substrate.[99] Owing to the reﬂection
at the SiO2 /Si interface, this type of detectors shows a broad peak eﬃciencyenhancement around a wavelength λenhanced , which depends on the thickness tox
of the SiO2 : tox = λenhanced /4ϵr , with ϵr the refractive index. In this case
λenhanced = 1.3 µm.[150] A single mode optical ﬁbre is accurately aligned to
the device area at room temperature and is clamped 30 µm above the detector.
SSPDs show a short timing jitter, a timing jitter of 60 ps has been measured.[150]
The dark count rate and quantum eﬃciency is dependent on the current
we apply through the SSPD. If we bias the superconducting detector close to
the critical current (Ic ) we obtain the highest eﬃciency, at the cost of a high
dark count rate. It has been shown that with decreasing bias current, the dark
count rate drops dramatically with a slower decrease in quantum eﬃciency, which
results in a higher signal to noise ratio (quantiﬁed in terms of noise equivalent
power).[150] The detectors were operated at 4.2 K, the following settings for
the current and associated dark count rates are used for the two detectors: for
detector 1, at 85 % of Ic (Ic = 3.8 µA) a dark count rate of 70 counts per second
is observed, together with 4 % eﬃciency at a wavelength of 1.3 µm. For detector
2 Ic = 5.2 µA and it was operated at 82 % of Ic , where it showed 40 dark counts
per second and an eﬃciency of 3 %.
Count rates ranging from 5 kHz to 15 kHz were observed for an excitation
intensity of 1.5 kW/cm2 . The second order correlation function of the output of
the two detectors was measured by feeding the output signals of the detectors to
the start and stop input of a time to amplitude converter. A histogram of the
coincidence counts was recorded with timebins of 200 ps and is shown in Figure
9.3b. The correlation counts are normalized. A dip at zero time delay can be
seen, giving a clear proof of antibunched light. The data was ﬁtted through a
second-order correlation function. The function at zero delay gives g (2) (0) ≤ 0.2,
far below the threshold of 0.5, i.e. unambiguously proving that the NW-QD is a
single photon emitter. The fact that the correlation function does not reach zero
at zero time delay is caused by stray background light. To take stray background
(2)
light into account, the data was ﬁtted with gb (τ ) = 1 + ρ2 (g (2) (τ ) − 2), with
g (2) (τ ) = 1 − αexp−τ /t1 and ρ the signal to noise ratio.[151] Here a value of
(2)
gb (0) ≤ 0.12 was obtained. From the mono-exponential decay of the ﬁt a
lifetime can be extracted, which is tl = 1.51 ns, which is comparable to the streak
camera measurement (2 ns, Figure 9.2c).
122

9.5 Biexciton-exciton cross correlation

9.5

Biexciton-exciton cross correlation

To show that the exciton and biexciton were correctly identiﬁed through the laser
intensity dependence (Figure 9.2b), a cross correlation experiment was performed.
If the biexciton and exciton originate from the same charge state they will recombine in a cascade. In the inset of Figure 9.4a, a schematic of the biexciton-exciton
cascade is shown.
a

2
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2X0
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Figure 9.4: . (a) Cross correlation function of the 2X0 (start) and X0 (stop). Excitation wavelength is 920 nm. This conﬁguration leads to a peak for positive times
(g (2) (0.4) = 1.5), where the probability of emitting a photon (X0 ) is enhanced. For
negative times the probability is decreased, resulting in a dip: g (2) (−0.2) = 0.65. The
biexciton-exciton cascade is modeled as a 3 level system (see inset). The solid line is a
ﬁt according to this model. The ﬁt gives a lifetime for the exciton (τX 0 = 1.24 ns) and
for the biexciton (τ2X 0 = 0.34 ns). (b, Inset) PL spectrum for an excitation wavelength
of 920 nm. The assignment of the peaks follows from the power dependence and cross
correlation measurements. (b) The power dependence of the X0 line (red circles), XA
line (solid black circles) and XB line (open black circles) shows a linear trend, from
which it follows that these are excitonic states. The charge follows from the relative
energy. Cross correlations conﬁrm that the X0 , XA and XB states originate from the
same QD and do not belong to the same cascade (not shown). The 2X0 line (blue
circles) has a super-linear power dependence, a biexcitonic behavior.

Upon excitation with rate r01 and r12 , the dot is ﬁlled with two electron-hole
pairs (2X0 ) (neglecting possible resident charges). At a rate r21 one electron-pair
recombines, leaving the X0 behind, which subsequently recombines at a rate r10 .
The excitation laser was switched to a continuous wave Ti:Sapph laser, tuned to
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920 nm. The excitation energy is now below the bandgap of InP, which reduces
background counts. At output port 1 of the BS of the HBT setup the biexciton
emission was selected, while the exciton emission was selected at output port 2,
with the use of band pass ﬁlters. The selected emissions were each sent to an
individual SSPD. The output signals of the SSPDs were arranged such that the
biexciton served as the start and the exciton as the stop of the time to amplitude
converter. Again the second order correlation function is measured and shown
in Figure 9.4a. The diﬀerence with Figure 9.3b can be immediately seen as
the function is not symmetric around a time-delay of 0 ns. As has been shown
before [144], this is the signature of cascaded emission. For positive time the
peak indicates an enhanced probability of emitting X0 after emission of 2X0 . For
negative times, the dip represents a decrease in probability of the emission of the
next 2X0 after the emission of X0 , because the system has to be re-excited. The
cascade is modeled as a 3 level system (see inset of Figure 9.4a), which implies the
data can be ﬁtted to two decay paths with their own typical time-constants. [144]
By ﬁtting the data we calculate that the correlation dip reaches g (2) (−0.2) = 0.65
and the peak has a value of g (2) (0.4) = 1.5. The exponential decay obtained from
the ﬁt leads to a lifetime of 0.34 ns for the biexciton and 1.24 ns for the exciton.
Again, the function does not reach 0 at τ = 0 , attributed to stray background
light. It has been conﬁrmed that both exciton and biexciton recombination show
antibunching under these conditions (not shown).

9.6

Cross correlations of charge states

In the inset of Figure 9.4b the full spectrum under 920 nm excitation wavelength
is shown. Diﬀerent charge states have appeared, labeled as XA and XB . Cross
correlation experiments and laser intensity dependence were performed on these
emissions. The laser intensity dependence is shown in Figure 9.4b and exciton
and biexciton behavior of the X0 and 2X0 peaks is conﬁrmed. Cross correlation
experiments between other emission lines did not reveal more cascaded photon
pairs; only antibunching like correlation functions (as in Figure 9.3b) were found.
The functions were ﬁtted with an exponential decay function. The line labeled
XA shows a clear antibunching (g (2) (0) = 0.47) with the 2X0 line, has at the same
time a linear power dependence (see ﬁgure 9.4b) and is emitted at a higher energy
than the X0 line. So we attribute the XA line to a charged exciton [25, 98]. The
line labeled XB , shows antibunching with the XA (g (2) (0) = 0.87) line and the
2X0 (g (2) (0) = 0.92) line, also has a linear power dependence and is emitted at a
lower energy, so we attribute this line to another charged exciton. [25, 98] Hereby
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we have conﬁrmed that 2X0 is the only observed biexcitonic transition and we
have identiﬁed two excitonic states originating from the same NW-QD. Further
investigation is needed to determine the exact charge states, i.e. fabrication of
a wrapped gate[152] or deposition of the NWs on a Si substrate as presented in
Chapter 6.

9.7

Conclusions

To conclude, we have shown that SSPDs enable eﬃcient correlation measurements
on single nanowire QDs emitting at ∼1210 nm. Arrays of NW-QDs with very
good properties can be fabricated without the use of catalysts and can form arrays
of non classical light emitters in the infrared. Due to the speciﬁc properties of
nanowires, an electrically controlled source [69] of single photons and temporally
correlated photon pairs is now within reach.
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Chapter 10
Concluding remarks and outlook
A brief overview of the presented opto-electronic results with nanowire quantum
dots will be given in section 10.1. In addition, two main challenges for the future
are identiﬁed. In section 10.2, an outlook will be given in which the solutions to
the problems will be addressed.

10.1

Conclusions

We have demonstrated that nanowire quantum dots can be embedded in a variety
of opto-electrical devices. Below the main conclusions are listed.
• In Chapter 4 we have shown that quantum dots in nanowires exhibit narrow
optical emission lines. Speciﬁc exciton spin states have been created and
measured with properly polarized light. In addition, we have demonstrated
an alternative energy selective mechanism for spin excitation.
• In Chapter 5 we presented single quantum dots embedded in nanowire photodetectors. We demonstrated a nanowire photocurrent quantum eﬃciency
of up to 4%. In addition, we have shown that the quantum dot photocurrent has high spatial and linear polarization selectivity. These results represent the promising features of quantum dots embedded in nanowire devices
for electrical light detection at sub-wavelength spatial resolution. The low
dark-currents in these devices allows for the application of an electric ﬁeld
to a single quantum dot.
• In Chapter 6 the electric ﬁeld is utilized to induce single electron charging
in an optically active nanowire quantum dot. We showed by photoluminescence spectroscopy that the exciton charge state was tuned by two independent mechanisms: electric ﬁeld induced tunneling along the nanowire
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growth axis and electrochemical potential tuning with a back-gate. We
combined these two mechanisms to isolate a single electron within the optically active quantum dot and tune the quantum dot tunnel coupling with
the contacts. The device geometry allows for the addition of multiple lateral
electrostatic gates to a single quantum dot.
• In Chapter 7 we have presented a laterally gated quantum dot embedded
in a nanowire device architecture. Besides single electron charging, we
have observed strong reduction of electron-electron interactions for X2− and
X1− emissions when the lateral gates are positively biased. In addition,
we have applied a lateral electric ﬁeld across a single quantum dot and
observed a strong modiﬁcation of the exciton-biexciton energy separation.
Experimentally it was demonstrated that local lateral electric ﬁelds are
suitable to make the exciton and biexciton emission energies to overlap,
which is promising for the generation of entangled photon pairs.
• To move on towards electrical excitation of the quantum dots, in Chapter
8 we have demonstrated single nanowire LEDs based on an InP-InAsP-InP
nanowire geometry. Here, carriers have been injected into a quantum-dotsized active region. These results have shown that InP-InAsP-InP nanowire
LEDs are promising candidates for combining single-electron and singlephoton control. Photocurrent measurements show that InP p − n junctions
can be used for photon detection, opening the way for both on-chip photon
generation and detection within single nanowire waveguides.
• Finally, we conﬁrmed in Chapter 9 that nanowire InAsP quantum dots
indeed are single photon sources. Here, we fabricated nanowire quantum
dots in a regular array, which is useful to scale up towards reproducible
nanowire quantum dot applications.
Besides these results, two challenges for future research on nanowire quantum
dots have been identiﬁed. First, due to the nanowire surface (and for horizontally
contacted nanowires the presence of the substrate), the emission linewidth of
the nanowire quantum dots is still larger than for self-assembled quantum dots.
Second, in the horizontal device architecture the polarization anisotropy hampers
the reliable identiﬁcation of the electron spin by polarization measurements [79].
In the following section the suggested solutions to these problems will be brieﬂy
discussed.
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10.2

Outlook

To obtain narrower emission linewidths in horizontal nanowire devices, it is suggested to suspend the nanowires. To be able to optically measure the electron
spin, a spin to charge conversion scheme can be used. These two elements will
be brieﬂy discussed below.
Suspending nanowires
The emission linewidth can be reduced by passivation of the surface by a shell.
However, this solution also reduces the nanowire beneﬁts of a natural 1-D electron channel and straightforward contacting. It is advised to ﬁrst suspend the
nanowires in such a way that interaction with the substrate is suppressed. Suspending the nanowires is achieved by selectively etching the SiO2 , for instance
using buﬀered HF. The contacts can be used as an etch mask when chromium
gold contacts are used. The processing is similar to reported results for carbon
nanotubes.[153] See Figure 10.1 for a SEM image of a suspended and contacted
nanowire containing a quantum dot.

Figure 10.1: : SEM image of a contacted and suspended nanowire containing a
quantum dot. Etching of the Si02 substrate is done by a 50 s dip in buﬀered HF.
Afterwards, the sample is rinsed in ethanol. Critical point drying is used to prevent
that the nanowire breaks under the inﬂuence of the ethanol surface tension.[153]

Spin to charge conversion
To extract the polarization of the photons emitted from the nanowire quantum
dot, an option is to process vertical nanowire devices and access the polarization
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along the nanowire growth axis,[152] in a similar way as has been presented in
Chapter 4. When the nanowires are processed in a horizontal geometry, however,
fabrication of gates is more versatile. To determine the electron spin, recently
an electron spin-to-charge conversion read-out scheme has been proposed [111],
which is compatible with controlled storage of carriers up to microseconds. [112]
Besides the fact that the large storage times are promising (single spins in selfassembled quantum dots have been initialized, coherently manipulated and readout within picosecond timescales[17, 18]), the scheme allows for spin read-out
without the use of the polarization of the light, ideal for the horizontal device
architecture.
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Figure 10.2: : X1− singlet-triplet selective tunneling from a nanowire quantum dot at
high magnetic ﬁeld. (a), Contour plot and (b), linetraces of the source-drain induced
discharging of the nanowire quantum dot presenting Zeeman split X1− and X0 emission
lines at B = 9 T. The high energy branch of X1− (triplet) quenches before the low
energy branch (singlet). (Laser intensity = 10 W/cm2, excitation energy = 1.361 eV,
Vg = -18 V, dt = 5 s, B = 9 T). (c), Simpliﬁed band diagrams representing the X1−
decay mechanism for the triplet (top right) and singlet (bottom left) in case of selective
tunneling.

As a ﬁrst step towards spin to charge conversion, we have observed spin eﬀects
at a high magnetic ﬁeld in contacted nanowire quantum dots, presented in Figure
10.2a. Clearly it can be seen that the high energy branch (triplet) of the charged
exciton quenches at a lower applied bias than the low energy branch (singlet). The
quenching coincides with the increase in emission intensity of the neutral exciton.
130

10.2 Outlook
See Figure 10.2b for linetraces of the emission and the observed singlet-triplet
dependent tunneling. The eﬀect is explained in literature [113] by Pauli blocking
of the photoexcited electron by the resident, spin-polarized electron, which is
polarized due to the high external magnetic ﬁeld. In Figure 10.2c, simpliﬁed
band diagrams are presented which explain the tunnel event and successive X0
emission (top) and relaxation followed by X1− emission (bottom).
Assuming unpolarized excitation, manipulation of the resident electron spin
by EDSR[3] (for instance by using the lateral gates) would for a π/2 pulse result
in a reduction of the spin-polarization of the resident electron with respect to
the externally applied magnetic ﬁeld. As a result, the singlet-triplet dependent
tunneling is equal for both spin up and spin down and the two emission lines
of X1− both reduce equally in intensity. In case of a π pulse, singlet-triplet
dependent tunneling causes the lowest energy emission line of X1− to quench,
while now the high energy branch exists for a longer voltage range. The contrast
allows for the probing of the spin resonance by comparing the emission intensities
of the X1− transitions.
The electron g-factor in the nanowire quantum dots is not known. Based
on the bulk g-factor value of InP (1.26 at 1.7 K [154]) and the experimentally
determined g-factor in InAs quantum dots (0.8 [155]) we assume an electron
g-factor of 1 in the following. In that case, to keep the EDSR resonance at
a frequency below 10 GHz (40 µeV), the external magnetic ﬁeld is limited to
∼800 mT. The experimentally observed eﬀective exciton g-factor of ∼1.3 in the
InAs0.25 P0.75 nanowire quantum dots (Chapter 4) would imply that the quantum
dot emission linewidth has to be reduced to ∼50 µ eV to still be able to distinguish
the singlet and triplet emission lines, even after device-processing. The lateral
gate design presented in Chapter 7 should be incorporated on a non back-gated
substrate to prevent screening of the microwaves.
To obtain single spin initialization and read-out, pulsed energy selective excitation of the spin branches of the quantum dot should be used, combined with
the spin-to-charge conversion scheme presented above.
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Summary
Opto-electronics on Single Nanowire Quantum Dots
An important goal for nanoscale opto-electronics is the transfer of single electron
spin states into single photon polarization states (and vice versa), thereby interfacing quantum transport and quantum optics. Such an interface enables new
experiments in the ﬁeld of quantum information processing. Single and entangled photon-pair generation can be used for quantum cryptography. Furthermore,
photons can be used in the readout of a quantum computer based on electron
spins.
Semiconducting nanowires are a suitable electron (hole) channel, as they combine conﬁnement of electrons (holes) in two dimensions with carrier transport in
the third dimension. In addition, the small nanowire diameter allows for the combination of semiconductors with diﬀerent lattice constants. Such heterostructures
can be used to locally conﬁne electrons and holes along the nanowire, creating an
optically active quantum dot. Nanowire quantum dots are therefore a zero dimensional opto-electrical element embedded in a one dimensional electrical transport
channel, which is ideal for quantum opto-electronics.
In this thesis, we report a number of steps towards an electron spin to photon polarization interface based on nanowire quantum dots. First we develop
single InAs0.25 P0.75 quantum dots embedded in InP nanowires. We show that
the nanowire quantum dots have optical emission linewidths as narrow as about
30 µeV. Due to the narrow emission lines, we are able to resolve individual spin
states at magnetic ﬁelds of the order of 1 Tesla. We can prepare a given spin
state by tuning the excitation polarization or excitation energy.
To realize an electron-photon interface in a functional opto-electrical device,
we contact the nanowires to obtain InP nanowire photodetectors with a single
InAsP quantum dot as light absorbing element. For photon energies above the
InP band gap, the nanowire photodetectors have a quantum eﬃciency of 4 %.
Under resonant excitation of the quantum dot, the photocurrent amplitude depends on the polarization of the incident light. The photocurrent is enhanced
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(suppressed) for a linear polarization parallel (perpendicular) to the axis of the
nanowire (contrast 0.83). The active detection volume under resonant excitation
is 7·103 nm3 . These results show the promising features of quantum dots embedded in nanowire devices for electrical detection of light with a high spatial
resolution.
Next, we apply an electric ﬁeld to induce single electron charging eﬀects in
the nanowire quantum dot. We perform optical experiments of a charge tunable,
single nanowire quantum dot, in which the charge state is tuned with two independent voltages. First, we control tunneling events through an applied electric
ﬁeld along the nanowire growth direction. Second, we modify the electrochemical
potential in the nanowire with a back-gate. We combine these two ﬁeld-eﬀects
to isolate a single electron and independently tune the tunnel coupling of the
quantum dot with the contacts. Such charge control is a requirement for optoelectrical experiments involving a single electron spin in a nanowire quantum
dot.
We successively develop lateral gates next to the optically active nanowire
quantum dots. By applying a positive potential to both lateral gates, we observe
energy modiﬁcations of the emission when one and two electrons are residing in
the quantum dot. The energy shifts are explained by a reduction of the electronelectron Coulomb and s − p exchange interactions. In addition, we present large
biexciton emission energy control when a lateral electric ﬁeld is applied to the
quantum dot. Here, the emission energy of the biexciton can be tuned to the
same energy as the exciton emission energy, a key result for entangled photon pair
generation. The coupling of the lateral gates to the negatively charged exciton is
promising for future electron spin manipulation experiments in optically active
nanowire quantum dots.
To move towards on-chip excitation of the quantum dot, we present reproducible fabrication of InP-InAsP nanowire light emitting diodes in which
electron-hole recombination is restricted to the quantum-dot-sized InAsP section. The nanowire geometry naturally self-aligns the InAsP section with the
n−InP and p−InP ends of the wire, making these devices promising candidates
for electrically-driven quantum optics experiments. We have investigated the
operation of these nano-LEDs with a consistent series of experiments at room
temperature and at 10 K, demonstrating the potential of this system for on-chip
sources of single photons.
Finally, we present the method to scale up the nanowire quantum dot synthesis
in a regular array. We show single-photon and cascaded photon pair emission in
the infrared, originating from a single InAsP quantum dot embedded in a standing
InP nanowire.
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To perform electron spin manipulation and optical read-out, it is necessary to
reduce the optical emission linewidth of the contacted nanowire quantum dots.
Maarten van Kouwen
May 2010
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Opto-elektronica met quantum dots in nanodraden
Een belangrijk doel van opto-elektronica op de nanoschaal is het overbrengen van
enkele elektron spin toestanden naar enkele foton polarisatie toestanden (en vice
versa), om een overgang te vormen tussen quantum transport en quantum optica.
Een dergelijke overgang maakt nieuwe experimenten in de quantum informatie
verwerking mogelijk. Het genereren van enkele en verstrengelde fotonen kan worden gebruikt voor quantum cryptograﬁe. Fotonen kunnen ook worden gebruikt
voor de uitlezing van een op elektron spins gebaseerde quantum computer.
Halfgeleidende nanodraden zijn een geschikt elektron (gat) kanaal, omdat zij
elektronen (gaten) opsluiten in twee dimensies, terwijl ladingstransport mogelijk
is in de derde dimensie. Bijkomend is dat de kleine diameter van de nanodraden
het mogelijk maakt om halfgeleiders met een verschillende roosterconstante te
combineren. Dergelijke heterostructuren kunnen gebruikt worden om elektronen
en gaten lokaal op te sluiten langs de nanodraad, waarbij een optisch actieve
quantum dot wordt gecreëerd. Quantum dots in nanodraden vormen daarmee
een nul-dimensionaal optisch actief element in een één-dimensionaal kanaal voor
elektrisch transport, ideaal voor quantum opto-elektronica.
In deze thesis, rapporteren wij een aantal stappen in de richting van een
elektron spin naar foton polarisatie overgang gebaseerd op quantum dots in nanodraden. Eerst ontwikkelen wij enkele InAs0.25 P0.75 quantum dots in InP nanodraden. We laten zien dat de quantum dots in nanodraden emissie lijnbreedtes
hebben van minder dan 30 µeV. De smalle emissie lijnen stellen ons in staat om
individuele spin toestanden waar te nemen bij een magnetisch veld van 1 Tesla.
We kunnen een gegeven spin prepareren door middel van het afstemmen van de
excitatie polarisatie of de excitatie energie.
Voor het realiseren van een foton-elektron overgang in een functioneel optoelektrisch device, contacteren wij de nanodraden om InP nanodraad fotodetectoren met een enkele InAsP quantum dot als licht absorptie element te verkrijgen.
Voor foton energiën boven de InP band gap hebben de nanodraad fotodetectoren
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een eﬃciency van 4 %. Onder resonante excitatie van de quantum dot hangt de fotostroom amplitude af van de polarisatie van het inkomende licht. De fotostroom
is toegenomen (afgenomen) voor een lineaire polarisatie parallel aan (loodrecht
op) de as van de nanodraad (contrast 0.83). Het actieve detectie volume onder
resonante excitatie is 7·103 nm3 . Deze resultaten laten de veelbelovende eigenschappen zien van quantum dots in nanodraden voor licht detectie met een hoge
ruimtelijke resolutie.
Hierna laten wij enkele elektronen ladingseﬀecten zien door middel van het
aanbieden van een elektrisch veld over de quantum dots in nanodraden. We voeren optische experimenten uit op een ladings-afstembare enkele quantum dot in
een nanodraad, waarbij we de ladingstoestand veranderen met twee onafhankelijke voltages. Allereerst controleren wij tunnel evenementen door middel van
een elektrisch veld dat is toegepast langs de as van de nanodraad. Ten tweede
passen wij de elektrochemische potentiaal in de nanodraad aan door middel van
een back-gate. We combineren deze twee veldeﬀecten om een enkel elektron te
isoleren en om onafhankelijk de tunnelkoppeling tussen de quantum dot en de
contacten te veranderen. Een dergelijke controle over de ladingstoestand is een
voorwaarde voor opto-elektrische experimenten aan een enkele elektron spin op
een quantum dot in een nanodraad.
Vervolgens ontwikkelen wij laterale gates naast de optisch actieve quantum
dot in een nanodraad. Door het aan beide gates aanbieden van een positieve
potentiaal observeren wij modiﬁcaties in de energie van de emissie als één en
twee elektronen in de quantum dot aanwezig zijn. De energie verschuivingen
kunnen worden verklaard door een afname van elektron-elektron Coulomb en
s − p uitwisselings interacties. Ook presenteren wij controle over de energie van
het biexciton als een lateraal elektrisch veld wordt aangeboden. Hiermee kan de
emissie energie van het biexciton gelijk afgestemd worden met de emissie energie
van het exciton, een sleutelresultaat voor het genereren van verstrengelde fotonparen. De koppeling van de laterale gates met het negatief geladen exciton is
veelbelovend voor toekomstige elektron spin manipulatie experimenten in optisch
actieve quantum dots in nanodraden.
Om verder te werken naar on-chip excitatie van de quantum dot presenteren
wij reproduceerbare fabricage van InP-InAsP-InP nanodraad licht emitterende
diodes in welke the elektron-gat recombinatie is beperkt tot een InAsP sectie ter
grootte van een quantum dot. Van nature lijnt de nanodraad geometrie de InAsP
sectie uit met de n-type en p-type uiteinden van de nanodraad, waarmee dit soort
devices veelbelovende kandidaten zijn voor elektrisch gedreven quantum optica
experimenten. We hebben de werking van deze nano-LEDs onderzocht door middel van een consistente serie van experimenten zowel bij kamertemperatuur als
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bij 10 K, waarmee wij de potentie aantonen van dit systeem voor on-chip bronnen
van enkele fotonen.
Afsluitend presenteren wij een methode om de nanodraad groei op te schalen
tot een geordende rangschikking. We laten enkele foton emissie en cascades van
photon paren zien in het infrarood, afkomstig uit een enkele InAsP quantum dot
in een staande InP nanodraad.
Om elektron spin manipulatie en optische uitlezing uit te voeren is het noodzakelijk om de optische emissie lijnbreedte van de gecontacteerde quantum dots in
nanodraden te reduceren.
Maarten van Kouwen
May 2010
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