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Preface

After my graduation, I was not sure whether to go for a PhD. I thought that

a career in industry would suit me better. Through my graduation research,

however, I got in contact with the Quantum Transport group (QT) in Delft. I

was really impressed by the research and the people there. When I got the chance

to start a PhD between QT and Philips Research, I did not hesitate one second,

because that was exactly what I wanted: the opportunity of doing research in

a highly motivated group, and at the same time staying connected to industry.

Although working at two places can be hard sometimes, I really enjoyed working

in both places. For this, I want to thank the people who made this PhD such an

enjoyable project.

First of all, I want to thank Erik Bakkers, Leo Kouwenhoven, and Val Zwiller

for giving me the opportunity to do my PhD with you as supervisors. Erik, I

want to thank you for making the nanowire group at Philips Research such a

creative and enjoyable place to work. The inspiring discussions with you really

motivated me and I admire your firmness, vision, and perseverance. Also, I want

to thank you for giving me the opportunity to go for wadlopen 4(!) times. I

am convinced that you will be very successful in your new position at the TU

Delft/TU Eindhoven. Leo, I want to thank you for stimulating and motivating

me to aim high. You really make QT a creative and inspiring place to work. Val,

I want to thank for your neverending enthusiasm and your wild ideas. The optics

lab has been a crowded place the last few years, but I am happy to be a part of

it. I am sure the breakthrough of the wall for the long-expected lab expansion

will lead to breakthroughs in science soon.

I enjoyed a lot the collaboration with my colleagues in the optics lab and I

want to thank you all for that. Some people I would like to mention in particular.

Maarten A, or Maarten B, or Maarten1, or Maarten, we have been on the same

track for a long while already, since our graduation project at Philips. I really

enjoyed the close collaboration we had for some papers, the conversion from

Laurels to Hardy’s, and of course our theory chapter. I wonder whether our

parallel tracks continue after our PhD’s. Umberto, thanks for all the physics
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and fun conversations we had in our office, and the practical help in the lab,

sometimes late at night. Good luck with finalizing your PhD and I really hope

you will measure entangled photons soon. Nika, you taught me how to do optics,

thank you for that. We often had some strong discussions, but your help was

essential for pushing the experiments forward. Mark, thanks for helping me with

my last experiments. You kept me focused during the last period. Good luck

for the future, and I’m still awaiting a (new) invitation to Leiden. Michael,

thanks for keeping the nanowire quantum dot research alive, and I hope you will

go ‘vertical’ in the future. Reinier, your organizational and programming skills

pushed the lab forward. Good luck in coupling plasmon waveguides to all kind

of other nanostructures. Möıra, I hope you will grow some silicon quantum dots

soon. I really enjoyed the times in our Philips office, talking about qubits and

other French words. Gilles, Maria, Sander, Esteban, and Barbara, good luck with

carbon optics, SSPDs and coupling 2DEGs with SK-dots.

I want to thank all of the (former) QT members for making the group such

a motivating working environment. I would like to thank several group members

in particular, starting with the people from the staff. Hans, Kees, Ad, Lieven,

Ronald, and Gary, thanks for making QT a challenging environment. Ronald,

thanks for giving me a short peptalk once in a while. Gary, thanks for the

interesting discussions about physics, processing, and linguistical matters. Yuki

and Angèle, your support is invaluable. Thanks for all the paperwork I did not

have to do. Raymond, thanks to you, I really like solving electronics problems.

Thanks for approaching problems in such a creative way. Bram, Remco, and

Peter, thanks for the helium support, and the fruitful coffee table discussions

about atheism and global warming.

Juriaan and Georg, we spent more and more time together, since our daily

work more and more synchronized: writing the thesis, making up propositions,

designing a cover. . . Good luck with finalizing your PhDs and I hope we’re going

to throw a real good party! Toeno, Gijs, Lucio, Wolfgang, and Hannes, good luck

in making some diamonds spin. Katja, Pol, and Thomas, good luck and have fun

preparing all the upcoming songs and presentations. Pieter, thanks for introduc-

ing me to dr. Dre. Lan, thanks for helping me keeping up my Chinese. Stevan

and Sergei, good luck with the research on wires. Floris, good luck connecting all

the dots. I also want to mention some of the former QT members in particular:

Jorden and Floris, thanks for enthusing me to join QT. Marc, I really enjoyed

our museum trips. Freek, together we measured on vertical nanowire quantum

dots for the first time: I enjoyed our long measurement sessions. Frank, Floor,

Jelle, Ivo, thanks for motivating and bringing atmosphere in the group.

Half of my time I spent at Philips Research in Eindhoven. I want to thank
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my colleagues there for the great time I had. First of all, Rienk, office mate

and nanowire grower, thanks growing such nice nanowire quantum dots. You

always made time for the quantum dot research, and I appreciate that. Also,

I still believe that there’s a super-superstructure in your wires. Wim, thanks

for being my mentor in the MiPlaza cleanroom. Your optimism en enthusiasm

soon jumped over to me, and I really enjoyed working in the cleanroom with you.

I hope we will soon have another music exchange evening. Magnus, you were

really inspiring and motivating. Good luck in Lund, I’m sure you will achieve

total domination there. George, I always enjoyed visiting WZ for a discussion

about nanowire growth, processing issues, or jazz music. Ana, thanks for our

collaboration on the vertical nanowire FETs. Lou-Fé, it was an honour sharing

an office with you for a while. I admire your strong opinions. Marcel, your

skills to make even the smallest and vaguest quantum dot visible in a nanowire

are astonishing. Olaf, thanks for the physics discussions and I’ll try to come to

Burgers soon again for a beer. Johan, thanks for helping me out with all the

optical masks and brainstorming about test structures. I would like to thank

Remco, for letting me hitchhike on his RF-COIL mask, and Remco and Siebe for

the extremely useful discussions we had during coffee breaks.

From the MiPlaza cleanroom I would like to thank Eugène, for being the

walking encyclopedia and for always having time for my processing disasters. I

want to thank Harold for teaching me the ins and outs of the Fusion and for

always saying ‘Hallo!’. I would like to thank Robert for the TEOS and I deeply

respect his sideburns. I think I still owe Jeroen a sixpack. I would like to thank

Eddy and Emile for evaporating lots of titanium, zinc, and gold.

Special thanks go to the Amolf group, situated at Philips Research. In par-

ticular, I would like to thank Jaime, for giving me the opportunity to sort out

my future before I started my PhD, for the fruitful collaboration we had on the

Mie calculations, and for co-managing our nanosoccers team. Also, I would like

to thank Silke for the interesting discussions during the VLS meetings, the yearly

Feuerzangenbowle, and for having such a nice bike.

I would like to thank the members from the NODE-project for useful discus-

sions. In particular, I want to mention Jean Michel Niquet: thanks for the fruitful

discussions on conferences, on the phone, and via e-mail. I had the opportunity

to visit the Walter Schottky Institute in Munich. I want to thank Arne Laucht

for inviting me, and showing me around in Munich. I had a great time, even

though I was completely drugged. I would like to thank the students who were

involved in my research in some way, Heng-Yu, Lucas, Niek, Chris, Dorien, and

Joris.

Outside QT and Philips, I received a lot of support. Friends from Den Bosch
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e.o., TU Eindhoven, high school, and temi: thanks for helping me broaden my

horizon outside physics. Dirk, thanks for helping me out with the cover design.

I also want to thank my band, for understanding that I sometimes skipped re-

hearsals.

Ik wil mijn ouders, spa en sma, bedanken voor hun onvoorwaardelijke steun.

Bedankt dat ik altijd op jullie kan terugvallen. Dat geeft al bijna dertig jaar lang

een gerust en geborgen gevoel. Ook wil ik mijn broers en zus en de hele familie

bedanken. Kees en Bas, ik ben enorm vereerd dat ik 29 juni wordt bijgestaan

door mijn twee grote broers. Ingrid, ik vind het leuk dat je illegaal wil filmen!

Bedankt voor al je goede raad de afgelopen jaren. Maikel, hartstikke bedankt

voor de superstrakke, superscherpe foto’s voor op de kaft. Koen, Maud, Melle,

Peppe, Mila en Imma: jullie inspireren, echt waar! En wellicht bekijken jullie

dit boekje over een aantal jaren nog eens, wat dan natuurlijk hopeloos verouderd

is. Ik wil hier ook Kris noemen; je was bestemd om deel uit te maken van de

familie, maar het mocht helaas niet zo zijn. Bianca, ik kon volgens mij nog

niet eens fietsen en toen kwam je al bij ons. Je nuchtere kijk is erg leerzaam.

Liselotte, jij weet hoe ’t is, zo’n boekje schrijven. Bedankt voor je interesse, en

ik kom graag weer bananensoep eten, of brownies. John en Riny, bedankt voor

de immer chaotische gezelligheid in het zonnige zuiden. Lonneke en Massimo, ik

vond de tripjes naar Italië altijd een zeer aangename afleiding; bedankt daarvoor.

En tot slot wil ik het woord richten aan Evelien: het boekje is af! Bedankt

dat je me al die jaren hebt gesteund, ook in moeilijkere tijden. Je weet maar half

hoeveel je voor me betekent. Ik kijk uit naar de uitdaging die we over een paar

maanden samen aangaan: het is het mooiste kado wat je me ooit zou kunnen

geven.

Maarten van Weert
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Chapter 1

Introduction

1.1 Quantum mechanics

Quantum mechanics is at the heart of modern technology. During the last cen-

tury, the discovery and understanding of quantum mechanics lead to several

major technological breakthroughs, such as the development of the laser, CMOS

industry as a whole, and magnetic resonance imaging techniques. Two concepts

in quantum mechanics are fundamentally different from classical mechanics; the

first concept is superposition: a particle can exist at multiple positions at the

same time. The second concept is entanglement: two particles are connected

(entangled), even when they are separated far away from each other in space.

Initially, quantum mechanics was studied using particles small enough to ex-

hibit quantum mechanical behaviour, such as atoms or electrons. Due to the ever

ongoing urge to decrease dimensions in the semiconductor industry (Moore’s law),

and the discovery of novel material synthesis techniques, physicists were able to

observe quantum mechanical behaviour on amesoscopic length scale (10–100 nm)

at temperatures close to the absolute zero. These advances not only led to the

observation of new quantum mechanical phenomena, but also gave the oppor-

tunity to design structures using the rules of quantum mechanics. Apart from

gaining a better understanding of fundamental solid-state physics, this ability to

design and control quantum mechanics led to a long-term application for these

novel nanostructures: the quantum computer. Such a computer makes use of the

superposition and entanglement concepts: by creating a superposition of 0 and 1

simultaneously in a quantum bit, and entangling multiple quantum bits, compu-

tational power can increase exponentially [1]: by entangling N qubits, they can

represent 2N values at the same time. Several quantum algorithms have been

developed already, such as factorization of large numbers [2]. But perhaps the

most elegant application for the quantum computer is proposed by Feynman:
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simulating complex (solid state) quantum systems, such as high temperature su-

perconductors, in order to gain more insight [3].

1.2 Quantum dots

For realizing a qubit, a quantum mechanical two-level system is required. Several

proposals and realizations have been made for such two-level systems, such as cir-

culating currents in superconducting circuits [4], or a phosphorus atom implanted

in a silicon transistor [5]. In this work we focus on electron spins in semiconduc-

tor quantum dots. Quantum dots are nanostructures, which exhibit a discrete

energy level spectrum for electrons and/or holes [6]. The two spin states of the

lowest electron or hole level can be used as quantum mechanical (quasi) two-level

systems with spin-up and spin-down as 0 and 1. Loss and Divincenzo proposed

the realization of a spin qubit [7], and since then the spin qubit has proven to

be successful by realizing initialization [8] and rotation [9, 10] of a single elec-

tron spin, and a two-qubit operation [11] in a GaAs 2-dimensional electron gas

(2DEG). The system’s major drawback is decoherence: information gets lost due

to interactions of the electron spin with its surroundings [12]. The ability to con-

vert the spin information into photon polarization coherently could circumvent

the decoherence issue, since photons are stable, charge-neutral qubits. Moreover,

they enable long distance communication and relatively easy readout, and the

ability of creating entangled photons on demand allows for quantum cryptogra-

phy [13]. The main challenge is to find a proper interface between the electron

spin qubit and the photon polarization.

Self-assembled quantum dots [14] have been investigated for several decades

already for this purpose. These structures consist of a nanometer-sized low band

gap quantum dot, surrounded by a high band gap capping material, and are fab-

ricated by means of the Stranski-Krastanov growth mode, which is driven by a

lattice mismatch between the dot material and the capping material [15]. Con-

trary to the electrostatically defined quantum dots in for instance GaAs 2DEGs,

the self-assembled dots confine both electrons and holes, making them optically

active. Since their invention 20 years ago, substantial progress has been made

in the field of quantum cryptography and quantum information science. In 2000

Michler et al. [16] showed that the emission of a single self-assembled quantum

dot exhibits sub-poissonian statistics; a direct result from the fermionic charac-

ter of the electron and hole confined in the quantum dot. By embedding the

quantum dots in a diode structure Yuan et al. [17] showed electrical generation

of single photons on demand.
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Benson et al. [18] proposed a scheme for generating entangled photons from

the exciton-biexciton cascade in a self-assembled quantum dot. Despite the fine

structure splitting of the exciton state due to the anisotropic exchange inter-

action [19], Akopian et al. [20] and Young et al. [21] succeeded in generating

entangled photons, either by spectral filtering (selecting those photons which

overlap in energy), or by annealing (thereby reducing the anisotropic exchange

splitting). Recently Muller et al. [22] showed polarization entanglement of exci-

ton and biexciton by removing the anisotropic exchange splitting via the optical

Stark effect.

By embedding self-assembled dots in a diode structure with a Schottky gate on

top, Finley et al. [23] were able to observe single electron charging in a quantum

dot, by analyzing the luminescence spectrum as a function of gate voltage. Due

to Coulomb interactions between the charges on the dot, emission energies of a

neutral, singly charged, doubly charged exciton change in discrete energy steps.

By exciting an ensemble of dots with circularly polarized light and subsequently

let the hole tunnel out of the dot by pulsing the Schottky gate, in 2004 Kroutvar

et al. [24] were able to initialize, store, and readout an ensemble of optically

excited electron spins: the first step towards an electron spin to photon quantum

interface. In 2009 Heiss et al. [25] repeated the experiment on a single electron

spin using an optical analog of a spin to charge conversion [26]. The next step,

coherent rotation of the electron spin by means of electron spin resonance, has

not been achieved yet in self-assembled dots, however.

An all optical approach of initializing and manipulating a spin qubit in a self-

assembled quantum dot is proposed by Gywat et al. [27], using a singly charged

exciton (trion) state. Indeed, initialization of an electron spin [28] and hole

spin [29] has been demonstrated. Moreover, ultrafast all-optical manipulation of

a single spin was demonstrated by two groups [30, 31]. Contrary to its electrical

counterpart, the major drawback of this all-optical approach is lack of scalability.

In fact, scalability is an issue for the self-assembled quantum dot system as a

whole: synthesis is driven by strain, and material choice is therefore limited.

Stacking multiple dots is possible, since the strain field penetrates the capping

layer; hence, a second dot will grow exactly on top of the first dot. Indeed, several

experiments on coupled quantum dots have been reported [32–35]. This method

however limits the freedom in designing the dots in terms materials, size, and

number of dots.

An ideal quantum interface between electrons and photons would consist of

an electrostatically confined quantum dot, in which electrons spins can be ini-

tialized and manipulated, and an optical readout part, in which the electron spin

information is transferred to a photon coherently.
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1.3 Nanowires

We believe semiconducting nanowires [36–39] can provide a true quantum inter-

face between photons and electron spins. The nanowires we study are fabricated

using a bottom-up approach, and allow for an unprecedented design freedom in

axial, as well as lateral direction. For instance, (several) quantum dots [40] or

barriers [41] can be grown inside the wire by varying the materials composition,

since strain is not the driving force for growth. Also, shells around the wires can

be added at will [42] by raising the growth temperature. An important feature

is the ability of combining III-V material with silicon. The silicon isotope 28Si

has no net nuclear spin, the main contribution to decoherence in III-V quantum

dots [12]. By combining III-V quantum dots with silicon nuclear spin barriers,

it should be possible to polarize the nuclei inside the quantum dot [43] and keep

them polarized for a long time, thereby significantly improving coherence prop-

erties.

In 2003 single electron transport in an InP nanowire was demonstrated [44].

By (local) gating of InAs nanowires, several groups were able to isolate a single

electron in an InAs nanowire quantum dot [45, 46]. In 2005 Borgström et al. [47]

showed that by introducing a small GaAs section in a GaAsP wire, a quantum dot,

exhibiting sub-poissonian light, was formed. Thus, nanowires allow for control at

the single electron and the single photon level. The first step to combining the

two regimes was taken in 2007, when Minot et al. [48] demonstrated electrically

generated light emission from a quantum dot embedded in a nanowire LED.

Besides the successes described above, there are two major issues: optical

quality and optical polarization coupling. The optical quality of nanowire quan-

tum dots in the experiments done so far [47–49] is poor, which impedes resolving

spin states, or using experimental techniques, such as resonant absorption [50].

The linewidths of the emission lines, a good assessment of a quantum dot’s qual-

ity, is about 1 meV, while the estimated (lifetime-broadened) linewidth is about

1 µeV. The second important issue is polarization coupling. Wang et al. [51]

showed in 2001 that the absorption and emission of homogeneous InP nanowires

is highly linearly polarized along the wire axis. This polarization anisotropy ob-

structs the polarization selective coupling of spins, required for the proposals for

spin manipulation in quantum dots [27, 52].

In this thesis we deal with both issues. We show that the optical quality of

nanowire quantum dots can be improved by 2 orders of magnitude, and we pro-

pose and demonstrate a geometry for which the polarization anisotropy vanishes:

by coupling the light along the wire axis. Furthermore, by combining nanowire

quantum dots with recently developed fabrication technologies for vertical nano-
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wire devices [53–55], we show that nanowire quantum dots are a viable alternative

to self-assembled quantum dots for the development of optically accessible spin

qubits.

1.4 Organization of this thesis

We start in chapter 2 by introducing theoretical concepts governing the physics

of heterostructure quantum dots embedded in semiconducting nanowires. Here,

the comparison with self-assembled dots is emphasized. In chapter 3 the growth

and optical characterization is discussed. This chapter shows the optimization

steps taken to improve the optical quality of the nanowire quantum dots. Chap-

ter 4 deals with the fabrication of vertical nanowire devices, crucial for charge-

tunable nanowire quantum dots in which polarization access is required. Since

the ultimate goal is embedding a quantum dot in a diode structure, the incor-

poration of zinc dopants into InP nanowires is investigated in chapter 5, using

vertical nanowire device fabrication techniques. It is demonstrated that zinc (a

p-dopant for InP) incorporates into the wire via the gold droplet; this observation

enables the design of nanowire quantum dot p-i-n junctions without restrictions.

In chapter 6 the effect of zinc dopants in InP nanowires on the optical prop-

erties is discussed. It is shown that surface states pin the Fermi-level close to

the conduction band. Introducing zinc dopants creates a strong band bending

across the radial direction, of which clear evidence is found in photoluminescence

experiments.

In chapter 7 the polarization properties of InAsP quantum dots embedded

in InP nanowires, our system of choice, are presented. It is shown that the

emission and absorption of the quantum dots is strongly modified by the nanowire

structure. Moreover, we show that when light is directed along the wire axis, this

polarization anisotropy vanishes. This geometry allows for polarization selective

coupling to spin states, which is demonstrated in chapter 8. We show that

we can selectively excite an exciton spin state in the nanowire quantum dot by

tuning the polarization of the excitation light. Furthermore, we can achieve

similar selectivity, albeit with lower contrast, by tuning the excitation energy.

We emphasize that this experiment would not have been possible without the

excellent optical quality we have achieved by improving the quantum dot growth.

In chapter 9 we continue with nanowire quantum dot devices. In this chap-

ter we demonstrate single electron charging by applying external electric fields

using electrical gates and Schottky contacts. We can assign the observed emis-

sion lines to different charged excitons, down to the neutral exciton, by using
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resonant photocurrent spectroscopy. Chapter 10 shows that we can achieve

similar charging using vertical nanowire quantum dot devices, enabling access to

the intrinsic polarization properties of the dot. In this case the neutral and singly

charged excitons could thus be identified by means of polarization analysis. In

chapter 11 we summarize the results, and present an outlook.

The demonstration of (1) the quantum dot’s excellent optical quality, (2) op-

tical access to the quantum dot’s spin states, and (3) the ability to charge the

quantum dot with single electrons, shows that quantum dots, embedded in nano-

wires, are a realistic candidate for spin manipulation with optical readout. The

next steps to be taken, such as embedding (high quality) dots in a diode struc-

ture, stacking multiple dots, or introducing silicon nuclear-spin-diffusion barriers,

are now within reach.



Chapter 2

Fundamental properties of nanowire

quantum dots

Maarten van Weert1 and Maarten van Kouwen1

In this chapter, the fundamental properties of quantum dots in nanowires will

be treated. The chapter starts with an introduction to the quantum dot ge-

ometry 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 de-

scribing 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 [56, 57]. In that case many-body effects of the

∼ 106 atoms have to be taken into account. For fixed quantum dot sizes, the

1Both authors contributed equally to this chapter.
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analysis is carefully done for self-assembled quantum dots [56, 57], and more

recently for InAsP quantum dots in InP nanowires [58].

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 [59]

and solve for the energy levels analytically. Assuming that the axial (z) confine-

ment 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 [40], we assume a cylindrical

cross-section throughout this chapter.

InP

z

2-4 µm

4-8 nm (h)

2
0
-5

0
 n

m

a) b)

1.20 eV1.42 eV

InP InAsP InP

147 
meV

73 meV

InAsP

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 InAs0.25P0.75 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 InAsxP1−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 (EInP
g ), InAsP (EInAsP

g ), 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,InAsx. 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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Figure 2.2: Axial confinement energies. Modeled one-dimensional finite well

z-confinement energies for electrons (ground and first excited state) and holes (light

and heavy) relative to the corresponding band edge, as a function of InAs0.25P0.75

quantum dot height h. Confining potential and effective masses as presented in

table 2.1.

Table 2.1: Band gaps and particle effective masses for InP and InAs0.25P0.75 used

for determining the finite well confinement energy.

InP InAs0.25P0.75

Band gapa (eV) 1.42 1.20

Effective mass electronb (m∗
e/m0) 0.073 0.061

Effective mass heavy holeb (m∗
hh/m0) 0.6 0.553

Effective mass light holeb (m∗
lh/m0) 0.089 0.073

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

In table 2.1 we list the relevant effective masses and band gaps of zinc-blende2

InP and the InAs0.25P0.75 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 [60]. Now, for a deriva-

tion of the one-dimensional finite well confinement energies as a function of quan-

tum dot height h, we follow a standard textbook approach [61].

Figure 2.2 presents the resulting confinement energies for the ground state

electron (Econf
e0 ), heavy hole (Econf

hh ), light hole (Econf
lh ) and the first electron

excited state (Econf
e1 ) as a function of quantum dot height. As expected, the

confinement energies increase with smaller quantum dot size. In the case of h <

2Although a wurtzite crystal structure is often observed in InP nanowires, electronic prop-

erties of this crystal phase are still unknown, except for the band gap.
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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) 4 8

Electron z-confinement (Econf
e ) (meV) 79 38

Heavy hole z-confinement (Econf
hh ) (meV) 18 6

Light hole z-confinement (Econf
lh )(meV) 48 26

2.1.2 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 s-

shell, 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, Esp) 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 Esp, 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 [62].

d-shell

p-shell

s-shell

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

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

(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.

We model the energy levels in the nanowire by neglecting few-particle in-

teractions and strain. In polar coordinates (r,θ), the two-dimensional harmonic
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potential in the conduction band is given by V (r) =
1

2
m∗

eω
2
er

2, in which ωe is

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 an-

alytically leading to a spectrum known as the Fock-Darwin states[63, 64], 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.
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Figure 2.4: Radial confinement energies. Modeled one-dimensional harmonic

potential radial confinement energies (Esp) for electrons in the conduction band,

holes in the valence band and the total confinement (conduction + valence band)

as a function of InAs0.25P0.75 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∗

eω
2
eR

2

2
= ∆Ec, (2.2)

in which ∆Ec is the conduction band offset (see table 2.1). The energy levels are
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separated by:

Esp = ~ωe(R) = ~
√

2∆Ec

me

1

R
, (2.3)

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 pre-

served 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 = 1
2
.

Thus, the projections of the angular momentum, jz, can take the values of ±1
2
.

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 = 1
2
, there are six

possible states for the hole in the valence band. For the two states, for which

J = 1
2
holds, the corresponding projections along z are jz = ±1

2
. For the states

where J = 3
2
, the four possible values are jz = ±1

2
, and ±3

2
. The J = 1

2
states are

split from the J = 3
2
states by spin-orbit interaction, where the two J = 1

2
states,

referred to as split-off bands, are typically a few hundreds of meV’s below the

J = 3
2
states, and can be neglected [60]. The J = 3

2
states can be separated in

the light-hole band (jz = ±1
2
), and the heavy-hole band (jz = ±3

2
). 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 light-

hole 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 = ±1
2
electron and jz = ±3

2

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 [65]. 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. [29]. 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 ⟩ = |− 1
2
⟩
e
+ |+ 3

2
⟩
h
=

|+ 1⟩ and |M ⟩ = |+ 1
2
⟩
e
+ |− 3

2
⟩
h
= |− 1⟩, from the dark exciton states, |M ⟩ =

|+ 1
2
⟩
e
+ |+ 3

2
⟩
h
= |+ 2⟩ and |M ⟩ = |− 1

2
⟩
e
+ |− 3

2
⟩
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 = 3
2
, jz =

3
2
⟩ = |lband = 1, s = 1

2
⟩

|j = 3
2
, jz = −3

2
⟩ = |lband = −1, s = −1

2
⟩

|j = 3
2
, jz =

1
2
⟩ =

√
1
3
|lband = 1, s = −1

2
⟩+

√
2
3
|lband = 0, s = 1

2
⟩

|j = 3
2
, jz = −1

2
⟩ =

√
1
3
|lband = −1, s = 1

2
⟩+

√
2
3
|lband = 0, s = −1

2
⟩

(2.5)

According to equation 2.4, the allowed light hole exciton states are |M ⟩ = |+ 1
2
⟩
e
+

|+ 1
2
⟩
h
= |+ 1⟩ and |M ⟩ = |− 1

2
⟩
e
+ |− 1

2
⟩
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 [66]. 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 [62]. 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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Figure 2.5: Allowed optical transitions in an ideal quantum dot. (a) Op-

tical 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 sur-

roundings. However, in practice, asymmetry in the quantum dot (e.g. geometrical

or crystallographic) leads to an anisotropic exchange splitting of the neutral ex-

citon 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 mag-

netic 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 [19]. The Hamiltonian for the electron-hole exchange interaction is
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given by

Hexchange = −
∑

i=x,y,z

(
aiJh,i · Se,i + biJ

3
h,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 [19]

Hexchange =
1

2


δ0 δ1 0 0

δ1 δ0 0 0

0 0 −δ0 δ2
0 0 δ2 −δ0

 . (2.7)

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 anti-

symmetric 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 [19]. 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 biex-

citon 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 tran-

sition, 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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Figure 2.6: Electron-hole exchange interaction for the exciton and biex-

citon. (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 perpen-

dicular 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 geom-

etry, both polarization states are projected on the polarization perpendicular to

the optical axis. Hence, the two exciton states are indistinguishable by polariza-

tion, or, in the special case where one of the polarization states is aligned with
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the optical axis, only one of the hybridized exciton states is observable [67]. This

is shown schematically in Figure 2.6b.

The anisotropic exchange splitting has important technological implications.

In 2000, Benson et al. [18] 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 sym-

metric shape (circular or hexagonal) and crystal structure (wurtzite, ⟨111⟩) [58].

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 far-

field 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
ϵ+ ϵ0

E0,⊥. (2.9)

Here ϵ and ϵ0 are the dielectric constants of the wire and the surroundings, re-

spectively. This polarization anisotropy is experimentally observed by Wang et

al. [51]. 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.
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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

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 [68]

1

r

∂

∂r

(
r
∂ψ

∂r

)
+

1

r2
∂2ψ

∂ϕ2
+
∂2ψ

∂z2
+ k2ψ = 0, (2.10)

where z is the direction of the nanowire elongation. Separable solutions of 7.1

are of the form

ψ(r, ϕ, z) = Zn(ρ)e
inϕeihz, (2.11)

where ρ = r
√
k2 − h2 and Zn is a solution to the Bessel equation

ρ
d

dρ

(
ρ
d

dρ
Zn

)
+
(
ρ2 − n2

)
Zn = 0. (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 absorp-

tion 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 ofNA = 0.85, we integrate

Qabs(x, ζ) over the whole solid angle ζ = ζmin . . . π/2, where ζmin = arccos (NA).

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
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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.

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

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 neff = 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
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will change the dipole’s emission profile [69]. This effect has been simulated using

finite difference time domain (FDTD) simulations. In these simulations a 4 µm

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 pro-

files 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 two-

dimensional 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 ac-

count. The exact measured intensity in the lying nanowire geometry depends,

however, on the exact dipole orientation with respect to the optical axis. Fur-
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thermore, tapering and scattering by the gold particle or metal contacts have

been neglected.

2.2 Few-particle interactions

In the description of the quantum dot energy levels in section 2.1, Coulomb inter-

actions 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 InAs0.25P0.75 the size (given by the exciton Bohr radius aX) and binding

energy (Veh) of the exciton are given by:

aX =
4πϵh2

m∗
Xq

2
= 11 nm;Veh =

m∗
Xq

3

(32(πhϵ)2)
= 6 meV, (2.14)

In which m∗
X = (1/m∗

e + 1/m∗
hh)

−1 is the exciton effective mass, q is the elemen-

tary 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 [70]. 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 at

a radius of 15 nm is given by Lhh
0 =

(√
m∗

hhωhh

)−1
= 5.3 nm for the hole and

Le
0 = (

√
m∗

eωe)
−1 = 7.7 nm for the electron. Therefore, despite the larger nano-

wire 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 [70].

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
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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

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 [71].

In case electron and hole wave functions are identical the magnitude of electron-

electron repulsion Vee is equal to the electron-hole attraction (Vee = −Veh). How-
ever, since Lhh

0 < Le
0, the ground-state electrons are less confined (less localized)

than the holes. As a result, Vee is reduced and Vee < −Veh [59]. This differ-

ence 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 [72], and ii) the electron and hole recombination energy

Eehr(Ne+1, Nhh+1) as a function of the number of resident carriers Ne, Nhh [73,

74]. 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(X0) (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

InAs0.25P0.75 quantum dot is then E(X0) ∼ 1.34 eV. The absolute values for the

excitonic energies depend highly on the details of the Coulomb interactions. To
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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 X0 (upper left panel), X1−, (up-

per right panel) X2− (middle panel) and X3− (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−)
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electron-electron repulsion Vee and twice Veh have to be taken into account:

µ(1) = Ee − 0 = Ee

Eehr(2, 1) = (Ee + Eh + Vee − 2Veh) = E(X1−)
(2.16)

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 scat-

tering of the resident electrons to higher orbitals. Therefore we neglect X1−

renormalization due to correlations [75]. Under this assumption the difference in

energy between X1− and X0 emission is:

E(X1−)− E(X0) = Vee − Veh. (2.17)

The relative confinement lengths Le
0 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 [59]. In this approach all possible electron-

electron 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 confinement of the hole divided by that of the electron, Lhh
0 /Le

0. Data

taken from Findeis et al. [76]

The calculated confinement ratio Lhh
0 /L

e
0 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
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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

within picosecond timescales. Due to angular momentum conservation presented

in section 2.1.3, the hole can only recombine with an electron occupying the s-

shell. The recombination energy Eehr(3, 1) is therefore lower than the excitation

energy Eehe(3, 1). When neglecting spin exchange interactions:

Eehe(3, 1) = Ep
e + Ep

h − 3Veh + 2Vee,

while

Eehr(3, 1) = Es
e + Es

h − 3Veh + 2Vee = E(X2−)

leads to

E(X2−)− E(X0) = 2(Vee − Veh),

and

Eehe(3, 1)− Eehr(3, 1) = (Ep
e − Es

e) + (Ep
h − Es

h) = Esp
e + Esp

h ,

(2.19)

where Es
e/h and Ep

e/h represent the energy of an electron/hole in the s or p shell

respectively and Esp
e/h is the orbital energy splitting caused by the lateral con-

finement. Here, the Coulomb interactions between carriers in different shells are

assumed to be the same as for carriers both residing in the s-shell for simplicity.

Before photon emission, Esp
h is removed from the quantum dot by the phonon-

mediated hole relaxation mentioned before. After photon emission, the quantum

dot s and p-shell both contain a single electron. This is a non-equilibrium situa-

tion as µ(1s, 1p) = µ(2) + Esp
e . 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√
2
(↑↓ − ↓↑)

|T ⟩ =


↑↑
↓↓

1√
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 ⟩ [77] (see Figure 2.9). As a result,
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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, X
2− and X0 are separated by 2(Vee − Veh)±∆sp. Orbital

energies and band gap have been omitted.

two emission lines (X2−
t , higher energy and X2−

s , lower energy) are observed for

X2− recombination.

The middle panel of Figure 2.9 presents an overview of the photon emission

initial and final states for X2−. The splitting between the X2−
t and X2−

s transition

is twice the s-p electron exchange energy ∆sp [78]. After recombination, the p-

shell 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−
t is usually (more than) three times brighter than X2−

s .

To add a third resident electron, one has to provide the Coulomb repulsion

and the orbital energy to the system:

µ(3) = Ep
e + 3Vee − (Es

e + Vee) = Esp
e + 2Vee = ~ωe + 2Vee, (2.21)

in which Esp
e 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 electron-
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hole pair (Eehe(4, 1)) and corresponding recombination (Eehr(4, 1)) holds:

Eehe(4, 1) = Ep
e + Ep

h − 4Veh + 3Vee,

while

Eehr(4, 1) = Es
e + Es

h − 4Veh + 3Vee = E(X3−)

leads to

E(X3−)− E(X0) = 3(Vee − Veh),

and again

Eehe(4, 1)− Eehr(4, 1) = Esp
e + Esp

h .

(2.22)

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)+Esp
e . 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 sym-

metry. Similar to the case of X2−, this leads for X3− to two, energetically distinct,

spin configurations with different exchange interaction energies [79]. 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 [23].

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) = Ee + Eh − Veh − 0 = E(X0)

Eehr(2, 2) = (Ee + Eh + Vee + Vhh − 3Veh) = E(2X0);

E(2X0)− E(X0) = (Vee + Vhh − 2Veh),

and

E(2X0)− E(X1−) = (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 renor-

malization 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: X
0 before decay, E2e+h:

X1− before decay, E2e+2h: 2X
0 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
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nanowire, away from the (Schottky) contacts ϕ = 0 and EF = µ. Therefore

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.

gate potential++++++ - - - - - - 

E
F

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 [61].

a) b)

InP InAsP InP

147 

meV

73 meV

barrier

barrier

InP InAsP InPInP InAsP InP

F
F

Figure 2.14: Single electron tunneling. (a) Change in tunneling dis-

tance/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 quan-

tum 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

WKB approximation. The tunnel probability for the N th
e(h) electron (hole) in the

conduction band (valence band) Te(hh) depends on the field Fz across the quantum
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dot according to

Te(Ne) = exp

−4

3

√
2qm∗

e (∆Ec − µ (Ne))
3

~Fz

 , (2.24)

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∗
ev

2) to obtain the single particle bounce rate:

A =

√
∆Ec − µ (Ne)

2m∗
ehz

, (2.25)

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 photo-

excited 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 [77]).

The two competitive mechanisms, radiation and tunneling, and their rates

Γrad and Γesc =
∂Pe

∂t
lead to a reduced effective lifetime of X0

(τX0)−1 = Γesc + Γrad. (2.27)

The photocurrent is proportional to ΓescτX0 , while the X0 photoluminescence is

proportional to 1 − ΓescτX0 .

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



2.4 Quantum dots in a magnetic field 31

(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

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 con-

figurations, where the optical axis is aligned with the symmetry axis, and the

magnetic field is either parallel (Faraday), or perpendicular (Voigt) to the sym-

metry 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 electron-

hole 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.
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2.4.1 Faraday configuration

The Hamiltonian of the electron and hole spins in a magnetic field is as fol-

lows [19]:

HZeeman = µB

∑
i=x,y,z

(ge,iSe,i − gh,iJh,i)Bi, (2.28)

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:

HZeeman =
µBB

2


+(ge,z+gh,z) 0 0 0

0 −(ge,z+gh,z) 0 0

0 0 −(ge,z−gh,z) 0

0 0 0 +(ge,z−gh,z)

 . (2.29)

Since rotational symmetry is preserved in this configuration, the matrix has diag-

onal 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 com-

bined to obtain the total Hamiltonian for a neutral exciton X0. At low magnetic

fields the exchange interaction dominates, and the emitted photons will have lin-

ear 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 proportional-

ity factor of gexcµB. 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
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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 gexcµbB 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.

axis, B = (Bx, By, 0). For simplicity, we choose By = 0. The matrix form of

Hamiltonian 2.28 becomes in this case:

HZeeman =
µBB

2

(
0 0 ge,x gh,x
0 0 gh,x ge,x

ge,x gh,x 0 0
gh,x ge,x 0 0

)
. (2.30)

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

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
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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.

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 [80]:

Eexc(B) = Eexc(0) + γ1B + γ2B
2 + . . . . (2.31)

For weak magnetic fields, the quadratic term is dominant. In the strong confine-

ment regime γ2 = γ as a function of dot radius R is given by:

γ(R) ∼ e

8

(
1

m∗
e

⟨re⟩2 +
1

m∗
hh

⟨rhh⟩2
)
, (2.32)

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 confine-

ment 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
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section 2.2) by using the values of m∗ and Econf , 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 8 and compare

this value with TEM.





Chapter 3

Growth and optical properties of

quantum dots in nanowires

The optical quality of the quantum dot is crucial, since the visibility of phenom-

ena such as Zeeman splitting, or fine structure splitting, depends heavily on the

linewidth of the emission. The intrinsic linewidth of excition emission is inversely

related to the lifetime of the exciton, and is estimated to be about 1 µeV. How-

ever, inhomogeneous broadening, most probably due to nanowire surface states,

results in linewidths of order 1 meV [47–49]. This chapter starts with the growth

of semiconductor nanowires. Some optical properties regarding InP nanowires

will be discussed. Then a detailed description on growth of quantum dots in

nanowires will be given, including optimization steps and characterization. Fi-

nally, some characteristic features of the optimized system will be shown.

3.1 Nanowire growth techniques

The samples discussed in this work have been made using Metal-Organic Vapour

Phase Epitaxy (MOVPE)1. in the so-called Vapour-Liquid-Solid (VLS) growth

mode [81], which means that material is supplied in the vapour phase to a sub-

strate covered with metal catalysts. These metal catalysts can be deposited in

various ways, such as evaporation of a thin film or spinning on metal colloids.

In our case, gold colloids are used as catalysts, but also different metals, such as

nickel or copper [82] could be used. We spin 20 nm gold colloids on a ⟨111⟩B ori-

ented InP wafer. This wafer is heated to a temperature of typically 420–480 ◦C. It

is believed that the gold colloids form liquid droplets. These droplets can absorb

the III-V material, forming an alloy. Once the metal droplets have saturated, the

1The samples used in chapter 6 are synthesized using pulsed laser deposition. This growth

technique is discussed in chapter 6.
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III-V material starts to condense on the substrate below the catalyst, and a wire

starts to grow. In Ref. [83] the VLS technique is explained in more detail and

Figure 3.1a shows the growth mechanism schematically.

With MOVPE growth, the III-V material is supplied by metal-organic pre-

cursors. In the case of InP, the indium is supplied by tri-methyl-indium (TMI)

and the phosphor is supplied by phosphine (PH3). For the InAsP dots an extra

precursor arsine (AsH3) is used. H2 is used as a carrier gas, which carries the

precursors to the MOVPE chamber, where the substrate is located. Heterostruc-

tures can be grown by switching the precursor gases. Shells can be grown by

raising the reactor temperature. An image of the MOVPE set-up is shown in

Figure 3.1b.

time
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gold
particle

liquid
Au-InP
alloy

nanowire
(InP)
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(InAsP)
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a) b)

RF heating

Precursor supply

Sample

Figure 3.1: Vapour-liquid-solid mechanism and MOVPE. (a), Schematic

representation of the vapour-liquid-solid mechanism. (b) Image of the MOVPE

chamber used.

3.2 Nanowire photoluminescence

Nanowires are highly elongated structures and the diameters of these wires are

on the order of, or smaller than the wavelength of light. As a result, not only the

material properties, but also the geometry determines the optical properties of

the wire. In this section, the luminescence properties of homogeneous nanowires

are discussed.

First of all, the large surface-to-volume ratio in nanowires can have a substan-

tial effect on the overall luminescence. Band-to-band emission can be redshifted

due to Fermi-level pinning at the surface. In chapter 6 this influence is inves-

tigated, and a model is proposed to explain the results. In these experiments

plain InP nanowires were used, our material of choice. The crystal structure of

InP nanowires can be different than that of bulk: a wurtzite structure is often

observed in wires, as opposed to zinc-blende for bulk InP. Although the exact
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electronic structure and band gap of wurtzite InP is not known, some experi-

ments on wurtzite nanowires have reported a band gap of 1.49 eV [84, 85]. The

results of the experiments by Mishra et al. [85] are shown in Figure 3.2. Further-

more, they showed that the polarization properties of the emitted photons are

different than those from zinc-blende InP nanowires.

Figure 3.2: Luminescence from zinc-blende and wurtzite InP nanowires.

Single wire photoluminescence spectra of an InP nanowire exhibiting zinc-blende,

or wurtzite crystal structure. Data taken from Ref. [85].

It has already been shown in several experiments [51, 86, 87], and in chap-

ter 7, that the polarization of the absorbed and emitted photons are strongly

modified by the anisotropic dielectric function, created by the nanowire and its

surroundings. This is explained more thoroughly in section 2.1.5.

Due to its anisotropic dielectric function, the nanowire can act as a cavity.

Indeed, waveguiding has been observed in InP [88] and ZnO nanowires [89, 90].

Fabry-Perot fringes have been observed in InP wire luminescence [88] and also in

ZnO nanowire luminescence [91]. Using high pump powers, such nanowires show

preferential gain at a single mode, and eventually lasing [90, 92]. Similar results

have been found for other materials, such as CdS [93] and GaN [94] nanowires.

3.3 Quantum dot growth

In this section several aspects of quantum dot growth are highlighted. It starts

with purely growth-related issues, such as the interfaces between InP and InAsP,

and high versus low density samples. Then, some features in the dot growth

are addressed with respect to the optical quality of the dot. For instance, the

influence of a shell and of the dot growth time will be correlated to the dot

properties, eventually leading to an optimized nanowire quantum dot system.
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The experiments shown in all the subsequent chapters are performed on quantum

dots similar to this optimized system.

3.3.1 InP/InAsP heterointerface

Upon switching between two materials the precursor gas flows need to be changed.

This can be done within ∼ 0.1 seconds. Because of the limited switching rate

and memory effects in the reactor, an arsenic tail is present when switching from

GaAs to GaP [42]. The opposite effect, i.e., a phosphoric tail when switching

from GaP to GaAs, is not observed. This effect has not been not investigated as

thoroughly for the indium based system. However, we do see similar effects, as

shown in the following.
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Figure 3.3: Structural analysis of nanowire quantum dots by TEM. (a),

High angle annular dark field TEM image of a nanowire quantum dot. Scale bar

is 50 nm. The white arrow indicates the scan direction of the EDX line scan. (b),

EDX along the nanowire section containing a QD in units of atomic percentage.

Our nanowire quantum dots are analyzed extensively by transmission electron

microscopy (TEM). Figure 3.3a shows an image of a nanowire with a quantum dot

very close (∼ 50 nm) to the top. The dot growth time is in this case 2 seconds.

The optically studied wires are identical except that the dot is located in the

middle of the wires. The image shows a low contrast between the dot and the

surrounding wire since only ∼25% of the phosphorus (P) is replaced by arsenic

(As). The size and chemical composition in and around the dot is determined by

energy dispersive x-ray (EDX) line scans in a TEM, shown in Figure 3.3b. The

dot height h and diameter d are determined by measuring the distance between

the positions where the As concentration has dropped to half of the maximum

value. The size has been measured for seven quantum dots, and is on average

h = 8± 2 nm and d = 34± 4 nm.
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3.3.2 Low density samples for single dot excitation

In order to be able to excite a single nanowire quantum dot on an as-grown

sample, the dot density needs to be below 0.5 µm−2, i.e., smaller than the optical

spot size of ∼ 1 µm. This can be readily achieved by diluting the Au colloid

solution from which the wires are grown. However the consequences regarding

the size and composition of the quantum dot are to be investigated, since diffusion

lengths of growth specimen can be of comparable size during growth. For the

gallium based system two regimes are important [95]. For small length scales

(L ≤ 700 nm), material competition dominates growth rates. For larger length

scales up to 3 µm, a synergetic growth mechanism dominates, enhancing growth

rates; More catalyst material results in more decomposition of precursor gases

into gallium and phosphorus atoms, and hence growth rates increase. For the

indium based system similar growth regimes are expected. However, the length

scales of these regimes are not known. Ref. [96] shows that for InAs a similar

synergetic effect is observable at length scales as large as a few millimeters. This

would imply that the important length scales are orders of magnitude different,

and differences on the smaller length scales we are interested in (100 nm – 5 µm)

are rather small.

In order to investigate the competitive and synergetic effects with indium,

InP substrates with four different colloid densities are prepared, referred to as

1k, 10k, 100k, and 1M colloid densities. Dots are grown on these four samples

in the same growth run and compared with a SEM. Also, low temperature pho-

toluminescence of single nanowire quantum dots from the 1k and 1M samples

are compared. For equal comparison, the wires were transferred to an oxidized

silicon substrate, using tissue deposition transfer technique. The wire density on

the transferred samples was low enough for single dot excitation. Results are

presented in Figure 3.4. The spread in emission energy from dot to dot on the

same sample is about 30 meV, for both the 1k and 1M sample. The difference in

energies between the 1k and 1M samples is also about 30 meV. Hence, according

to our few experiments, the nanowire density does not change the properties of

the quantum dot significantly: emission energies are similar for the high density

and low density sample. This means that the chemical composition and dot size

are not affected by the nanowire density. Since optical properties of the dots from

the two different samples are comparable, the interdistances shown in Figure 3.5e

result in a similar growth rate for the InAsP section. For the InP wire, there are

clear differences in growth rate, as observed by the different wire lengths for the

different colloid distributions. It must be noted that this experiment has been

done on only one series, and should be expanded with experiments on positioned
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Figure 3.4: Quantum dots grown in two different densities compared. (a-

d), Scanning electron micrographs of InAsP quantum dot in InP nanowire samples

with different colloid dilutions. Scale bar corresponds to 1 µm for (a-c) and 5 µm for

(d). Images are taken under 30 ◦ angle. (e) Average nanowire density per µm2 for

the different colloid dilutions. The dashed horizontal line represents the upper limit

for single wire excitation (0.5 µm−2). (f-g), Low temperature photoluminescence

spectrum of a quantum dot from the highest density sample (f) and lowest density

sample (g). The nanowire quantum dots were transferred to oxidized silicon carriers

for equal comparison.

dots with recently developed technologies [95, 97], where interdistances can be

varied in a controlled way.

3.3.3 Effect of a GaP shell

In order to decrease the effect of the surface states (and thereby improving the

linewidth), a GaP shell is grown around the nanowire. GaP has a larger band

gap than InP. Furthermore, the Fermi level is pinned mid-gap, resulting in flat

bands in the radial direction. On the other hand, GaP and InP have a lattice

mismatch of 8 %. Hence, defect-free shell growth is not expected, and the shell

may induce strain in the core wire and in the dot.

To investigate the influence of a GaP shell, four samples with varying GaP

shell thickness were grown. The core consists of 30 nm diameter InP wires con-

taining a 4 seconds InAs0.25P0.75 quantum dot. Extrapolating the size from a 2

seconds dot, found by EDX (see section 3.3.1), the dot size is in this case about

20 nm. By raising the growth temperature to 550 ◦C and introducing different

precursors, a GaP shell was grown. SEM images of the four samples with dif-
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Figure 3.5: Scanning electron micrographs of the samples used. In (a)

the sample without a GaP shell is shown. The InAsP quantum dots are positioned

approximately in the middle of the InP wire. In (b), (c), and (d) GaP shells

of thickness 45 nm, 80 nm, and 200 nm were grown, respectively. Insets show

schematics of the nanowire quantum dot, where blue, red, and green represent

InP, InAsP, and GaP, respectively.

ferent GaP shell thickness are shown in Figure 3.5, respectively 0 nm (no shell),

45 nm, 80 nm, and 200 nm. The wires have a wurtzite crystal structure. A low

density is used in order to be able to perform photoluminescence (PL) exper-

iments on single dots on the as-grown sample. These PL experiments at 4 K

under non-resonant excitation are shown in Figure 3.6.
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Figure 3.6: Photoluminescence (PL) spectra for different GaP shell

thickness. (a) Typical PL spectra for the 4 different shell thickness variations:

0 nm (no shell), 45 nm, 80 nm, and 200 nm, from bottom to top. Spectra are offset

for clarity. (b) Average energy shift of the emission with respect to the average

energy emitted by the sample without a shell as a function of shell thickness. Inset

shows statistics of the average emission energies for the four different samples. The

colors correspond to 0 nm (magenta), 45 nm (green), 80 nm (red), and 200 nm

(blue).
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The four different spectra shown in Figure 3.6 represent typical spectra from

the four different samples. The linewidth is about 1 meV, and does not depend

on the shell thickness. Figure 3.6b shows the average exciton emission energy

from the different samples, as a function of shell thickness. About 10 wires were

measured and averaged on each sample (see inset of Figure 3.6b. The average

emission energy shifts up for increasing GaP shell, up to 120 meV. Two possible

reasons are: (1) during shell growth some As to P interchange takes place, since

shell growth is performed using a phosphorus backgound pressure [42], and (2)

due to the lattice mismatch between GaP and InP the shell induces compressive

strain on the wire and the dot. It is known that compressive strain can induce

a blue shift [98]. It remains unclear from which effect the strong blue shift in

Figure 3.6 originates.
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Figure 3.7: PL Intensity dependence on shell thickness. Integrated PL

intensity as a function of shell thickness, for light coupled parallel (circles) and

perpendicular (crosses) to the wire axis. The two batches with the largest shell

thickness (80 and 200 nm) were measured in the horizontal geometry, but no PL

was found. The solid curves are guides to the eye.

Wires from all the samples were also transferred onto oxidized silicon wafers

(using the same technique as in section 3.3.2), to compare excitation perpendicu-

lar to the wire axis (lying wires) to excitation parallel to the wire axis (standing

wires). Exciton emission energies were found to be similar, though a large differ-

ence in emission intensity was found, shown in Figure 3.7 as a function of GaP

shell thickness. Let us first discuss the standing wires. With increasing shell

thickness, first an increase in PL intensity is observed. For a shell thickness of

200 nm, however, a strong decrease in intensity is found. We believe that the

initial strong increase is due to enhanced waveguiding (see section 2.1.6): with

increasing wire diameter the dot emission is directed more along the nanowire

axis, which is in this case parallel to optical axis. Hence, larger wire diameters
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lead to enhanced collection efficiency. Also, tapering of the nanowire (clearly

visible in Figure 3.5) can lead to enhanced intensity along the wire [99]. For very

large shell thickness, the strain in the dot could decrease the dipole strength,

resulting in a lower intensity.

The results on the lying wires support the idea of waveguiding, since in this

case the intensity drastically decreases as a function of shell thickness. For the

samples with the largest shell thickness (80 and 200 nm) no PL was observed.

Furthermore, the overall emission intensity is about an order of magnitude lower

compared to the standing wires. In addition to waveguiding effects, which are

already present in wires with 30 nm diameter, the oxidized silicon substrate

(absent in the vertical case) could also affect the emission intensity of the dot.

3.3.4 Variation of the quantum dot size

As has been suggested in the previous section, using shells of different materials

could result in compressive or tensile strain. In order to eliminate this strain effect

(and still reduce the effect of surface states), InP is used as a shell material. In

this case, we did not vary the shell thickness. Instead, a fixed InP shell of about

∼ 10 nm is grown. Three different batches were grown, with 1, 2, and 3 seconds

quantum dot growth time. These samples will be referred to as small dot, medium

dot, and large dot, respectively.
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Figure 3.8: PL spectra for different quantum dot sizes. Low temperature

spectra of samples with different dot sizes. Spectra are shifted vertically for clarity.

The lower spectrum (t = 1 s) shows dot emission at 1.35 eV. The broad emission

from 1.38 to 1.44 eV originates from the InP wire and is weak, since low excitation

power is used (5 nW). The middle spectrum (t = 2 s) shows dot emission at 1.31 eV.

The InP emission is stronger due to higher excitation power (70 nW). The upper

spectrum (t = 3 s) shows dot emission at 1.21 eV. The broad wire emission is

scaled down by a factor of 0.05, since higher excitation power is used (700 nW).

Low temperature photoluminescence experiments have been performed on
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the three samples. The wires were transferred to an oxidized silicon substrate.

Figure 3.8 shows PL spectra of a typical dot from each sample. The different lines

in the dot emission region most probably originate from different charge states.

Clearly, the dot emission blueshifts with decreasing dot growth time, as expected.

A more quantitative analysis of the PL energy, intensity, and linewidth is shown

in Figure 3.9. The samples are also compared to similar wires without InP shell.

Figure 3.9a shows the emission energy dependence on the dot growth time. Also,

the energy of the InP wire emission is shown. While the InP emission energy

remains roughly constant (EInP ∼ 1.44 eV), the dot emission energy redshifts

with increasing dot size. The small variations in InP emission energy are due to

excitation power differences: for the large dots (3 seconds growth time) higher

excitation powers are used, since dot emission at 1.2 eV is collected less efficiently.

Furthermore, wires with shell enhance waveguiding and therefore require higher

excitation power to observe similar intensities (lying nanowire geometry). At

higher excitation powers the InP emission blueshifts due to state filling effects.
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Figure 3.9: Energy, intensity, and linewidth as a function of dot size.

(a) Quantum dot (open circles and crosses) and wire emission (solid circles and

squares) energy vs dot height in seconds. The open and solid circles correspond

to wires with a thin InP shell, and the crosses and squares correspond to wires

without a shell. (b) Quantum dot PL intensity vs dot height. (c) Quantum dot

linewidth as a function of dot height.

From Figure 3.9b we observe that the emission intensity is independent on

the dot size. The samples with a shell have a consistently lower intensity than

the ones without a shell. This can be attributed to waveguiding effects: thicker

wires exhibit enhanced waveguiding, and therefore luminescence intensity is lower

in the lying nanowire geometry. Figure 3.9c shows the linewidth of the PL as

a function of the dot growth time. The medium dots (2 seconds growth time)

with an InP shell show the narrowest linewidths ranging from a meV to few

hundreds of µeV’s. Linewidths down to tens of µeV’s have been observed in

exact reproductions of the medium dot sample. The range of linewidths of tens
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to hundreds of µeV’s is similar to what is usually observed in self-assembled

quantum dots, and is believed to be due to fluctuating charges in the environment

of the dot. Experiments in the remainder of this thesis have been performed on

similar quantum dots: 2 seconds growth time, and a thin InP shell.

3.4 Effect of an ex-situ SiO2 shell

For electrically isolating an electrostatic (surround) gate from the wire and dot,

a PECVD SiO2 layer is used (see chapters 4 and 10). However, this post-growth

deposited oxide layer has a large impact on the optical properties of both dot

and wire. Depending on what kind of oxide is used, the dot and wire emission

either blueshift (PECVD TEOS), or redshift (PECVD SiO2). This is shown in

Figure 3.10. For these experiments the 2 seconds growth time dots in an InP wire

with a thin shell are used. Spectra shown in this Figure are all taken on different

dots, but from the same growth sample, and are typical results.
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Figure 3.10: Comparing different SiO2 shells with bare wires. (a) shows

typical PL spectra of an as grown quantum dot, a dot from the same sample with

a 200 nm PECVD TEOS shell added, and a dot from the same sample where the

oxide is removed again. Spectra are shifted vertically for clarity and intensities are

in arbitrary units. (b) shows a similar example but in this case 300 nm PECVD

SiO2 is deposited and removed again.

Quantum dots from the as-grown sample typically emit at about 1.3 eV. Bulk

(substrate) and wire emit at about 1.42 eV. After depositing 200 nm PECVD

TEOS (Figure 3.10a), the dot and wire emission both blueshift. The average

dot emission shift is about 100 meV, which is significant compared to the dot

emission energy spread of about 30 meV. The bulk emission remains the same.

In the case of the 300 nm PECVD SiO2, the dot and wire both redshift. The

average dot energy shift is around 60 meV, which is also significant compared to
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the spread of 30 meV. The bulk emission remains unchanged. By removing the

oxide, the dot and wire shift back to their original energy.

The reversibility and the fact that the bulk remains unaffected indicate that

the effect originates from straining the wire and the dot. When a semiconductor

is strained compressively (tensile), the lattice parameter decreases (increases),

which in general increases (decreases) the band gap energy [98]. It is known that

deposited oxides can induce strain on the underlying material [100]. The strength

and direction (compressive or tensile) however depend strongly on the way this

amorphous layer is deposited.

3.5 Optical properties of the optimized system

The optical properties of the optimized system described in the previous sections

have been investigated thoroughly, since all experiments described in the next

chapters are based on these dots. This section shows a few basic characterizations,

including excitation power dependence, polarization analysis, and time stability.

These experiments have been performed in the standing nanowire geometry.

3.5.1 Excited states in the quantum dot

The shell structure of the quantum dot can be visualized by performing excitation

power dependent PL measurements. In the lower panel of Figure 3.11 this is

shown. At low excitation powers (12 nW) a single emission line is observed.

With increasing excitation power, several emission lines emerge in the energy

band between 1.28 and 1.29 eV. The different lines correspond to different charge

states and/or biexciton states in the quantum dot, which have slightly different

energies due to Coulomb interactions. At excitation powers of 25 nW or higher,

several emission lines in a second energy band (1.31–1.32 eV) emerge. At such

high excitation powers, the emission lines in the s-shell start to saturate and

states in the p-shell recombine before the electron-hole pair decays to the ground

state.

The same energy levels can be observed in absorption, by means of photolu-

minescence excitation (PLE), which is shown in the upper panel of Figure 3.11.

In the PLE experiment, the laser energy is tuned through the p-shell energy

range while the intensity of one of the emission lines in the s-shell is monitored.

The absorption spectrum of the p-shell is found to be similar to the emission

spectrum, measured by non-resonant PL.
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Figure 3.11: Emission and absorption spectra of excited states. (Lower

panel shows power dependent PL from a nanowire quantum dot. At low powers

a single emission line is visible. At high excitation powers the emission lines in

the s-shell saturate and excited states at higher emission energies become visible.

Upper panel shows photoluminescence excitation spectrum (dashed curve) while

monitoring the middle emission line in the s-shell (solid curve).

3.5.2 Anisotropic fine structure splitting

The excitonic levels in a semiconducting quantum dot can exhibit fine structure

splitting, caused by electron-hole exchange interaction [19, 101]. The magnitude

of this interaction is mainly determined by the symmetry of the quantum dot

structure and consists of an isotropic exchange interaction, which splits the dark

excitons±2 from the bright excitons±1 [19]. In addition, an anisotropic exchange

interaction splits the bright excitons into two states with opposite linear polariza-

tion (see section 2.1.4). In our nanowire quantum dots the anisotropic exchange

splitting is usually not resolved within our experimental resolution (< 20 µeV).

This indicates that our dots are circular symmetric up to a very high degree,

making them highly interesting for entangled photon generation. On the other

hand, the observation of the fine structure splitting can be used to determine the

neutral exciton emission line, which will be done in chapter 10.

The anisotropic exchange splitting was observed in a few quantum dots (see

Figure 3.12a). The exciton (X) and biexciton (2X) lines are first determined by

an excitation power dependent PL measurement. Subsequently, the polarization

of the emission is analyzed by measuring the Stokes parameters. For clarity only

two measurements (horizontal (H) and vertical (V) polarization) are shown in

Figure 3.12a. In our case, X and 2X exhibit an opposite fine structure splitting of

20 µeV. Figure 3.12b illustrates the cascade diagram of the X and 2X transitions

with the corresponding polarizations. The intermediate exciton state is split due

to the anisotropic exchange interaction.
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Figure 3.12: Anistropic exchange splitting. (a), Polarization sensitive PL

from a nanowire quantum dot. Blue (red) curve indicates horizontally (vertically)

linearly polarized emission. The symbol X (2X) corresponds to exciton (biexciton)

emission. (b), Cascade energy diagram of X and 2X transition in a quantum dot,

exhibiting anisotropic exchange interaction.

3.5.3 Time stability

Spectral diffusion due to fluctuating charges in the surroundings of the quantum

dot can lead to spectral broadening. Typical integration times used in this work

are tens of seconds. Figures 3.13a and b show X and 2X emission as function

of time in a false color plot. Integration time was in this case 1 second per

spectrum. This reveals a slow spectral diffusion on the order of seconds, indicating

slow charge fluctuations in the surroundings of the dot. The magnitude of the

observed spectral diffusion is similar to the linewidth (∼ 100 µeV). Hence, long

integration times can broaden the linewidths measured.
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Figure 3.13: Spectral diffusion. (a-b) Exciton (X) and biexciton (2X) emission

lines as function of time in false color plot. Integration time is 1 second. (c) Peak

energies of X (blue) and 2X (red) as function of time.



Chapter 4

Fabrication of vertical nanowire devices

Heterostructure quantum dots in semiconducting nanowires are an interesting

candidate for applications in quantum information processing and quantum cryp-

tography. Their growth is driven by vapour-liquid-solid mechanism, opening up

a versatility of possibilities in terms of material and design choice. For quantum

applications, access to intrinsic polarization properties is strongly desired. It has

been shown in literature[51, 86, 87], and in chapter 7 of this thesis that in a hori-

zontal geometry, where light is coupled perpendicular to the nanowire axis, these

devices show a large polarization anisotropy. One way of solving this issue is to

couple the light along the nanowire axis. In order to tune the charge state in the

nanowire quantum dot and still have polarization access, a technology for fabri-

cating vertical nanowire devices has been developed. The fabrication process is

explained in this chapter and is similar to what was reported in literature[53–55].

This chapter starts with an overview of the related work, which has been

done on plain nanowire FETs. Also, the technical issues will be pointed out.

Next, the fabrication of a vertical nanowire FET will be elucidated step by step.

The chapter ends with a demonstration of a vertical field effect transistor (FET)

based on both n-type InP and p-type InP nanowires. This experiment shows that

a surround gate can indeed induce an electric field in the nanowire, which will

be eventually necessary to charge or decharge a quantum dot embedded in the

nanowire.

4.1 State-of-the-art and challenges

Although the fabrication of vertical nanowire devices such as p-n junctions ap-

pears already in the work of Hiruma in 1993 for GaAs[102], first vertical nano-

wire FETs have been produced in 2004 by the group of Meyyappan with ZnO

nanowires[53]. Since then, Si and InAs vertical FETs have been reported[54, 55].
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This chapter reports on n-InP and p-InP nanowire VFETS. In view of quantum

dot optics, this step is very important, since our dots are based on InP nanowires.

In the nanowire-based FET the nanowire itself acts as the channel and the source

and drain contacts are usually made by contacting the substrate and the top of

the wire. The gate is deposited around the body of the wire, in wrap-around

geometry. From an ic-technology point-of-view, one of the obvious advantages

of the vertical geometry is the possibility to fabricate wrap-around gates and

improve the electrostatic coupling and gate control of the channel with respect

to planar geometry[103]. Small device footprint can also be achieved, provided

that the wires are grown in ordered arrays, for instance, by electron beam[95] or

nano-imprint lithography[97].

Processing of vertically grown nanowires faces several characteristic issues, e.g.

related to the high aspect ratio. Therefore the choice of materials and processes

is sometimes limited. The main requirements are the following:

• Vertically grown nanowires with a high yield are necessary. The length and

the density of the wires need also to be well controlled and reproducible.

Nanowires composed of III-V materials (InP, GaP, InAs, GaAs) tend to

grow along the ⟨111⟩ direction. Therefore vertical growth is readily achieved

for III-V wires grown on a corresponding III-V ⟨111⟩B oriented substrates.

This is not the case for III-V wires grown on silicon ⟨111⟩ substrates where
nanowires grow along all four equivalent ⟨111⟩ directions[104].

• Materials with good step-coverage are necessary for uniform deposition of

thin films on the substrate surface and on the sidewalls of the wire. This de-

termines to a large extent the choice of the materials and available processes

for the gate oxide, gate metal and top metal deposition.

• Resist spinning and controlled etch-back for gate and contacts definition.

A resist with very good planarization is needed for samples with a large

topography such as nanowire samples. Resist is also used for defining the

geometry of the vertical device using an etch-back process.

• Controlled etching of the gate metal and insulating layers which allow defin-

ing the gate length and the top contact region within ∼ 100 nm or less.

• Maximum processing temperature is limited by the desorption temperature

of the III-V material. In the case of InP this temperature is 300 ◦C. Ex-

ceeding this temperature during processing would damage or destroy the

wires.
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• Degradation of optical quality of the quantum dot should be minimized.

For instance, an oxygen plasma exposed directly to the dot could induce

defects, and such steps should thus be avoided.

Besides these factors, other issues such as the quality of the contacts, the

doping control and surface states in the III-V materials are also critical but

not intrinsically related to vertical processing. These main requirements will be

discussed throughout this chapter.

4.2 Step by step fabrication

The different process steps involved in fabricating vertical nanowire devices are

naturally divided in the five main lithography steps. The following sections de-

scribing the process steps, are divided in the same way. This section is not aimed

at giving a full detailed description of all the fabrication steps. Instead, it will

point out the most important steps. A detailed fabrication recipe can be found

in Appendix A.

4.2.1 Sacrificial nanowires

In order to separate devices on the chip, small active areas containing wires have

to be created. There are several routes to achieve this. For instance, one can

spin gold colloids, and cover those colloids with a layer of silicon oxide (SiO2),

where wires are not desired. However, nanowire growth, and nanowire quantum

dot growth in particular, is extremely sensitive to surface properties. Hence, any

processing before growth should be avoided. We therefore start the fabrication

with randomly grown nanowire on a plain InP substrate. We deposit 20 nm

gold colloids on an InP ⟨111⟩B wafer and synthesize the desired nanowires. SEM

inspection at this stage is important for determining nanowire density, shape and

length.

The first lithography step consists of defining active areas with the sacrificial

nanowire mask. We start with depositing a 200 nm SiO2 layer which will act as

a hard mask. Due to the limited temperature window, we use plasma-enhanced

chemical vapour deposition (PECVD), which allows us to deposit the SiO2 layer

within the allowed temperature window, 300 ◦C. The step coverage, defined as

the oxide thickness on the nanowire sidewalls divided by the thickness on the

substrate, is in this case dsidewall/dsubstrate ∼ 0.5. After deposition of the PECVD

oxide, the sample is rinsed in DI water in order to obtain an -OH terminated
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Figure 4.1: Scheme for fabricating the sacrificial nanowire mask.

Schematic cross-sections illustrating the main process steps. The different pro-

cess steps are explained in the text. The different colors used are explained in the

legend. Inset in the rightmost schematic shows a SEM image of a device at the

stage shown in schematic 4.

surface on which the primer HMDS is attached. This hydrophobic primer pre-

vents etchants to lift the resist layer from the oxide and will be used prior to all

resist spinning onto oxide surfaces. A positive photo resist layer with a thick-

ness exceeding the height of the nanowires is then spun. After exposure and

development of the mask, a descum is performed to remove resist residues and

organic contamination in the developed areas. This step is very important since

small amounts of organic contamination could hinder the wet etch. The SiO2 is

removed in the exposed areas by a buffered HF and a hard mask is formed. Then

the wires outside the protected areas are etched using a H2SO4:H2O2:H2O=3:1:1

solution at room temperature. This solution is called piranha and slowly etches

InP by a combination of oxidation (peroxide) and removal of the oxide from the

InP surface (sulphuric acid). By cooling down the piranha to room temperature

the etch rate decreases to ∼ 30 nm/min which is suitable for our purpose. The

etch angle is positive and the surface flat. This is very important for the step cov-

erage and continuity of subsequent layers. Piranha can also be used for thinning

nanowires, as will be discussed in chapter 5.

Finally the hard mask is removed using buffered HF. The steps described

above are depicted schematically in figure 4.1. The etch step in the InP surface

is designed to be 300 nm, in order to level the active areas with the field oxide,

which we discuss next.

4.2.2 Oxide definition

This step consists in deposition of the field SiO2 and removing it in the active

area region. One lithography step is required. The 300 nm thick oxide layer

serves to reduce the overall capacitance between the gate and the substrate and
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to provide a better mechanical stability for the metal contacts which will be

deposited successively. Again, PECVD SiO2 (300 ◦C) is used. The lithography

steps are similar to the steps used for fabricating the sacrificial nanowire mask,

explained in the previous paragraph. The steps for fabricating the oxide definition

are depicted schematically in figure 4.2.

Pattern photo resist

2

deposit 300 nm SiO
2

and cover in photo resist

1

Etch field oxide

3 4

Remove photo resist

Figure 4.2: Scheme for fabricating the oxide definition mask. Schematic

cross-sections illustrating the main process steps. The different process steps are

explained in the text. The legend for the different colors can be found in figure 4.1.

4.2.3 Gate definition

Gate processing starts with the deposition of the gate oxide, 200 nm PECVD

TEOS, followed by 15 nm of sputtered TiN. The difference between PECVD SiO2

and PECVD TEOS is the precursor: instead of using silane, tetra-ethoxy-silane

(TEOS) is used. This generally gives a better mechanical, as well as electrical

stability. Step coverage of ∼ 0.6 can be achieved. As a gate metal, sputtered TiN

is chosen for its etchability (nitride etch) and high step coverage (∼ 1).

Subsequently, resist is spun and etched back using a 150 ◦C oxygen plasma

to a certain height which will define the gate length. At this temperature, the

resist layer will both be etched and cured simultaneously. To separate the curing

from the etching, a nitrogen plasma of 2 minutes is applied prior to the oxygen

plasma etching. This inactive plasma will cure the resist layer, after which a

more reproducible etch rate can be achieved. The difference in etch rates between

applying and not applying a N2 plasma step is shown in figure 4.3. This figure

also shows the results of a 2 minutes hotplate step prior to the plasma etch. This

improves the etch rate uniformity, but is less reproducible than the N2 plasma

step. Since the etch rate is not extremely well controlled and depends on the

history of the reactor, it is crucial to monitor the resist height during the etch

back process.

Dry etching of TiN in a CF4-plasma is not very selective towards the underly-

ing gate oxide which is significantly thinned. Also, under -etching below the resist

level can occur, and the measured gate length is therefore usually shorter than
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Figure 4.3: Photo resist etch rates using different preparations. Oxygen
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Figure 4.4: Back etching the gate metal around a nanowire device. SEM

images of a sample before (a) and after (b) TiN gate dry etching. The schematics

depict the status of the samples in the two SEM images. In (a) wires are covered

with resist which has been etched back. In (b) the TiN has been etched away

around the nanowire top and the resist has been removed. The SEM images are

made with an angle of 70− 80 ◦.

defined by the resist height. The aimed lengths of the gated region is usually

chosen such that the gate ends at the position of the dot. Dry etching time is

very critical for both the gate length and the gate oxide thinning and has to be

determined accurately for each experiment. Figure 4.4a shows a SEM image of

wires embedded in resist, which has been etched back. Figure 4.4b shows the

same sample after a TiN dry etch and resist removal. In this case the TiN is

100 nm thick.

In order to define the gate contacts the sample is covered with a positive resist

and exposed to the gate definition mask. Dry etching using CF4 is applied again
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Etch back photo resist
to define gate height

2

deposit gate oxide,
gate metal, and

cover in photo resist

1

Etch gate metal

3 4

Remove photo resist

Pattern photo resist

6

Cover in photo resist

5

Etch gate metal

7 8

Remove photo resist

TiN

Figure 4.5: Scheme for fabricating the wrap-around gate. Schematic

cross-sections illustrating the main process steps. The different process steps are

explained in the text. Legend shows colors used in the figure, that were not intro-

duced in figure 4.1.

to remove the TiN at the exposed areas. The steps described above are depicted

schematically in figure 4.5.

4.2.4 Contact opening

To insulate the top from the gate contact we use 200 nm PECVD TEOS. A

photo resist layer is spun on the sample and is etched back to the desired height

using an oxygen plasma. Generally, the height is chosen such that the distance

between the gate metal and top contact corresponds to about 200 nm. This step

is also rather critical, because when the top contact is too close to the gate region,

the risk of short circuits between top and gate contacts increases. The oxide is

removed by buffered HF. The etch rate of SiO2 wrapped around the wire is about

1.5 times faster than the etch rate of planar SiO2.

After removing the oxide from the tip of the wires, the contacts to the gate and

to the InP substrate (back contact) are opened. Openings are defined by optical

lithography after which a buffered HF etch is performed. The steps described

above are shown schematically in figure 4.6.

4.2.5 Top contact deposition

The last lithography step includes the deposition of a negative photo resist and

the exposure by the top contact mask directly. The top contact is realized by
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Etch back photo resist
to define top contact height

2

deposit top oxide and
cover in photo resist

1

Etch oxide

3 4

Remove photo resist

Pattern photo resist

6

Cover in photo resist

5

Etch oxide

7 8

Remove photo resist

Figure 4.6: Scheme for fabricating the gate contact opening. Schematic

cross-sections illustrating the main process steps. The different process steps are

explained in the text. Legend for the colors can be found in figures 4.1 and 4.5.

evaporation of the contact metal, usually a 5/10 nm Ti/Au layer, and lift-off.

The thickness is chosen such that it remains optically transparent. Measurements

show that about 50% of the light is transmitted (at ∼ 900 nm). The thickness

of the resist is, as in the previous steps, chosen to be thicker than the height of

the nanowires, to embed the wires in resist completely. A post-exposure bake is

applied to increase the negative angle of the resist. Evaporation is done under a

shallow angle (10− 15 ◦) while rotating the sample. This is to increase the step

coverage. The fabrication steps are shown in figure 4.7.

Pattern photo resist

2

Cover in negative
photo resist

1

Evaporate top contact

3 4

Lift off

21 3 4

Ti/Au Negative photo resist

Figure 4.7: Scheme for fabricating the top contact. Schematic cross-sections

illustrating the main process steps. The different process steps are explained in the

text. Legend shows colors used in the figure, that were not introduced in figures 4.1

and 4.5 yet.
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4.2.6 Bond pad deposition

Both the gate metal (15 nm TiN) and the top contact metal (5/10 nm Ti/Au)

are difficult to bond, since these metal layers are very thin. Therefore, an extra

evaporation of a thick bond metal (10/100 nm Ti/Au) is performed, using similar

process steps as described in the previous section. The evaporation does not have

to be performed under an angle, since the target surface is flat. The steps involved

are shown in figure 4.8.

Pattern photo resist

2

Cover in negative
photo resist

1

Evaporate
bond pad metal

3 4

Lift off

Figure 4.8: Scheme for fabricating the bond pads. Schematic cross-sections

illustrating the main process steps. The different process steps are explained in

the text. Legend for the colors used can be found in figures 4.1, 4.5, and 4.7.

4.3 Electrical characterization of InP VFETs

Next, we will demonstrate that an electrical contact and gate can successfully

be fabricated using the previously described fabrication scheme to demonstrate

gating effect. In order to do so, both n-type and p-type InP nanowires were

synthesized on a similarly doped InP substrate using 50 nm Au colloids as catalyst

particles. As a gate dielectric, 50 nm PECVD TEOS is used, and as a gate metal

100 nm TiN. For these experiments, plain InP wires are used, i.e., no quantum

dot is embedded in the structure. The gate length, drift region (region between

gate and top contact), and top contact are designed to be each one third of the

total nanowire length, which is ±1.5µm. For these devices an Ohmic top contact

is desired, or at least as low contact resistance as possible. As a top contact,

30/100 nm Ti/Au is used for n-type devices, and 10/30/100 nm Ti/Zn/Au is

used for p-type devices. For the p-type devices, a rapid thermal anneal (RTA) at

300 ◦C is performed in order to let the zinc from the contacts diffuse in the wire,

thereby doping the wire end close to the top contact[48, 105]. This RTA step

generally improves contact resistances by several orders of magnitude. The two

following sections describe the electrical measurements on the n-InP and p-InP

vertical field-effect transistors (FETs).
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4.3.1 N-type InP vertical FETs

Standard analysis of the three terminal nanowire FET include the measurement

of the source-drain Isd − Vsd characteristics for different gate voltages (Vg) and

the transfer characteristics (Isd versus Vg) at room temperature. The devices are

systematically checked in order to obtain some statistics and determine the yield

of the processing. Generally there are two main causes for device failure. The first

one is the gate leakage where the gate current dominates the total current. This

might be due to pinholes in the gate oxide (TEOS). The second is a short circuit

between the top and the gate contacts which occur when the top oxide layer is

etched too deeply and the top metal is deposited directly on the gate. Other

devices show no current indicating that there are no contacted wires underneath.
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Figure 4.9: Electrical characteristics of n-InP vertical FETs. (a) Isd−Vsd

curves of a device showing high currents and a small gate effect. (b) Isd − Vsd

curve of a device showing low currents and a large gate effect. (c-d) Transfer

characteristics of the two devices for two sweep directions.

In order to check the quality of the gate oxide, the gate current is measured

versus the gate voltage. For working devices with 50 nm of TEOS, gate currents
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are below 1 pA for gate voltages in the range of 2 V measured on an active area

containing ∼ 50 nanowires. This indicates relatively low leakage through the

gate oxide. Typically two different behaviours can be distinguished, as seen in

figure 4.9. About 80 percent of the working devices behave as the one presented

in figures 4.9a and c, showing currents ranging from nA’s to ∼ 100 µA with a

current modulation with the gate voltage on the order of few tens of percents.

These devices are normally ’on’ and exhibit a linear Isd − Vsd behaviour with

currents increasing by applying a positive gate voltage. A few devices (20 percent)

behave differently, showing currents smaller than nA but a relatively large gate

dependence of few orders of magnitude (figures 4.9b and d).

Such a difference can be explained by taking into account processing and

material variations. For a device containing many wires in parallel the conduction

will be dominated by the wires which have the lowest overall resistance (wire

resistance plus contact resistance). Since we do not expect very large variation

in the doping from one wire to another, the most probable cause is the spread

in contact resistance. The doping of the wires is expected to be rather high

(≥ 1018 cm−3, estimated from the total resistance of the high-current samples).

This would mean that for high current samples the observed behaviour is due

to a conduction of few wires with good contacts and/or high doping. Due to

high doping it is not possible to modulate the carrier density in the nanowire by

applying a gate voltage and deplete the channel completely. The observed small

modulation could arise either from a small modulation of the channel conductance

or from the modulation of the other, less conducting wires. The origin of the

electrical behaviour shown in figure 4.9b could also be interpreted in terms of

variations in the contacts. For these devices the contact resistance is much higher

due to Schottky barriers and partially depleted wires. Therefore current levels

are orders of magnitude lower and the modulation by the gate voltage could be

due to a modulation of the contacts.

Hysteresis in these low current devices is large, and opposite to what is ob-

served in planar geometry nanowire FETs[105]. This hysteresis can be explained

by considering the RC time of the device. The high resistance of ∼ 1012Ω and

typical capacities of 10−12 F give rise to RC times of order seconds. The mea-

sured timescale of the hysteresis is measured to be of order ∼ 10 seconds. The

hysteresis is decreased when measuring slower.

4.3.2 P-type InP vertical FETs

Zinc-doped wires on a p-type substrate were grown and processed in a similar

way as for the n-InP vertical FETs. The doping concentration in these wires is
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Figure 4.10: Effect of annealing on electrical characteristics Absolute

current-voltage curves of a p-InP vertical FET containing N wires before annealing

(dashed curve) and after 60 s 300 ◦C annealing (solid curve). Gate voltage is 0 V.

expected to be lower than for the n-InP wires, due to the limited solubility of

zinc in InP (< 1018 cm−3). The concentration of electrically active dopants will

therefore be even lower. Hence, a Schottky barrier may be expected at the top

contact between the p-type InP and Ti/Zn/Au contacts.
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Figure 4.11: Electrical characteristics of a p-InP vertical FET. (a) Isd−Vsd

curve of a device containing N wires for different value of Vg. (b) |Isd| − Vg curve

of the same device taken at Vsd = −0.2 V.

A rapid thermal anneal of 60 seconds at 300 ◦C is performed to let the zinc

from the contact diffuse into the wire, thereby decreasing the Schottky barrier.

Figure 4.10 shows electrical characteristics of one device before and after anneal-

ing. On average, annealing improved contact resistances 2-3 orders of magni-

tude. Both before and after annealing, the I-V characteristics show a rectifying

behaviour with higher currents for negative voltage applied to the top contact.

This is consistent with a Schottky barrier formed between the p-InP and the top
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Ti/Zn/Au contacts. This junction dominates the electrical behaviour in these

devices.

Figure 4.11 shows typical output and transfer characteristics of an annealed

device containing N wires. As expected for a p-InP device, a negative gate voltage

results in higher source-drain currents. A positive gate voltage of few hundreds

mV’s can deplete the wire. Mobilities of these devices are low, µ ∼ 1 cm2V−1s−1,

since the Schottky barrier is limiting the on-current. Inverse sub-threshold slopes

are close to the ideal limit of 59 mV/decade. No clear scaling is observed, since

only few wires in a device can dominate the electrical characteristics due to large

variations in contact resistances.

4.4 Conclusion

In conclusion, we have shown that the fabrication scheme described in this chapter

can be used to successfully fabricate n-InP and p-InP vertical nanowire FETs.

Most importantly, the surround gate can exert an electric field onto the wire, so

gating of a nanowire in the standing geometry is possible. This opens up the

route towards a charge controlled quantum dot embedded in vertically aligned

nanowires, which will be shown in chapter 10.





Chapter 5

Zinc incorporation into InP nanowires

via the VLS mechanism

Maarten van Weert, Ana Helman, Wim van den Einden, Rienk
Algra, Marcel Verheijen, Magnus Borgström, George Immink, John
Kelly, Leo Kouwenhoven, Erik Bakkers

In this chapter the incorporation mechanism of zinc dopants into InP nanowires,

grown in the vapour-liquid-solid growth mode, is presented. We show that the

zinc is built in the nanowire via the gold droplet, by thinning down InP pn-

junctions using a wet-etch, and electrically contacting them. Electrical charac-

terization shows clear diode behaviour, indicating that zinc dopants are present

and electrically active in the core of the wire. This observation is important

for designing electrical devices, such as (quantum dot) LEDs, since the ability

to incorporate dopants via the VLS mechanism enables axial and radial design

freedom in dopant control.

This chapter has been published in Journal of the American Chemical Society 131, 4578-

4579 (2009).
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5.1 Introduction

Semiconducting nanowires [37, 106] hold the promise of combining III-V materi-

als with silicon technology [104, 107, 108]. For most applications it is essential to

incorporate dopant impurities in the nanowire. However, the mechanism for im-

purity doping via the vapor-liquid-solid (VLS) mode [81] is not yet understood.

It remains unclear whether dopants are incorporated via the catalyst particle

(VLS) or directly from the gas phase via a vapor-solid (VS) mechanism, since

during VLS growth competitive sidewall growth (VS) may also occur. For silicon

nanowires, axial dopant modulations have been shown [109], indicating dopant

incorporation via the catalyst particle. For germanium and III-V core/shell nano-

wires controllable dopant incorporation via a VS mechanism (shell deposition)

has been shown [48, 110–112]. In this chapter we demonstrate that it is also

possible to incorporate zinc dopant atoms into an indium phosphide (InP) nano-

wire directly via the VLS mechanism. We show this by growing InP nanowires

with an axial pn-junction. After growth the wires are etched radially in order

to remove the shell, and contacted electrically. Electrical characterization leads

to the conclusion that the dopant atoms are incorporated into the InP lattice

via the VLS mechanism. We believe that this has major implications for future

applications, since controlling dopant incorporation via both the catalyst particle

and via sidewall deposition gives the ultimate freedom of design.

5.2 Sample preparation & characterization

Indium phosphide nanowires were grown by means of metal-organic vapor-phase

epitaxy (MOVPE) [36] in the VLS-mode using 50 nm gold colloids as catalyst

particle deposited on n-type phosphorus-terminated InP (111) substrates. The

precursor gases used were trimethylindium (TMI) and phosphine (PH3). Dopants

were introduced using diethylzinc (DEZn) for p-type and H2S for n-type. Recently

it has been shown that Zn-doped MOVPE-grown InP nanowires exhibit a (pe-

riodically twinned) zinc-blende crystal structure, when PDEZn > 5 · 10−5 mbar

(∼ 1018 cm−3), [113] and S-doped InP nanowires have a wurtzite crystal struc-

ture. A typical transmission electron micrograph (TEM) image is shown in Fig-

ure 5.1a. In this particular case, a p-type section was grown on top of the n-type

section. Figures 5.1a-d indicate that, as observed before [113], the p-type (zinc-

blende) segment has {111} side facets and the n-type part (wurtzite) has {100}h
side facets. When such an axial pn-junction is grown intentionally, a radial pn-

junction is formed unintentionally by competitive VS growth at the bottom of

the wire. In order to remove this undesired radial pn-junction, a wet-chemical
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etch using H2SO4:H2O2:H2O=3:1:1 at room temperature was performed. Results

are shown in Figure 5.1b, c, and d for 10, 25, and 50 seconds etching time, respec-

tively. These TEM images clearly show a different etch rate for the top (p-type)

and bottom (n-type) sections of the wire. This behavior is made quantitative in

Figure 5.1e, in which the average diameter is plotted against the etching time.

Each data point is an average of measurements on at least 5 nanowires. The

diameter of the n-type segment was measured at the junction, while the diameter

of p-type segment was measured 100 nm from the junction, since close to the

junction the etching rate is enhanced, probably by an excess of etchant supplied

from the n-type side where the etch rate is lower. The etch rate for the n-type

material is about a factor of 2 slower (0.28± 0.09 nm/s) than for the p-type ma-

terial (0.49± 0.05 nm/s). Etching of InP in acidic H2O2 solution is, like etching

of GaAs [114], due to a chemical (and not an electroless) mechanism. Chemi-

cal etching is expected to be anisotropic [115]. The difference in chemical etch

rates of the wurtzite and zinc-blende segments most probably originates from the

different nature of the side facets.
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Figure 5.1: Indium phosphide nanowire etching. (a) Transmission electron

micrograph (TEM) of an as grown nanowire pn-junction. The position of the

junction is indicated by the arrow. The n-type part is below the arrow, and the

p-type part above. (b-d) TEM image of a nanowire etched for 10 seconds (b), 25

seconds (c), and 50 seconds (d). Scale bar is 50 nm for all panels. (e) Diameter

as a function of etch time for both the n-type part (squares), and the p-type part

(circles). The solid and dashed lines are linear fits to the n-type and p-type data,

respectively.
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5.3 Electrical measurements

To investigate if dopants were still present after etching, the wires were contacted

and measured electrically. This was done in a vertical configuration, using a sim-

ilar scheme as explained in chapter 4 and as reported by others [53–55], and is

depicted schematically in Figure 5.2. The wires were first etched for 10 seconds

(Figure 5.2-2). The diameter of the p-InP segment after etching is almost equal

(80 nm) to the nanowire diameter determined by the VLS mechanism, measured

just below the top, showing that the shell has essentially been removed. Subse-

quently, a 300 nm PECVD SiO2 layer was deposited uniformly over the substrate

and the nanowires (3). A photo resist layer was spun on, so that the nanowires

were completely buried in the photo resist (4). A controlled etch-back step us-

ing an oxygen plasma was performed to thin down the photoresist layer until

300 nm of the nanowires was uncovered (5). Then the SiO2 around the top of the

nanowire was removed by a wet etching step in BOE (6), after which the photo

resist layer was removed (7). Finally, a top Ti/Zn/Au contact was patterned

using standard lift-off technique (8) after which a rapid thermal anneal step was

performed to decrease the contact resistance. A SEM image of a nanowire device

before metal deposition is shown in the inset of Figure 5.3a.

n-InP SiO
2

Photoresist Ti/Zn/Aup-InP

Au-colloid

Legend

1 2 3 4

5 6 7 8

Figure 5.2: Fabrication of a vertical nanowire pn-junction. Schematic

cross-sections illustrating the main process steps for fabricating vertical pn-

junctions. Different colors are explained in the legend and the different process

steps are explained in the text.

A typical current-voltage curve of a device with four wires in parallel is shown

in Figure 5.3. In this measurement the voltage to the top contact was swept,

while the bottom contact was grounded. The nanowires show clear diode behav-

ior (current increases in forward direction), indicating a pn-junction. An ideality

factor of n = 1.2 is obtained from the slope of the onset of the forward current,
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which is close to that of an ideal p-n junction (n = 1). The top contact to

the p-type part of the nanowire is not ohmic. However, the rectifying behav-

ior cannot originate from this Schottky contact, since this contact is in reverse

for this polarization [116]. This top contact actually limits the forward current.

From electrical measurements on vertically contacted uniformly doped n-type

InP nanowires grown on the same substrates we know that the substrate con-

tact is ohmic, due to the large contact area and the high dopant concentration

(1019 cm−3) of the substrate. Similar wires have been detached from the surface,

and were contacted individually by e-beam lithography in a horizontal configura-

tion [48]. These wires show electroluminescence in forward direction, confirming

our assumption that the pn-junction provides the rectifying behavior. These ex-

periments demonstrate that the core of the wire contains ionized Zn atoms, and

that these atoms are incorporated into the InP lattice via the VLS mechanism.
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Figure 5.3: Electrical characteristics of a vertical nanowire pn-junction.

(a) Typical current-voltage characteristic of a vertical nanowire pn-junction. Inset

shows a scanning electron micrograph of a nanowire with a wrapped SiO2 layer

and the top opened up, corresponding to schematic 7 in Figure 5.2. Scale bar

is 500 nm. (b) Current-voltage characteristic on a logarithmic scale, showing an

ideality factor of n = 1.2 and a rectification of four orders of magnitude.

5.4 Conclusion

In conclusion, we demonstrate that zinc atoms incorporate into InP nanowires

through the catalyst particle by successfully fabricating InP nanowire diodes.

After using a chemical etch to selectively etch the p-type shell, originating from

sidewall deposition, we still observe diode behavior, illustrating that the Zn atoms

are also present in the core of the nanowire.





Chapter 6

Large redshift in photoluminescence of

p-doped InP nanowires induced by

Fermi-level pinning

Maarten van Weert, Olaf Wunnicke, Aarnoud Roest, Tom Eijke-
mans, Andrei Silov, Jos Haverkort, Gert ’t Hooft, Erik Bakkers

In this chapter we present the effect of impurity doping on the optical prop-

erties of indium phosphide nanowires. Photoluminescence measurements have

been performed on individual nanowires at low temperatures (5 − 70 K) and at

low excitation intensities (0.5 − 10 W/cm2). We show that the observed red-

shift (200 meV) and the linewidth (70 meV) of the emission of p-type InP wires

are a result of a built-in electric field in the nanowires. This band bending is

induced by Fermi-level pinning at the nanowire surface. Upon increasing the

excitation intensity, the typical emission from these p-InP wires blueshifts with

70 meV/decade, due to a reduction of the band bending induced by an increase

in the carrier concentration. For intrinsic and n-type nanowires, we found several

impurity-related emission lines.

This chapter has been published in Applied Physics Letters 88, 043109 (2006).
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6.1 Introduction

Nanowires have recently attracted much interest, due to the tunability of their

optical and electronic properties. Several types of nanowire-based devices have

been fabricated, including logic gates [117], single-electron transistors (SET) [44],

superconductive devices [118], light-emitting diodes [119], and lasers [92]. This

recent progress, in combination with the ability to integrate III-V semiconducting

nanowires monolithically into silicon, makes them very promising elements for

future technologies [107, 108]. However, in order to fabricate complementary-

metal-oxide-semiconductor-like nanowire devices, one must be able to control

impurity doping to obtain both n-type and p-type wires. There are some reports

on the doping of ZnO [53], Si and Ge [106, 120], GaAs [83], and InP [119] wires.

The effect of the incorporation of impurities has been demonstrated in electrical

field-effect devices [53, 106, 120] or by the observation of diode behavior [119].

Although photoluminescence (PL) has proven to be a sensitive technique for

examining impurity doping of semiconductors, it has so far not been used for

nanowires.

Here, we report on low-temperature PL experiments on single-InP nanowires

with different doping types. We show that the incorporation of impurities greatly

affects the emission spectra of the nanowires.

The nanowires in this study have been synthesized by the vapor-liquid-solid

growth mechanism. The vapor phase was established by laser ablation of a pow-

dered InP (> 6N) target. First, a 2 Å thin gold film is evaporated on SiO2 that

breaks up into small islands at elevated temperatures. The wires grow from the

gold particles and have a typical diameter of 50 nm. In order to introduce dopants

into the wires, either elemental Se or Zn3P2 powder was incorporated in the tar-

get at a concentration of 1.0 ·10−3 and 1.0 mol %, respectively. From these wires,

field-effect transistor devices were fabricated that showed that the Se-doped wires

were effectively n-type [44], and the Zn-doped ones were p-type [121]. Devices

based on normally undoped (intrinsic) InP nanowires were typically low conduct-

ing at zero gate voltage, but turned on at positive gate voltages, exhibiting a large

on/off ratio of 107.

Although the wires show luminescence at room temperature, the measure-

ments have been performed at low temperature (570 K) in order to be able to use

excitation intensities below 10 W/cm2. The samples were excited with a contin-

uous HeNe laser (632.8 nm, 10 µW) in a nonconfocal Zeiss laser scan microscope.

The PL signal was collected by the same objective lens and was focused onto a

spectrophotometer with a nitrogen-cooled InGaAs array detector. The integra-

tion time was 60 s per spectrum. PL spectra of i-InP and n-InP were recorded
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Figure 6.1: Excitation power dependent photoluminescence spectra at

low temperature. PL spectra in counts per minute versus energy (eV) of an (a)

intrinsic, (b) n-type, and (c) p-type InP nanowire, measured at 15 K. The different

lines represent, from bottom to top, excitation intensities of 0.5, 1.0, 2.0, 5.0, and

10 W/cm2, respectively. The spectra have been shifted vertically for clarity.

from more than ten wires from different batches, while five p-InP wires have been

characterized. The excitation intensity was varied from 0.5 to 10 W/cm2.

6.2 Low temperature PL measurements

In Figure 6.1, representative low-temperature (15 K) emission spectra of intrinsic,

n-type and p-type InP nanowires are shown. The emission spectra of the intrinsic

wires show three distinct lines as indicated in Figure 6.1a. The emission line (1)

at 1.41 eV is around 7 meV below the band-gap energy of bulk InP at 15 K

(1.42 eV) [122], and could be due to an excitonic or a donor-related emission.
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If it is of excitonic origin, the peak is lower in intensity than expected, which

might be due to the large surface-to-volume ratio. When we, however, compare

it to emission from n-type wires, it seems more likely that it is a donor-to-valence

band (DV) transition. We attribute the main luminescence line (2) at 1.377 eV

to a conduction band-to-acceptor (CA) recombination with carbon acting as the

acceptor (EA = 40 meV) [122]. The emission line (3) at E = 1.33 eV might

be assigned to a phonon replica of the CA-pair recombination (2) or to a deep

acceptor level.

The n-type InP nanowires exhibit two emission peaks. We assign the main

emission line (1) at E = 1.414 eV to a DV transition; the ionization energy for

Se in InP is 5 meV [122]. The emission line (2) at 1.383 eV is assigned to a CA

transition1 due to carbon impurities. The peak positions of the various emissions

do not change upon varying the excitation intensity. Furthermore, the linewidths,

defined as the full width at half maximum (FWHM), of the peaks are typically

20 meV in the temperature range of 5−70 K and do not depend on the excitation

intensity. Such relatively large linewidths in nanowire spectra are attributed to

inhomogeneous surface charges [123, 124].

A representative result of the measurements on p-InP nanowires is shown in

Figure 6.1c. We want to point out two important differences in comparison with

i-InP and n-InP wires. The first difference is the linewidth of the emission, which

is in the range of 70 − 100 meV (FWHM) for the nanowires studied. This is

more than three times larger than the FWHM in intrinsic and n-type wires. The

most remarkable observation is however the large illumination-induced blueshift

of the PL peak: The peak energy shifts from 1.23 eV to 1.31 eV upon a factor

of 20 increase of excitation intensity in contrast to the constant peak positions

observed in intrinsic and n-type wires. Since the peak shifts gradually toward

higher energy rather than in steps and no separate peaks are observed, we believe

that the spectra taken at different excitation intensities show one and the same

band, originating from a single transition. One possible explanation for such a

shift would be a Coulomb shift occurring for a DA pair transition [125]. However,

we find a peak shift of 70 meV/decade, which is more than two times higher than

values reported previously for p-InP of 10− 35 meV/decade [125]. Therefore, we

believe that the emission shift has a different origin.

1Since we do not observe a Coulomb shift, the peak is unlikely to be related to a donor-to-

acceptor (DA) transition. In addition, due to the quasi one-dimensionality of the wires, the DA

transition probability is reduced, compared to bulk system with similar dopant concentrations.
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6.3 Band bending induced redshift

We propose that the shift is due to band bending (Figure 6.2a). It is known for

bulk p-InP that an oxide layer at the surface pins the Fermi level [126]. Holes in p-

doped material will then diffuse toward the surface and subsequently be trapped

at the donorlike surface states, causing strong band bending with a negatively

charged surface depletion region. The band bending is particularly large for p-

InP, since the Fermi level is expected to be pinned at only around 0.1 eV below

the conduction band. Such surface-induced depletion has been observed by means

of photoconductivity for GaN nanowires [127]. It is not seen in i-InP wires, where

the number of impurities is much lower, insufficient for the creation of a charged

depletion region.
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Figure 6.2: The effect of band bending on the luminescence. With low ex-

citation intensity (a), the created charge carriers are separated in space, resulting

in a low quantum efficiency. With a higher excitation intensity (b), the photoex-

cited charge carriers reduce the band bending, resulting in a higher PL energy as

well as an enhanced quantum efficiency.

Upon excitation, charge carriers are created, which will be separated in space

by the built-in electric field. Electrons will get confined at the surface of the

nanowire, while the holes accumulate at the center of the wire, neutralizing the

ionized acceptor states, as illustrated in Figure 6.2a. The accumulation of the

photoexcited charge carriers will continue until a dynamic equilibrium has been

reached. An electron near the surface recombines with a hole in the center,

giving a transition energy of Elow (figure 6.2a). The separation in space will

result in a low transition probability, due to small overlap of wave functions of

electrons and holes. When the excitation intensity is increased (Figure 6.2b),

more charge carriers will be generated, diminishing the band bending. As a

result, the emission energy increases to Ehigh and the transition probability is

enhanced, since the separation in space has decreased.

Figure 6.3 shows PL spectra of a second p-InP wire on a semilogarithmic

scale. Remarkably, the offset and the slope of the spectrum at the low-energy
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Figure 6.3: Temperature dependence of p-InP PL. PL spectra of a p-

type InP nanowire for different excitation intensities (a) and temperatures (b),

plotted on a semilogarithmic scale. Measurements were performed at T = 5 K.

The different spectra in (a) represent excitation intensities of 1.0, 2.0, 5.0, and

10 W/cm2, from bottom to top. The temperatures in (b) are as indicated in the

figure.

side remains the same for different excitation intensities and temperatures. This

interesting phenomenon may be explained by considering diffusion of charge car-

riers in the longitudinal (z)-direction of the nanowire. The excitation decreases

the band bending locally, which in turn will result in a local potential maximum

for holes. As a result, the photoinduced charge carriers will drift along the z-

direction toward regions where the band bending is less affected by excitation

and the potential for the holes is lower. Recombination in those regions, near

the edges of the spot, will continue to produce emission at Elow. Hence, the PL

spectra of p-InP nanowires represent an integral of emission from various regions

ranging from the edge of the spot, where the band bending has not changed

(Figure 6.2a), to the center of the spot, where the band bending has changed

most by excitation (Figure 6.2b). Remarkably, the slope at the highenergy side

is not affected by the excitation intensity (Figure 6.3a), whereas it decreases with

increasing temperatures (Figure 6.3b). We suggest that the temperature affects

the diffusion of photoexcited carriers. If we assume that the diffusion length of

carriers exceeds the radius of the excitation spot (3 µm), an increase in the tem-

perature will broaden the carrier distribution in the z-direction. This broadening

results in a lower maximum intensity accompanied with a redshift, consistent

with the experimental observations.



6.4 Conclusion 77

6.4 Conclusion

In conclusion, intrinsic, n-type, and p-type InP nanowires have distinctly dif-

ferent optical properties, as shown here by PL measurements. Intrinsic wires

show a dominant acceptorrelated emission and n-type wires show a dominant

donorrelated emission. As for p-InP, the PL spectra show a large redshift and

a broadened peak. This peak exhibits a large dependence on the excitation in-

tensity with a strong blueshift of 70 meV/decade. We explain this behavior by

strong band bending due to Fermi-level pinning at the surface. Our observations

might have important implications for the design of optoelectronic devices based

on nanowires.
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Orientation dependent optical

polarization properties of single

nanowire quantum dots
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Perinetti, Maarten van Kouwen, Jaime Gómez Rivas, Magnus Borg-
ström, Rienk Algra, Marcel Verheijen, Erik Bakkers, Leo Kouwen-
hoven, Val Zwiller

In this chapter we study the absorption and emission polarization of single semi-

conductor nanowire quantum dots. We show that the polarization of light ab-

sorbed or emitted by such dots strongly depends on the orientation of the nano-

wire with respect to the directions along which light is incident or emitted. This

result is vital for photonic applications based on quantum dots, such as generation

of entangled photons.

This chapter has been published in Small 5, 2134-2138 (2009).
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7.1 Introduction

Semiconductor quantum dots are sources of single [16, 128] and entangled pho-

tons [20, 21, 129], single electrons [130], and are naturally integrated with modern

semiconductor electronics. Incorporating them in semiconducting nanowires [47–

49, 131] brings additional unique features such as natural alignment of vertically

stacked QDs [132] and an inherent one-dimensional channel for charge carriers.

Furthermore, the unprecedented material and design freedom makes them very

attractive for novel opto-electronic devices [51, 86, 92, 93, 121, 133] and quantum

information science in general [41, 134, 135]. Electrical contacting of single nano-

wires is straightforward in a horizontal geometry [48, 86, 93, 121, 133] and verti-

cally contacted nanowires with a wrap-around gate have also been shown [53–55].

However, the nanowire geometry strongly affects the polarization of photons emit-

ted or absorbed by a nanowire quantum dot, and thus becomes the main obstacle

for applications based on intrinsic spin or polarization properties of quantum dots

such as an electron spin memory [24] or generation of entangled photons [20]. It

has been shown that luminescence of pure nanowires is highly linearly polar-

ized and the polarization direction is parallel to the nanowire axis [51, 86, 87].

In this chapter we demonstrate that by directing light along the nanowire axis

we can access the intrinsic polarization properties of an exciton confined in a

quantum dot in a nanowire. We introduce a theoretical model which intuitively

explains our experimental findings and shows how the polarization dependence in

absorption is affected by various parameters such as nanowire diameter, dielectric

constant of the surroundings and photon wavelength. As an example, we analyze

the polarization properties of a Zeeman split exciton in a quantum dot along two

different directions with respect to the nanowire axis.

7.2 Experimental set-up & sample preparation

For our experiments we used single InAs0.25P0.75 quantum dots embedded in InP

nanowires, grown by means of metal-organic vapor-phase epitaxy [36, 40, 136]. A

sample with a low density of wires, each containing a single dot could be grown

under appropriate growth conditions [48]. In Figure 7.1a we show a scanning

electron microscope (SEM) image of an as-grown sample with a low density of

nanowires, enabling optical study of a single nanowire quantum dot. The nano-

wire length is about 2 µm. A transmission electron microscope (TEM) image of

a nanowire quantum dot is shown in Figure 7.1c. The dot is typically 10 nm high

with a diameter of 30 nm, determined by energy dispersive X-ray analysis in a

TEM (see Figure 7.1d). To simplify TEM studies, the InP section following dot
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growth was reduced, while for the samples used in our experiments, the dot was

centered in the nanowire.
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Figure 7.1: Structural and optical properties of nanowire quantum dots.

(a) SEM image of an as-grown sample with low density of standing nanowires.

(b) PL spectra of a single standing nanowire quantum dot for various excitation

powers. The two emission lines denoted with X and 2X correspond to the exciton

and biexciton emission, respectively. (c) TEM image of a nanowire quantum dot.

The dot is indicated by the white rectangle. The low contrast of the dot is due

to the low As concentration. (d) Energy dispersive X-ray linescans measured in

a TEM along the nanowire axis in atomic percentage. The quantum dot (QD) is

indicated in white.

As-grown samples with vertically oriented nanowires, referred as standing

nanowires, were used for experiments where the excitation (emission) was di-

rected (measured) along the nanowire. We also transferred nanowires from the

same batch to a Si substrate with a 290 nm SiO2 top layer, referred to as ly-

ing nanowires, for the experiments where light was directed perpendicular to the

nanowire. Both samples were studied under the same experimental conditions.

Micro photoluminescence (PL) studies were performed at 4.2 K. The samples

were excited with a 532 nm cw laser focused to a spot size of 0.6 µm using a

microscope objective with a numerical aperture NA = 0.85. The PL signal was

collected using the same objective and was dispersed by a spectrometer onto

a nitrogen-cooled silicon array detector, enabling 30 µeV resolution. Linear and

circular polarizations were determined with a fixed polarizer together with a half-

and quarter-waveplate, respectively. For absorption polarization measurements

the incident light polarization was varied, while the detector was insensitive to

polarization. For emission polarization measurements the incident light polar-

ization was set parallel to the nanowire axis, while the analyzer was rotated.

In Figure 7.1b we show PL spectra of a single standing nanowire quantum dot
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for various excitation powers. At low excitation power only one emission line

is visible at 1.27 eV, denoted as X. With increasing excitation power a second

emission line, denoted as 2X, emerges 2.5 meV above X. The PL intensities of

X and 2X as a function of excitation power show that X (2X) increases linearly

(quadratically) with excitation power and saturates at high excitation powers.

This behavior is typical for the exciton and biexciton under cw excitation. The

spectral linewidths for various dots in our samples are in the range of 50-200 µeV,

demonstrating high optical quality of the dots. Similar spectral characteristics

are also found for lying nanowire quantum dots.

7.3 Polarization anisotropy

In Figure 7.2 we show the integrated PL intensity of the exciton in a lying nano-

wire quantum dot as a function of linear excitation and emission polarization

orientation. In Figure 7.2b the absorption is maximized by setting the excitation

polarization parallel to the nanowire axis. However, the emission polarization is

independent of the excitation polarization. We fit this data to a cos2-function

with amplitude, offset, and phase as fit parameters. The degree of linear po-

larization, ρ = (Imax − Imin)/(Imax + Imin), is obtained from the maxima and

minima of the fit. Clearly, lying nanowire quantum dots show a large degree of

linear polarization parallel to the nanowire, for both absorption and emission.
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Figure 7.2: Polarization dependence of lying nanowire quantum dots.

Integrated PL intensity of the exciton in a lying nanowire quantum dot (a) as a

function of the orientation of the linear excitation polarization, and (b) by probing

the orientation of the linear emission polarization. Zero angle of orientation was

chosen to match the nanowire axis, determined by imaging. The solid curves are

cos2-fits used to extract the degree of linear polarization from minima and maxima

of the fit. Fit parameters are amplitude, offset, and phase.

Polarization-sensitive PL measurements were performed on a number of dots,
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both lying and standing, which are shown in Figure 7.3a. The upper two graphs

show the statistics of absorption and emission for lying nanowire quantum dots,

for which absorbed (emitted) light is directed (measured) perpendicular to the

nanowire axis. The average degree of linear polarization is ρabs = 0.78 ± 0.06

(ρemi = 0.72 ± 0.08) for absorbed (emitted) light. This can be understood intu-

itively using classical electromagnetic theory, by considering the dielectric prop-

erties of the nanowire quantum dot and its surroundings [51]. Electric fields

perpendicular to the nanowire axis are reduced inside the nanowire, since its di-

ameter is much smaller than the wavelength of the light, thereby reducing the

effective dielectric constant towards the dielectric constant of vacuum. Electric

fields parallel to the nanowire axis are not reduced inside the nanowire, since its

length is comparable or longer than the wavelength of the light. Contrary to

Ref. [85], no effect of the wurtzite structure on the polarization is observed.
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Figure 7.3: Analysis of polarization dependences for different geome-

tries. (a) Statistics of the degree of linear polarization for lying and standing

nanowire quantum dots. The lying nanowire quantum dots (shown in top panels)

show high degree of linear polarization, about 0.8 and 0.7, for absorbed and emitted

light, respectively. In contrast, the degree of linear polarization is low for standing

nanowire quantum dots (shown in bottom panels), about 0.1 and 0.2 for absorbed

and emitted light, respectively. Insets illustrate the nanowire orientations with

respect to the light direction. (b) Calculated degree of linear polarization in ab-

sorption as a function of nanowire diameter. In this case incident light is directed

perpendicular to the nanowire axis, as for the lying nanowire quantum dots. For

the solid (dashed) curve an effective refractive index of n = 1 (n = 1.85) is used.

The same measurements were performed on standing nanowire quantum dots,

for which light absorbed (emitted) by the dot is directed (measured) parallel to

the nanowire axis. The results are shown in the lower two graphs of Figure 7.3a

and give a degree of linear polarization for absorbed (emitted) light of ρabs = 0.1
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(ρemi = 0.2). This low value is expected for the symmetric structure of the

nanowires for light incident or emitted in the direction along the nanowire axis.

In addition, the measured degree of circular polarization of the dot emission is

also low, 0.1.

7.4 Mie model for infinite cylinder

To explain our experimental results for absorption by a lying nanowire quantum

dot more quantitatively, we use Mie theory for light scattering on dielectrics of

cylindrical shape [68, 137]. The nanowire is modeled as an infinite cylinder. This

approximation is valid as long as the nanowire diameter is much smaller than

its length, as in our case. Furthermore the effect of the dot is omitted in the

model, since the experiments show that the polarizing effect from the nanowire

is dominating.

The scattering and absorption of light by a cylinder can be found by starting

with the scalar wave equation in cylindrical coordinates

1

r

∂

∂r

(
r
∂ψ

∂r

)
+

1

r2
∂2ψ

∂ϕ2
+
∂2ψ

∂z2
+ k2ψ = 0, (7.1)

where z is the direction of the nanowire elongation. Separable solutions of 7.1

are of the form

ψ(r, ϕ, z) = Zn(ρ)e
inϕeihz, (7.2)

where ρ = r
√
k2 − h2 and Zn is a solution to the Bessel equation

ρ
d

dρ

(
ρ
d

dρ
Zn

)
+
(
ρ2 − n2

)
Zn = 0. (7.3)

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 = a, where a is

the radius of the nanowire. From this field, we can calculate the Poynting vector,

and subsequently the efficiencies Qsca,∥ (Qsca,∥) and Qsca,⊥ (Qsca,⊥) for scattering
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and extinction with parallel (perpendicular) polarization:

Qsca,∥ =
2

x

[∣∣b0,∥∣∣2 + 2
∞∑
n=1

(∣∣bn,∥∣∣2 + ∣∣an,∥∣∣2)] , (7.4)

Qext,∥ =
2

x
Re

{
b0,∥ + 2

∞∑
n=1

bn,∥

}
(7.5)

Qsca,⊥ =
2

x

[
|a0,⊥|2 + 2

∞∑
n=1

(
|an,⊥|2 + |bn,⊥|2

)]
, (7.6)

Qext,⊥ =
2

x
Re

{
a0,⊥ + 2

∞∑
n=1

an,⊥

}
, (7.7)

where the coefficients are defined by

an,∥ =
CnVn −BnDn

WnVn + iD2
n

, (7.8)

bn,∥ =
WnBn + iDnCn

WnVn + iD2
n

, (7.9)

an,⊥ = −AnVn − iCnDn

WnVn + iD2
n

, (7.10)

bn,⊥ = −iCnWn + AnDn

WnVn + iD2
n

. (7.11)

Here

An = iξ [ξJ ′
n (η) Jn (ξ)− ηJn (η) J

′
n (ξ)] , (7.12)

Bn = ξ
[
m2ξJ ′

n (η) Jn (ξ)− ηJn (η) J
′
n (ξ)

]
, (7.13)

Cn = n cos (ζ) ηJn (η) Jn (ξ)

(
ξ2

η2
− 1

)
, (7.14)

Dn = n cos (ζ) ηJn (η)H
(1)
n (ξ)

(
ξ2

η2
− 1

)
, (7.15)

Vn = ξ
[
m2ξJ ′

n (η)H
(1)
n (ξ)− ηJn (η)H

(1)′

n (ξ)
]
, (7.16)

Wn = iξ
[
ηJn (η)H

(1)′

n (ξ)− ξJ ′
n (η)H

(1)
n (ξ)

]
, (7.17)

where ξ = x sin ζ, η = x
√
m2 − cos2 ζ, x = ka, and a is the radius of the nanowire,

ζ is the angle between the incoming light and the nanowire, and k = 2π/λ is the

wave vector. Jn and H
(1)
n = Jn+ iYn represent the first order Bessel function and

the Hankel function respectively.

The absorption cross section can be found by subtracting scattering from

exctinction Qabs = Qext −Qsca for both parallel and perpendicular case and is a
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function of x and ζ in general. To take into account the limited numerical aperture

of NA = 0.85, we integrate Qabs(x, ζ) over the whole solid angle ζ = ζmin . . . π/2,

where ζmin = arccos (NA). The absorption cross sections per unit particle volume

are then given by:

Cabs,∥(x) =
4
∫ π

2

ζmin
Qabs,∥(x, ζ) sin ζdζ

π
(
xλ
π

) , (7.18)

Cabs,⊥(x) =
4
∫ π

2

ζmin
Qabs,⊥(x, ζ) sin ζdζ

π
(
xλ
π

) . (7.19)

The degree of linear polarization in absorption is defined by

ρabs =
Cabs,∥ − Cabs,⊥

Cabs,∥ + Cabs,⊥
. (7.20)

For the calculations we use our actual excitation wavelength of 532 nm, and

the dielectric function of InP, ϵ = 3.682 + 0.416i. To take into account the

illumination of the nanowire through a microscope objective, we integrate the

average absorption cross section over angles of incidence with respect to the

nanowire axis comprised between arccos(NA) and π/2. 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 approxi-

mate the effect of the substrate we consider the nanowire as being embedded

in a medium with an effective refractive index, i.e., an average of the refrac-

tive indices of the different media surrounding the nanowire: vacuum, SiO2, and

Si. The outcome of the calculations, assuming an effective refractive index of

neff = 1.85 = 0.5nvacuum+0.25nSiO2 +0.25nSi is represented by the dashed curve

in Figure 7.3b. As an upper limit we consider the nanowire in vacuum, thus

ignoring the substrate, which is represented by the solid curve in Figure 7.3b.

Our experimental value lies in between the two curves, having a surrounding re-

fractive index consisting of a mixture of vacuum, Si, and SiO2. As can be seen

in Figure 7.3b one can increase the degree of linear polarization by measuring

nanowire quantum dot in vacuum, or decrease it by increasing the nanowire di-

ameter. 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 using a smaller

numerical aperture results in a larger degree of linear polarization.

The nanowire geometry is not the only source of polarization anisotropy. Cal-

culations by Niquet and Mojica [71] show that the polarization properties are

strongly affected by the aspect ratio of the quantum dot dimensions, due to

strain originating from the lattice mismatch between the nanowire and the dot.
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However, in our case the strain is probably negligible due to the low phospho-

rus content and the main contribution to polarization anisotropy comes from the

nanowire geometry.

7.5 Zeeman-split excitons

The low degree of linear polarization for vertical nanowire quantum dots implies

that the nanowire does not affect the polarization of photons radiated from the

dot, thus allowing access to intrinsic polarization properties of nanowire quantum

dots. Measurements in this geometry revealed a fine structure splitting of the

neutral exciton, originating from anisotropic electron-hole exchange interaction

(see chapter 8). Moreover, to experimentally demonstrate the difference between

the two geometries unambiguously, we measure the polarization of photons emit-

ted from a Zeeman split exciton in a quantum dot. In Figures 7.4a and 7.4b we

show PL of a standing nanowire quantum dot exciton under external magnetic

field B = 9 T parallel to the nanowire axis, while Figures 7.4e and 7.4f show PL

of the same dot without external magnetic field B = 0 T. Clearly, the exciton

undergoes a Zeeman splitting. From these measurements we extract the exciton

g-factor, gexc = 1.3 ± 0.1, which is typical for our sample. In particular, polar-

ization properties of the split exciton lines at 9 Tesla are shown in Figures 7.4a

and 7.4b. As expected, the high energy emission line is right-hand circularly

polarized, while the lower energy emission line is left-hand circularly polarized.

These two polarization states, σ+and σ−, correspond to the two different spin

states of the exciton ↓⇑ and ↑⇓, respectively, where ↑(⇑) represents a spin-up

electron (hole) and ↓(⇓) represents a spin-down electron (hole). The reason for

the difference in intensity of the horizontally and vertically polarized emission for

the lower energy peak is unclear. However, in chapter 8 we show that the emis-

sion polarization of such nanowire quantum dots can be fully circularly polarized.

At B = 0T the excitonic emission is unpolarized (Figures 7.4e and 7.4f). These

results show that in this case the emission polarization of a quantum dot is not

dominated by the nanowire geometry, and that electron-hole spin states in a dot

are properly converted to the polarization states of the emitted photons. In con-

trast, measurements on a lying nanowire quantum dot under external magnetic

field B = 9 T, represented in Figures 7.4c and 7.4d, show that the two emission

lines of a Zeeman split exciton are strongly linearly polarized, with respect to the

nanowire axis, as expected. At B = 0 T the exciton emission shows the same

linear polarization, as can be seen in Figures 7.4g and 7.4h. The exciton g-factor,

gexc = 1.2 ± 0.1, is similar to the standing case. We note that the Zeeman split
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emission lines possibly consist of two peaks. These could arise from dark excitons,

due to symmetry-breaking [19], or due to heavy-light hole mixing effects [138],

since the magnetic field B is perpendicular to the symmetry axis in this case.
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Figure 7.4: Magneto-optical polarization analysis for different geome-

tries. Linear and circular polarization dependence of excitonic emission from a

standing nanowire quantum dot under B = 9 T ((a) and (b), respectively), and

B = 0 T ((e) and (f), respectively). (c) ((g)) and (d) ((h)) show the linear

and circular polarization dependence of exciton emission from a lying nanowire

quantum dot under B = 9 T (B = 0 T).

7.6 Conclusion

To conclude, we have correlated the polarization of light absorbed and emitted

by a quantum dot embedded in a nanowire with its propagation direction with

respect to the nanowire axis. We found that the polarization of the absorbed

(emitted) light, when directed (measured) perpendicular to the nanowire axis,

is affected by the nanowire geometry and is strongly linearly polarized along

the nanowire. In contrast, this is not the case for the configuration where the

absorbed (emitted) light is directed (measured) parallel to the nanowire axis. In

this configuration the intrinsic polarization of the nanowire quantum dot can be

accessed. We have demonstrated this by measuring the polarization of photons

radiated from a Zeeman split exciton in a nanowire quantum dot with the optical
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path aligned along the nanowire axis as well as perpendicular to the nanowire

axis.





Chapter 8

Selective excitation and detection of

spin states in a single nanowire

quantum dot

Maarten van Weert, Nika Akopian, Umberto Perinetti, Maarten
van Kouwen, Rienk Algra, Marcel Verheijen, Erik Bakkers, Leo
Kouwenhoven, Val Zwiller

In this chapter we demonstrate exciton spin memory in a single InAs0.25P0.75

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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8.1 Introduction

The unprecedented material and design freedom makes semiconducting nano-

wires very attractive for novel opto-electronics [86, 92, 93, 121]. Quantum dots

incorporated in nanowires enable experiments on both quantum optics [47–49]

and electron transport [41]. 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 ham-

pered by broad linewidths, insufficient for identifying quantum states. Here, we

demonstrate clean InAs0.25P0.75 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 demonstrat-

ing that nanowires are a viable alternative to the system of self-assembled dots

with new design options to interface single photon [16, 128] with single electron

devices [9, 11].

Photoluminescence (PL) from homogeneous nanowires [51, 87] and from quan-

tum dots (QDs) embedded in nanowires (see chapter 7) 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 par-

allel 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 quan-

tum dots [139]. Quantum dots in nanowires are a promising alternative to self-

assembled dots when it comes to more complex circuits. For instance, multiple

dots are naturally aligned in nanowires [40]; heterostructure dots can be con-

nected to gate-defined dots [140]; and circuits of dots can be integrated with pn-

junctions to allow for electroluminescence and photocurrent experiments. Also

local gating of heterostructure dots in nanowires has become possible with re-

cently developed wrap-around gates [53–55] (see chapter 4). 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 [47–49], 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 individ-
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ual spin states. Here we report on clean nanowire quantum dots with optical

linewidths of tens of µeV; i.e. sufficiently sharp for measuring spin states above

a magnetic field of ∼ 1 Tesla.

8.2 Quantum dot characterization

We grow InAs0.25P0.75 quantum dots embedded in InP nanowires (see meth-

ods [36, 40, 136]. Figure 8.1a 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 8.1b and chapter 3).
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Figure 8.1: 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. Fig-
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ure 8.1 shows optical spectra with peaks as narrow as 31 µeV (limited by the

resolution of our spectrometer). Figure 8.1d shows a single peak for exciton

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 8.1e), clearly identifying these optical transitions.

Note also the saturation of the peak intensities at high powers indicating that

also other states become occupied.

8.3 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 8.2a and b).

We select the exciton transition from the lowest energy (s-) states and measure

the peak evolution as a function of B. Figure 8.2c 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. We typically measure a gexc-factor value

between 1 and 2 in 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 [41]. As has been explained in section 2.4, the overall

quadratic shift, γ2 = 10 µeV/T2, can be fitted to the diamagnetic shift of an

electronic orbital with a diameter of∼ 20 nm [80]. This is in reasonable agreement

with our quantum dot size.

The measured PL in Figure 8.2c is not filtered for a specific polarization. By

adding such filters (see setup in Figure 8.2b) 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 8.2e 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 8.2e implies full circular

polarization of the two spin resolved exciton transitions. For linear polarizers, two

peaks of equal height are visible, as expected (Figure 8.2d). For spin-degenerate
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Figure 8.2: Polarization sensitive magneto-photoluminescence of a single

nanowire quantum dot. (a) Schematic of non-resonant excitation and recombi-

nation. (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.

excitons at B = 0 the polarization analyzers make no difference for the observed

PL, as shown in Figures 8.2f and g. We emphasize that the observed absence of

any linear polarization for vertical nanowires (in contrast to horizontal wires, see

chapter 7) is essential for exciting and measuring specific spin states, which we

discuss next.
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8.4 Polarization-selective excitation

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

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 demon-

strated with self-assembled dots [24]. We have found that excitation above the

InP band gap (as in Figures 8.1 and 8.2) 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 8.4a illus-

trates 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 8.3: Excited states in a nanowire quantum dot. (a), Power de-

pendent 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), Com-

parison of non-resonant PL (lower blue spectrum) with quasi-resonant PL (upper

red 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 (pho-

toluminescence excitation) and identify a p-shell resonance around 1300 meV.

Figure 8.3a shows an example of non-resonant photoluminescence spectra of a
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Figure 8.4: 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.

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 de-

pendence). When increasing the power further, new emission lines in a second

energy band emerge. These emission lines emerge from excited states in the quan-

tum dot, which are populated when the ground states are saturated. Figure 8.3b

shows a comparison of non-resonant PL with quasi-resonant PL. Resonances in



98 8. Selective excitation and detection of spin states

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 8.4a,b).

We first reproduce Figure 8.2c but now for quasi-resonant excitation. Figure 8.4c

is taken with linear excitation and analyzer such that both spin states are excited

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 8.4d and e show the results for left and right circularly po-

larized 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 po-

larized. 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 Ihigh/I low ∼ 10. However,

at B = 0 a reduced polarization ratio Ihigh/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 [141]. Similar measurements have been

reported on ensembles of self-assembled quantum dots under quasi-resonant [142]

and resonant excitation [143]. However polarization memory was not observed

at B = 0, possibly due to a larger exciton fine structure splitting.

8.5 Energy-selective excitation

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 ex-

citation conditions, as exemplified by the peak height differences in Figure 8.4c.

This excitation energy dependence can, as we discuss now, be exploited for an

alternative method for spin initialization. To understand the absorption sensitiv-

ity, Figure 8.5a 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
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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 en-

ergy. We find maximum polarization ratios Ihigh/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 energy-

selective excitation together with polarization-selective excitation, as shown in

Figures 8.5b,c, the polarization ratio is further increased to Ihigh/I low ∼ 10.
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Figure 8.5: 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 analyz-

ers. Upper and middle panels show horizontal cross sections taken, respectively,

at the upper and lower dashed lines in the lower panels.
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8.6 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

electrical contacts, for instance, for the use of fast energy selectivity using the

Stark effect.

8.7 Methods

The nanowires were synthesized in a low pressure (50 mbar) Aixtron 200 metal-

organic 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 [48]. 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 [131]. Under appropriate growth conditions we were able

to grow a sample with low density of nanowires containing single InAs0.25P0.75

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 ex-

periments, 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 micro-

scope objective with a numerical aperture NA = 0.85. For photoluminescence

excitation experiments a tunable titanium sapphire laser was used. The PL sig-

nal 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 reso-

lution. 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 half-

or 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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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, Val Zwiller

In this chapter we present 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).
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9.1 Introduction

Single, optically-active quantum dots are widely investigated due to the ability

to combine both single electron charging [59, 76] and single [16] or entangled [20]

photon-emission – all key requirements for quantum information processing ap-

plications [144]. Nanowire quantum dots offer additional functionalities over self-

assembled 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 [47] and trans-

port [44, 45, 135]. In addition, due to the small radial dimensions of the nano-

wires, electrostatic gate geometries are highly versatile [45, 135] and axial het-

erostructure 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 quan-

tum dot grown in an InP nanowire geometry is optically-active, exhibits narrow

emission lines, spin polarization memory effects [145] and can be embedded in a

LED device geometry [48]. Furthermore, it is predicted that nanowire quantum

dots are ideal sources of entangled photons due to the nanowire symmetry [58].

Recently, an electron spin-to-charge conversion read-out scheme has been pro-

posed [26], which is compatible with controlled storage of carriers up to microsec-

onds [25]. Such storage times are promising since single spins in self-assembled

quantum dots have been initialized, coherently manipulated and read-out within

picosecond timescales [31, 146]. The proposed spin read-out scheme [26] highly

depends on the overall tunnel coupling between the self-assembled quantum dot

energy levels and the continuum, determined by the quantum dot-to-contact spa-

tial separation, which is fixed during growth [147].

In this chapter, we present electrical control and optical read-out of the num-

ber of electrons residing in a single InAs0.25P0.75 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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9.2 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 9.1a). The nanowires have no

intentional doping. The InAs0.25P0.75 quantum dot is between 4-6 nm high and

∼30 nm in diameter (see chapter 3. The nanowires are contacted by a titanium

(Ti) source and drain, while the p++Si/SiO2 substrate forms a back-gate (see

section 9.8). Figure 9.1b presents the device geometry and circuit schematics.
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Figure 9.1: Device details. (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 InP nanowire and InAsP quantum

dot s-, p-, and d-shell resonances. Curve on the right: photoluminescence of the s-

shell as a function of laser excitation energy (PLE). Curve on the left: photocurrent

as a function of laser excitation energy (PCE). (PLE: Laser intensity = 10 W/cm2,

Vsd = 5.4 V, Vg = −9 V, dt = 10 s; PCE: Laser intensity = 100 W/cm2, Vsd = 6 V,

Vg = −9 V).

At the Ti-InP interface, the Fermi level is pinned ∼200 meV below the InP

conduction band [148]. Therefore, Schottky barriers are formed and a source-

drain voltage Vsd generates an electric field along the nanowire growth axis with-

out 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.
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9.3 Quantum dot resonances

Figure 9.1c presents the photoluminescence from a single nanowire quantum dot

as a function of incident laser power under non-resonant continuous wave excita-

tion 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 [148] (The exact

determination of the number of excess charges residing in the quantum dot is

determined below using resonant photocurrent experiments). In photolumines-

cence 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 biex-

citonic peak, described in more detail in chapter 8. 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 dot become saturated. The broad emission peak ob-

served around 1.42 eV is due to InP carrier recombination [149]. Figure 9.1d

presents a photoluminescence excitation (PLE) spectrum (curve on the right),

obtained by integrating the s-shell photo-emission intensity at varying laser exci-

tation energies. In the PLE spectrum, the InP and d-shell absorption resonances

are detected using the s-shell emission. Laser filter constraints inhibit PLE mea-

surements below 1.36 eV excitation energy. Therefore, resonant photocurrent

spectroscopy (Figure 9.1d, left curve) is performed to demonstrate resonant ab-

sorption 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 be-

tween 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 similar to InAs/InP self-assembled quantum dots of comparable size [150]. 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

Letter. 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 9.1c.

9.4 X1−, X0 emission and resonant photocurrent

In Figure 9.2a (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 9.2a (bottom). In

addition, Figure 9.2a (bottom) compares the source-drain current in absence of
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illumination (black line) to the s-shell resonant photocurrent (red line), which is

excited at the 1.3394 eV resonance presented in Figure 9.1d. Above Vsd = 3.8 V,

no photoluminescence is observed. In photocurrent spectroscopy, however, a res-

onance 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 tran-

sition. The corresponding transitions are presented in Figure 9.2b (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

WKB approximation in section 9.9. 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 9.4d.

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 9.2b (bottom) for an overview of the X0 and

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 WKB

model in section 9.9). The observed emission energy difference between X1− and

X0 (the X1− renormalization energy) is 2 meV for our nanowire quantum dot,

which is similar to calculations for self-assembled quantum dots of comparable dot

diameter [57]. Figure 9.2c presents the electron-hole Coulomb attraction energy

Veh and the electron-electron 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 nanowire quantum dots [71])

exceeds Vee.

These Coulomb interactions affect the photo-emission coexistence of X0 and

X1− (from Vsd = 0.5 V to 2 V) in Figure 9.2a via tunnel events in the photo-

excited state. From Figure 9.2b (bottom) the mechanism for the X0 and X1−
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Figure 9.2: From light emission to photocurrent. (a) top: contour plot

of quasi-resonantly 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 quantum dot,

Ee: 1 electron, Eh: 1 hole, E2e: 2 electrons, E2e+h: 2 electrons and 1 hole on the

quantum dot.
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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 9.2c). 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 [147].

9.5 Two mechanisms to change the charge state

Instead of controlling the electron number in our nanowire quantum dot by elec-

tric 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 nano-

wire with respect to the energy levels in the quantum dot. In Figure 9.3a, 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 ob-

served 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

regime of the optical spectra between −20 V and +5 V, indicating that the quan-

tum dot suffers from charge fluctuations in its environment [151]. Even though

the optical spectra are unstable over long time-scales, line traces in Figure 9.3b

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− recombina-

tion typically consists of a singlet (X2−
s ) and a triplet (X2−

t ) emission line, which

are separated by twice the s-p exchange interaction [78]. The observed intensity

of X2−
s is expected to be lower than X2−

t due to the number of possible final

states [78]. At Vsd = Vg = 0 V, the quantum dot is charged with 2 extra electrons

caused by the Fermi level pinning at the nanowire surface [148]. At large positive

back-gate voltages (Vg > 15 V), the emission stabilizes and a peak (linewidth of

160 µeV) at 1.3339 eV is observed. We assign this line to X3− involving s-shell
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Figure 9.3: High resolution s-shell photoluminescence as a function of

back-gate (Vg) and source-drain (Vsd) bias. (a) Contour plot of the photolu-

minescence at varying back-gate 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 photolumines-

cence 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).

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 9.3c, high resolution photolumines-

cence 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 the nanowire elongation axis, the quantum dot discharges.

Here, X3−, X2−
t , X1− and X0 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.
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Figure 9.4: Effect of the back-gate potential on the exciton emission

energy and tunnel coupling. (a-c) Photoluminescence as a function of source-

drain bias presenting X0 and X1− emission at three different back gate potentials

(Laser intensity = 10 W/cm2, excitation energy = 1.361 eV, Vg = −18 V, 0 V and

+18 V, dt = 5 s). (d) X0 recombination energy as function of source-drain bias

at Vg = −18 V (red triangles), Vg = 0 V (black squares) and Vg = +18 V (green

circles). Lines correspond to a second order polynomial fit. Electric field assumed

to be linear with bias voltage. (e) Range of X1− and X0 emission and coexistence

as a function of source-drain and back-gate bias.

9.6 Tuning the quantum dot tunnel coupling

The back-gate and source-drain bias can now be combined to tune the charge den-

sity in the nanowire and control the quantum dot tunnel events. In Figures 9.4a, b

and c, the quantum dot photoluminescence is plotted as a function of Vsd for cor-

responding Vg = −18 V, 0 V and +18 V. Extracted from Figures 9.4a-c, we first

study the effect of the back-gate bias on the observed X0 quantum confined Stark

effect in Figure 9.4d. When assuming a homogeneous electric field, F = Vsd/l

(with l = 1.4 µm, the electrode spacing), the Stark shifts are determined to be

−1.5, −1.2 and −1.7µeV/cm2kV2 for Vg = −18 V, 0 V and +18 V, respectively.

These values are comparable to Stark shifts obtained in self-assembled InAs-InP
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quantum dots of similar quantum dot height [152].

A more significant effect of the back-gate potential on the quantum dot emis-

sion is the observed coexistence variation of X1− and X0 in Figures 9.4a-c. Here,

the dot is tuned from a regime in which X0 and X1− are highly overlapping

(for a range of ∼ 2 V in Figure 9.4a) to a regime in which the peaks are vir-

tually non-overlapping (Figure 9.4c) 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 9.4e explicitly

demonstrates that the coexistence is reduced with increasing back-gate bias volt-

age. The altered nanowire carrier-density by the back-gate changes the charge

state of the quantum dot (Figure 9.3b) and in addition affects the transparency

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 [74]. 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 [153]. The total s-p orbital splitting of 17 meV was

obtained from Figure 9.1c. 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.

9.7 Conclusion

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 poten-

tial 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)
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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.

9.8 Methods

Nanowire growth and device fabrication

The nanowire quantum dots were grown in the vapor-liquid-solid mode [81] by

means of metal-organic vapor-phase epitaxy in a similar manner as reported by

Minot et al. [48]. Colloidal Au particles of 20 nm diameter were used to first grow

an InP section for 20 minutes (∼2 µm) followed by 1 second of InAsP growth.

The ∼ 4µm 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 (see chapter 3). 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 (see be-

low) 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 (Figures 9.1c, 9.3, and 9.4) and 10 K

(Figure 9.2). 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 polariza-

tion along the nanowire elongation axis to maximize the excitation efficiency.

Detection of the emitted photons was achieved through a single grating spec-

trometer 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.
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9.9 WKB model tunneling events

The charging diagrams obtained above can be reproduced by a WKB approxima-

tion, as has been explained in section 2.3. In Figure 9.5, the data from Figure 9.2a

is compared to calculations. The model-parameters used, are listed in table 9.1

and the resulting energies are shown in table 9.2.

Table 9.1: Model parameters.

Electrode spacing lnw = 1.4 µm

Height of quantum dot z = 4 nm

InAsxP1−x x = 0.25

Band gap InP EInP = 1.42 eV

Emission energy X0 EX0 = 1.34 eV

Quenching voltage X0 Vc = ∼ 3.8 V

Table 9.2: Model outcome.

Binding energy Veh = 25 meV

Band gap InAsP EInAsP = 1.289 eV

Band offset conduction band ∆Ec = 87 meV

Band offset valence band ∆Ev = 44 meV

Confinement energy 1st electron Ee = 57 meV

Confinement energy 1st heavy hole Ehh = 14 meV
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Figure 9.5: Experiment compared to WKB modeling of finite well tun-

neling events under an applied electric field along the nanowire axis.

(a) Experimental photoluminescence as in Figure 9.2a presenting integrated PL

emission intensity of X1− (circles) and X0 (squares) compared to X0 resonant pho-

tocurrent (upper curve) and darkcurrent (lower curve) as a function of source-drain

bias. (b) Modeled integrated photoluminescence and photocurrent, presenting e−

occupation, (left dotted line), X0 occupation (middle dotted line) and X0 escape

probability (right dotted line) as a function of source-drain bias. The quantum

dot 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 quan-

tum dot 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 pa-

rameters are presented below.





Chapter 10

Surround-gated vertical nanowire

quantum dots

Maarten van Weert, Mark den Heijer, Maarten van Kouwen, Rienk
Algra, Erik Bakkers, Leo Kouwenhoven, Val Zwiller

In this chapter we report voltage dependent photoluminescence experiments on

single InAsP quantum dots embedded in vertical surround-gated InP nanowires.

We show that by tuning the gate voltage, we can access different quantum dot

charge states. We study the anisotropic exchange splitting by polarization anal-

ysis, and identify the neutral and singly charged exciton. These results are im-

portant for spin addressability in a charge tunable nanowire quantum dot.

This chapter has been accepted for publication in Applied Physics Letters.
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10.1 Introduction

Optically active quantum dots are sources for single [16] and entangled [20] pho-

tons and allow for single electron charging [59]. These properties make them

highly interesting for quantum information processing [144]. Recently, initial-

ization [28, 29], manipulation [30, 31], and readout of single spins have been

demonstrated experimentally in such systems. Semiconducting nanowires pos-

sess an unprecedented material and design freedom [39], and offer the possibility

of combining optically active quantum dots [47, 48] with electrostatically defined

quantum dots [140], which would allow for the combination of local electron

spin manipulation in the electrostatically defined dot and fast optical readout

via the optically active quantum dot. Nanowire quantum dots have excellent

optical quality [145], and allow for electron charging down to the single electron

level [154]. The proposed schemes for initializing and manipulating a single elec-

tron spin in a charged exciton (trion), using self-assembled quantum dots, require

polarization selective excitation of spin states [27, 52]. In nanowires, this can be

achieved by directing the light along the nanowire axis [155]. Thus, access to in-

trinsic polarization of a charge tunable nanowire quantum dot requires electrical

contacts on a vertically aligned nanowire quantum dot. Here, we demonstrate

single electron charging and optical readout of the polarization state by fabricat-

ing capacitively coupled surround-gates [53] around as-grown nanowire quantum

dots. The neutral exciton state is identified by polarization analysis of the gate

voltage dependent emission lines. This charge state identification by polariza-

tion, combined with the ability to selectively excite specific spin states in the

dots [145], shows that spin initialization and manipulation of a singly charged

exciton, using the excitation polarization, is feasible in nanowire quantum dots.

10.2 Sample fabrication

The InAsP quantum dots, embedded in InP nanowires, are grown in the vapor-

liquid-solid mode using MOVPE [36]. Growth details can be found in chapters 3

and 8. The distance between the nanowires is larger than the spatial resolution

of our optical setup (∼ 1 µm), enabling single dot excitation. Active areas are

defined by optical lithography and subsequent etching of nanowires outside active

areas. This substrate patterning is performed post-growth, in order to avoid

effects on the quantum dot growth. A scanning electron microscope (SEM) image

of an active area containing four nanowires is shown in Figure 10.1a.

As gate dielectric, a 200 nm SiO2 is deposited using plasma-enhanced chemi-

cal vapor deposition. This method allows for deposition temperatures of 300 ◦C,
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Figure 10.1: Fabrication of surround-gated nanowire quantum dot de-

vices. (a) Schematic of as-grown nanowire quantum dots. The scanning electron

microscope (SEM) image shows an active area containing four nanowires. (b)

Schematic and SEM image showing a nanowire covered with gate dielectric (SiO2)

and gate metal (TiN). (c) Schematics of the etch-back process defining the gate

height. (d) Schematic and SEM image of the device.

preventing out-diffusion of arsenic and phosphorus. As gate metal, 15 nm tita-

nium nitride (TiN) is sputtered onto the sample. A SEM image of a nanowire

embedded in these two layers is shown in Figure 10.1b. For this figure, a 100 nm

TiN layer is used to visualize the layer in SEM. A photo resist layer with a thick-

ness exceeding the nanowire length is spun. This resist layer is etched back to the

quantum dot height using an oxygen plasma. This process is depicted schemat-

ically in Figure 10.1c. The TiN layer is etched subsequently from the part of

the nanowires that stick out of the resist using a CF4 plasma. The TiN is then

patterned by photo lithography. Figure 10.1d shows a SEM image of a nano-

wire embedded in SiO2, and an opened (100 nm) TiN surround gate. Electrical

connections are made to the gate and the wafer back side, to which a voltage

difference, Vg, can be applied.

10.3 Voltage dependent photoluminescence

Micro-PL studies were performed at 4.2 K. The nanowire quantum dot devices

were excited with a linearly polarized tunable titanium sapphire continuous wave

laser focused to a spot size of ∼1 µm using a microscope objective with a numer-

ical aperture NA = 0.65. 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
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were analyzed using a half- or quarter-waveplate, respectively, followed by a fixed

polarizer. Voltages were applied using battery driven voltage sources.
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Figure 10.2: Gate voltage dependent photoluminescence. (a) Top panel

shows color plot of gate voltage dependent PL spectra. Bottom panel shows inte-

grated PL intensity of the X0 (blue) and X1− (red) as function of gate voltage. (b)

PL spectrum at Vgate = −5.4 V (top panel) and Vgate = 2.85 V (bottom panel).

The positions of the two line cuts shown in (b) are indicated in the top panel

of (a) by the two vertical dashed lines. (c) Schematic representations of the dot

energy levels. By tuning the electrochemical potential EF , the ground state con-

tains either zero or one electron, resulting in X0 (upper schematic) or X1− (lower

schematic), respectively.

To avoid screening of the voltage by photo-excited charges in the InP nanowire

and substrate, we used quasi-resonant excitation in the p-shell (Eexc = 1.36 eV),

similar to the experiments in chapter 8. The top panel of Figure 10.2a shows

the surround-gate voltage dependent PL spectra of the quantum dot s-shell. Fig-

ure 10.2b shows two spectra, taken at Vgate = −5.4 V (top panel) and 2.85 V

(bottom panel). For gate voltages of ±6 V or larger, a measurable leakage cur-

rent (∼ 20 pA) was found. At large negative gate voltages one dominant emission

line is found at 1.349 eV, assigned to the neutral exciton X0. The intensity of

this emission line decreases by tuning the gate voltage to positive values. Si-

multaneously, the emission line at 1.345 eV, assigned to X1− (we will motivate

the assignments by polarization studies later), increases in intensity. This is seen

more quantitatively in the bottom panel of Figure 10.2a, where the integrated

intensities of both lines are plotted as function of gate voltage. The total added

intensity of the two lines is not constant, since a third emission line appears at

1.34 eV. Also the overlap of the two emission lines is large: the two lines are

visible across the whole voltage range investigated. This indicates that tunnel

rates are small compared to the radiative rate. This is to be expected, since from

the electric field generated, only a small component points along the nanowire
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axis. Hence, tunnel couplings are not changed by the surround-gate. Instead

of tilting the bands, the gate induces a change in electrochemical potential EF ,

as depicted schematically in Figure 10.2c. The difference in emission energy of

3 meV between X0 and X1− is due to Coulomb interaction, and corresponds very

well to what is observed in similar dots (see chapter 9), and to what is calculated

for dots of such size [57].
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Figure 10.3: Polarization analysis of X0 and X1−. (a) Horizontal (top panel)

and vertical (middle panel) polarization analysis of the neutral exciton X0. Lower

panel shows horizontal minus vertical polarization. Thick solid lines are fits of the

data (thin solid lines). (b) Similar polarization analysis as in (a), but now for the

singly charged exciton X1−. (c-d) Histograms of the energy differences between

fits of the horizontal and vertical polarizations for (c) X0 and (d) X1−.

10.4 Polarization analysis

The assignment of the 1.349 eV emission line to neutral exciton emission X0 is

substantiated by polarization analysis. A full Stokes analysis is performed on the

PL as a function of gate voltage. Figure 10.3a (10.3b) shows the horizontal and

vertical polarization analysis of the emission line at E = 1.349 eV (1.345 eV)

in the top panel and the middle panel, respectively. The lower panel shows the

difference of the two polarizations (horizontal minus vertical). The thick solid
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curves are fits to the data, used to determine the exact emission energy. In Fig-

ure 10.3a a significant difference in emission energy for the two polarizations is

observed (∆ = 43 µeV), indicating a splitting due to the anisotropic exchange

interaction [19]. This interaction originates from exchange between the electron

and hole spin (see energy level diagram in Figure 10.3a). Observation of such

an anisotropic exchange splitting is a strong indication of neutral exciton emis-

sion [156].

By tuning to a more positive voltage, the emission line at 1.345 eV dominates

the spectrum. This line does not show an anisotropic exchange splitting, as

can be seen from Figure 10.3b. For X1− no anisotropic exchange splitting is

expected: the two electrons in the dot form a singlet with zero spin, resulting in

vanishing exchange terms (see energy level diagram in Figure 10.3b). Since the

double and triple charged excitons all exhibit an exchange splitting [57], it can be

concluded that the two dominant emission lines observed in the device originate

from X0 and X1− emission. The biexciton, however, could not be identified by

polarization analysis; the emission line at 1.34 eV did not show a anisotropic

exchange splitting, possibly due to the low intensity of less than 1 count per

second; spectral diffusion might smear out the two polarization states.

An extensive polarization analysis on X0 and X1− is shown as a histogram

in Figure 10.3c for X0 and Figure 10.3d for X1−. These statistics show that the

exchange splitting in X0 is ∆ = 40 ± 10 µeV and 0 ± 15 µeV for X1−. The

large spread in these numbers is due to the low intensity of the peaks and the

relatively large spectral diffusion: linewidths are about 200 µeV. The magnitude

of the X0 splitting is comparable to what is usually found in self-assembled dots,

but rather unexpected, since nanowire quantum dots are believed to be highly

symmetric [58]. Non-uniform strain, induced by the surrounding oxide could

result in an enhanced anisotropic exchange interaction. No effect of the gate

voltage on the magnitude of the anisotropic exchange splitting of X0 has been

observed.

10.5 Conclusion

In conclusion, we have successfully fabricated quantum dots in vertically aligned,

surround-gated nanowires, crucial for accessing the polarization properties of the

dots. These devices show single electron charging. The neutral X0 and singly

charged X1− exciton are identified by polarization analysis. These results demon-

strate that quantum dots in vertical nanowire devices are promising for single

electron spin manipulation by means of electron spin to polarization coupling.



Chapter 11

Conclusions & recommendations

11.1 Current status

In chapter 5 we have shown that zinc dopants are incorporated into an InP

nanowire via the gold droplet and are electrically active. In chapter 6 we have

shown that a strong radial band bending occurs in zinc-doped InP nanowires,

due to Fermi-level pinning at the nanowire surface. This band bending induces a

large redshift in the photoluminescence of these nanowires. These two conclusions

have a large impact on the design of nanowire opto-electronic devices.

From the subsequent chapters we can conclude that quantum dots embed-

ded in semiconducting nanowires have evolved into a realistic alternative to self-

assembled quantum dots. The ability to interface an electrostatically defined

quantum dot with an optically active quantum dot has come closer. The most

important results from this work are the following:

• Optical quality (chapter 3 and 8).

– Quantum dot emission linewidths of 30 µeV have been observed.

• Spin/polarization access (chapter 7 and 8).

– Horizontal nanowire geometry shows a large polarization anisotropy

in absorption and emission.

– Vertical nanowire geometry shows a small polarization anisotropy.

– Selective excitation of exciton spin states has been achieved by tuning

the excitation polarization.

– An alternative energy selective mechanism for spin state excitation has

been demonstrated.
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• Charge control (chapter 9).

– The exciton charge has been tuned by two independent mechanisms:

electric field induced tunneling along the nanowire growth axis and

electrochemical potential tuning by a back-gate.

– A single electron could be isolated, and the tunnel coupling to the

leads could be tuned independently.

In chapter 10 the three features described above have been combined in a single

device. Charge control in a nanowire quantum dot was demonstrated, while keep-

ing full access to the spin properties of the dot, by fabricating a vertical nanowire

device. Two issues remain to be solved. First, the optical quality in terms of

spectral linewidth of the emission for these devices was not as good as demon-

strated in 8. Second, the extensive charge control, which was demonstrated in a

horizontal device in chapter 9, has not yet been achieved for a vertical nanowire

device. We start by discussing these two issues in the following section 11.2.

Subsequently, we will discuss some ideas for future experiments in section 11.3.

11.2 Outlook

11.2.1 Improving quantum dot growth

In chapter 3 the optimization steps, which were taken to improve the optical

quality of nanowire quantum dots, were discussed. It was shown that the op-

tical quality, in terms of linewidth, reached an unprecedented level of 30 µeV.

Reproductions led to similar high quality copies, with fluctuations in quality

from sample to sample. Small changes in the growth could lead to large quan-

tum dot quality losses. For instance, using substrates with different doping gave

differences in growth rate and dot quality. Furthermore, emission energies and

linewidths of quantum dots on the same sample are far from uniform (see chap-

ter 3). Below we will discuss some ideas for improving dot quality and dot

variation.

Positioned growth

The most straightforward improvement for dot variation is positioned growth.

All samples investigated in this thesis were grown from randomly deposited gold

colloids. Interdistances between the colloids vary, leading to variation in quantum

dot chemical composition and size. By positioning the gold seeds at fixed inter-

distances these variations are ruled out. Recently developed technologies, such as
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nanowire growth from electron beam lithography (EBL) defined gold seeds [95],

and nanowire growth from nano-imprinted gold patterns [97], make this nanowire

quantum dot positioning possible. Moreover, ordered arrays of nanowire quantum

dots have been reported already, either using catalyst-free nanowire growth [157],

or nano-imprint [97]. Improvement on the uniformity of optical properties has

not been reported yet.

Nanowire crystal phase

Concerning quantum dot optical quality, we believe a big step can be taken by

improving its surroundings: the nanowire itself. The dots investigated in this

thesis were embedded in InP nanowire exhibiting wurtzite crystal structure with

a high density of twin planes (10 − 100 µm−1). These stacking faults, which

can be regarded as monolayers of zinc-blende crystal phase, can trap charges.

Temporal fluctuations of these trapped charges lead to quantum dot emission

broadening, and can be optically-active themselves, broadening the InP emission

up to about 100 meV at low temperature. New insights, regarding the growth

mechanism and stacking fault incorporation [113], not only led to understanding

and control of twin planes, but also eventually to understanding and control of

crystal phase (wurtzite versus zinc-blende) [158]. By utilizing these new insights

for the quantum dot growth, a big step in dot quality could be taken by embedding

the dot in a perfectly crystalline nanowire. Moreover, the interesting idea of

creating crystal-phase quantum dots [159] arises: by introducing a short zinc-

blende InP section into a wurtzite InP nanowire, electrons are confined in the

zinc-blende region.

Material system

Although most successes have been achieved with the InP/InAsP based nano-

wire quantum dot material system, other options remain interesting. For one

of the pioneering experiments [47] on quantum dots embedded in nanowires,

the GaAsP/GaAs material system was used. A major drawback of this mate-

rial system, however, is the large surface recombination velocity of GaAs. Since

switching group III material is more difficult than switching group V material for

VLS-grown nanowires using MOVPE (the group III material remains in the gold

catalyst particle after switching, leading to a large memory effect and therefore

no sharp interfaces), the best option is the InP/InAsP material system. From

chapter 6 we know, however, that the Fermi-level in InP is pinned at the surface

at 0.1 eV below the conduction band. This conduction band offset is similar to

the conduction band offset of confined electrons in our dot (see chapter 2). Hence,
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surface states might influence the dot properties for the InP/InAsP material sys-

tem. An idea is to use the InGaP/InGaAsP material system. It is known that

the Fermi-level is pinned mid-gap for GaP. Introducing gallium into the system

might move the surface states away from the quantum dot energy levels in terms

of energy. Growth becomes rather complicated, however, with four instead of

three chemical elements.

11.2.2 Vertical 3-terminal device

It was shown in chapter 10 that single electron charging in a vertical nanowire

quantum dot device is possible. The range of charging was not as wide as for a hor-

izontal nanowire quantum dot device, and the tunnel barriers were not tunable,

as for the horizontal device. For this purpose, the device requires a (Schottky)

top contact. Up to now, attempts in successfully fabricating a three-terminal

(bottom contact, surround-gate contact, and (Schottky) top contact) vertical

nanowire quantum dot device have not yet been successful: such three-terminal

devices, fabricated using the exact scheme described in chapter 4, showed charg-

ing when using the surround-gate (similar as demonstrated in chapter 10), but

did not show any effect of the top contact. As an example, surround-gate voltage

dependent and top contact voltage dependent photoluminescence spectra of a

vertical nanowire quantum dot three-terminal device are shown in Figure 11.1.
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Figure 11.1: Voltage dependent photoluminescence of vertical three-

terminal nanowire quantum dot device. (a) Color plot of surround-gate

voltage dependent PL spectra. (b) Color plot of top contact voltage dependent PL

spectra.

There are several possible reasons for this gating failure of the top contact.

The first possible reason is a fabrication-related issue. The top contact consists
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of an evaporated 15 nm titanium gold (TiAu) layer. Evaporation usually gives

an extremely low step coverage. Although the layer was evaporated under an

angle of 10◦, the metal layer deposited on the sides of the nanowire will be very

thin, and will not be a dense layer. This small thickness is however crucial to

maintain optical transparency, and is a tradeoff between layer density and optical

(semi-) transparency. This issue might be solved by fabricating the top contact

from a transparent metal, such as indium tin oxide (ITO). Another solution is to

fabricate the top contact using a sputter deposition technique, giving much higher

step coverage. Titanium nitride (TiN), the same material as for the surround-

gate, can be used for instance. The problem could also be solved by planarizing

the device prior to top-contact deposition. Instead of the CVD deposited oxide,

a spin-on-glass can be used for electrically isolating the gate metal from the top

contact.

The second possible reason is a design issue. The surround-gate is in principle

a large metal plate with a small hole, in which the nanowire quantum dot is

located. On top of that, the top contact is deposited, which in principle also is a

large metal plate with a small hole for the nanowire. The electric field, exerted by

the top contact might be screened by the surround-gate metal plate. Extensive

three-dimensional electrostatic simulations should give an answer here.
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Figure 11.2: Tuning the dot-to-reservoir distance. (a) Schematic of a ver-

tical nanowire quantum device, in which the electron reservoir is extended into

the InP nanowire. (b) Color plot of (Schottky) top contact voltage dependent PL

spectra of a vertical two-terminal nanowire quantum dot device with a quantum

dot-to-reservoir distance of 1 µm.

Tunable tunnel coupling is convenient, but not a requirement and it might

be necessary to sacrifice this tuning knob for polarization access by fabricating

a vertical two-terminal device instead of a horizontal three-terminal device. By

decreasing the distance between the quantum dot and the reservoir during growth
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one could increase the tunnel coupling to any desired (fixed) tunnel coupling. In

principle, this is achieved easily by extending the highly doped region in the

InP wire (see Figure 11.2). Though, the practical implementation of this idea

is not straightforward. For instance, nucleation commonly starts by growing an

intrinsic nanowire, and the effect of dopants on the quantum dot optical quality

is not well known yet. For comparison, Figure 11.2b presents voltage dependent

photoluminesence spectra of a Schottky-contacted vertical nanowire quantum dot

device with a dot-reservoir separation of 1 µm. The different emission lines in

the photoluminescence show a large overlap in voltage: they coexist throughout

the whole voltage range investigated, indicating low tunnel coupling.

11.2.3 Modeling

In chapter 2 the fundamental properties of nanowire quantum dots are presented.

This chapter is based on theory of other types of quantum dots, such as self-

assembled quantum dots. It becomes interesting to investigate whether concepts

proven for self-assembled quantum dots, also hold for nanowire quantum dots,

especially since it has become possible recently to grow nanowire quantum dots

with excellent optical quality. The main issue is the wurtzite crystal structure,

occurring in nanowire quantum dots. To our knowledge, the electronic properties

of wurtzite quantum dots have not been investigated theoretically yet.

11.3 Nanowire quantum dots: the future

The two device geometries described in this thesis both have their cons and pros.

The vertical nanowire geometry has a higher outcoupling efficiency on average

and the intrinsic polarization of the photons emitted by the dot can be measured.

The horizontal nanowire geometry, however, enables more versatility in gate de-

sign. For instance, it has been shown that the charge state, tunnel coupling, and

Coulomb interactions can be tuned independently, using two Schottky contacts,

a back-gate, and two local side-gates [157].

An important future experiment is to initialize and electrically manipulate an

individual electron spin in a nanowire quantum dot. This can be achieved either

by inducing a magnetic resonance of the spin precession (ESR), or by an electric

dipole induced spin resonance, which is purely electric. Both methods have been

proven successful in top-gate defined quantum dots in GaAs 2DEGs [9, 10], but

not yet in heterostructure quantum dots.

The vertical geometry gives access to the optical polarization, convenient for

such an experiment. For instance, once the number of electrons residing on the
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dot has been reduced to one, one can initialize its spin state by exciting it with

resonant, circularly polarized light. Single electron and hole spin initialization in

self-assembled quantum dots has been shown in such a way [28, 29]. Depending on

the helicity of the laser field, a spin-up state or spin-down state can be initialized.

In the case of the electron, Atatüre et al. [28] showed that at few hundreds of mT

of magnetic field the coupling of the electron to the nuclear field is suppressed

and due to heavy-light hole mixing, the (excited) hole will flip its spin, inducing

shelving of the electron. In order to successfully detect the signal in resonant

absorption, the linewidth of the state should be sufficiently narrow. Calculations

give that with our current setup, we need at most 100 µeV linewidth in order to

observe a signal. In principle it should be possible to reach this level in our dots.

The next step in the experiment is to manipulate and read out the electron

spin state. Electron spin resonance can facilitate this manipulation. By means of

e-beam lithography a shorted stripline can be put on a vertical nanowire quan-

tum dot device. By putting a hole with r = 1 µm, in the stripline, exactly where

the dot is located, optical access is enabled. However, the contacts, fabricated

around the dot/wire might screen the field, generated by the stripline. The exper-

iment can be done as follows: initialization of the spin is performed by circularly

polarized resonant absorption on the energy level of a singly charged quantum

dot. The signal shows no absorption if the electron spin has been initialized. By

applying a continuous wave ESR signal on the stripline, the initialized spin is

scrambled and the signal shows absorption.

In order to calculate resonance frequencies, one needs to know the electron

g-factor ge. Although this is not known for our quantum dots yet, one could

estimate the electron and hole g-factor from Figure 7.4, provided that the fourfold

splitting of the exciton as a function of magnetic field arises from bright-dark

exciton mixing due to the off-axis magnetic field. An estimation of the electron

g-factor is then ge = 1.3. Using this value it can be shown that it is experimentally

feasible to apply ESR up to 2 Tesla. Rabi frequencies of few nanoseconds can be

achieved, when the stipline is positioned 1−2 µm away from the dot, and current

and frequency are 225 mA and 15 GHz, respectively.

To summarize, on the short term, improvements can be made on the optical

quality and device geometry. On the long term, there are some extremely in-

teresting experiments and physics ahead of us. All in all, this makes quantum

dots, embedded in nanowires, a highly interesting research topic for quantum

information.





Appendix A

Fabrication recipe for vertical nanowire

FETs

This appendix contains the step-by-step fabrication process of vertical nanowire

FETs. It is naturally divided in the five lithography steps.

Sacrificial nanowire mask

• 1/6 of a 2 inch InP substrate

• spin Au colloids

• grow nanowire quantum dots

• PECVD SiO2 200nm 300 ◦C

• 5’ rinse in H2O

• HMDS vapor prime

• AZ111 5” 500 rpm / 45” 1000 rpm, cover open

• 60” softbake 90 ◦C

• AZ111 5” 500 rpm / 45” 1000 rpm, cover open

• 60” softbake 90 ◦C

• 20” expose sacrificial nanowire mask

• 100” develop AZ303:H2O 1:3

• O2 plasma 2’ 90 ◦C
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• 120” BOE 7:1 (buffered HF)

• Strip resist: aceton/IPA

• 10’ H2SO4:H2O2:H2O=3:1:1, 20 ◦C

• SEM / optical inspection

• 120” BOE 7:1

Oxide definition mask

• PECVD SiO2 300nm 300 ◦C

• 5’ rinse in H2O

• HMDS vapor prime

• AZ111 5” 500 rpm / 45” 1000 rpm, cover open

• 60” softbake 90 ◦C

• AZ111 5” 500 rpm / 45” 1000 rpm, cover open

• 60” softbake 90 ◦C

• 20” expose oxide definition mask

• 100” develop AZ303:H2O 1:3

• O2 plasma 2’ 90 ◦C

• 180” BOE 7:1

• strip resist: aceton/IPA

• SEM / optical inspection

Gate definition mask

• native oxide strip: 60” H3PO4:H2O 1:9

• PECVD TEOS SiO2 200nm 300 ◦C

• sputter 15nm TiN
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• TCPS vapor prime

• 30’ ovenbake 200 ◦C

• AZ111 5” 500 rpm / 45” 1000 rpm, cover open

• 60” softbake 90 ◦C

• AZ111 5” 500 rpm / 45” 1000 rpm, cover open

• 60” softbake 90 ◦C

• 60” hardbake 120 ◦C

• measure resist thickness (optically)

• etch back resist:

– 2’ N2 plasma

– x’ O2 plasma 150 ◦C

• measure resist thickness (optically)

• etch gate metal: 15” CF4 / O2 plasma

• strip resist: 10’ O2 plasma 250 ◦C

• SEM / Optical inspection

• TCPS vapor prime

• 30’ ovenbake 200 ◦C

• AZ111 5” 500 rpm / 45” 1000 rpm, cover open

• 60” softbake 90 ◦C

• AZ111 5” 500 rpm / 45” 1000 rpm, cover open

• 60” softbake 90 ◦C

• 18” expose gate definition mask

• 100” develop AZ300K:H2O 1:3

• 60” hardbake 120 ◦C
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• etch gate metal: 15” CF4 / O2 plasma

• strip resist: 10’ O2 plasma 250 ◦C

• SEM / optical inspection / electrical inspection

Contact opening mask

• PECVD TEOS SiO2 200nm 300 ◦C

• 5’ rinse in H2O

• HMDS vapor prime

• AZ111 5” 500 rpm / 45” 1000 rpm, cover open

• 60” softbake 90 ◦C

• AZ111 5” 500 rpm / 45” 1000 rpm, cover open

• 60” softbake 90 ◦C

• 60” hardbake 120 ◦C

• measure resist thickness (optically)

• etch back resist:

– 2’ N2 plasma

– x’ O2 plasma 150 ◦C

• measure resist thickness (optically)

• 100” BOE 7:1

• strip resist: 10’ O2 plasma 250 ◦C

• SEM / Optical inspection

• 5’ rinse in H2O

• HMDS vapor prime

• AZ111 5” 500 rpm / 45” 1000 rpm, cover open

• 60” softbake 90 ◦C
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• AZ111 5” 500 rpm / 45” 1000 rpm, cover open

• 60” softbake 90 ◦C

• 18” expose contact opening mask

• 90” develop AZ300K:H2O 1:3

• 1’ O2 plasma 90 ◦C

• 180” BOE 7:1

• strip resist: aceton/IPA

Top contact mask

• 5’ rinse in H2O

• HMDS vapor prime

• JSR-NFR-016D4 5”500 rpm / 30” 1000 rpm, cover open

• 60” softbake 90 ◦C

• 60” expose top contact mask

• 90” post-exposure bake 90 ◦C

• 90” develop TMA238WA

• 5” BOE 7:1

• evaporate 5/10nm Ti/Au

• Lift-off

Bond pad mask

• 5’ rinse in H2O

• HMDS vapor prime

• JSR-NFR-016D4 5”500 rpm / 30” 1000 rpm, cover open

• 60” softbake 90 ◦C
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• 60” expose bond pad mask

• 90” post-exposure bake 90 ◦C

• 90” develop TMA238WA

• 5” BOE 7:1

• evaporate 15/100nm Ti/Au

• Lift-off
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Summary

Quantum dots in vertical nanowire devices

This thesis describes a series of experiments on quantum dots embedded in semi-

conductor nanowires. Nanowires are one-dimensional structures with diameters

of few tens of nanometers and lengths of few micrometers. These structures are

synthesized bottom-up in the vapour-liquid-solid (VLS) growth mode, using gold

nanoparticles as catalysts. This growth mechanism provides an unprecedented

degree of freedom in design and material choice, and has a wide range of (poten-

tial) applications, such as lasers, transistors, LEDs, and sensors.

By embedding a short section of lower band gap material (InAsP) inside a

higher band gap material (InP) in a nanowire, a quantum dot can be formed.

The electrons and holes confined in the quantum dot exhibit a discrete energy

spectrum, similar to atomic physics.

The aim of the experiments described in this work is to understand these

nanowire quantum dots and eventually to construct a quantum interface between

a single electron spin and a photon. The electron spin is a potential candidate

for a quantum bit, or qubit, the computational unit of a quantum computer. The

logical 0 and 1 qubit states in this case are the directions of the spin: parallel

or antiparallel to an external magnetic field. A quantum interface converts spin

information into photon information. The logical 0 and 1 qubit states of the

photon are the right-hand and left-hand circular polarizations.

Important aspects for the realization of such a device are the quantum dot’s

optical quality, access to the quantum dot’s intrinsic polarization properties, the

ability to tune the number of electrons residing in the dot down to a single

electron, and ultimately the ability to embed the quantum dot inside a nanowire

diode structure. All these aspects are treated in this thesis.

The feasibility to fabricate a nanowire diode has been studied in chapter 5 by

investigating the incorporation mechanism of zinc dopants into InP nanowires,

grown in the VLS growth mode. We show that the zinc is built in the nano-

wire via the gold droplet, by thinning down InP pn-junctions using a wet-etch,

and electrically contacting them. Electrical characterization shows clear diode
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behaviour, indicating that zinc dopants are present and electrically active in the

core of the wire. This observation is important for designing electrical devices,

such as (quantum dot) LEDs, since the ability to incorporate dopants via the

VLS mechanism enables axial and radial design freedom in dopant control.

In chapter 6 we study the effect of impurity doping on the optical properties

of InP nanowires. Photoluminescence measurements, performed on individual

nanowires at low temperatures, show that the observed redshift (200 meV) and

the linewidth (70 meV) of the emission of p-type InP wires are a result of a built-

in electric field in the nanowires. This band bending is induced by Fermi-level

pinning at the nanowire surface. Upon increasing the excitation intensity, the

typical emission from these p-InP wires blueshifts with 70 meV/decade. This

blueshift is due to a reduction of the band bending, induced by an increase in

the carrier concentration. For intrinsic and n-type nanowires, we found several

impurity-related emission lines.

In chapter 7 we discuss the absorption and emission polarization of single

semiconductor nanowire quantum dots. We show that the polarization of light

absorbed or emitted by such dots strongly depends on the orientation of the

nanowire with respect to the directions along which light is incident or emitted:

when the light is directed perpendicular to the nanowire axis (referred to as the

lying nanowire geometry) we observe a strong polarization anisotropy (> 0.7).

When the light is directed along the nanowire axis (referred to as the standing

nanowire geometry) we observe no polarization anisotropy (< 0.2). This absence

of nanowire polarization anisotropy is vital for polarization-sensitive photonic

applications based on quantum dots, such as generation of entangled photons.

By synthesizing clean nanowire quantum dots with linewidths as narrow as

about 30 µeV we show in chapter 8 that we are able to resolve individual spin

states at magnetic fields of order 1 Tesla, using the standing nanowire geometry.

We can prepare a given spin state by tuning excitation polarization, resulting

in a contrast of ∼ 10 at finite magnetic field, and ∼ 3 at zero magnetic field.

Alternatively, we can prepare a spin state by tuning the excitation energy. This

method gives a contrast of ∼ 3 at B = 4 T. These experiments demonstrate

the potential of this system to form a quantum interface between photons and

electrons.

We perform optical experiments on a single, charge tunable nanowire quan-

tum dot, by fabricating electrical contacts to a nanowire quantum dot in the lying

nanowire geometry. We subject the dot to an electric field tuned by two inde-

pendent 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
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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.

Finally, we demonstrate in chapter 10 that we are able to electrically gate a

single nanowire quantum dot in the standing nanowire geometry by developing a

vertical device fabrication technology with quantum dots embedded in nanowires

(shown in chapter 4). We show that, while maintaining the polarization/spin de-

gree of freedom (since we use the vertical nanowire geometry), we can control the

number of electrons on the dot by tuning the voltage applied to a surround-gate.

We performed polarization analysis on the different charged exciton emissions.

The neutral exciton has been identified by measuring the fine structure split-

ting due to the anisotropic exchange interaction. These results demonstrate that

quantum dots in vertical nanowire devices are promising for single electron spin

manipulation by means of electron spin to polarization coupling.

Maarten van Weert

May 2010





Samenvatting

Quantum dots in verticale nanodraadstructuren

Dit proefschrift beschrijft een reeks van experimenten aan quantum dots die in

halfgeleider nanodraden zijn ingebouwd. Nanodraden zijn 1-dimensionale struc-

turen met een diameter van enkele tientallen nanometers en een lengte van een

paar micrometers. Deze structuren worden gegroeid met behulp van het ‘gas-

vloeistof-vast’ (VLS) mechanisme met goud nanodeeltjes als katalysator. Dit

groeimechanisme heeft een enorme veelzijdigheid wat betreft afmetingen en ma-

teriaalkeuze en heeft daardoor een groot aantal mogelijke toepassingen, zoals

lasers, transistoren, LEDs en sensoren.

Een quantum dot in een nanodraad kan worden gevormd door een klein

gedeelte van de nanodraad van een materiaal met een kleinere band gap (ver-

boden zone in energie) te maken dan de rest van de draad. In dit proefschrift

wordt indium-arsenide-fosfide (InAsP) als quantum dot materiaal gebruikt in een

indium-fosfide (InP) nanodraad. Elektronen en gaten die worden opgesloten in de

quantum dot, hebben een discreet energie spectrum, vergelijkbaar met energie-

niveaus in een atoom.

Het doel van de experimenten die beschreven zijn in dit proefschrift, is om deze

nanodraad quantum dot structuren te begrijpen en om uiteindelijk een quantum

interface te construeren tussen de spin van één elektron in een quantum dot en

een foton (een lichtdeeltje). De elektronspin is een mogelijke kandidaat voor een

quantum bit, of qubit, de rekeneenheid van een quantum computer. De logische

0 en 1 toestanden van de qubit zijn in dit geval de richting van de spin: parallel

en antiparallel aan een extern magneetveld. Een quantum interface zet de spin

informatie om in foton informatie. De logische 0 en 1 toestanden van het foton

zijn de rechtsom en linksom circulaire polarisaties.

Belangrijke aspecten voor het realiseren van zo’n quantum interface zijn de

optische kwaliteit van de quantum dot, in- en uitkoppeling van de intrinsieke

polarisatie van de fotonen die door de quantum dot uitgezonden worden, controle

over het aantal elektronen in de dot, en uiteindelijk de mogelijkheid tot het

inbouwen van een quantum dot in een nanodraad diodestructuur.
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De mogelijkheid om een nanodraad diode te fabriceren wordt in hoofdstuk 5

bestudeerd door het inbouwmechanisme van zinkdoteringen in een InP nanodraad

tijdens VLS groei te bekijken. In dit hoofdstuk laten we zien dat zink via het

goud nanodeeltje wordt ingebouwd. We demonstreren dit door een InP pn-junctie

radieel te etsen en elektrisch te contacteren in een verticale geometrie. Elektrische

metingen vertonen duidelijk diodegedrag. Na etsen zijn zink dotering dus nog

steeds aanwezig en elektrisch actief in de kern van de nanodraad. Dit resultaat

is belangrijk voor het ontwerpen van elektrische schakelingen met nanodraden,

zoals (quantum dot) LEDs, omdat volledige ontwerpvrijheid pas wordt bereikt

wanneer doteringen via het goud nanodeeltje kunnen worden ingebouwd.

In hoofdstuk 6 bestuderen we het effect van doteringen op de optische eigen-

schappen van InP nanodraden. Fotoluminescentiemetingen op individuele nano-

draden tonen dat de waargenomen roodverschuiving (200 meV) en de lijnbreedte

(70 meV) in de emissie van p-type InP draden een resultaat zijn van een inge-

bouwd elektrisch veld. Deze bandverbuiging wordt veroorzaakt door het vastpin-

nen van het Ferminiveau op het oppervlak van de nanodraad. Door de excitatie-

intensiteit te verhogen, verschuift de emissie van deze p-type draden naar het

blauw (70 meV/decade). Dit komt doordat een verhoging van de ladingsdicht-

heid tot een verlaging van de bandverbuiging leidt. De fotoluminescentie van

intrinsieke en n-type InP nanodraden bestaat uit een aantal doteringgerelateerde

emissielijnen.

In hoofdstuk 7 wordt de absorptie- en emissiepolarisatie van enkele quantum

dots in halfgeleider nanodraden onderzocht. Hier tonen we aan dat de polarisatie

van het licht dat is geabsorbeerd of uitgezonden door de quantum dot, sterk

afhangt van de oriëntatie van de nanodraad ten opzichte van de richting van

het licht: wanneer de richting van het licht loodrecht op de nanodraad-as staat

(de liggende nanodraadgeometrie), meten we een sterke polarisatieanisotropie

(> 0.7). Wanneer de richting van het licht parallel aan de nanodraad-as staat

(de staande nanodraadgeometrie), meten we geen polarisatieanisotropie (< 0.2).

De afwezigheid van polarisatieanisotropie is van belang voor polarisatiegevoelige

fotonische toepassingen, gebaseerd op quantum dots, bijvoorbeeld het creëren

van verstrengelde fotonparen.

Door schone quantum dots in nanodraden te groeien, met een lijnbreedte van

ongeveer 30 µeV, kunnen we in hoofdstuk 8 individuele spintoestanden bij een

magneetveld van ∼ 1 Tesla onderscheiden, door de staande nanodraadgeometrie

te gebruiken. Door de polarisatie van de excitatie in te stellen, kunnen we een

bepaalde spintoestand prepareren met een contrast van ∼ 10 bij een eindig mag-

neetveld en ∼ 3 bij nul magneetveld. Bovendien kunnen we zo’n spintoestand

ook prepareren door de excitatie-energie in te stellen. Deze methode geeft een
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contrast van ∼ 3 bij B = 4 T. Deze experimenten demonstreren dat quantum

dots in nanodraden een quantum interface tussen fotonen en elektronen kunnen

vormen.

Door elektrische contacten op een quantum dot in de liggende nanodraad-

geometrie te fabriceren, kunnen we optische experimenten uitvoeren op een quan-

tum dot, waarin we ladingscontrole hebben. Tevens kan met twee onafhankelijke

spanningsknoppen een elektrisch veld over de dot worden aangelegd. Daarmee

kunnen we ten eerste de frequentie waarmee lading de dot uit tunnelt, controleren

door een elektrisch veld langs de as van de nanodraad aan te leggen. Ten tweede

kunnen we de elektrochemische potentiaal in de nanodraad bëınvloeden door een

capacitief gekoppelde gate-elektrode. We combineren deze twee veld-effecten om

een enkel elektron op de quantum dot te isoleren en onafhankelijk de tunnel-

koppeling tussen dot en contact te variëren. Een dergelijke ladingscontrole is een

eerste vereiste voor opto-elektrische experimenten op een enkele elektronspin.

Ten slotte demonstreren we in hoofdstuk 10 ladingscontrole in een quantum

dot die is ingebouwd in een verticale nanodraadgeometrie. Hiervoor ontwikkelen

we een fabricagetechniek voor vertical nanodraadstructuren, die is uitgelegd in

hoofdstuk 4. We laten zien dat we het aantal elektronen op de quantum dot in

de nanodraad kunnen veranderen door het voltage op de gate-elektrode rondom

de draad te variëren. In deze geometrie is de toegang tot de polarisatie van de

uitgezonden fotonen behouden. Dit demonstreren we door een polarisatieanalyse

op de emissie van de verschillende geladen excitonen uit te voeren. Het neutrale

exciton wordt gëıdentificeerd door de anisotrope exchange splitsing te meten.

Deze resultaten tonen aan dat quantum dots in verticale nanodraadstructuren een

veelbelovende optie zijn voor manipulatie van de elektronspin via de koppeling

tussen de elektronspin en fotonpolarisatie.

Maarten van Weert

Mei 2010
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