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Abstract 

 

Transfer of nanowire quantum dots in a polymer film 
 
 
A single quantum dot in a one-dimensional nanowire is one potential device for a single 
photon emitter. We have demonstrated successfully the transfer of InAsP/InP nanowire 
quantum dots from the InP grown substrate using a PDMS polymer film. After transfer of 
embedded nanowire quantum dots into PDMS, the nanowire bottom is exposed for gold 
deposition. The gold mirror at the nanowire base is used to reflect downward emitted photons 
and thus increase the single photon collection efficiency.  Nanowire transfer efficiency is 
shown to be 100%. After PDMS film is separated from InP grown substrate, single quantum 
dot photoluminescence was measured from PDMS film. We compare to single quantum dot 
photoluminescence before nanowire transfer and conclude that that the PDMS layer 
surrounding the nanowires do not significantly strain the quantum dots. The PDMS transfer 
technique is also shown to work with GaAs/AlGaAs core-shell nanowires. 
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Chapter 1: Introduction 

 
Quantum information processing (QIP) is a branch of science that exploits quantum 

mechanics in order to represent information. The field of QIP relies on a two level quantum 

system to represent quantum information such as polarization states of a single photon. In 

contrast to classical bits with binary 0 and 1, quantum mechanics enables superposition [1] of 

two level states and quantum entanglement [2]. Various algorithm and system proposals have 

emerged in QIP, like Grover algorithm [3] and quantum cryptography [4]. Another important 

requirement in QIP is the development of an “on-demand” single photon source [5].  

 

A single photon holds an important role to bring information as a “flying qubit”, so that two 

data stations containing other qubits can communicate with each other. Single photon qubits 

are less affected by noise or decoherences [6]. Information encoding at the single photon level 

can be realized in several degrees of freedom, like polarization [7], time-bin [8], or path [9]. 

For quantum technology realization, the photon needs to be emitted and detected at the single 

photon level, so that the quantum property of each photon can be detected and distinguished. 

 

The key to emit single photons on demand is to have the emitter return to its ground state after 

photon emission, and therefore cannot emit another photon before it is excited again [10]. 

Single photon emission has been demonstrated with dye molecules [11], nitrogen vacancy 

centers in diamond [12], and semiconductor quantum dots [13]. Quantum dots are an 

attractive choice for a single photon emitter since the energy level of a quantum dot can be 

engineered by adjusting its size and chemical composition [14]. However, quantum dots are 

normally embedded in a three-dimensional host matrix, which limits the extraction efficiency 

of quantum dot emission to around 0.2% [15].  The extraction efficiency is defined as the 

number of photons collected in comparison to emitted photons from the quantum dot. 

Generally, quantum dots are assumed to be an isotropic photon emitter [16], which presents 

difficulty in detecting all emitted photons from a quantum dot. 

  

Michler et al. measured a single exciton lifetime to be 2.2 ns in a GaAs microdisk containing 

an InAs quantum dot [13]. An illustration for InAs self-assembled quantum dots on top of an  
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InP substrate is shown in Figure 1.1a. The InAs quantum dots are capped with InP from above 

in order to make them optically-active.  

 

                 
     (a)                                                                                        (b) 

Figure 1.1: (a) InAs quantum dot on top of InP substrate. There is an InP cap above the quantum dot (b) InAs 
quantum dot inside micropillar microcavity. The microcavity is defined by distributed bragg resonator (DBR) above 
and below the layer of InAs quantum dots. 
 
 
Excitation of a quantum dot can be done optically or electrically. Photon emission from a 

quantum dot emits single photons by adjusting excitation pulse with respect to single 

exciton/multi exciton recombination time or by filtering of the single exciton at higher 

excitation powers. Normally, laser pulses are used for optical excitation of the quantum dot. 

However, when future practical applications are considered, such as embedded single photon 

emitter on a chip, electrical excitation becomes necessary. This was achieved by Yuan et al, 

[17] by making p-i-n diode containing a layer of self-assembled quantum dots in the intrinsic 

region of the p-i-n diode. 

 

Some experiments have been done to embed quantum dots into another structure, like a 

micropillar [18], microdisk [13], or photonic wire [15]. With these techniques exciton lifetime 

can be adjusted. The embedded quantum dot is also advantageous to improve collection 

efficiency of emitted photons. A problem for embedded quantum dot is total internal 

reflection losses at the semiconductor-air interface. One way to minimize this loss is by using 

microcavity/micropillar, as illustrated in Figure 1.1b [18]. The micropillar exploits coupling 

of single photon emission with a high quality cavity mode to realize a single photon source. 

The cavity mode has high frequency selectivity and allows a narrow band of photon emission. 

Ref. [18] demonstrated an extraction efficiency of 38% with single photon emission rate of up 

to 31 MHz. Photon emission from the embedded quantum dot in micropillar shows a 

bandwidth less than a tenth of a nanometer [18].  
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An embedded quantum dot in photonic nanowire is another approach to be considered. 

Nanowires are classified a one-dimensional semiconductors because they have a radius of the 

order of 100 nm and length scale in microns. Carrier transport in nanowire only occurs in one 

dimension, because of nanometer scale radius. An advantage of the one-dimensional nanowire 

is to avoid strain in the heterojunction during growth. Heterojunctions between two lattice 

mismatched crystals present limitation in critical thickness. When the growth exceeds critical 

thickness, misfit dislocation forms and degrades optical and electronic property of material 

[19]. The growth of GaAs nanoneedle was demonstrated on sapphire with 46% lattice 

mismatch [20]. 

 

Embedding quantum dot in a nanowire improves the carrier capturing by quantum dot due to 

one dimensional carrier transport of nanowire put quantum dot in the path of carrier tansport. 

Since the quantum dot has lower bandgap than the InP nanowire, once carriers flow into 

quantum dot, they are trapped and recombine to emit a single photon for each exciton. Since 

each photon emits at a different frequency due to Coulomb interactions, each photon can be 

spectrally filtered for single photon emission. Considering this ideal situation, quantum 

efficiency of quantum dot emission can reach values approaching 100%. Nanowires also have 

an additional advantage since they act as a wave-guide for the emitted photon if properly 

designed. By coupling quantum dot emission with the waveguides fundamental guided mode, 

photon emission of nanowire quantum dot (nanowire with embedded quantum dot) can be 

shown to be anisotropic. This situation is advantageous for photon collection purposes or 

photon coupling with fiber. Photon collection in nanowire quantum dot (NW-QD) is limited 

by refractive index contrast between nanowire and surrounding medium (air). Higher 

refractive index of nanowire causes total internal reflection at the nanowire end for photons 

propagating from nanowire to free space. 

 

Recently, another type of photonic nanowire was published [15]. This publication used top -

down etching techniques to produce a tapered nanowire and highly reflective mirror at the 

bottom as illustrated in Figure 1.2a. The choice of nanowire diameter 4d λ= in the lower part 

results in quantum dot emission to couple mostly to the fundamental guided mode HE11 with 

efficiency β and screen other unwanted higher modes. Half of the guided mode ( 2
β ) is 

directed downwards, and the other half ( 2
β ) is directed upward. Gold is used to achieve a 
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high mirror reflectivity and redirect the downward emitted photons. A SiO2 spacer layer was 

introduced between gold mirror and nanowire to avoid light interaction with free electrons in 

metal layer. Light interaction with metal free electron can results in plasmonic effects and 

absorption losses. The guided mode HE11 can then couple strongly with free space due to 

small tapering angle in the upper part. The tapered structure decreases the refractive index of 

the nanowire gradually, and thus minimizes total internal reflection at the nanowire-air 

interface as the result. The tapered structure provides leakier guided modes and better 

coupling to the free space mode. The extraction efficiency achieved for this device is 72% 

with a 70 nm broad spectral range and multiphoton emission of less than 1%.  

 

To achieve higher extraction efficiencies than at present with photonic nanowires, it would be 

desirable to fabricate the nanowire using bottom-up growth techniques to suppress surface 

states due to etching. The tapered NW-QD grown for my thesis is shown in Figure 1.2b. The 

nanowire was grown by metal-organic vapor-phase epitaxy (MOVPE) without etching and 

most likely has less surface states than top-down approaches. Due to our bottom-up growth 

technique, we achieved a tapering angle of 20, as shown in Figure 1.2c. Smaller tapering 

angles at the nanowire tip is advantageous for a better extraction efficiency of the emitted 

photons. The diameter of our photonic nanowire is 200 nm at the quantum dot position, and 

emission wavelength is typically 950 nm.  It has been predicted in our group that the optimum 

diameter to achieve optimum coupling between the quantum emitter and waveguide is 

approximately 220 nm for an InP nanowire. 

 

                
                  (a)                                                      (b)                                           (c) 

Figure 1.2: (a) Scheme of photon emission in tapered nanowire, taken from ref [9] (b) Our tapered nanowire 
quantum dot. (c) The STM picture of tapered InAsP/InP nanowire quantum dot with tapered angle 20 
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Transferring our bottom-up nanowires from its growth substrate allows for gold deposition at 

the nanowire base. Electrical contacts can also be deposited in future experiments to enable 

electrical pumping of NW-QD. To integrate contacts with nanowires, various methods have 

been developed. Some involve nanowire transfer from growth substrate to another one, while 

other techniques leave the nanowire on growth substrate for processing of contacts on top of 

nanowire [21].  

 

In 2004, Könenkamp et al. published a vertical nanowire LED. The LED consisted of ZnO 

nanowires on SnO2 glass substrate, p-doped polymer between nanowires, and Au contact [22]. 

The paper claims this configuration to be mechanically very robust, and suggests 

nanowire/polymer film lift off substrate to get robust flexible LED. In 2009, a way to transfer 

Si microwires, with radius in micro scale and length of 100 μm using Polydimethylsiloxane 

(PDMS) polymer was demonstrated [23] [24]. PDMS is widely known as a transparent 

material for visible and near infrared wavelengths, so embedded nanowires in PDMS layer is 

suitable for optics and opto-electronic applications. PDMS transfer technique was already 

shown to transfer nanocups between two substrates, and shown to be direction preserving 

[25]. Nanocups are metallic-dielectric nanoparticles, consisting of a dielectric nanoparticle, 

which a hemi-spherical layer of metal deposited on it. Using this transfer technique, 

Kelzenberg et al. demonstrated Si wire arrays for photovoltaic applications [26].  

 

Using the PDMS transfer method, we would like to achieve an embedded NW-QD in PDMS 

layer. Substrate removal is an important step for increasing the efficiency of nanowire. By 

removing substrate, the bottom of nanowire can be accessed to integrate electrical contact or 

mirror with NW-QD. The PDMS transfer method for nanowires was used in 2010 for 

GaInP/GaP nanowire with average height and diameter of 900 nm and 100 nm, respectively 

[27]. Based on this experiment, I want to implement this method for InAsP/InP NW-QD as 

well. Considering our nanowires are around the same size with nanowire in ref [26], I expect 

that nanowires transferred using PDMS can also used with our NW-QD. The long term goal 

of the device is illustrated in Figure 1.3. PDMS is known as an insulator, so having it 

surrounding nanowires won’t contribute any loss of carrier out of nanowires. Fabrication of 

LED array of standing wires is also possible with this technique. Integration between PDMS 

and inorganic nanowires into hybrid opto-electronic nanostructures combines the highly 
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electronic and optical performance of inorganic material with the abundant resource of 

organic material and very robust structure.  

 
Figure 1.3: Future device as goal for nanowire quantum dot LED 

 
 
Thesis objectives 

In this thesis, I demonstrate transfer of InAsP/InP NW-QDs with PDMS, and then isolate and 

measure a single InAsP/InP NW-QD with photoluminescence (PL) experiments. PDMS 

transfer of nanowire is shown to be 100%, which makes using lower density sample necessary 

to characterize single nanowire. I also present measurements on many quantum dots before 

and after spin-coating the as-grown sample with a thin PDMS layer in order to determine the 

effect of strain this PDMS layer has on the quantum dots. In the end, I demonstrate PDMS 

transfer and PL measurement for GaAs/AlGaAs Core-Shell nanowire that shows more options 

for nanowire materials, which can be transferred using PDMS.  
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Chapter 2: Growth of nanowires with VLS mechanism 

   
Vapor-liquid solid (VLS) growth mechanism was originally proposed by Wagner and Ellis to 

explain the growth of silicon wires, seeded with Au particles [28]. Three different phases, 

vapor, liquid, and solid, are in involved in the VLS growth mechanism. According to VLS 

mechanism, wire constituents are fed from vapor phase to the solid nanowire through a seeded 

particle (Au in this case), which remains liquid during nanowire growth. Au reacts with Si 

forming Au-Si liquid alloy droplet. Au can be replaced with other metals such as Al [29] or 

Ni [30]. The liquid droplet is a preferred site for Si deposition which is fed through vapor, 

until the liquid droplet is supersaturated with Si. Once the alloy is supersaturated with Si, Si is 

precipitated from alloy, most likely at the liquid-solid interface, and forms a monolayer. 

Continuous formation of a monolayer leads to the growth of nanowire. 

 

The VLS growth mechanism has been applied with a few techniques, like metal-organic 

vapor phase epitaxy (MOVPE) [31], molecular beam epitaxy (MBE) [32], and chemical beam 

epitaxy (CBE) [33]. In this chapter, two methods applying the VLS mechanism for growing 

III-V nanowires are described. In section 2.1, MOVPE is discussed with focus on growing InP 

nanowire and a InAsP quantum dot inserted in the middle of nanowire. Section 2.2 describes 

the MBE technique with focus on growth of GaAs nanowires.  

 

2.1 MOVPE growth technique of InAsP/InP nanowire quantum dots 
MOVPE is a method for growing nanowires where the nanowire constituents are delivered as 

a metal-organic compound using hydrogen flow as the carrier gas. In MOVPE, the enhanced 

growth of nanowire in one-dimension is believed due to the enhanced decomposition rate of 

metal-organic compound around Au particle. Au particle has the role as catalyst of metal-

organic compound decomposition. High density of nanowire constituents around Au leads to 

the monolayer nucleation at interface of Au particle-substrate.  

 

The MOVPE technique is illustrated in Figure 2.1. MOVPE process is started by deposition 

of metal particle onto InP substrate, and continued with annealing under phosphine (PH3) 

flow. The annealing alloys Au with InP substrate and removes the surface oxide, which can 
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naturally occur. The In-Au alloy then forms a droplet, which has a larger diameter and greater 

spacing between droplets with increasing annealing temperature [34].  

 

                                         
                               (a)                                        (b)                                                 (c) 

                                         
                                                 (d)                                                               (e) 

Figure 2.1: InP nanowire growth using MOVPE technique. (a) Au articles are dispersed on InP substrate. (b) 
Samples are heated and phosphine particles are introduced into the sample by hydrogen gas flow. Au forms alloy 
with In. (c) TMI is introduced into the sample and nanowire growth starts. TMI and PH3 are decomposed, 
producing In and P which are adsorbed into Au. Once In content inside Au reaches supersaturation, In and P 
forms InP monolayer and then InP nanowire. (d) By adding the AsH3 compound for a short amount of time, a thin 
layer of InAsP is formed in the top part of the nanowire. (e) The supply of AsH3 is stopped, so the process 
continues with InP nanowire growth. 
 
Nanowire growth is started by introducing trimethyl-indium (TMI) into the sample. The 

decomposition of TMI and PH3 provide In and P as constituents of InP nanowire. Nanowire 

constituents are then adsorbed into Au alloy droplet. However, P has never been detected 

inside the seed particles on nanowire by ex-situ growth investigation [35]. This suggests that 

only In forms an eutectic system with Au. Constant supply of TMI leads to an increasing 

indium content inside Au, until reaching supersaturation. Once the indium content inside Au 

reaches supersaturation condition, nanowire constituent will be precipitated and nucleates into 

InP monolayer at particle-substrate interface. Continuous formation of InP monolayer leads to 

the growth of InP nanowire.  
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When the quantum dot is introduced in nanowire, arsenic (AsH3) flow is introduced to the 

sample, which leads to the InAsP nucleation. The thickness of InAsP layer can be controlled 

by tuning the time period of AsH3 flow. The composition of arsenic inside InAsxP1-x can be 

controlled by adjusting the molar ratio of AsH3 and PH3. By turning off the AsH3 supply, 

process continues with InP nanowire growth. 

 

2.2 MBE technique for growing GaAs nanowires 
MBE is a method of growing nanowires that deliver the nanowire constituents as a molecular 

beam. This way of sample delivery means fewer substances are involved in nanowire growth, 

compared with MOVPE. Thus, MBE is considered to produce a cleaner sample.  

 

As shown in Figure 2.2a, MBE process is started by deposition and/or formation of seed 

particle. Au is commonly used as seed particle, but Ga particle also can be used as catalyst to 

grow GaAs nanowire [36]. Au can be deposited as thin film or nanoparticles. For the case of 

thin film deposition, Au will dissociate into droplets after the substrate is heated. Au also 

forms liquid alloy Au-Ga with Ga from substrate upon heating the substrate. The diameter of 

nanowire is determined by the size of interface between nanowire top facet and the droplet, 

which depends on droplet volume and contact angle between droplets with nanowire top 

facet. 

 

In MBE, Ga and As are supplied as molecular beam, illustrated in Figure 2.2b. Ga mixes with 

Au by hitting Au directly or hitting the substrate first and then diffusing to the gold. Arsenic is 

not detected inside Au, which can mean that As doesn’t form alloy with Au [36]. The possible 

reasons for the absence of As inside Au are solubility of As in gold is very low, or As escapes 

from droplet immediately after annealing or nanowire growth, because As is volatile. The Ga 

content in the alloy continues to increase due to constant supply of Ga during nanowire 

growth, until reaching supersaturation.     

 

Once content of Ga element in gold particle reaches a supersaturation, Ga will be precipitated 

and forms monolayer with As element existing in the atmosphere of Au. Nucleation of 

monolayer takes place at substrate-alloy interface, as shown in Figure 2.2c. Continuous 

nucleation of monolayer will form nanowire in the end. Nanowire volume measurement 

suggests that there is another material source contributing in nanowire formation than 
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impinging element on droplet [36]. This material source comes from adatom on the substrate 

which reaches the top of nanowire via diffusion. GaAs monolayer formation also occurs on 

the unseeded area of substrate, but at lower rate, as shown in Figure 2.2d.  

                                           
    (a)                              (b)                                   (c)                                 (d)                                      (e) 

Figure 2.2: Scheme for VLS mechanism by MBE. (a) Au are deposited on GaAs substrate. (b) Ga and As are 
supplied as molecular beam. Ga mixes with Au until liquid alloy is saturated with Ga. (c) Once alloy is 
supersaturated with Ga, Ga is precipitated and nucleates with As forming monolayer. Continuous formation of 
GaAs monolayer leads to one-dimensional structure of nanowire. (d). GaAs layer formation also occurs on 
unseeded surface of GaAs substrate at lower rate. As illustrated, the formation of GaAs monolayer on the free 
surface results in a buried bottom part of nanowire. (e) Tapered shape of nanowire can result from two different 
mechanisms. First, diffusion of GaAs adatom to the top of nanowire. The second mechanism is the decreasing of 
Ga supersaturation inside Au. 
 
As Figure 2.2e shows, tapered structure is often found at the upper side of nanowire. There 

are two possible mechanisms contributing to the tapered shape of nanowire. The first reason is 

because the adatom from substrate cannot reach the top facet since the nanowire length is 

larger than the diffusion length of adatom. In this situation, adatom will be adsorbed at 

nanowire well. The second reason is the decreasing supply of Ga at the end of nanowire 

growth leads to lower supersaturation of Ga. Ga is still consumed by As in the atmosphere of 

surrounding the nanowire, but the decreasing of Ga supersaturation provides a smaller 

nanowire radius in the upper part of nanowire.  
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Chapter 3: Theory 

 
In this chapter, the fundamental electronic and optical properties of quantum dot embedded in 

a one-dimensional nanowire are discussed. Section 3.1 describes the band structure of an 

InAsP quantum dot in an individual InP nanowire (InAs/InP NW-QD). In Section 3.2 the 

optical selection rules for quantum dots are introduced and exciton occupation in the quantum 

dot is presented. In addition, Coulomb interactions are briefly described, which leads to 

exciton and biexciton emission at different frequencies and allows to distinguish them in a PL 

experiment. Finally, In Section 3.3, the band structure of GaAs/AlGaAs core-shell nanowires 

are presented. 

    

3.1 Bandstructure of InAsP/InP nanowire quantum dot 

 
(a)                                                          (b) 

Figure 3.1: (a) The schematic picture of studied nanowire quantum dot InxAsP1-x./InP A disk InxAsP1-x quantum 
dot is embedded in the middle of InP nanowire. (b) The bandstructure of InAsP/InP NW-QD. As shown in the 
figure, the quantum dot InAsP is located in the centre of nanowire. For each segment of NW-QD, a bandgap 
value is shown. The quantum dot is assumed to have As composition 25 %. 
 
In this Section, the electronic properties of InP nanowire with an embedded InAsxP1-x 

quantum dot in [111] growth direction is studied. The tapered NW-QD is simplified as a 

cylinder with a disk insert. Illustration is shown in Figure 3.1. InP nanowire is crystallized in 

the zinc-blende formation, with wurtzite stacking faults [31].  

 

The InAsP/InP NW-QD consists of two heterojunctions between InP and InAsP. These two 

segments of nanowire have different properties, for example the bandgap, lattice constant, 

electron effective mass, and hole effective mass. The band diagram of InAsP/InP NW-QD is 

illustrated in Figure 3.1b. The properties of listed InAsxP1-x in Figure 3.1b is for x content of 
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25% [37]. By increasing the arsenic composition, energy bandgap of InAsxP1-x is reduced 

[14]. 

 

Band offset of NW-QD InAs0.25P0.75 is assumed to be 66% (147 meV) in the conduction band 

and 33% (73 meV) in the valence band [37]. These band offsets should be corrected by two 

factors: lattice strain and the quantum confinement of carriers. InAsP and InP have different 

lattice constants, which leads to lattice strain at the heterojunctions interface. Because InAsP 

has larger lattice constant than InP, the strain is compressive at InAsP and tensile at InP near 

the interface. Compression in InAsP occurs immediately at the interface, and is relaxed by 

expanding out the insert. For longer insert part, strain is zero in the centre [38].  

 

The effect of strain at axial electron and hole heterostructure [111] InP-InAs has been 

calculated by M.-E. Pistol and C.E. Pryor [38]. The data is shown in Figure 3.2 for different 

insert height. Insert diameter is given as 100 normalized unit. As the picture shows, the strain 

of electron and hole bands occur at the both interfaces of the InAs insert, and relax to the 

middle of nanowire. For the short insert, the strain cannot relax efficiently along the length of 

InAs insert. For this reason, the strain influence in the electron and hole energy are more 

significant in the shorter insert. In Figure 3.2, the influence of strain on bandstructure in the 

middle of nanowire starts to appear for insert height-nanowire diameter ratio 20. The 

difference between conduction band and valence band energy is increasing for  insert height 

20, 10, 6, and 2 respectively.  

 

For quantum confinement calculation in a quantum dot, the size and shape of quantum dot 

must be considered. The studied quantum dot in this chapter is considered a disk with much 

smaller height than its radius. Because quantum confinement increases with smaller size, the 

quantum confinement of quantum dot in [111] growth direction is higher than the radial 

confinement. The quantum confinement in both directions can be separated as assumed by 

adiabatic approximation [39]. This assumption allows us to study axial and radial confinement 

separately.  
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(a) 

                                                                                         
                                              (b)                                                 (c) 
Figure 3.2: (a) The band structure of InP nanowire with an InAs insert in the middle. Heterostructure band 
diagrams are through the center of nanowire. The plot shows various band structures for various the insert 
heights, while nanowire thickness is 100 unit lengths. The blue trace is Г conduction band, the black trace is X 
conduction band, and red trace is the valence band. X and Γ band of conduction band represent different point in 
the brillouin zone of the wavevector-energy representation. The red lines show 3 valence bands, which are heavy 
hole, light hole, and split-off valence band [38]. (b) Illustration of the simulated nanowire in figure a, denoted as 
20. Nanowire has diameter 100 unit length and insert height 20 unit length (c) illustration of the simulated 
nanowire in figure a, denoted as 100. A nanowire has the same length for nanowire radius and inserts height, 100 
unit length. 
 
Axial [111] confinement of a quantum dot in nanowire is approximated as the step potential. 

The height of finite step potential is defined by the band offset between InP and InAsxP1-x. 

The energy of confined electron and hole energy increases with the decreasing of the quantum 

dot height in the growth direction. 

  

Axial [111] confinement of a quantum dot in nanowire is approximated as the step potential. 

The height of finite step potential is defined by the band offset between InP and InAsxP1-x. 

The energy of confined electron and hole energy increases with the decreasing of the quantum 

dot height in the growth direction. 
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The confinement of a quantum dot in radial direction is approximated as a two-dimensional 

parabolic potential. The assumption of parabolic potential has proven to be accurately in 

predicting the sublevel spacing for self-assembled dot (SAD) and is only used to qualitatively 

describe the electronic structure of quantum dots in nanowires. The weaker lateral quantum 

confinement results in lower energy spacing, which is called sub-level or shell similar to 

atomic physics. These sub-levels are illustrated in Figure 3.3 with the electron occupation per 

sub-level. The lowest sub-level is called s-shell, and then the second lowest is p-shell.  The 

third lowest level is the d-shell etc. These names are given following the convention in atomic 

physics.   

 

 
Figure 3.3: Shell model of single quantum dot, showing the conduction band (upper parabola) and valence band 
(lower parabola). The quantum dot is bounded by step potential in the growth direction, and 2D parabolic potential 
in x-y direction.  The arrow represents the spin state of electron in the conduction band, or hole in the valence 
band. The maximum electron occupation for each sublevel is 2 for s-shell, 4 for p-shell, and 6 for d-shell. For the 
valence band, the shell structure is analogous to the conduction band, but with a heavier effective mass. 
 
Harmonic potential in two dimensional polar coordinate is given by 

( ) 2 21
2 e eV r m rω=

 

(1) 

 
where ωe is the conduction band harmonic oscillator frequency and me denotes electron 

effective mass. The eigen energies for harmonic potential can be solved and the result is given 

by 

( ), 2 1n l eE n l ω= + +
 

(2) 

Here, n is the radial quantum number, l is the angular momentum quantum number, and ћωe    

is electrostatic confinement energy. E0,0 is assigned as s-shell, E0,±1 form degenerate p-shell, 

while E1,0 and E0,±2 together form degenerate d-shell. 
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Energy separation between shells can be calculated by assuming radial potential V(r) at the 

interface of quantum dot and nanowire, limited by the band offset ∆Ec. This assumption can 

be used because during nanowire growth, a thin InP shell is formed around quantum dot. 

Electrostatic confinement energy ћωe is derived as following 

( )
2 2

2
e e

c c
m RqV R Eω

= = Δ
 

(3) 

which ∆Ec is the conduction band offset. s-p energy sublevel separation is defined as  

( ) 2 1sp c
e

e

EE R
m R

ω Δ
= =

 

 

(4) 

Similar calculation is also applicable to the valence band although with a heavier effective 

mass. 

   

3.2 Exciton states in a quantum dot 

By giving an amount of energy which is larger than the bandgap of quantum dot, electrons in 

quantum dot system are excited to the conduction band. By doing so, positive charges, which 

are called hole, are left in valence band of quantum dot. A bound pair of an electron in 

conduction band and a hole in valence band is called an exciton. Electron and hole in exciton 

are binded each other by an attractive coulomb potential. The coulomb potential also gives 

interaction between excitons in a system. The energy of an interacting exciton is [40] 

 

0
e h eh

XE E E V= + −  

 

(5) 

In equation (5), the first and second term come from the energy of electrons and holes, 

respectively in the system. The third term represents their coulomb attractive Veh. Coulomb 

potential is described as pairwise interaction between two particles with electric charges q1,2 at 

position r1,2. Coulomb potential is given by 

( ) 1 2
1 2

1 2

1,
4coul
q qV r r

r rπε
=

−  

(6) 

with dielectric constant ε= ε 0 ε r, which ε r is dielectric number.  
 

When observing the spectra of exciton and multi-exciton in quantum dots, not only quantum 

confinement, but also coulomb interaction can be observed. In the strong confinement regime, 

the confinement energies of electron and hole are much larger than the electron-hole coulomb 
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interaction energy. In this case, the coulomb interaction can be taken into account using 

perturbation theory [41]. Strong confinement regime can also be given as a limit, which the 

quantum dot radius is much smaller than the “natural” bohr radius of free exciton. 

  

In this subchapter, we restrict our attention in the strong confinement regime. Only s-shell of 

conduction and valence band are considered, so the number of excitons in a quantum dot is 

limited to 2 excitons. For hole, only heavy hole state is considered because it is closer in 

energy with the conduction band. 

 

The excitons can be a bright or a dark, depending on the optical selection rule. The optical 

selection rule states that the total angular momentum J=Lband+L+S should be preserved in the 

electron-hole recombination and photon emission. The total angular momentum consists of 

internal angular momentum Lband, orbital angular momentum L, and spin angular momentum 

S.  

 

For the top of the conduction band, electrons have zero angular momentum since they occupy 

the s-shell. By counting the spin of electron S=1/2, the total angular momentum J equals to 

1/2 and the z-projection of angular momentum jz has values ±1/2.  

 

Different with the conduction band, holes at the top of valence band occupy the p-like orbital 

and has angular momentum Lband=1. By counting the hole spin S=1/2, there are two possible 

states for J=1/2 and other 4 possible states for J=3/2. The states with J=3/2 are classified as 

the light-hole band (jz=±1/2) and the heavy-hole band (jz=±3/2). As stated in the beginning of 

this subchapter, only the heavy-hole band will be considered here. 

 

Since a circularly polarized photon carries angular momentum ±ћ and zero spin, the following 

selection rules should be obeyed by a transition between two electronic states: 

1,
0

zj
s

Δ = ±
Δ =  

(7) 

These requirements distinguish between the bright and dark exciton. The following electron-

hole pair fulfils the optical selection rule 
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1 3 1 ,
2 2
1 3 1
2 2

e h

e h
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(8) 

And the exciton recombination can emit a photon. Other excitons configuration, as following, 

1 3 2 ,
2 2
1 3 2
2 2

e h

e h

M

M

= + + + = +

= − + − = −
 

(9) 

don’t fulfil the optical selection rule, and so the exciton recombination cannot emit photon. 

Illustration of bright and dark exciton is given in Figure 3.4.  

 

 

 

                                      
(a)                                                                   (b) 

Figure 3.4: The two types of excitonic states in a quantum dot are shown, as (a) Bright exciton (b). Dark exciton 
 
 
 
The exciton and the biexciton states confined in the s-shell are shown in Figure 3.5. In the low 

excitation regime, when optically active quantum dots are in equilibrium occupied by electron 

and hole, carriers relax to the s-shell in time scale of ps from the higher p, d… levels [41]. 

The s-shell can only be occupied by 2 excitons, as stated by Pauli exclusion rule. As a result, 

the exciton can recombine in p-shell, if the s-shell is fully occupied. Figure 3.5a shows a 

neutral exciton, with electron and hole confined to the s-shell of the quantum dot, which is a 

lowest energy state. A single exciton state is denoted as X0. The exciton state is doubly 

degenerate with the exciton state with opposite spin for both electron and hole. 

 



18 
 

                                         
                                                       (a)                                                                       (b)                                                                  

Figure 3.5: Two types of bright excitonic states in a quantum dot. Black arrow represents electron and white 
arrow represents hole, with arrow direction represents spin state. The picture shows confined level of quantum 
dot at s and p shell. The excitonic states are as following: (a) The neutral exciton X0 (b) The biexciton state 2X0.  
 
The fourth excitonic state in quantum dot is consisting of two electron-hole pairs in the 

quantum dot s-shell, called biexcitonic state. This state is illustrated in Figure 3.5b. The 

energy of biexciton state equals to twice the energy of single exciton plus coulomb interaction 

between two electrons and between two holes: 

02
2 2 4e h ee hh eh

X
E E E V V V= + + + −  

(10) 

 

As mentioned in chapter 1, the recombination of an exciton allows for single photon emission. 

An s-shell quantum dot only can be occupied by two excitons. As the result, a quantum dot 

can emit two photons in the biexciton-exciton radiative cascade. The process is illustrated in 

Figure 3.6. 

 

          
                         (a)                                                            (b)                                                            (c)   

Figure 3.6: The biexciton radiative emission cascade in a quantum dot (a) The quantum dot is in biexciton state 
2X0 (b) The quantum dot state changes into single exciton state X0. The change of quantum dot state is followed 
with a single photon emission. The single photon energy equals to the energy difference between X0 and 2X0 (c) 
The state of quantum dot turns into the empty state. The change of quantum dot state is followed with a single 
photon emission. The single photon energy equals to the energy difference between the empty state and X0. 

 
The photon emission in biexciton-exciton cascade occurs through intermediate excitonic state 

i.e.: 2X0 X0 empty state. Both transitions emit a photon with energy equalling to the 
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energy difference between initial state and final state. For the transition 2X0 X0, the energy 

of emitted photon is 

0 0 0 0 02 2
3 2e h ee hh eh ee hh eh

X X X X X
E E E E V V V E V V Vω = − = + + + − = + + −  

(11) 

For the transition X0 empty state, the emitted photon energy is 

 

0 0
e h eh

X
E E E V

→
= + −  

(12) 

As Equation 12 shows, the energy of 2X0 and X0 photon emission are different from each 

other due to Coulomb interactions, so that they can be distinguished in a PL experiment.  

 

The intermediate state in biexciton emission cascade, the X0, is ideally degenerate with its 

opposite spin counterpart. Even so, in SAD they are found to be split in energy resulting from 

fine structure splitting (FSS)  that is mainly influenced by the dot shape [42]. 

 

The biexciton-exciton radiative cascade through two exciton intermediate states is illustrated 

in Figure 3.7. Figure 3.7 shows two intermediate exciton states which are split in energy by 

FSS ∆ [39]. The two decay paths of biexciton decay are denoted H and V in Figure 3.7. The 

FSS gives the difference in energy of emitted photons for the two decay paths and allows the 

decay path information to be acquired. If the FSS is lower than the linewidth of quantum dot 

emission, emitted photon from both decay paths cannot be distinguished by an energy 

measurement. This condition leads to the emission of an entangled pair of photons [43].  

 

 
Figure 3.7: The scheme of biexciton radiation cascade with a splitting in intermediate exciton state. Two decay 
paths of the biexciton state are illustrated as H and V. The intermediate exciton state is degenerate in an ideal 
quantum dot. The splitting in energy between these two intermediate exciton states make the emitted photons can 
be distinguished, and the “which path” information can be acquired. 
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Symmetry analysis shows that vanishing FSS can be found easier in NW-QD, compared with 

SAD [44]. The higher symmetry of QD in NW-QD leads to vanishing FSS, as shown in 

simulation in Ref. [44]. 

 

3.3 Bandstructure of GaAs/AlGaAs core-shell nanowire 
In this Section, a core-shell nanowire with GaAs /AlGaxAs1-x system is described. The 

illustration of the studied nanowire is shown in Figure 3.8a. The crystal structure of the 

nanowire can be either zinc-blende or wurtzite. Both crystal types result in different values of 

the bandgap and electron or hole effective masses. Both crystal structures are considered in 

Section.  Currently there is no agreement about the properties of wurtzite crystal; the 

theoretical value of wurtzite bulk GaAs and AlAs are used. For the AlGaxAs1-x properties, 

zero composition of Ga is used (i.e., x=0). In other words, AlAs is considered as the nanowire 

shell, rather than AlGaAs. 

 

             
                                 (a)                                                                                                (b)                                         
Figure 3.8: (a) The structure of GaAs/AlGaAs Core-Shell Nanowire. In this type of nanowire, GaAs core is 
covered with AlxGa1-xAs shell (b) The band diagram of heterostructure AlGaAs-GaAs. GaAs has lower bandgap 
than AlGaAs, as seen in the middle part of bandstructure.  
 
GaAs and AlGaAs have been known as lattice matched material pairs. This property gives 

simplification in core-shell nanowire GaAs/AlGaAs heterostructure, because the lattice strain 

in the interface of AlGaAs-GaAs can be ignored. The exciton bohr radius in GaAs is typically 

15 nm [45]. Because the radius of GaAs core in nanowire is 100 nm while the temperature of 

our experiment is 4 K at the lowest, the quantized level due to quantum confinement is 

smeared out. With this reason, quantum confinement is ignored in this case. These two 

simplifications make the problem of core-shell nanowire GaAs/AlGaAs in this subchapter can 

be considered as GaAs/AlAs heterostructure. Junction between GaAs core and AlGaAs shell 
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is arranged in type I-c heterostructure, which traps electron and hole in GaAs core.  The 

sketch of type I-c heterostructure is shown in Figure 3.8c. 

 

 

 
Table 3.1: Bandgap and effective masses of electron, light hole, and heavy hole of GaAs and AlAs. 
 Zinc blende 

GaAs 
Wurtzite 

GaAs 
Zinc 

blende 
AlAs 

Wurtzite 
AlAs 

Bandgap (eV) 1.509 1.503 2.237 1.971 

Effective mass 

electron (me/m0) 

0.073 0.125 0.132 0.142 

Effective mass 

heavy hole (mhh/m0) 

0.170 0.134 0.303 0.216 

 

The parameters for GaAs core and AlAs shell are listed in Table 3.1. The properties are given 

for both zinc blende and wurtzite crystal. These properties are taken from theoretical value of 

core-shell zinc blende nanowire AlAs-GaAs [46] and wurtzite bulk AlAs and GaAs [47]. The 

bandgap difference between GaAs and AlAs is 0.468 eV for wurtzite pair and 0.728 eV for 

the zinc blende. Because the summation of energy difference of electron and hole equals to 

the difference in energy bandgap, the offset for electron and hole band can be easily 

calculated, if the ratio of electron or hole offset band to the bandgap difference is known. It 

has been shown that conduction band offset is ~60% of the bandgap difference in AlGAs-

GaAs system with all composition of Al [48]. So the band offset in AlAs-GaAs core-shell 

nanowire can be calculated as 0.175 eV-0.291 eV for electron and 0.187 eV-0.291 eV for the 

hole. The range of values is given as the result here, considering any part of nanowire can be 

wurtzite or zinc blende crystal structure. 
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Chapter 4: Experiment method 

 
This chapter consists of two sections. Section 4.1 describes transfer of nanowires from as-

grown substrate using PDMS polymer. Section 4.2 is about measurement of optical properties 

of nanowire quantum dot during nanowires transfer, from before PDMS deposition until after 

PDMS peeling, using the photoluminescence (PL) technique. PL measurements were done at 

liquid helium temperature.  

4.1 Sample preparation 

 
Figure 4.1: Each step of nanowire transfer using PDMS is illustrated as following. (a) Nanowires sample on as-

grown substrate is prepared. (b) PDMS solution is deposited and then baked on nanowires sample. (c) After 

curing, solidified PDMS is peeled from nanowires substrate. (d) Nanowires stay embedded in PDMS film after 

PDMS peeling. (e) After nanowires are separated from its grown substrate, the bottom of nanowire is available for 

further process, gold deposition for instance.  

 

The PDMS transfer technique to lift nanowires from its grown substrate is illustrated in 

Figure 4.1. To demonstrate the technique, I used two types of nanowires. The first is InAsP 

quantum dots embedded in InP nanowires, which are grown with MOVPE on InP substrate 

using gold particle catalyst at Philips Research Laboratory in Eindhoven. The second 

nanowire type is core-shell GaAs/AlGaAs nanowires, which are grown by MBE on GaAs 

substrate using gold particle catalyst in NTNU Trondheim, Norway. The illustration of 

individual InP nanowire with embedded quantum dot is shown in Figure 4.2a.  
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(a)                                                                                  (b) 

Figure 4.2: (a) As grown sample containing InAsP/InP nanowire quantum dot on InP substrate. Typical size of 

nanowire is depicted in the figure. (b) GaAs/AlGaAs core-shell nanowires on GaAs substrate. Typical size of 

nanowire is depicted in the figure. 

 

PDMS transfer method is started by preparing PDMS solution. PDMS solution is prepared by 

mixing silicone elastomer base and curing agent with proportion 10:1. After PDMS solution is 

ready, PDMS dilution can be added to PDMS solution. Using PDMS dilution is an optional 

and the purpose of PDMS dilution will be explained in chapter 5. I use Sylgard 184 silicone 

elastomer base and curing agent from Dow Corning to make PDMS solution. As curing agent, 

I use dichloromethane chromasolv® for HPLC from Sigma Aldrich. 

 

After PDMS solution is ready to be used, PDMS solution is deposited on as-grown nanowires 

sample. There are two methods for PDMS deposition : drop casting and spin casting. In drop 

casting, PDMS solution is dropped on substrate and then left over night before the sample is 

baked. PDMS is viscous, and an amount of time is required for PDMS to infiltrate the 

nanowire sample. Leaving the nanowire sample covered with PDMS overnight is suggested in 

Refs. [23] and [27] and was confirmed by us through experiment as a requirement.  In another 

method, spin casting, nanowire sample is rotated using a spin coater immediately after PDMS 

solution is dropped on the sample. The final thickness of PDMS depends on the rotation speed 

of spin coater. We used overnight waiting, although it is not suggested by [23]. 

 

Both PDMS transfer methods were already attempted to transfer nanowire in PDMS. The 

drop casting method is easier since it requires fewer tools than spin casting. But drop casting 

method provides less control on the thickness of PDMS layer, compared with spin casting 
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method. Thinner PDMS layer is required to produce a brighter sample, which is desired for 

PL experiment. The thickness of PDMS layer, prepared with drop casting technique, can be 

made thinner by using PDMS dilution. In spin casting technique, PDMS layer can be made 

thinner by using larger spin rotation. In my experiment, PDMS is diluted with 

dichloromethane chromasolv for HPLC with quantity 2 ml PDMS dilution per 1 gram PDMS 

solution.   

 

After PDMS infiltrates the nanowire sample, the sample is baked to change the PDMS phase 

from viscous-liquid to solid. In my experiment, the sample is baked for 20 minutes at 1200C.  

After PDMS is cured (becomes solid), PDMS layer can be separated from nanowires substrate 

mechanically using tweezer and razor blade (Figure 4.1c). PDMS peeling needs to be done 

gently, to get larger piece of PDMS layer. Otherwise, PDMS layer can break during peeling 

process.  

 

After PDMS peeling, a flexible polymer supported nanowires array without substrate is 

obtained (figure 4.1d). Polymer support is transparent and mechanically robust. The bottom of 

nanowire is exposed to the free space, while the top part can be covered in PDMS or exposed 

to the air also, depending on the control of PDMS thickness during PDMS deposition. A 

PDMS layer to support nanowires is advantageous to produce a robust structure, so we keep 

PDMS thickness to be slightly larger than nanowire length.PDMS can be etched to expose the 

top part of nanowire, but PDMS etching hasn’t been done in my thesis. 

As the final step for sample preparation, a gold mirror can be deposited to the bottom of 

PDMS using evaporator (Figure 4.1e).  

 

4.2 Photoluminescence setup 

Most of the measurement results which I present in this thesis were measured with 

microphotoluminescence (micro-PL). The illustration of micro-PL is shown n figure 4.3. The 

basic of micro-PL is measuring the emitted light from the sample, after the sample is 

illuminated with a laser, focused to a diffraction limited spot, with size of µm. Laser 

illumination acts as optical pumping to excite the electrons into conduction band and leave 

holes in the valence band, forming an exciton. The relaxation of an exciton emits photon with 

energy (wavelength) that can be measured with a spectrometer and nitrogen cooled Si CCD 

camera. 
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Our micro PL setup is shown in Figure 4.4. The micro PL setup is equipped with two 

functions, which are microscope and PL detection. The microscope function of the setup 

allows sample position to be controlled and monitored in real time. This can be achieved by 

illuminating the sample with white light and detect the reflected light off the sample with the 

camera. White light illumination is focused on the sample with the objective, and the same 

objective also collects the reflected light from the sample. The numerical aperture of the 

objective is 0.75. 

 

                                           
(a)                                                   (b) 

                                                  
                                                                     (c)                                                                 (d) 
Figure 4.3: The illustration of PL measurement for the case of InAsP/InP nanowire quantum dot.  (a) The 

nanowire quantum dot is excited by laser illumination with photon energy above the bandgap of InP, creating 

exciton. (b) Exciton from inP part is confined in the quantum dot. (c) After an amount of time, exciton in quantum 

dot is recombined and emitting photon. The energy of emitted photon equals to the exciton energy in quantum 

dot. Exciton energy can be approximated as the energy difference between electron and hole. (d) After photon 

emission from the quantum dot, nanowire quantum dot is left empty from carrier.  

 

In our setup, sample position can be controlled using inertial piezoelectric positioners, 

allowing displacing the sample in three directions in steps as small as 200 nm, allowing the 

quantum dot to be accurately positioned at the focal point of the objective. The position of the 

laser beam with respect to the sample can be monitored with the display of camera.  

 

For PL detection, the sample is excited using green laser (532 nm) which is guided into the 

setup by a single mode optical fibre. Laser light is directed into sample through a motorized 

neutral density (ND) filter and a non polarizing beam splitter (BS). The BS splits off part of 

laser light to measure the laser power. The same BS is also used to pass 90% of the PL signal 
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to the spectrometer.  To block the reflected laser light from the sample, there is a filter 

existing in the light path that can be flipped in and out. The function of the filter is to reject 

the laser light and make sure that only emitted photons from the sample of interest reaches the 

spectrometer for PL analysis. 

 

Before the spectrometer, a flip mirror stands in front of the spectrometer. When this flipped 

mirror stands in the light path, light will be collected by the camera, rather than the 

spectrometer. In this situation, the microscope function of the setup is active. When the mirror 

is flipped out from the light path, the photons are reflected by the next mirror into the 

spectrometer for spectral analysis.  

 

 
Figure 4.4: Schematic of the PL setup. The excitation laser is attenuated and focused on the sample. An 

objective lens is used to focus the laser light and collect the PL from the sample. A white light source and a 

camera allow direct imaging of the sample. (BS stands for beam splitter). 

 
In the spectrometer section of the setup, light is collimated using two lenses and two pinholes. 

The purpose of light collimation is to detect the emitted photons efficiently. This light is then 

dispersed by the grating, according to its wavelength and focused onto a Si CCD camera. The 

CCD camera has an array of 1340x100 pixels. The detection counts of the pixels provide 
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information of the wavelength of emitted photons from the sample and provide information 

about the electronic properties of the quantum dot and nanowire.   
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Chapter 5: PL experiments in PDMS transfer technique 
 

In this chapter, the effect of the PDMS layer has on the nanowire quantum dot optical 

properties is studied. First, in Section 5.1 the thickness of PDMS layer is optimized by spin 

casting in order to have a comparable thickness to the length of nanowires. If the PDMS layer 

is too thick, then there is significant scattering at the PDMS-air interface and the efficiency of 

excitation and detection of the single quantum dot is decreased. In Section 5.2, the PL of 

InAsP/InP NW-QD as-grown sample before nanowire transfer is studied. Next, the PL of 

NW-QD sample after PDMS deposition is presented in Section 5.3.  Here, we demonstrate 

that PDMS doesn’t fluoresce or significantly strain the quantum dot. The PL of NW-QD 

sample after PDMS peeling is presented in Section 5.4.  We also show that we have isolated a 

single quantum dot embedded in PDMS polymer film. Finally, Section 5.5 shows the 

nanowire transfer experiment with core-shell nanowire GaAs/AlGaAs, which was performed 

in NTNU Trondheim, Norway. 

 

5.1 Optimization of PDMS layer for photoluminescence experiment 
Transfer of InAsP/InP NW-QD from InP grown substrate was done using both PDMS 

deposition methods: drop casting and spin casting. Regarding optical experiments and 

characterization of the embedded NW-QD in solid phase PDMS polymer, the influence of 

PDMS needs to be considered. The existence of PDMS film introduces an additional layer 

between NW-QD and the free space. The PDMS layer reduces the efficiency of optical 

excitation by laser and the collection of the emitted photons from NW-QD. The optical 

excitation is limited by the reflectivity at air-PDMS interface [26]. On the other hand, because 

the refractive index of PDMS (1.5) is higher than the refractive index of air, the collection of 

the emitted photons is limited by the total internal reflection at PDMS-air interface. 

Considering these, we relied on PDMS spin casting to achieve a flat PDMS film with 

thickness comparable to the nanowire length.  

 

Basically, the thickness of PDMS film can be reduced in spin casting technique, by using 

higher rotation speed of the spin caster. PDMS solution is dropped onto the Si substrate and 

then the Si substrate with PDMS is rotated by spin coater with various rotation speeds. After 

the PDMS is cured, the PDMS surface is characterized using profilometer. From the profile of 
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sample surface after PDMS coating, the thickness of PDMS layer can be measured. The plot 

describing the relation of PDMS thickness and spin coater rotation speed is shown in Figure 

5.1. Because the PDMS surface profile is not uniform in thickness, two thickness were taken 

at each rotation speed.   

 

 
Figure 5.1: PDMS thickness measurement is represented as a function of spin coater rotation speed. PDMS 

thickness was measured using a profilometer. The PDMS surface is not homogenous in thickness, so we put two 

data points, maximum and minimum thickness, for each spin coater speed. The data of PDMS thickness for 

diluted PDMS is shown as a red dot in the graph. 

 

Figure 5.1 sows that the PDMS layer is thinner with increasing rotation speed. The difference 

between maximum and minimum PDMS thickness is also smaller with increasing rotation 

speed, which suggests a flatter PDMS layer. PDMS thickness is found to be 10 ±0.5 μm for 

spin coater rotation speed 6000 rpm. This PDMS thickness is comparable to our estimation of 

nanowire length (~10 μm). To reduce the PDMS thickness even thinner, we have used PDMS 

dilution and 6000 rpm rotation speed. With PDMS dilution, we managed to achieve a PDMS 

thickness of 8 μm, which is slightly smaller than the maximum length of our nanowires. An 

advantage of the PDMS film is they can support the array of nanowires, thus providing a 

robust structure of supported nanowires containing quantum dot. A robust device is 

advantageous for further device fabrication such as gold deposition in the bottom of nanowire. 
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                              (a)                                                                           (b) 
Figure 5.2: The profile of the solid phase of diluted PDMS surface on top of the Si substrate. PDMS is deposited 
with spin casting. The sample is characterized with profilometer. The clean region of the sample of PDMS is used 
as zero point reference.  (a) The profile of PDMS layer, deposited using 4000 rpm rotation speed. The PDMS 
surface has the shape of a concave lens, with thickness of 13-17 µm (b) The profile of PDMS layer deposited 
using 6000 rpm rotation speed. The PDMS surface is much flatter than the in Figure 5.3a, with thickness around 
10 ±0.5 µm. The sudden peak in the middle of PDMS can be caused by dust accidentally situated on PDMS 
surface. 
 

The profile of the diluted PDMS layer, as measured with profilometer, is shown in Figure 5.2 

for two different rotation speeds of the spin coater. The picture shows that the solidified 

PDMS creates a concave lens like structure. This concave lens shape is a disadvantage for 

NW-QD excitation, because it can defocus the excitation light and makes NW-QD optical 

excitation less efficient. To get rid of this problem, a flatter and thinner PDMS film is 

achieved by using higher spin coater rotation. The diluted PDMS surface profile for 6000 rpm 

rotation speed is shown in Figure 5.2b. In this case, a flatter PDMS surface profile can be 

achieved with higher spin speed. The curvature of PDMS is much smaller, and so the 

excitation laser will be more efficient in exciting the embedded NW-QD in PDMS. 

 

5.2 Photoluminescence of as-grown sample 
 

 

 

 

The PL measurement on the InAsP/InP NW-QD on as-grown InP substrate is shown in Figure 

5.3a. A broad peak is detected around 848 nm (1.462 eV), which is already known as the InP 

energy bandgap. With this reason, peaks at 848 nm correspond with InP nanowires and InP 

substrate. This peak comes from ensemble of nanowires. The PL signal from more than 1 

nanowire can be recognized from the shape of nanowire peak, which is inhomogeneously 

broadened. 
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                        (a)                                                                         (b) 

Figure 5.3: (a) The detected PL measurement at 10 K for as grown InAsP/InP NW-QD on top of InP 
substrate for laser excitation power 50 nW and 250 nW. The InP nanowire peak is observed around 
848 nm. The nanowire peak is broad and asymmetric because it comes from a nanowire ensemble 
and InP substrate. A narrow peak is also observed at ~937 nm and originates from the embedded 
InAsP quantum dot. (b) A higher resolution PL measurement is shown for the same NW-QD. The PL 
data corresponds with laser excitation power 500 nW. Two peaks are detected at 943 nm and 950 nm. 
These peaks originate from two quantum dots embedded in two different nanowires, since each 
nanowire only contain 1 quantum dot. 
 

Figure 5.3a also shows a narrow peak at 943 nm. This peak corresponds with quantum dot 

emission. A higher resolution spectrum of this quantum dot peak is shown in Figure 5.3b. 

Another peak is also observed around 950 nm, which is related with another quantum dot in 

the same sample. These two quantum dots are embedded in different nanowires, since each 

nanowire only contains one quantum dot.  

 

Each quantum dot in the measured sample shows a different wavelength due to variation in 

the height or diameter of quantum dot. A PL measurement on a particular location of the 

nanowire sample is shown in Figure 5.4a.  A range of quantum dot peaks are observed range 

from 922 nm to 955 nm. These peaks can come from exciton and biexciton emission of the 

quantum dot s-shell. To see the distribution of quantum dot peaks in the sample, a histogram 

of randomly selected 65 quantum dot peaks from the sample is represented in Figure 5.4b. 

Statistical analysis is given in Table 5.1. The data for histogram are taken with PL using low 

excitation laser power, so only the s-shell states of a quantum dot are observed. The mean of 

the observed quantum dot peaks is found at 942.3 nm. 
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                     (a)                                                                        (b) 

Figure 5.4: (a) The detected PL of as grown InAsP/InP NW-QD on InP substrate at 10 K with laser excitation 
power 100 nW and 1080 nW. A few peaks arise between 960 and 958 nm, which come from emission of different 
quantum dots in the sample.  (b) The histogram of 65 detected peaks from s-shell of quantum dot measured 
randomly on the sample. The bin size of the histogram is 2 nm. The histogram shows that there are many 
different quantum dots on the sample, with varied emission wavelength between 920 nm and 955 nm. The normal 
distribution fitting of the histogram shows the maximum peak occurrence at 942.3 nm wav. 
 

 

5.3 Photoluminescence of as-grown sample covered in PDMS 
 

 

 

 

After PDMS deposition and baking step, another PL measurement of NW-QD was taken. 

Data is displayed in Figure 5.5. Figure 5.5a exhibits 3 peaks at 875 nm, 930 nm, and 950 nm. 

The broad peak at 875 nm comes from ensemble of InP nanowires and InP substrate. For the 

other two narrow peaks, they can come from two different quantum dots. The location of 

these peaks is among the range of detected quantum dot peaks in Figure 5.5b. Because all 

appearing peaks are already found in the PL before PDMS deposition, it can be concluded 

that PDMS doesn’t fluoresce as PDMS is a transparent material for the near infrared.  

 

To investigate if PDMS causes strain to the quantum dot, we investigated the energy shift in 

the observed PL spectra before and after PDMS deposition. The detected PL of as-grown 

NW-QD sample covered in PDMS is shown in the histogram (Figure 5.6). The statistical 

analysis of the histogram data is also shown in Table 5.1. The histogram shows the range of 

detected quantum dot spectra between 930 nm and 955 nm. The statistical analysis shows that 

the mean peak location after PDMS deposition is 943.4 nm. The resulting energy shift is 

lower than the bin size in the histogram. Therefore, we conclude that there is no energy shift 
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in the PL spectra after covering the sample in PDMS and the PDMS layer doesn’t 

significantly strain the quantum dot. 

 

 

           
      

                           (a)                                                                        (b) 
Figure 5.5: (a) The detected PL measurement at 10 K for as grown InAsP/InP NW-QD on InP 
substrate, covered with solid phase PDMS. Sample is illuminated with laser excitation power 100 nW 
and 250 nW. The InP nanowire and InP substrate peaks appear around 870 nm. Two narrow peaks 
are also seen at ~ 930 nm and ~950 nm which come from the embedded InAsP quantum dot. (b) The 
detected PL measurement at 10 K with higher resolution of the same NW-QD. The PL data 
corresponds with laser excitation power 50 nW and 250 nW. The picture shows three detected 
quantum dots at wavelength 935 nm, 951 nm and 955 nm. 
 
 
Table 5.1: Statistic of the quantum dot in as-grown nanowires substrate before and after PDMS deposition. The 

data are taken with PL experiment at 10K 

 N total Mean Standard 

deviation 

minimum Median  maximum 

Before PDMS 

deposition 
65 942.3 8.0 921.8 942.4 955.4 

After PDMS 

deposition 
36 943.4 6.9 931.0 943.4 955.5 
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Figure 5.6: Histogram of 37 detected quantum dots with peaks originating from s-shell emission. The 
InAsP/InP NW-QD on InP substrate is covered with solid phase PDMS. The bin size of the histogram 
is 2 nm. The histogram shows varied quantum dot emission peaks between 930 nm and 955 nm. The 
normal distribution fitting of the histogram shows the maximum occurrence at 943 nm. 
 
 

5.4 Photoluminescence of PDMS film after PDMS peeling 
 

 

 

          

The PDMS layer on InP substrate is then peeled using tweezer and razor blade. The detail of 

peeling can be seen in chapter 4 and appendix A. SEM images of InP substrate before PDMS 

deposition and after PDMS peeling are shown in Figure 5.7. As the picture shows, InP 

substrate is completely emptied of nanowires after PDMS peeling. The SEM image suggests 

that all nanowires are lifted with PDMS. In other words, the transfer efficiency of PDMS 

technique is 100%. 

 

The characterization of embdedded InAsP-InP in PDMS layer after nanowire peeling is 

shown in Figure 5.8. Figure 5.8a shows that the PL of PDMS layer shows two broad peaks at 

around 860 nm and 960 nm, which come from many nanowires quantum dot. Peak at 960 nm 

corresponds ensemble of nanowire quantum dot emission, and peak at 860 nm is related with 

InP nanowire emission. Comparison between Figure 5.8a and Figure 5.5a shows that the 

count rate of InP nanowire and substrate is higher than the quantum dot before PDMS 

peeling. In contrast, after peeling the quantum dot emission is higher than the InP nanowire 

emission as contribution from InP substrate is removed after PDMS peeling.   
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                                (a)                                                                          (b) 
Figure 5.7: (a) Nanowire quantum dot InAsP-InP on as-grown InP substrate. The density of shown nanowires 
sample is approximately 1-2 nanowires/100 µm2. (b) The substrate of as-grown nanowires after PDMS peeling. 
The substrate is emptied from nanowires by PDMS peeling, which suggests that all nanowires stay in PDMS film. 
 

Because the nanowire transfer using PDMS is 100%, the PL of single NW-QD can only be 

accomplished with lower density of nanowire sample. Power dependent PL of single 

InAsP/InP NW-QD is shown in Figure F.8b. The PL of single InAsP/InP NW-QD shows the 

transition between exciton (X0) and biexciton (2X0) as the laser excitation power is increased. 

The exciton-biexciton transition is characteristic of a single quantum dot [49]. Figure 5.8b 

shows that we are able to isolate and measure an embedded quantum dot in PDMS film. 

 

 

  
                                              (a)                                                                                     (b) 
Figure 5.8: (a) PL signal of InAsP/InP nanowire quantum dot in PDMS without InP substrate. Substrate removal 
results in lower height of InP nanowire peak, compared with the quantum dot peaks. (b) The power dependent PL 
spectra of single quantum dot in PDMS polymer without substrate. Characteristic of a single quantum dot, the 
power dependent PL shows rising of the exciton peak (967.2 nm) and then the biexciton peak (967.7 nm). The 
height of the biexciton peak surpasses the exciton peak at high laser excitation power. 
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Figure 5.9: The photograph of deposited gold on solid PDMS layer, holded by pinset. The gold thickness is 
around 80 nm. 
 
We also have deposited gold on PDMS film. Figure 5.9 shows that gold can be deposited on 

PDMS layer and it can stick easily with PDMS. By gold deposition on PDMS, a flexible gold 

layer can be created, as shown in Figure 5.9. A gold layer can be used as mirror, which can 

increase the collection efficiency of NW-QD emission by reflecting the downward emitted 

photons toward to collection optics [15].  

 

5.5 Experiments of GaAs/AlGaAs core-shell nanowire 

                                                            
Figure 5.10: Photo of transferred nanowire in PDMS layer and GaAs nanowire substrate after PDMS peeling.  

 

Here I demonstrate PDMS transfer technique for another type of nanowire, core shell 

GaAs/AlGaAs nanowire. This experiment with PDMS transfer of GaAs-AlGaAs nanowire is 

meant to be preliminary experiment. For that reason, drop casting method is used to deposit 

PDMS. After drop casting, samples are leaved 2 nights, before PDMS is peeled off the 

substrate. PDMS layer can be peeled completely without breaking in the middle of the 

process. 
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PDMS peeling of two different nanowire samples are shown in figure 5.10.  The figure shows 

that nanowires can be transferred using PDMS, as suggested by the colour of PDMS film and 

nanowires substrate after PDMS peeling. The size of PDMS layer after peeling and the grown 

GaAs substrate are same, which shows that PDMS layer doesn’t break during the peeling 

process. 

 

               
                                        (a)                                                                               (b) 
Figure 5.11: (a) PL measurement of GaAs/AlGaAs core-shell nanowires embedded in PDMS film at room 
temperature. GaAs peak appears around 860 nm. The increase of PL counts at lower wavelength indicates 
another peak, which originate from AlGaAs part of nanowire. (b) PL experiment of GaAs substrate after PDMS 
peeling. A peak at 860 nm comes from GaAs bandgap and probably nanowires which are left in the substrate. 
 
PL measurement on embedded nanowires in PDMS film is shown in figure F.11a and GaAs 

substrate after peeling is shown in Figure 5.11b. Measurements were done at room 

temperature. Figure 5.11a shows peak around 860 nm, corresponding to GaAs core at room 

temperature. The peak is broad since the PL signal originates from ensemble of nanowires. 

The PL signal also indicates the presence of AlGaAs peak at lower wavelength than 750 nm.   

As a reference, the PL of GaAs substrate after PDMS peeling is shown in Figure 5.12b. A 

peak at 860 nm is observed, which is also observed in GaAs-AlGaAs nanowire sample 

(Figure 5.11a). The shape of the peak is different from transferred nanowires in PDMS as the 

PL signal originates from GaAs substrate rather than core-shell nanowires. A few nanowires 

may still remain on the substrate after PDMS peeling and can also contribute to the observed 

PL peak. Also the GaAs substrate doesn’t show any AlGaAs peak in lower wavelength, like 

shown in PL of embedded nanowires in PDMS. Comparison between Figure 5.11a and Figure 

5.11b also show that higher excitation power is required to excite nanowires in PDMS. This 

higher power is caused by thick (around 100 um) PDMS film above nanowires. Thick PDMS 

also causes low detected PL signal because PDMS layer hasn’t been optimized for optical 

characterization. Polymer film thickness can be reduced by using spin casting technique as 

presented in Section 5.1. 
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Chapter 6: Conclusion and outlook 
 

6.1 Conclusion 

We conclude that the PDMS transfer technique of nanowire quantum dots is successful. We 

separated nanowire quantum dots from its growth substrate with the PDMS transfer 

technique. The efficiency of nanowire transfer is 100%, while PDMS doesn’t give any strain 

to the quantum dot.  

 

After nanowire transfer, we have standing nanowires embedded in PDMS layer. 

Photoluminescence experiments in low density sample demonstrate clearly that nanowire 

quantum dots are embedded in PDMS layer without InP substrate. The PDMS polymer also 

allows gold to be deposited on PDMS, which allows the increase in extraction efficiency of 

nanowire quantum dot as bright single photon source. 

 

The PDMS transfer technique is also shown to be successful to lift GaAs-AlGaAs core-shell 

nanowires from as-grown GaAs substrate. 

 

6.2 Outlook 
i. Increase PDMS layer quality 

Air bubbles are easily introduced into PDMS during PDMS solution preparation. The air 

bubbles can result in inhomogeneous PDMS layer after solidification. To get rid the air 

bubbles, vacuum chamber is commonly used. Until now, vacuum chamber hasn’t been used 

in my experiment because of the limitation in the vacuum chamber tools. The vacuum 

chamber for PDMS transfer preparation cannot be shared with other purposes because liquid-

phase PDMS presents the contamination risk to other samples.  

ii. Fabrication of a bright single photon emitter 

As presented in this thesis, both nanowire transfer and gold deposition at the nanowire base 

can be done after lifting nanowires from as-grown substrate using PDMS. The creation of an 

electrically pumped single photon LED can be pursued, by exploiting nanowire quantum dots 

transferred in PDMS. For contact deposition at the top of nanowire, PDMS can be made 
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thinner than the nanowire height. Another solution is by etching the PDMS, to expose the top 

part of nanowire. 

iii. PL experiment of single nanowire from top and bottom. 

Waveguiding of photons inside nanowire have been studied numerically and theoretically. 

PDMS transfer of nanowire opens a chance to confirm these studies by doing single nanowire 

PL measurement from the top and bottom of the same nanowire. 
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Appendix A: Sample preparation method 
 

Drop casting method 

1. Mix the silicon elastomer with curing agent with weight ratio 10:1.  

2. Stir the solution slowly.  

The purpose for this step is to mix both substances without introducing air bubble into 

it 

3. Use vacuum chamber to remove air bubbles from PDMS solution  

4. Drop cast the solution on top of substrate, which lies on silicon substrate.  

1 or 2 drops will be enough, since they will spread to the entire sample slowly. Don’t 

use glass substrate because PDMS sticks permanently with glass. 

5. Leave the sample over night 

By just leaving it for some moments, air bubble in mixture will be reduced, and 

PDMS gets between nanowires 

6. Bake the sample for 20 minutes at 1250C. 

After this step, PDMS will be solidified enough. At this point, we can start peel PDMS 

off substrate. 

7. Use razor blade to create opening between PDMS and nanowire substrate. If an 

enough opening is created, peel PDMS with tweezers. 

8. Photoluminescence (PL) of PDMS film with embedded nanowires and nanowire 

substrate for comparison. 

 

Spin coating method 

1. Mix the silicon elastomer with curing agent with weight ratio 10:1.  

2. Stir the solution slowly.  

The purpose for this step is to mix both substances without introducing air bubble into 

it. 

3. Use vacuum chamber to remove air bubbles from PDMS solution  

4. Place the substrate on spin coater. Prepare the routine for spinning, and then 

drop PDMS on substrate.  

Sample needs to be big enough to cover air hole. Otherwise, spin coating cannot start 

because error status in vacuum system. 

5. Run the routine of spinning not 5 minutes after PDMS drop casting. 
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Spinning routine is done by doing 2 steps of spinning. First, use 50% of final speed for 

10 seconds. Then, apply ramp for 10 seconds until the spin speed reaches the final spin 

speed. The spin speed stays on this value for 60 seconds, and then the process comes 

to its ends.   

6. Do baking for 20 minutes at 1250C  

7. Use razor blade to create opening between PDMS and nanowire substrate. If an 

enough opening is created, peel PDMS with tweezer. 

8. Photoluminescence (PL) of PDMS film with embedded nanowires and nanowire 

substrate for comparison. 
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Appendix B: PDMS property 
 

Property Value 

Mass density 0.97 kg/m3 

Young’s modulus 360-870 KPa 

Poisson ratio 0.5 

Tensile or fracture 

strength 

2.24 MPa 

Specific heat 1.46 kJ/kG K 

Thermal conductivity 0.15 W/mK 

Dielectric constant 2.3-2.8 

Index of Refraction 1.4 

Electrical Conductivity 4 х 1013 Ωm 

Magnetic permeability 0.6 х 106 cm3/g 

Wet etching method Tetrabutylammonium fluoride (C16H36FN) + n-methyl-2-pyrrolidinone (C5H9NO) 

3:1 

Plasma etching method CF4+O2 

Adhesion to silicon oxide Excellent 

Biocompatibility Nonirritating to skin, no adverse effect on rabbits and mice, only mild 

inflammatory reaction when implanted 

Hydrophobicity Highly hydrophobic, contact angle 90-1200 

Melting point -49.9-400C 

 


	cover1
	Voorblad MEP TU Delft_front
	thesis4a

