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Chapter 1

Introduction

1.1 Semiconductor nanowires

Semiconductors have undoubtedly changed the world beyond anything that could have
been imagined before. It is the foundation for electronic and optoelectronic devices that
impact many areas of our lives, from simple household appliances and multimedia
systems to computing, communications and medical instruments. According to Moore’s
law the number of transistors that can be placed on an integrated circuit doubles every
two year, making better, faster, more efficient devices, using much less material. This can
be accomplished by scaling down the size to the sub micrometer or even to the
nanometer scale. These nanometer scale fabrication routes are usually categorized into
two paradigms, “bottom-up” or “top-down”. The ‘top-down’ approach relies on size
reduction employing lithography and selective etching techniques to fabricate
nanometer-sized structures. This technique is very popular in the silicon technology. The
second route is called '‘bottom-up’, in which the desired nanostructures are built up from
individual atoms and molecules.

Semiconductor nanowires (NWs), which are mostly fabricated by the bottom-up
approach, have recently become a powerful class of new materials that open up
tremendous opportunities for novel nanoscale photonic and electronic devices. NWs are
defined as structures with a diameter in the range of tens of nanometers, and a third
dimension, typically in the range of micrometers. They are recognized as promising
candidates for quantum bits [1, 2] the realization of Majorana’s fermions [3], single
photon detectors [4] and next generation photovoltaic cells [5-9].

NW growth has been demonstrated using several epitaxial techniques, including laser
ablation [10], molecular beam epitaxy (MBE) [11], chemical beam epitaxy (CBE) [12], and
metalorganic vapor phase epitaxy (MOVPE) [13]. For semiconductor NW fabrication, the
bottom-up vapour-liquid-solid (VLS) growth mechanism is most commonly used.



1.2 Vapor liquid solid growth

The VLS method, discovered by Wagner and Ellis in 1964 at Bell Laboratories [14], uses
metal nanoparticles as catalysts to control the nucleation and subsequently elongation
steps of NW growth. By using VLS growth, a broad range of material compositions from
group IV NW, such as silicon [15, 16]and germanium [17], IlI-V NWs such as InP [18, 19],
GaAs [20, 21], GaP [22, 23], IlI-Nitrides such as GaN [11, 24], and II/VI semiconductors
such as ZnO [25, 26] have been grown.

A schematic of the VLS mechanism is shown in figure 1.1. In this growth mechanism, a
metallic seed particles (usually gold) are deposited on the substrate prior to the growth.
We focus here on the growth of III-V nanowires on corresponding substrates. The
substrate is heated up under group V atmosphere. Gold particles melt to form a liquid
droplet. During this process, an alloy of Au-Ill is form by dissolving semiconductor
material from the substrate, and by decomposing group I precursors through liquid
vapor interfaces. When super saturation is reached, the nucleation starts. NW axial
growth is maintained by constant supply of precursors into the eutectic alloy. The
diameter of the axially grown NW is mainly determined by the size of the deposited
catalyst and the length is defined by the growth time. Lateral vapor-solid (VS) growth on
the sidewall of the NW also takes place during VLS, but at much lower growth rate and
can be suppressed by /n-situ passivation or etching method, e.g. by introducing HCI [27].

|< ----- | -->
A ateral VS
VLS growth arowth
NV
precursors - -«
Au quuid N/ — -«

partide Au-lll alloy

Time

Figure 1.1. Schematic illustration of the different stages of vapor-liquid-solid (VLS)
growth: (left to right) Au particles are deposited on the substrate; Au particles are
heated up and form and Au-lll alloy; The Au-lll droplet is supplied with precursors.
When it is supersaturated, the growth of a NW starts in the axial direction; the NW
continues to growth longer with further precursor supply; Lateral growth by vapour-
solid (VS) growth also occurs on the sidewall of the NW during the axial growth
especially at higher temperatures.
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Besides VLS, many other growth mechanisms such as vapor-solid-solid (VSS) [28] and
solution-liquid-solid methods [29] have also been used to fabricate semiconductor NWs.
In this thesis, the NW samples are grown by the VLS mechanism.

1.3 Nanowires for novel nanoscale photonic and energy devices

In this section we discuss several distinct advantages of semiconductor NWs which make
them a great platform for fundamental research and various device applications. So what
is the fundamental difference between a NW as compared to a thin film, a bulk
semiconductor or other nanostructures such as nanotubes or nanocrystals?

1.3.1 Nanowires can be integrated with existing silicon technology

The unique quasi one-dimensionality inherent to a NW may solve some long-standing
technical problems that have plagued the thin film community [30, 31]. For instance, one
of the key goals of optoelectronics is to integrate materials with superior optical
properties, such as III-V semiconductors, into silicon platform to combine the strengths
of both material systems. However, due to the lattice mismatch [32, 33], the thin film
growth often results in defective materials. This inherent lattice mismatch problem
prevents the integration of optical grade II-V semiconductors to advanced silicon
technology. NWs, on the other hand, have unique ability to accommodate strain via
radial expansion or contraction. For instance, InSb/GaAs heterostructure NWs with an
extreme lattice mismatch of 14.6% have been reported [34]. This enables the growth of
dislocation-free semiconductors on lattice-mismatched substrates such as GaAs, InAs and
InP NWs on silicon and germanium wafers [35-40]. In addition, this allows a large variety
of axially grown III-V materials combination [41, 42], and even III-V and IV hybrid NW
structures, such as GaP-Si-GaP-GaAs-Si NWs [43, 44], as shown in figure 1.1(e, f) The
ability to stack almost unlimited NW heterostructure combinations also opens up
possibilities for the creation of multi-junction photovoltaic cells which are perfectly
matched to the entire solar spectrum for highly efficient solar energy harvesting [8].

1.3.2 Nanowires for future photovoltaics

Current solar cell technologies are dominated by silicon solar cells which presently
converts 21.5% (best commercial products [45]) of the solar energy into electricity. Solar
cells made from III-V compound semiconductors have much higher efficiencies, due to
their better optical (absorption) and electrical (charge mobility) properties and the ability
to fabricate multiple junctions or heterostructures to cover a broader range of the solar
spectrum. It has been demonstrated that multi-junction III-V solar cells (lab cells) can
reach efficiencies of over 44.7% [46] under concentrated solar light [47]. However, the
growth of III-V materials requires expensive IlI-V precursors and substrates, which makes
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II-V solar cells only attractive for concentrated photovoltaics but too costly for rooftop
solar panels without using solar concentration.
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Figure 1.2. (a)-(d) Position-controlled vertical InAs nanowires epitaxially grown on
silicon (111) by using selective-area metal-organic vapor epitaxy (adapted from Ref
[38]). (a) Overview of InAs nanowire arrays on patterned substrate. (b) 45°-tilted
view showing a vertical InAs nanowire array. (c) High-resolution TEM image of InAs
nanowires on a Si(111) substrate and (d) high magnification image of panel (c). (e)
SEM picture of an array of GaP—Si—GaP—GaAs—GaP-Si hybrid nanowires. Tilt angle is
45°, and scale bar is 1 um. (f) High angle annular dark-field (HAADF) image of a 25
nm-diameter Si—-GaP—GaAs—GaP-Si nanowire (scale bar is 200 nm) [43].
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As discussed above, one way to reduce cost while maintaining the advantages of direct
bandgap III-V semiconductors is to use NW solar cells which are grown directly on an
inexpensive substrate, [7, 48, 49] such as silicon. This offers opportunities for the
fabrication of highly efficient, low cost solar cells based on III-V materials, using very
small material quantities on large and relatively inexpensive substrates.

Furthermore, recent work has shown that the NW geometry allows waveguiding and
optical resonance effects which can be exploited to efficiently absorb light. It has been
recently experimentally shown by the group in Lund that an array of InP NWs with 400
nm pitch and 2000 nm length are absorbing 94 % of the incident light while covering
only 10 % (diameter of about 140 nm) of the underlying surface [50]. The high
absorption efficiency of NWs and diluted NW arrays has also been pointed out by a
numerous theoretical and experimental studies [51-55]. This is due to the fact that the
optical absorption cross-section of thin NWs is much larger than their geometrical cross
section, due to weakly confined leaky modes.

There is an intense research going on in the field of NW solar cell, using both coaxial
and axial p-n junctions and both group IV and group III-V materials [5, 6, 49, 56-62]. The
coaxial or core-shell structures show great advantages in carrier collection while the axial
structures enable the stacking of junctions with different band gaps into a multi-junction
solar cell. It was recently demonstrated that an InP array with an axial pn-junction could
convert more than 70 % of the photons of the solar spectrum (with energy above the
band gap of InP) into photocurrent, giving rise to a record 13.8 % conversion efficiency
using a 10.2% substrate area coverage [61]. The SEM image of such NW solar cell device
and the corresponding I-V characterization at one sun is shown in figure 1.3.

20 =
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Figure 1.3. (A) Scanning electron microscopy image of processed nanowire array
solar cells [61]. (b) Current-voltage curve of the solar cell device. The nanowires
cover 10.2% of the substrate surface and achieve 13.8% efficiency at one sun.



12

In Eindhoven, Cui et al., have demonstrated 11.1 % efficiency for an InP NW array solar
cell by removing the residual VS growth on the NW sidewall [62]. This solar cell
efficiency is achieved with a not yet fully optimized NW array which covers only 1.8% of
the substrate surface area. There is still a lot of room for improvement, such as
improving the solar light absorption and the minority carrier lifetime by improving the
surface passivation [48, 63]. Studies of single NW devices also provide insight into the
fundamental differences between NW solar cells and conventional thin film solar cells [7]
[49]. This thesis is dedicated to an optical study on InP nanowires, aiming to study the
background impurity concentrations and the minority carrier lifetimes in different types
of InP nanowires.
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Figure 1.4. InP nanowires for water spitting application. (a) Transmission electron
microscopy image of an InP nanowire after MoSs deposition. MoS; EDX mapping of
(b) MOSs;, (c) P and (d) In elements. (e) Current-potential curves (black solid line) and
photocathode conversion efficiencies (blue squares) of InP nanowire arrays with
MoSs in 1M HCIO4 under chopped AM1.5G illumination.

NWs also show great potential for fuel cell applications such as water splitting [64, 65].
Due to their high aspect ratio, the NW geometry decouples the directions of light
absorption and charge-carrier collection, and thus enhances charge separation. [66]
Figure 1.4 shows p-type InP NWs coated with noble-metal-free MoS; nanoparticles, as a
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cathode for photoelectrochemical hydrogen production from water [65]. A photocathode
efficiency of 6.4% under Air Mass 1.5G illumination was demonstrated with only 3% of
the surface area covered by the NW array. A recent theoretical work has predicted that
the efficiency of a tandem photoelectrochemical cell can theoretically reach 31.1% [67]
when all losses can be removed and using an optimized combination of band gap
energies and catalyst. Nanowires offer an excellent platform for fabricating these lattice
mismatched materials without any misfit dislocations. Provided that we can eliminate all
loss mechanisms, NWs thus promise to enable the fabrication of very high efficiency
water splitting devices.

Figure 1.5. Scanning electron microscope (SEM) images of a field of GaP nanowires
on a substrate (a) before and (b) after complete transfer into a PDMS polymer layer.
(c) Optical microscopy images of nanowire fields embedded in PDMS after removal.
(d) A photograph of a PDMS sample with the NWs embedded. Scale bars in a) and b)
are 10 um (adapted from [68]).

NW arrays can finally also be embedded into a transparent and flexible polymer, such as
PDMS. It has already been shown that a flexible layer of PDMS containing a nanowire
array, can be peeled off from the original substrate with almost 100% removal yield [50]
[68, 69] as illustrated in figure 1.5. This procedure is very promising for the fabrication of
highly versatile flexible solar modules, using only small quantities of expensive III/V
materials per unit area (< 96 mg/m?) for reaching a solar conversion energy that should
eventually approach 30% for a single band gap cell.

1.4 Scope of this thesis

This thesis is dedicated to the optical and structural properties of conventional and novel
crystal structures of some IlI-V compound and NWs for photovoltaics, and also for other
quantum and optoelectronic applications. The outline of the thesis is as follows.
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Chapter 2 describes the background theory of a solar cell with an emphasis on the
optical absorption and minority carrier lifetime in a solar cell. Different recombination
processes, which are important for evaluating the solar cell performance, are discussed.
The micro-photoluminescence and time-resolved photoluminescence setups to measure
optical properties of single NW are described.

The strategy to obtain high NW material quality, which is essential for NW solar cells, will
be presented in chapter 3. We focus on crystal phase purity, reduction of impurities and
the suppression of NW tapering by using high temperature growth in combination with
in situ etching by HCl. We demonstrate that the post-growth etching can further remove
the low quality layers on the NW sidewalls. Those steps are essential for the fabrication
of high efficiency NW solar cells.

In chapter 4, single crystal, non-tapered wurtzite and zinc blende twinning superlattice
(ZB TSL) InP NWs, fabricated at high temperature with /n-situ etching with HCl, are
studied. We demonstrate that VLS-grown WZ NWs are almost impurity-free due to
sidewall etching by HCl. The ZB NWs exhibit a PL spectrum being unaffected by the
twinning planes. Both types of NWs exhibit long carrier lifetimes and high PL efficiency
up to room temperature, thus showing great potential for NW devices.

While stacking faults in NWs can induce carrier scattering and trapping and therefore
affect the carrier mobility, they can also be exploited to tailor crystal phase quantum
structures. In Chapter 5, we show that the switching of the crystal phase along the axial
direction of a GaP NW, with a precision down to a few monolayers, facilitates the
creation of position- and size-controlled crystal phase quantum disks (CPQD). These
quantum disk emissions are sharp with well-defined energies, which is highly attractive
for solid-state quantum device applications. We also demonstrate that a strong
spontaneous polarization field is present in wurtzite GaP and leads to the quantum-
confined Stark effect in CPQD.

Vertical growth of InP NWs on the (100) industry standard InP substrates with pure
zincblende (ZB) crystal structure are technologically relevant for NW solar cells and
optoelectronic devices. In chapter 6, we demonstrate that InP NWs grown along the
<100> direction are pure ZB regardless of the use of the /n-situ dopants. The n-type
(with sulphur) and p-type (with zinc) doped <100> InP NWs are investigated by
photoluminescence and lifetime measurements. While the S-doped NWs show excellent
optical quality, the Zn-doped ones exhibit very low photoluminescence efficiency with a
large amount of interstitial Zn (donors) which degrade the material quality and
compensate the Zn acceptor. We found that the amount of interstitial Zn can be
significantly reduced by thermal annealing of the NW samples.



Chapter 2

Nanowire photoluminescence for

solar cells

This chapter presents the background theory of solar cells, with an emphasis on the
optical absorption and the minority carrier lifetime in a semiconductor nanowire. It will
be shown that nanowires allow increasing the optical absorption as compared to a thin
film solar cell. The different recombination processes, which are important for evaluating
the nanowire solar cell performance are also discussed in detail. Finally, the micro-
photoluminescence and time-resolved photoluminescence setups to measure optical
properties of single NW are described.

2.1 Introduction

In one hour time, more solar energy hits the Earth than the total energy consumed by
humanity in a full year. In fact, the sun is the most abundant energy resource, which
surpasses all the other renewable and fossil-based energy sources [70]. In the inevitable
transition from our current level of dependence on depleting fossil fuels and to reduce
the consequences on global environment and energy security, solar electricity — or
photovoltaic technology - is increasingly important as a potential approach for
widespread sustainable energy production. While the resources for photovoltaic
conversion are tremendous, the current solar energy’s contribution to the entire energy
portfolio is still modest. To make photovoltaics a primary source, solar energy need to
be captured, converted, stored and distributed in a cost-effective fashion. This imposes
both challenges and opportunities for science and technology to seek for ultralow cost
and highly efficient solar energy breakthroughs.

The current solar cell market is dominated by single junction panels made of crystalline
and polycrystalline silicon, which efficiencies are in the order of 15-20 %. The best
laboratory solar cells have efficiencies of 25% for silicon, 22.1% for InP, and 28.8% for
GaAs. Those values are close to theoretical conversion efficiency limit, also known as the
Schockley-Quiesser limit [71] for an optimal single bandgap solar cells of 31%. The
relatively small maximum efficiency for a single junction solar cell is mainly because
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photons with a smaller energy than the bandgap are not absorbed, whereas photons
with higher energy than the bandgap release their excess energies as heat to the lattice.
All useful energy that can be extracted into the external circuit is approximately equal to
the bandgap energy [71]. The best efficiencies for various types of solar cell recorded by
NREL are presented in figure 2.1.
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Figure 2.1. World record efficiencies of various photovoltaic technologies (NREL

2014)

Shockley and Queisser described the limiting efficiency for a single junction solar cell,
but the maximum solar cell efficiency can be strongly increased when materials with
different bandgaps are combined in a multi-junction cell [32]. Figure 2.2 illustrates the
part of solar energy, which can be theoretically converted into electricity by single and
multi-junction cells. Thermal energy losses of hot carriers are reduced by the use of
higher bandgap energy materials for the top p-n junctions. The lower energy parts of
the solar spectrum are absorbed by the lower-bandgap bottom p-n junctions. The record
efficiency is reached in III-V multi-junction solar cells. By absorbing a broader solar
spectrum range, multi-junction solar cells have achieved a record efficiency of 44.7%
measured at a concentration of 297 suns for a III-V four-junction solar cell [72]. The
improvement of the efficiency of II-V multi-junction cells requires precise current
matching for each of the individual junctions, which in turn requires a well-defined
bandgap for each junction material. The stacking of semiconductors with different
bandgap on the same semiconductor substrate is usually severely limited due the
requirements on lattice-matching in thin film cells. Multi-junction solar cells are also too
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expensive (= $6 per cm2 of cell area) [73] for rooftop application without using solar
concentration.
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Figure 2.2. The AM1.5 solar spectrum and the portion of the spectrum that can be
used by (a) Si solar cells and (b) GagssIngesP/Gagsslng17As/Ge solar cells (adapted
from [74]).

Nanowires (NWs) have emerged as a promising class of materials for high efficiency, low
cost solar cells [6, 60, 75, 76]. For instance, thanks to the elastic strain relaxation, NWs
enable the fabrication of almost unlimited combinations of semiconductor materials for
multi-junction cells [8], with bandgaps matching the entire solar spectrum. This is
expected to strongly relax the difficulties for obtaining current matching between each
subcell. Furthermore, NW solar cells consume much less material as compared to their
thin film counterparts. They can also be epitaxially grown on inexpensive substrates such
as silicon [35-40] allowing to further reduce the cost. In order to achieve high-efficiency
solar cells, many requirements must be simultaneously met, including a perfect crystal
phase, a low surface recombination velocity, the absence of unintentional sidewall
growth and very low residual doping levels. In the next section, we will examine different
optical processes, which are important for the optimization of material quality of NW
solar cells.

2.2 Optical phenomena in nanowire solar cells

The basic four steps needed for photovoltaic energy conversion for any type of solar
cells are [77-79]

1. Efficient light absorption, which results in transitions in the absorbing materials
from the ground state into an excited state, which is an electron-hole pair in a
semiconductor. At this stage, it is important to efficiently convert all solar photons
into electron-hole pairs, without suffering from reflection losses or insufficient
light absorption.
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2. The conversion of the electron-hole pair into free negatively (electron) and
positively (hole) charged carriers. At this stage, one of the carriers is a minority
carrier which is extremely vulnerable to nonradiative recombination before it
reaches the depletion region. At this stage, it is thus important that the minority
carrier diffusion length is sufficiently long for efficient diffusion of all photo-
generated minority carriers to the depletion region.

3. Separation of the photo-excited carriers in the depletion region. The separated
majority electrons subsequently move toward the cathode, and the majority holes
move to the anode. They finally release their useful energy at the electrical ‘load'.

In the following section the light absorption efficiency and the processes that determine
the minority carrier diffusion length will be discussed in more detail.

2.2.1 Absorption, reflection and scattering processes

The absorption of electromagnetic radiation in a semiconductor is due to interband (or
band to band) transitions, creating free electron-hole pairs. In a direct bandgap
semiconductor, the onset of the band-to-band transition is marked by a sharp increase
of the absorption coefficient, a « (hw - E»?, and for an indirect transition, o « (hw - Ep)?
[80]. In direct bandgap semiconductors, the rise of the absorption coefficient at the
absorption edge is steeper due to higher probability of interband transitions, than in
indirect semiconductors, where the optical transition requires the assistance of a phonon.
This is very important for photovoltaics where a large light absorption coefficient is
essential for efficient energy conversion. Silicon (indirect bandgap) solar cells are typically
hundreds of micrometers thick. If it was much thinner, the light especially in infrared
region will not be efficiently absorbed. In a planar geometry, carriers have to travel a
distance related to the light absorption length to reach the contacts. For efficient charge
collection the carrier diffusion length needs to be considerable larger than the thickness
of the solar cell. The solar cell efficiency made of indirect semiconductor is thus limited
by the tradeoff between the absorption and charge collection efficiency. On the other
hand, thin-film solar cells are made of direct band gap materials (such as CdTe, CIGS or
CZTS, GaAs), which absorb the light in a much thinner region, and consequently can be
made with a very thin active layer often on the scale of a few micrometers thickness.
Light impinging on a solar cell device can also be reflected. This is due to the refractive
index contrast between air and the semiconductor materials. Abrupt InP and GaAs
surfaces reflect more than 30 % of light at normal incidence [81, 82]. That is why anti-
reflection coatings are needed to reduce the reflection losses in a thin film solar cell.

Recently there has been an increasing interest in the enhancement of the light
absorption in solar cells by using nanostructures. Semiconductor NWs and NW arrays,
for instance, can interact strongly with incoming light due to their large geometrical
aspect ratio and their periodic arrangement on the substrate [83-88]. A single NW
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standing on a substrate shows a self-concentration effect [49], with an optical absorption
cross section much (~ 10 times) larger than its geometrical size. InP NWs have been
shown to absorb 94 % of the incident light while covering only 10 % of the underlying
surface [89].
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Figure 2.3. (a) Photograph of a-Si:H thin film, a nanowire array and a nanocone array
and (b) their schematic illustration (adapted from reference [87]). The absorption
measurements from those samples show that the nanocone sample absorbs 93% of
incoming light in the range of 400-650 nm. (c) Measured total reflectance (black
squares), nonspecular reflectance (red circles), and specular reflectance (blue
triangles) of a InP nanowire array sample as a function of wavelength for an angle of
incidence of 8° (adapted from reference [86]). The InP nanowires have diameter at
top of 90 + 5 nm with a length of 2 um, and a tapered lower part with a length of ~1
pum. The diameter of the nanowires at the bottom is 270 (+20 nm). The solid curve
shows the measured total reflectance of bulk InP. (d) Simulated absorbance of base-
tapered InP nanowires (black solid curve), cylindrical nanowires (red dashed curve),
and conical nanowires (blue dashed-dotted curve) for normal incidence [86].

Conical or tapered NWs with a small diameter at the tip and large diameter at the base,
provide a graded effective refractive index which results in a strongly reduced reflection
and enhanced absorption. Theoretical calculations and experimental results [86-88] show
that in this geometrical configuration, a light absorption of more than 98 % percent can
be attained. Figure 2.3(a-b) show a photograph and the corresponding illustration of a 1
pum thick amorphous Si:H thin film sample (left), a NW array (middle) and a nano-cone
array (right) which have been reported in Ref [87]. The experimental data show that the
nanocone sample absorbs 93% of incoming light in the range of 400-650 nm. In
contrast, the thin film made of the same material is highly reflective, absorbing only 64
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% of the light. The NW sample without tapering shows 75% absorption in the same
wavelength range. In another work, the experiment and simulation results on tapered InP
NWs array also reveal a strong reduction of the reflection and enhanced absorption, as
seen in figures 2.3(c-d). Those studies reveal a great potential for NW structures in
photovoltaic applications.

2.2.2 Recombination and trapping of carriers

The performance of a solar cell depends mainly on the minority carrier dynamics. When
light is absorbed, minority carriers are generated [77]. The photogenerated carriers have
to diffuse to the p-n interface (depletion region) and must be separated by the built-in
field for harvesting them in the external circuit. However, photogenerated carriers can
get lost before they are collected at the electrodes by mainly 3 different processes: 1)
radiative recombination, 2) nonradiative recombination via a localised state in the
forbidden gap releasing phonons; this mechanism corresponds to the well-known
Shockley-Read-Hall recombination [90, 91]. Surface recombination which is a very
important loss mechanism in NWs, can also be mathematically described in terms of the
SRH model [92]. 3) Electrons can also relax their energy by transferring it to another
electron or hole through an Auger process [93] (Auger recombination). The illustration of
the three recombination processes is presented in figure 2.4.
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Figure 2.4. Schematic diagram of (a) radiative band-to-band recombination, (b)
Shockley-Read-Hall recombination and (c) Auger recombination. E, and E, are
shallow trap levels and Eg is a deep trap level.

Based on the ABC rate equation [94-97], the recombination rate R(n) and the PL lifetime
(7) are determined by

n
R(n) =;=ATL+BTLZ+CTL3 2.1

where n is the carrier density, A, B and C are SRH (including the surface recombination),
radiative, and Auger coefficients and n is the carrier density. This equation implies that



Chapter 2 21

the SRH and surface recombination are linear with the injection level. The Auger
recombination rate is proportional to the third power of the carrier concentration and
the band-to-band radivative recombination is proportional to the square of the carrier
concentration. Therefore, at a low injection level, SRH and surface recombination are
most important, while Auger recombination is expected to become dominant at high
carrier density.

2.2.2.1 Radiative recombination

Radiative recombination takes place when an electron in the conduction band
recombines with a hole in the valence band, releasing the excess energy as a photon
hv~E, (photoluminescence). The spontaneous radiative recombination rate Ry is defined
as the number of spontaneous recombinations per second in unit volume which can be
expressed by an integral:

o * 2.2
R, = f r(hw)d(hw) = | 7 (hw)d(hw)
0

Eg

where 1y is a spectral function for spontaneous recombination and hw is the energy of
emitted photon. A standard quantum mechanical calculation (given in reference [98])
yields the following expression of the spectral function

e?\ehw 2.3

1 = gy M [ ARAIGF GBI - FENIO, ~e,)B(E, — E, — ).

where /€ is the refractive index, m, is the free electron mass, k. and Kk, are the electron
and hole wave vector, E. and E, are electron and hole energies, f is the Fermi-Dirac

_ -1

function (f = {1 + exp [i—ﬂ} ) with p the chemical potential. The matrix element M [98]
B

is given by

2
M2 = - dQy ey Py |?
AT kI1€kA- Yevl

A=1

where ey, is the polarization vector of the photon with the momentum k. The
integration is over all photon momentum directions, the sum is over the two
polarizations, and P« is the interband transition matrix element at the I point.

By using anisotropic band energy dispersion in the parabolic approximation for both the
conduction and valence bands, we obtain

h(k: k2 k2
@—@:%+{l+l+i>
2\puy By Wy
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where E; = EQ —EQ, iy = (Mg + mfl})_l is the reduced effective mass of an electron-
hole pair in the x,y,z direction.

By performing the integration over photon energy and wave vector using the parabolic

approximation for a non-degenerate semiconductor (f(EC)zeXp(I;_ff) and [1-—
B

f(E,)] =~ exp (EI:_T”)) [98] we obtain the spontaneous radiative recombination rate
B
2 3/2 E .
_ e Ve Z[ZkBT] TE 1+3kBT ey 2.4
* mic3n? mh? xryrerg 2E,

The radiative recombination coefficient B is defined from the rate equation
R; = Bnp,

where n and p are electron and hole concentration. Using the mass-action law

3 kgT > E
np=4(memh)§( 5 ) exp( g)

2mh?  kgT
we finally obtain [98]
, . 2.5
_ ee [2nh L . [1+ 3ksT
m%C3h2 kBT /TT‘LxTleTT‘LZ g ZEg(T) '

where m, = m,, + my, and so on. It can be see that for the calculation of the radiative
recombination coefficient B the matrix element M? and the temperature are important
parameters.

For simplicity, in many experimental papers [99-101], the following simplified equation
for the B coefficient is used

a0 (9 ()" - (59 e

The value of B is much larger for direct than for indirect bandgap materials. For instance,
B~2x1071° cm?/s for GaAs and is about 1x107'> cm3/s for silicon at room
temperature [92]. A detailed calculation indicates that B also weakly varies with doping
level and carrier concentration [102].

If the radiative recombination is the dominant process, the PL decay time (7) is related to
the recombination coefficient by © = 1/Bn. A study on the temperature dependence of
the radiative recombination coefficients and PL lifetime on temperature of GaAs/AlGaAs
quantum well structure [103] show that the radiative recombination rate decreases one
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order of magnitude from 2 x 10° cm3/s at 15 K to 1.7 x 10*® cm3/s at 300 K and the
corresponding lifetime increases from 0.4 ns to 5.2 ns. In a nanowire of large enough
diameter, the B-coefficient decreases with T—3/2 which implies that the nonradiative SRH
and surface recombination become dominant at room temperature.

2.2.2.2 Shockley-Read-Hall and surface recombination

Shockley-Read-Hall (SRH) recombination describes a process in which minority carriers
are captured into nonradiative recombination centers, located within the forbidden gap
[90, 91]. The SRH recombination can be described by the following equation [92]

0,0, Ven Ne[pn — n?] 2.7
pYnYthVt i -3 -
Rsry = EE; 55 (cm°s™)
Gn[n+nie kT ]+ap p +nje kT ]

Here, N, is the volume density of deep trap levels; and o, and o, are the electron and
hole capture cross-sections, repectively. E; is the energy level of the trap; n and p are
electron and hole concentrations; v, is thermal velocity and E; is intrinsic Fermi level.

The trap level in equation 2.7 can be either a nonradiative recombination center due to
an impurity or a crystal defect [104]. The maximum recombination rate occurs at trap
levels near midgap. If the energy level E, lies near E, or E,, a captured electron and hole
can be thermally activated to the conduction band or to the valence band and Rggy
drops many order of magnitudes compared to that of midgap centers.

If the electron-hole pairs are optically injected with a volume density p, we obtain an
electron density of n = ny + p, and a hole density of p = p, + p. If we define the SRH
lifetimes 7, = 1/0,N,vy, and t, = 1/0,N,vy, and use N for the majority carrier
concentration, the SRH recombination rate approximated as

[pN + p?] 2.8
Tmin [N + P] + TmaxP

Repy =

Where 7,,, and 7., are minority and majority carrier lifetime respectively. For low
injection p < N, equation 2.8 can be simplified to Rsgy = p/Tmin. Therefore, for low
injection levels, the SRH lifetime is determined solely by the capture of minority-carriers
into nonradiative recombination centers.

The surface of a semiconductor NW also provides an inherent source of deep-level traps.
The surface states are caused by dangling bonds at the surface due to the interruption
of the crystal periodicity, or by impurity atoms such as carbon or oxygen. Ahrenkiel
presented a calculation for the recombination rate at the surface of a slap of a



24

semiconductor material with a thickness d, assuming that surface states are single level
SRH traps [92]

2 v N, 2 28
Ry == thVstPs =R, == p, (cm3s7h) 29
d1+%cosh—Et_Ei d d
N kT

Here, R, is the volume recombination rate and Ry is surface recombination rate. p is the
minority carrier density, Ng; is the surface state density, n; is the intrinsic density, N is the
majority-carrier density, E; is the energy of the trap, E; is intrinsic Fermi level at the
surface, and S is the surface recombination velocity which is given by

ththt 2.10

S =
an’ Et — Ei
1+ N cosh T

Near midgap, equation 2.10 can be rewritten to be

S = ovy Nyt 211

In the presence of the surface band bending with a surface potential of V; (“+/-" sign for
downward/upward band bending), the surface recombination can be rewritten as
S = ovep Ny exp(—eVs/kpT).

In summary SRH and surface recombination rates depend strongly on the density of
recombination centers as well as their capture cross-section, and are linear with injection
levels. In contrast to the radiative recombination rate, which decreases with increasing
temperature, the SRH and surface recombination rates increase with increasing the
temperature [105]. For instance, the A coefficient increases from 5.5 x 10 to 1.9 x 10° s™
from 6 to 300 K for an InGaN/GaN dot-in-a-wire nanoscale heterostructures [97].

2.2.2.3 Auger recombination

Auger recombination is a three body process, in which an electron and a hole recombine
and the released energy is transferred to another electron or hole (Figure 2.3). The net
Auger recombination rate can be expressed as

RAug = Cn(pnz - nnlz) + Cp(npz - pnlz) 2.12

Here, Ry,g is the Auger recombination rate, C, and C, are the Auger coefficients, which
represent the energy transfer rate of the minority carriers. Auger processes are most
dominant when the carrier concentrations are high, such as in a low bandgap
semiconductor, in highly doped materials, or at very high excitation. For the same
reason, Auger recombination becomes more important in indirect semiconductors such



Chapter 2 25

as silicon than in direct semiconductor (due to slow radiative recombination in indirect
bandgap materials). The minority carrier lifetime in intrinsic crystalline silicon is
dominated by the Auger process at injection levels exceeding 1 x 10'7cm™. The Auger
recombination process is also relevant at high electrical injection levels in lasers or LEDs
[92]. Measurement of the Auger coefficient by a variety of techniques has yielded values
in the range of 0.35-2.0 x 103° cm®/s for GaN and InGaN [97], and 4 x 10 cm®/s for an
Ing4GapeAs/GaAs quantum dot. For the NW geometry, the Auger recombination rate in
GaN/InGaN heterostructures was found to be of several order of magnitude smaller
(~1073% cm®/s) than in bulk due to lower amount of defect-assisted Auger recombination
in a NW [95, 97]. For bulk InP, the Auger recombination was found to be 9 x 103! cm®/s
[81]. The Auger coefficient for InP NWs has not been reported so far.

2.2.2.4 Minority carrier lifetime in semiconductor nanowires

We now discuss which parameters determine the minority carrier lifetime. We express
the photogenerated carrier concentrations per unit volume at the time t as An(r,t) =
n(r,t) —ny for the electrons and Ap(r,t) = p(r,t) — p, for the holes. The solution for
An(x,t) is derived by solving the time-dependent continuity equation. The continuity
equation can be reduced to a time-dependent diffusion equation for quasi-neutral or
field-free regions.

dAn(r,t An(r,t

Here, D is the minority carrier diffusion coefficient, and 7 is the recombination lifetime.
The minority-carrier density depends on both the minority-carrier lifetime and the
diffusion rate out of the active region. The minority-carrier density is therefore structure
dependent.

For semiconductor NWs, we assume that the geometry is approximated by a cylinder of
infinite length. To calculate the surface recombination velocity, we follow the methods
derived in references [106] and [107]. The continuity equation describing the carrier
concentration profile is given by

oAn(r,t) 0%An(r,t) An(r,t) 214
=D —
ot 6r2 Thulk

Where ris the radial coordinate and 7, is the electron lifetime within the bulk volume

of the NW. The net flow of carrier toward the surface, which is equal to normal
dAn(r,t)
F}

component of the classical diffusion —D , should be equal to the surface
recombination rate. Therefore equation 2.14 is subjected to the following boundary

condition [108]
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JdAn(r,t
D (r,t)

= lyar, = =S, D) 215

Where r, is the diameter and Sis the surface recombination velocity of the NW. The
solution of this equation is given by an exponential time decay of the carrier density,
with a lifetime

T  Tpuik

+2(S,D,7) 2.16

which satisfies

DAJ;(Arg) = Jo(Arp), 217

Where ], and J; are 0t" and 15 order Bessel functions of the first kind. For S « D/r one
can use the small argument behavior of the Bessel functions (J,(B) = B, /2™n!). We
have Jo(8) = 1, J,(B) = B/2. By using this approximation, equation 2.16 can be
simplified to

1 1 28 1 48
L 218

T Tpuk To Towk d

Where d (= 2ry) is the diameter of the NW. The total recombination rate is therefore
strongly determined by the surface recombination velocity and the NW diameter. The
details of the recombination processes within the bulk volume of the NWs (z;,,;x) as well
as the surface recombination velocity (S) will be discussed in the following sections

2.2.2.5 Summary of the main recombination processes in nanowires

Due to small dimensions and very high aspect ratio compared to bulk or a thin film, a
NW is very sensitive to the surface and surrounding environment, which is good for
sensor applications. For photovoltaic applications, however, the surface recombination
velocity can be detrimental for the minority carrier lifetime. As presented earlier in this
chapter, the minority carrier lifetime in a NW can be rewritten as

11 45 1 1 1 219

—_ = —_ =t — 4 —
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Where 7, the radiative band-to-band recombination time, 7, is the nonradiative
recombination time due to SRH or Auger processes and 7, is due to the surface
recombination.
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In order to evaluate the role of each recombination processes, we assume that the NWs,
which are used for a NW solar cell have a cylindrical geometry with 100 nm diameter, 2
um length and a surface recombination velocity S = 5 x 103 cm/s. The resulting lifetime
due to the contribution from surface recombination is then z; = 0.5ns. From equation
2.19, the minority carrier lifetime is shorter than t4. Since the room temperature PL
lifetime of a III-V semiconductor such as InP and GaAs is in the range of tens of ns to a
few ps, the short lifetime due to surface recombination is expected to limit the
performance of NW based devices such as solar cells or LEDs.

Surface passivation is important for NW photovoltaics. For instance, GaAs is normally
subject to very high surface recombination (10% cm/s), which will result in a picosecond
minority carrier lifetime. This lifetime is too short so that the diffusion length L =D ~
100 nm (assuming a diffusion constant of D = 100 cm?/s [109]), which is not enough for
the minority carriers to efficiently diffuse to the depletion region. By capping a GaAs NW
with an Al,Ga;,As shell, as commonly done in double herterostructures, the minority
carrier lifetime can be substantially increased, up to a few ns. For InP, the effect of the
surface is less detrimental. InP NWs can emit brightly at room temperature even without
any surface passivation. A recent work by the Jagadish group [110] suggests an ultra-low
surface recombination velocity of 170 cm/s in InP NW with WZ/ZB mixed phases
measured by optical-pump THz probe technique. The conductivity carrier lifetime is
measured to be 1ns, even while the PL lifetime is in the range of 30 ps. However, it
should be mentioned that this measured low surface recombination rate is due to the
fact that electron and holes are quickly spatially separated and trapped to thin ZB and
WZ layers, respectively. However, this kind of carrier trapping is localized and will also
reduce the carrier mobility [111, 112] and thus degrade the performance of a NW solar
cell. Very recently, the PL lifetime of pure WZ NWs (diameters of 200-400 nm) reported
by the same group is ~ 1.5 ns at room temperature [113]. However this lifetime is still an
order smaller than that of the bulk InP (20-40 ns) [114].

2.3 Measurement of photoluminescence and carrier lifetime

The external luminescence efficiency is an indicator for the internal optical losses at
open-circuit condition in a solar cell [71]. In this thesis we use photoluminescence (PL)
and time resolved PL (TRPL) measurement techniques to study the optical quality of
single NWs and ensembles of NWs for solar cell applications.

The PL emission of a semiconductor NW contains a wealthy source of information about
the material properties, such as the carrier lifetime, the bandgap energy, the quasi-Fermi
level splitting, and the impurity levels [115, 116]. A PL measurement is a very efficient,
contactless and nondestructive method to examine the optical properties of a
semiconductor NW at different stages of development. In this thesis we extensively use
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micro-photoluminescence  (u-PL) and time-resolved photoluminescence (TRPL)
measurements to study the structural and optical properties of various semiconductor
NWs.
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Figure 2.5. Schematic of the micro-photoluminescence (PL) and time-resolved PL
(TRPL) setup. Samples are mounted in the optical cryostat. The live video recorded
by the camera allows us to find and focus the laser spot on a single nanowire. The PL
signal is excited and collected by the same microscope objective. The time-
integrated PL spectra are measured by CCD or InGaAs array detector and the TRPL is
measured by a single photon detector (SPC) connected to a time-correlated single
photon counting module (TCSPC).

A schematic of our p-PL setup is shown in figure 2.5. Long working distance 0.45/0.7NA
objectives with 50x/100x magnification are used to image the NWs. The NW sample is
loaded into a He flow optical cryostat. The cryostat is mounted on a x-y translation stage
for rough positioning and the objective is mounted on a piezoelectric actuators driven
stage for fine positioning in x, y, and z directions with an accuracy of 30 nm. Various
laser sources are used for PL studies including continuous wave (CW) diode lasers
operating at 405 nm, 532 nm, 632 nm as well as pulsed lasers with repetition rates of 5,
10, 20, 40, 80 MHz and a wavelength of 420 nm and 635 nm. For some experiments, a
tunable Ti-Sa laser is used. The image of the NW is projected on the entrance slit of a
triple grating SP2500A (50 cm) or SP2300i (30 cm) spectrometers (Princeton Instruments).
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The SP2500 is equipped with a 2014x512 pixels electrically cooled CCD camera and a
liquid-nitrogen-cooled InGaAs detector array. The CCD detection wavelength is in the
range from 200nm to 1000 nm and the InGaAs detector works efficiently in 1000-1700
nm spectral window. These detectors are used for PL imaging and time-integrated PL
measurement.

In order to perform the PL measurement on individual NWs, we transfer the NW to a
host substrate such as SiO, wafer or a TEM grid. The samples are first checked with an
optical microscope (figure 2.6a) and then mounted onto the cold finger of the cryostat.
A camera is used to record live video from the optical microscope, which allows us to
easily find and focus the laser spot (with a size of about 1 pm) on individual NWs, with
the help of the piezoactuators. The laser spot can also be scanned along the NW axis to
measure the PL from different parts of a single NW. The optical image of the NWs and
laser spot recorded by our PL setup is shown in figure 2.6(b).

C —

Figure 2.6. (a) Dark-field optical microscopy image of InP nanowires horizontally
transferred to a SiO; substrate. (b) Bright field image of a number of nanowires and
the laser spot (~ 1 um) taken by the camera of our micro-photoluminescence setup.
The scale bars are 5 um.

The time-resolved photoluminescence (TRPL) measurements are carried out by using a
time-correlated single photon counting (TCSPC) module. This module measures the time
delay between the sample excitation by a laser pulse and the arrival of the emitted
photon at the single photon detector (SPD). TCSPC requires a defined “start”, provided
by the electronics steering the laser pulse or a photodiode, and a defined “stop” signal,
realized by detection with single-photon sensitive detectors [117]. The measurement of
this time delay is repeated many times and the delay times are sorted into a histogram
that plots the time distribution of the emission after the excitation pulse. In this thesis a
50 x 50 pm? single photon avalanche photodiode (SPAD from Picoquant) is employed.
The output signal is sent to channel 1 of a Picoharp 300 TCSPC module. The trigger
signal (channel 0) comes from the pulse laser. The total resolution of the system is 100

ps.






Chapter 3

Improving material quality of InP

nanowires for solar cells

This chapter discusses the approach to obtain high material quality InP nanowires for
solar cells. First we focus on crystal phase purity by using different growth parameters
such as the size of the catalyst nanoparticle and the growth temperature. In order to
improve the optical and electrical properties of the InP nanowires, high temperature
growth is employed in combination with HCl in situ etching. This dramatically reduces
the incorporation of impurities and suppresses nanowire tapering. A minimal amount
overgrowth on the sidewall of the NWs (even with the use of HCl in-situ etching) can
finally be removed by post growth cleaning using piranha etching. These steps are
essential for the fabrication of high efficiency nanowire solar cells.

3.1 Introduction

Direct bandgap II-V semiconductors are widely used for numerous optoelectronic
applications. III-V semiconductor nanowires (NWs) have recently been extensively
investigated as a platform for high performance devices [118] including solar cells [6, 76,
8, 62, 57, 56, 119, 120], nanolasers [113, 121-123], light-emitting diodes [124, 125] and
sensitive photodetectors [4, 126]. One important advantage of NW structures is that they
have small dimensions, which allow them to accommodate strain better than planar
structures. Therefore, the lattice-matching constraint is strongly reduced when we
combine different semiconductor materials within a single nanowire, as required for a
tandem NW solar cell. According to a theoretical calculation [127], tandem NW solar
cells with multiple axial junctions in the lattice-mismatched system can achieve energy-
conversion efficiencies of over 50 %. Moreover, it enables the integration of II-V
materials with existing silicon technology. NWs also use much less expensive material
compared to bulk or thin film counterparts and therefore they can thus strongly reduce
the material cost.
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Despite the abovementioned advantages, the bottom-up growth of semiconductor NWs
usually leads to lower material quality compared to that of thin film or bulk growth. NWs
often contain random stacking faults, incorporate higher amount of unwanted impurities
(MOVPE growth), and are subject to high surface recombination velocity due to high
surface to volume ratio. For most of optoelectronic applications, excellent material
quality is essential to obtain high device performance. The material quality and the
control of the growth of NWs are currently the main challenges which limit the efficiency
of the NW devices as compared to their planar counterparts. Therefore, improving the
NW material quality is an important step toward high efficiency NW solar cells.

InP NWs are a good candidate for high-efficiency solar cells and other optoelectronics
devices since InP has a very low surface recombination velocity and an ideal band gap
energy. Many recent efforts were devoted on the growth of high quality InP NWs,
especially on the perfection of crystal phase and the control of the morphology, the
doping levels, and the elimination of unwanted impurities. In this chapter, we focus on
several key aspects to improve the material quality for high efficiency NW solar cells,
including the elimination of crystal phase defects, the reduction of unwanted impurity
and tapering, and the surface cleaning passivation. We demonstrate that these steps are
essential for high performance NW photovoltaic devices.

3.2 Experiment

In our studies, InP NWs wires are grown by vapour-liquid-solid (VLS) mechanism on
(111) and (100) InP substrates in metalorganic vapor phase epitaxy reactors (Aixtron 200
or Aixtron CCS) by using Au catalysts. Various growth parameters such as the size of Au
seeds, the growth temperature, and the V/III ratios were investigated. The growth
temperature is varied in the range from 420 °C to 560 °C. The detailed growth
conditions will be mentioned for each batch of samples in the next sections.

The morphology and growth direction of NWs are examined by using scanning electron
microscopy (SEM) and the crystal structure and quality of single NWs are investigated by
transmission electron microscopy (TEM). To study the optical properties of the NWs, we
use micro-photoluminescence (u-PL) and PL lifetime measurements. Those
measurements give us insights into the material quality of the NWs and therefore
provide us an effective way to optimize the growth of high efficiency NW solar cells. In
order to perform micro-photoluminescence (u-PL) and PL lifetime measurements NWs
are transferred to a thermally oxidized Si wafer. The samples are then mounted on a cold
finger of an optical flow cryostat which allows us to vary the temperature from 4 K to
300 K. The PL emission is excited and collected through a 100x long working distance
objective with numerical aperture of NA = 0.7. A continuous-wave diode laser (635 nm)
and a pulse diode laser (635 nm, repetition rate in the range 5-80 MHz) are used as
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excitation sources. The time-integrated PL is detected by an electrically-cooled CCD
camera and the PL lifetime is measured by a single photon avalanche photodiode (SPAD)
connected to a time-correlated single photon counting (TCSPC — Picoharp 300) module.
The final timing resolution of the system is 100 ps.

3.3 Improving material quality of InP nanowires for solar cells
3.3.1 Structural and optical properties of InP nanowires

Bottom-up III-V semiconductor NWs grown by VLS method are usually polytypic, with
successive arrangements of zincblende (ZB) and wurtzite (WZ) crystal phase segments
along their axis [128]. The atomic stacking sequence of ZB along the <111> direction is
AaBbCcAaBbCc (or ABCABC) and of WZ along the <0001> direction crystal structure is
AaBbAaBb (ABAB) as illustrated in figure 3.1 (a). There are two common crystal defects
in NWs: twins and stacking faults. Twins are formed as the interface between two ZB
segments mutually rotated by 60° around the <111> growth direction. The twin plane
(TP) can also be regarded as a single monolayer of WZ. Periodic arrangement of TPs
along <111> direction in a NW is called ZB twinning superlattice (ZB-TSL), as illustrated
in figure 1(c). A stacking fault refers to the local interruption of the regular stacking
sequence, where the regular stacking sequence continues after each stacking fault.
Figure 3.1(b) and (c) show schematically a ZB InP stacking fault in a WZ NW and a ZB
twinning superlattice structure.

Due to the difference in electronic band structures of ZB and WZ phases, the optical and
electrical properties of the two are different. Theoretical calculations and experimental
studies show that WZ InP has a zero temperature bandgap energy of about 1.504 eV,
which is higher than that of the ZB InP (1.42 eV) [129, 130]. The two crystal phases show
type I band line-up with band offsets shown in figure 3.1(b). The PL spectra of a ZB and
a WZ InP single NW are presented in figure 3.2(a). It can be seen that the WZ NW
exhibit a dominant free exciton peak at 1.494 eV (FWHM =11.6 meV) and ZB at 1.415 eV
(FWHM of 9.5 meV). A donor-acceptor (D-A) impurity peak at about 35-40 meV below
the bandgap peaks are clearly observed for both types of NWs. Those impurity peaks are
often pronounced at low excitation power (~ 1 W/cm?) and become saturated at high
excitation, normally above 100 W/cm? depending on the sample quality. The relative
intensity of the bandgap peak with respect to the D-A peak as well as their PL linewidths
can provide us useful information about the crystal phase and the impurity level within
the NWs.



34

(a) Zincblende A Wurt2|te
4
oo, & 5 :
‘ Aa v 8 o
. jl S Y
Cc IAa
? 8 M «. A
w > " \#v‘\{o '
° °
%0 80, 9, 0, ,o
© Group Il ©Group V
b o o o [
( ) <0001> —a—R °. 4 °- 9 °., < °.
" e . > 0 o. o 9 »—Q 0
°. o °o o 9 °. 0. ) i o. 0. °-—d. o. o.
o »—O o 0 o o K r— o —Q °
'S 40 Q °} 0 0—0 5 °’ 9 K % < PR
-0 |2 o o o
] —Q o0 ° g’ 2 o—o. a. L] QFO.—Q‘. o
g ‘ko ‘. 0- ‘o d _P—O’ °_ R & 4;. Q. 2
----------- 51 1 129 mev
W<Z
1.5eV ZB WZ-ZB
. 1.42 eV
45 meV ! '

Figure 3.1. Schematics of (a) zincblende and wurtzite crystal structures, and (b) thin
zincblende stacking fault in wurtzite InP. The corresponding band diagram is shown
below. (c) Zincblende twinning superlatice (ZB-TSL) containing a periodic sequence
of twin planes (TPs).

A type II band alignment between WZ and ZB is predicted. This leads to trapping of
electrons (holes) in WZ (ZB) stacking faults in mixed phase InP NWs and type II transition
across the ZB-WZ interface, as indicated in figure 3.1(b). According to theoretical
predictions these transitions have energies ranging from 1.371 eV to 1.545 eV depending
on the band line-up between WZ and ZB InP [129, 131]. In our experiment, the typical
energy of such transition is in between the ZB and WZ bandgaps as seen in figure 3.2. A
type II transition has a lifetime in the range from a few to tens of nanoseconds [131,
132], which is about one order of magnitude higher than that of the WZ and ZB free
exciton peaks due to the spatial separations of electron and holes at both sides of the
ZB-WZ interfaces.
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Figure 3.2. Low temperature PL spectra of a single zincblende (ZB), a single wurtzite
(WZ), and a single ZB-WZ mixed-phase InP NW at an excitation density of 100
W/cm?. The PL from ZB and WZ shows bandgap related emissions and impurity
related (D-A) peaks at about 35-40 meV below the bandgap peaks. The mixed-phase
WZ-ZB NW shows a broad emission in between the WZ and ZB band gap. This is due
to type Il band alignment between the two crystal phases.

For solar cell applications, the uncontrolled crystal phase mixtures can strongly affect the
performance of the devices. Both theoretical and experimental work has shown that
twins and stacking faults can induce trapping [111, 131] and scattering of both charge
carriers [133-135] and phonons [136]. For instance, the carrier mobility of InP NWs is
significantly lower than values reported for optimized bulk InP due to enhanced carrier
scattering at ZB-WZ boundaries [112, 110] even when the surface recombination is low
(170 cm/s) [110]. On the other hand, formation of stacking faults also induces the
incorporation of unwanted impurities on the sidewall of the NWs [27, 62]. Therefore, the
elimination of stacking fault is important to enhance the carrier mobility [112] and
reduce the impurities at the sidewall of the NW.
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3.3.2 Crystal phase purity in nanowires
3.3.2.1 Growth temperature dependence of stacking fault density

The crystal structure of a bulk III-V semiconductor depends on its ionic characteristics
[128]. A higher ionicity induces larger attracting Coulomb forces and thus favours shorter
bond length. The WZ crystal structure is thus favoured for materials with high ionicity
(GaN, InN, AIN), and the ZB structure is favoured for other III-V materials (InP, InAs, GaP,
GaAs). Materials with moderate ionicity, such as InP, InAs, GaAs, GaP, tend to form
stacking faults when they are grown by using metal particle-assisted VLS growth. The
reason for the transitions between ZB and WZ is still under debate though. Recently,
extensive efforts have been devoted to achieve pure and controlled crystal phase <111>
NWs. There are several key parameters that affect the crystal phase of an InP NW,
including the diameter of the catalyst seeds, the growth temperature, the III-V ratio and
the use of dopants.

Both theoretical models and experiment work show that a smaller diameter NW favours
the WZ crystal phase. In our studies, when we reduce the size of Au catalyst particle to
20 nm, the crystal structure is mainly WZ with a NW diameter of about 70 nm. A TEM
image of an InP NW grown with a 20 nm catalyst at 500 °C is shown in figure 3.3(a). At
this growth temperature, the NWs still contain a considerable amount of ZB stacking
faults. The number of stacking fault can be reduced further by decreasing the diameter
of NW. However, a too small diameter NW is not desirable for a high solar light
absorption which is important for a high efficiency solar cell. An alternative approach
would be to increase the growth temperature. This has two benefits. Firstly, we can
achieve higher quality and more pure crystal phase InP NWs. Secondly, the residual
impurity incorporation level will be dramatically reduced at higher growth temperature.

Figure 3.3(a) and (b) present the TEM images of two typical WZ InP NW grown by using
20 nm Au catalysts at same V-III ratio of 400, but at different grow temperatures. The
NW grown at 500 °C shows mainly WZ crystal structure with a high number (~ 30 per
micron) of stacking faults while the NW grown at 540 °C shows an almost pure WZ
structure with only a few stacking faults (~ 0.6 per micron).

The low temperature PL measurements on an ensemble of NWs show a similar trend.
The normalized PL spectra of typical InP nanowires from those sample are plotted in
figure 3.3(c). As discussed above, the PL linewidth is a good indication of the
randomness of the ZB stacking faults in a WZ InP NW. When the growth temperature
increases from 480 °C to 540 °C, the PL line width decreases from 55 meV down to 10
meV. A higher growth temperature is thus a viable approach to eliminate stacking faults
in WZ InP NWs. The growth temperature also strongly affects the photoluminescence
efficiency and the photoluminescence lifetime of the NWs, which will be discussed later
on in this chapter.
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Figure 3.3. TEM images of InP NWs grown by 20 nm Au seeds at (a) 500 °C and (b)
540 °C. NWs grown at 540 °C are almost stacking-fault-free while the one grown at
500 °C still contain a relatively high density of stacking faults. (c) Typical PL spectra of
NWs grown at 480, 500, 520 and 540 °C measured at 4K and 105 W/cm? excitation
density. The inset of (c) shows the corresponding PL linewidths.

3.3.2.2 Exploring alternative growth directions

While the most favorable growth direction of the III-V NWs is <111>B, they can also be
forced to grow in different crystallographic direction. This approach can be employed to
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obtain pure ZB crystal structure for NW grown in <001> direction because it is more
difficult to form a rotational twin in this growth direction [137, 138].

A square array of Au particles with a diameter of 50 nm and a pitch of 500 nm was first
patterned by electron beam lithography. Our <100> InP NW samples were subsequently
fabricated in a horizontal MOVPE system (Aixtron 200) on Sn-doped (100) InP substrates.
The growth was carried out at 460 °C and a V/III ratio of 229. The total growth time for
these NWs was 15 minutes. Figure 3.4 presents a bright-field TEM image, a high
resolution TEM image and the PL spectra of single InP NW grown along <001> crystal
direction. The NW is pure ZB without any stacking fault and slightly tapered. This
stacking-fault free NW yields a narrow PL line width of only 2.3 meV at 2.4 W/cm? (and
8.1 meV at 100 W/cm?). This result implies that <001> NWs can provide high material
quality for high efficiency solar cells.
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Figure 3.4. (a) Bright-field TEM image of a [100] InP NW. (b) High resolution TEM
image of the boxed area. The inset shows the Fourier transform of the HRTEM
image, displaying a [001] zone axis pattern. The PL measurement (c) shows a very
narrow free exciton line with a width of 2.3 meV at an excitation density of
2.4W/cm?, indicating an excellent crystal quality. The scale bar is 100nm for (a) and
5nm for (b).

However, one drawback of the <001> NWs is that the growth direction is less
favourable. Growth of InP NWs on (001) substrates often exhibits a poor vertical yield.
The percentage of vertical wires can be improved by using poly-L-Lysine surface
treatments prior to the growth [137]. However, this treatment can contaminate the NWs
with carbon impurities, which then degrade the materials quality. Recent result by Wang
et al. has demonstrated that by filling the catalyst droplet with In to equilibrium
composition prior to the NW growth initiation, a vertical yield of higher than 90% can be
achieved without using poly-L-Lysine [139], which makes the <001> NWs promising for
solar cell applications.
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3.3.3 Reduction of incorporated impurities
3.3.3.1 High growth temperature and in-situ HCl etching

High growth temperature yields better optical quality. However, unintentional radial
growth on the NW sidewall becomes significant at high temperature. This shell growth
results in tapered NWs and can degrade the device performance by short-circuiting
axially designed structures [140]. Sidewall growth, at a temperature lower than the
normal bulk growth, often leads to incorporation of impurities, which can act as
recombination centres for charge carriers. Borgstrom et al have shown that /in situ
etching by using HCI [19, 20] can prevent tapering, even under growth conditions, which
would otherwise lead to strong radial growth.

With HCI

Figure 3.5. SEM images of InP NW samples grown (a) with and (b) without using HCI
in situ etching. The sample grown without HCI shows NWs with a pyramidal shape
due to vapor solid (VS) growth on the sidewall at a high growth temperature of 540
°C while the sample grown with optimal HCl flow shows a non-tapered smooth NW
surface.

SEM images of two InP NW sample grown at the same growth condition at 540 °C with
and without HCl are shown in figure 3.5. The sample grown with optimal flow of HCI
show straight and non-tapered morphology while the sample grown without HCl shows
pyramidal shapes. It is still under debate whether Cl atoms also passivate the surface of
the NW during the growth and further reduce the incorporation of unwanted impurities.

The growth of high quality bulk InP by MOVPE is usually carried out at a growth
temperature above 600 °C [141]. However, InP NWs are usually grown at a much lower
temperature [142] (420 — 480 °C). Now we study the effect of a higher growth
temperature on room-temperature PL intensity and PL lifetime of single <001> NWs by
using identical growth parameters, except for the growth temperatures. We have chosen
to study <001> NWSs because they have the pure ZB crystal phase for all growth
temperatures, allowing to directly compare the PL intensity and the PL lifetime
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measurement. We compare the room-temperature PL instead of low temperature PL
because the effect of non-radiative processes due to incorporated impurities on PL
efficiency is more pronounced at room temperature.

LT % I ¥ I i I I . I

RT ‘)’:‘“\,“"M‘. RT
200k F 10 kwiem| 100k i \;“m 1 kW/ecm®
X w,:‘m_ 40 MHz ]
" ¥
2 150k J & MM‘*T’“
2 560 °C| > "y, W 0.44 s
> S 10 Ny E
2 > Wi
L, = f M“{\W\
2100k 2t i ™
D g 0.23 nsy M
o= C + | |
-9 i : J ‘ ” |
£ 1..— If -
= 50k - ;'ul“‘ ——500°C | " ‘ LRI I ‘IE
| 520 °C] | —s2oec) T ‘
M (o [0 WA
500 °C 560 °C T ;
0 1 A 1 1 1 N 1 1 1 " : " 1 N 1 L 1 “Itl LAl
126 1.32 138 144 150 156 00 05 10 15 20 25
Energy (eV) Delay (ns)

Figure 3.6. Influence of growth temperature on the room temperature
photoluminescence (PL) intensity (left) and PL lifetime (right) of <100> InP NWs
grown at different temperatures. The offsets are added for clarity. The PL intensity
increases 5.4 times and the PL lifetime doubles when the growth temperature
increases from 500 °C to 560 °C. The small peaks superimposed on top of the broad
PL spectra are artefacts resulting from interference within the CCD.

Figure 3.6 shows typical room-temperature PL and time-resolved PL spectra of <001>
InP NWs. It is clearly observed that the PL intensity is enhanced by 5 times and the PL
lifetime is doubled when the growth temperature is raised from 500 °C to 560 °C. A low
temperature PL study on these samples (not shown here) exhibit a sharper ZB bandgap
and D-A peaks for sample grown at 560 °C compared to the sample grown at 500 °C.

3.3.3.2 Post growth surface cleaning and removal of impurities

The use of in-situ HCl etching can significantly reduce the sidewall growth at high
temperature. However, in many cases, the complete elimination of the sidewall growth is
not fully achieved. Figure 3.7(a) shows TEM images of a ZB twining supper lattice (ZB-
TSL) InP NW grown by using 80 nm gold seeds at 540 °C. The precursor molar fractions
for the indium and phosphorus sources was chosen to be xmwi= 5 x 10 and Xpn3 = 2 X
107 respectively, giving a V/III ratio of about 400. To avoid tapering, HCl was introduced
after a 15s nucleation step using a molar fraction of xuc = 5 x 10°. The NWs have flat
sidewalls and do not show any visible tapering.
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As explained by Algra et al. it is mandatory that during the growth of a ZB-TSL, saw-
tooth facets, consisting of alternating {111}A and {111}B facets, are formed [143]. It is
remarkable that our ZB-TSL NWs clearly show flat facets, as can be seen in Figure 3.7(a)
and (b). This can be explained by the overgrowth of the original {111} side facets to form
flat and stable {110} sidewalls [144]. Together with the fact that imaging was performed
along the <110> zone axis, this proofs that we have {110} side facets, as reported earlier
in reference [144].
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Figure 3.7. Removal of the excessive impurity incorporation as introduced during
vapor-solid (VS) growth on the sidewall of zincblende (ZB) InP NWs. (a) TEM images
of a ZB twinning super-lattice (ZB-TSL) InP NW showing a flat side wall instead of the
sawtooth morphology (typical morphology of ZB-TSL NWs) due to VS growth. The
contaminated sidewall can be completely removed by piranha etching, resulting in a
clean PL spectrum as illustrated in (c).
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A possible explanation for the overgrowth might be that the polar {111} facets are more
difficult to passivate with Cl compared to {110} facets. This could lead to two situations:
1) layer-by-layer sidewall growth of the (unpassivated) {111} facets, leaving the outer
morphology unchanged. This is contradictory to our observations, or 2) a rapid
formation of {110} nano-facets on the VLS-grown {111} side-facets. Growth will now only
proceed by expanding the passivated {110} nano- facets and will fully stop as soon as
the flat side facets are obtained. The fact that no tapering is observed supports this
latter hypothesis. The investigation of such a side facet dependent passivation goes
beyond the scope of this chapter. The fraction of InP material that overgrows the corners
between the original {111} side facets to create the flat {110} sidewalls are colorized
green in the high-resolution TEM image in figure 3.7(b).

We have performed PL measurements on single NWs of this sample at a low excitation
power of 10 W/cm? at 4 K to highlight the impurity emissions. The PL spectrum (red
curve in Figure 3.7(c)) exhibits a main peak at 1.414 eV which is attributed to free-exciton
emission. The broad emission at about 1.38 eV is attributed to donor-acceptor pair
recombinations (D-A), which are likely from impurities incorporated during the vapor-
solid growth on the sidewall. We prove this assumption by removing the overgrown shell
of the NWs.

The shell of the ZB TSL NWs is removed by a 5 seconds etching in a Piranha solution
with an etch rate of approximately 2 nm/s. This reduces the NW diameter from
approximately 200 nm to approximately 180 nm. From a geometrical perspective, the
shell is estimated to have a thickness between 10 and 17 nm, depending on the spacing
of the twin planes in the TSL. This leads to the etching of almost the complete
contaminated shell. The PL spectrum of the post-growth-etched NW is presented (blue
curve) in figure 3.7(c). This spectrum was measured at exactly the same measurement
conditions as the spectrum of the NW before etching. It is clearly seen that the D-A
emission is almost completely removed, resulting in a high quality PL spectrum, which is
now only dominated by a band gap-related peak. This means that the VS growth on the
sidewall contains a large amount of impurities which can be removed by post-growth
etching. We will show later that this treatment also allows the surface cleaning of NW
solar cell for significantly improving the efficiency of a NW solar cell.

3.3.4 Improving the material quality for nanowire solar cells

The NW solar cells in our group are fabricated by using a two dimensional square array
of axially grown p-n NW junctions on <111> InP substrates (diameter of about 100 nm
and pitch of 513 nm). The NWs are grown in an Aixtron CCS MOVPE system using
trimethylindium (TMI) and phosphine (PHs) at 450°C. HCl is introduced at a 2.83x10°°
molar fraction to reduce radial growth. Diethylzinc (DEZn) and H.,S are used as p-type
and n-type dopants. The total growth time is 19 min, resulting in a NW length of 2.3 ym
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with the p-n junction located at the middle part of the NWs. TEM studies (figure 3.8(a))
indicate that the n-part has dominant WZ crystal structure with ZB stacking faults and
the p-part shows a ZB structure with many twin planes (about 10-15 nm spacing) due to
the different effect of H,S and DEZn during the growth [143, 145].
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Figure 3.8. TEM images of p-n junction in InP NWs before (a) and (b) after surface
cleaning. Room-temperature PL lifetimes (c) and (d) of p-InP and n-InP NWs before
and after etching and after surface passivation by SiO,, showing a strong
improvement in both the PL intensity and PL lifetime.

It is noticeable in figure 3.8(a) that a very rough surface is observed on the sidewall of
the p-doped NW section. We observe large extrusions or side-branches, as shown in the
red circles. Each of them contains many stacking faults. The formation of the extrusions
is related to the presence of HCl during InP growth and can be tuned with DEZn dopant
concentration. These extrusions with poor crystal quality are a source of non-radiative
recombination, which is detrimental to solar cell performance. Figure 3.8 (b) shows that
piranha etching can effectively remove these extrusions, resulting in clean <111>

sidewalls without visible defects.
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To gain understanding on the effect of piranha etching on the optical properties, room
temperature PL lifetime measurements on NWs transferred onto a thermally oxidized Si
wafer were performed. For this study p-doped and n-doped InP NWs were grown
separately using the same growth parameters as for the p-n junction. These NWs were
also etched by piranha for 25 sec, and capped with a 40 nm thick SiO; shell. These
processes are kept identical as for the solar cell fabrication. The lifetime of p-type NWs
before piranha treatment is below the instrumental resolution of 0.1 ns. The lifetime is
improved to 0.18 ns only with piranha etching. After piranha etching together with
passivation by a SiO, shell, the PL lifetime is improved further to 0.3 ns and stabilized at
this value. A similar trend is observed for n-InP NWs, the PL lifetime increases from 0.15
ns to 0.18 ns after piranha etching and 0.46 ns after piranha etching and SiO,
passivation. This is attributed to the elimination of defects and carbon impurities in the
unintentional grown NW sidewalls and also to the SiO, passivation [146]. The
combination of piranha etching and SiO, capping is important to improve and keep the
lifetime stable for long period of time.
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Figure 3.9. SEM image of the as-grown InP NW solar cell device. The device consists
of an array of p-n nanowires on p-InP substrate. The space between nanowires is
filled by benzocyclobutene (BCB) for isolation and planarization. Ti/Pt/Au is used to
form a back contact to the substrate, and 300 nm indium-tin—oxide (ITO) is
deposited as the front contact. (b) Log J-V characteristics of our best solar cell in the
dark (black) and at 1 sun (red). For comparison, we also show the J-V curve without
piranha etching in the dark (blue) and at 1 sun illumination (pink) [62].

The cross section of a complete nanowire solar cell device (500x500 um?) fabricated in
our group is presented in figure 3.9(a). The nanowires are etched by piranha and
immediately capped by a SiO, shell. The SiO; is used to improve the adhesion between
the NWs and the benzocyclobutene (BCB) - an isolation and planarization layer. Ti/Pt/Au
is used to form a back contact to the substrate, and 300 nm indium-tin-oxide (ITO) is
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deposited as the front contact. The detailed fabrication process is presented in reference
[62].

Figure 3.9(b) show the current density — voltage (J-) curves of two solar cell devices
fabricated with and without piranha etching step. The NW solar cell without piranha
etching step shows very poor performance. The NW solar cell with 25 s of piranha
etching exhibits an open-circuit voltage of 0.73 V, a short-circuit current density of 21
mA/cm?, and a fill factor of 0.73 at 1 sun. This yields a power conversion efficiency of up
to 11.1% at 1 sun. Therefore, post growth piranha etching of our NWs is critical for
obtaining a good solar cell performance.

3.4 Conclusions

We have discussed several important aspects of the VLS-grown NW by MOVPE in order
to obtain high material quality for NW solar cells. The crystal phase purity of the NW can
be improved by different growth parameters such as the size of catalyst and growth
temperature. In order to obtain high optical quality of InP NWs, high temperature
growth in combination with HCl /n situ etching were employed. This combination helps
to avoid tapering and to reduce the incorporation of unwanted impurities. The
overgrowth on the sidewalls of the NW degrades the material quality of the NW and is
harmful to the solar cell performance. We have shown that the excessive impurity
incorporation at the nanowire sidewalls can be successfully removed by post growth
cleaning using a piranha solution.
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High optical quality single crystal
phase wurtzite and zincblende InP

nanowires

In this chapter we report single crystal phase and non-tapered wurtzite (WZ) and
zincblende twinning superlattice (ZB TSL) InP nanowires (NWs). The NWs are grown in a
metalorganic vapor phase epitaxy (MOVPE) reactor using the vapor-liquid-solid (VLS)
mechanism and in-situ etching with HCl at high growth temperature. Our stacking fault-
free WZ and ZB TSL NWs allow access to the fundamental properties of both NW crystal
structures, whose optical and electronic behaviours are often screened by polytypism or
incorporated impurities. The WZ NWs do not show any acceptor related emission,
implying that the VLS-grown NWs are almost impurity-free due to sidewall removal by
HCI. They only emit light at the free-exciton (1.491 eV) and the donor-bound exciton
transition (14855 eV). The ZB NWs exhibit a PL spectrum being unaffected by the
twinning planes. Surprisingly, the acceptor related emission in the ZB NWs can be almost
completely removed by etching away the impurity contaminated sidewall grown via a
vapor-solid mechanism

4.1 Introduction

Semiconductor nanowires (NWs) have been extensively studied because of their
fascinating optical and electronic properties. They are recognized as promising
candidates for future applications, including NW quantum bits [1, 2], the realization of
Majorana’s fermions [3], single photon detection [4] and future generation photovoltaic
cells [5-8, 62, 76]. For a device, such as a NW solar cell, many requirements should be
simultaneously met, including a perfect crystal phase, a low surface recombination
velocity, the absence of unintentional sidewall growth and very low residual doping
levels [5-8, 62, 76]. From a more fundamental point of view, the question arises whether
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the vapor-liquid-solid (VLS) growth mechanism allows controlling the NW growth down
to the atomic scale, yielding “perfect NWs". In this chapter, we will set a step towards
this goal by demonstrating both purely wurtzite [132, 142, 145, 147] (WZ) and purely
zincblende (ZB) crystal phase <111> InP NWs grown by MOVPE in which the
contamination by residual impurities has been almost completely removed.

Unintentional radial vapor-solid (VS) during vapor-liquid-solid (VLS) growth gives sidewall
growth that not only leads to unwanted NW-tapering, but the low nanowire growth
temperature presumably also results in high impurity incorporation in the NW-shell [27,
148, 149]. Thus, as a first step towards a high optical quality NW, the growth on the
sidewall of NWs should be eliminated to avoid broadened bandgap related PL and a
degraded PL-efficiency at room temperature. In this chapter we build upon the approach
of Borgstrom et al. [27] by using /n-situ etching and surface passivation with HCl to
prevent uncontrolled sidewall growth around the InP NW.

Growth of III-V NWs using the VLS mechanism often results in polytypism with random
distribution of zincblende (ZB) and wurtzite (WZ) segments. Band structure differences
between the two can lead to electron (hole) trapping in ZB (WZ) segment [111, 131, 150]
and excess carrier scattering at stacking faults [133, 134]. These effects strongly degrade
the NW optical and electronic properties as compared to a single crystal phase NW. As a
second important step towards a high optical quality NW, /n-situ etching with HCI
enables us to increase the conventional InP VLS growth temperature of about 420°C into
the range of 500 — 540°C without suffering from unintentional sidewall growth. In this
chapter, we will show that the increased VLS growth temperature is a key to promote
purely WZ crystal phase NWs for small NW diameter [151, 152]. We show that both ZB
twinning superlattices [143] (TSL) and pure WZ InP NWs are achieved with exactly the
same growth conditions for different NW diameter.

As a third important step towards a high optical quality NW, we study the residual
impurities within /n-situ etched NWs. It is important to note that the residual impurity
incorporation is much more clearly visible in the PL-spectra of pure crystal phase NWs. A
high VLS growth temperature is expected to also be beneficial [148, 149] for reducing
the residual impurity incorporation within the NW-core. We study the impurity
incorporation by performing p-PL measurements on single NWs at very low excitation
density for highlighting impurity related PL. The uy-PL measurements are performed in
direct correlation with transmission electron microscopy (TEM) to be able to
unambiguously attribute the different PL peaks [153]. By this approach, we are able to
resolve different excitonic emission lines and almost suppress the acceptor-related
emission, which is probably the result of carbon incorporation [27, 149] in MOVPE grown
NWs. We finally measured temperature dependent series of the PL-efficiency and



Chapter 4 49

observed an improvement at room temperature due to the reduction of the impurity
incorporation.

4.2 Experiment

The InP nanowires were grown on InP (111)B substrates in an Aixtron 200 MOVPE system
using Au as catalyst, and trimethylindium (TMI) and phosphine (PH;) as indium and
phosphorus sources respectively. Samples with randomly distributed and e-beam
lithography defined patterns of Au nanoparticles with various sizes (20 — 100 nm) were
prepared and cleaned previously to the growth using first a 30s piranha etch and then
an /n-situ annealing step for 10 min at a temperature of 660 °C. After annealing the
samples were cooled to the growth temperature at 540 °C and nanowire growth took
place for 25min. The precursor molar fractions for the indium and phosphorus sources
was chosen to be xmvi = 5 x 10 and Xpp3 = 2 x 1072 respectively, giving a V/III ratio of
about 400. To avoid tapering, HCl was introduced after a 15s nucleation step using a
molar fraction of xuc = 5 x 107,

Figure 4.1 shows scanning electron microscope (SEM) images of the InP NW sample
grown at 540 °C using a 25 nm Au catalyst nanoparticle array and employing /n-situ
etching with HCl. The NW-array displays uniform growth rate and the NWs show almost
no tapering as compared to the pyramid shaped NWs grown without HCI (inset of figure
4.1(a)). Similar results on in-situ etching have been reported by Borgstrom et a/ [27].
Top-view and 30° tilted-view SEM images show that these NWs have a hexagonal cross-
section with a diameter of about 60 nm and a length of 3 um (figures 4.1(b-c)). TEM
images of stacking fault-free WZ and ZB TSL NWs grown by 20 nm and 80 nm Au seeds
are presented in figures 4.1(d) and 4.1(e), respectively.

NWs are dispersed randomly on TEM grids for the direct correlation between PL
measurements and the crystalline structure of the same single NWs [153]. The overview
of the measurement procedure is presented in figure 4.2. For Au colloid catalyst sizes
below 20 nm, we realize WZ InP NWs without any stacking fault with our growth
conditions. When the catalyst particle diameter increases up to 50 nm, ZB TSL InP NWs
are grown. Until now, the formation and control of both WZ and ZB TSL by using
temperature and diameter has been reported for InAs, and GaAs NWs [151, 152, 154] InP
has an optical bandgap, which is near ideal for the use in single-junction photovoltaics,
and InP has a much lower surface recombination velocity than GaAs [110]. So far,
stacking fault free WZ and ZB TSL InP NWs were mainly realized by using high n- and p-
type doping [143, 145], respectively. The present undoped WZ and ZB TSLs grown
simultaneously at very high temperature of 540 °C therefore provide useful input
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Figure 4.1. (a-c) Scanning electron microscopy images of a nanowire array grown at
540 °C using in-situ etching with HCI for suppressing sidewall growth: (a) large-area
view, (b) top-view and (c) zoom-in images. Inset of (a) shows NWs grown under
identical growth conditions but without using HCl. (d,e) Transimision electron
microscopy (TEM) images of a stacking fault-free wurtzite InP nanowire and a InP ZB
twinning superlattice grown by using 20 nm and 80 nm Au catalyst nanoparticles,
respectively. These wires have been grown on the same substrate. Imaging was
performed along the <2-1-10> and <011> zone axes, respectively.
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to a more complete understanding of InP NW growth and crystal structure formation.
Our pure WZ and ZB TSL NWs allow us to access the fundamental properties of both InP
crystal structure NWs, whose optical and electronic behaviour are often screened by
stacking faults, polytypism, and intentional or unintentional impurity incorporation in the
NW shell. In the following we will mainly focus on the optical and structural properties of
these NWs by using p-PL, TEM and PL efficiency measurements.
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Figure 4.2. Overview of the measurement process: (a) Optical microscopy image of
transferred nanowires on a TEM copper grid. (b) Low temperature PL measurement
on a single nanowire prior to TEM examination to avoid the possible material
destruction due to electron beam. (c-d) TEM and/or high-resolution TEM (HRTEM)
images of a single nanowire, which has first been studied by PL (marked as red
circles). Based on the PL and TEM results on the same nanowire, a direct correlation
between optical and structural properties can be performed.

4.3 High optical quality single crystal phase wurtzite and
zincblende InP nanowires

4.3.1. Stacking fault free wurtzite InP nanowires

Correlated p-PL and TEM images of the same NW are presented in figure 4.3. TEM
studies show that the studied InP NW grown from a 20nm Au particle has a diameter of
about 70 nm and a length of 1.7 um. A careful high-resolution TEM examination along
the whole length of the NW indicates that it is free of any stacking faults or ZB
insertions. The power dependent p-PL at 4 K of this NW reveals interesting spectra when
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Figure 4.3. Direct correlation of the structural and the optical properties of a pure
wurtzite InP nanowire. (a), (b) and (c) TEM, HRTEM images along the <2-1-10> zone
axis, and associated FFT image. (d) Micro-PL spectra of the same nanowire measured
at excitation densities in the range 0.25 — 250 W/cm? at 4 K. The inset shows the
expanded bandgap-related PL at 0.25 W/cm?. At low excitation power (0.25 W/cm?)
a sharp peak at 1.4855 eV (labelled as B in the inset) with a FWHM 1.5 meV. This is
probably the bound exciton (D°X) and/or the neutral donor recombination with a
free hole (Do,h). The dashed line shows free exciton emission centered at 1.491 eV
(labelled A in the inset, FWHM of 2 meV), which becomes dominant at excitation
higher than 2.5 W/cm?.
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we reduce the excitation density down to 0.25 W/cm?, which is two orders of magnitude
lower than the excitation density where the crystal phase quantum dots are studied [131]
(~ 20 — 1000 W/cm?) and ten times lower than the PL studies of the stacking fault free
WZ InP NW grown by using sulphur, reported in reference [145], and those grown on
SrTiO; (001) substrate [155]. The low excitation power PL measurement allows us to
observe the near-gap PL which is well-known for high quality bulk-type semiconductors
[156]. At the lowest excitation powers (0.25 — 0.8 W/cm?), a peak is observed at 1.4855
eV, labelled (B) in the inset, with a full width at half maximum (FWHM) of 1.5 meV. This
is most probably the bound exciton (D°X) and/or the neutral donor recombination with
a free hole (D%h) [145]. It is however important to note that no additional peaks, e.g. no
donor-acceptor (D°-A?% or electron-acceptor (e-A% related recombination, are observed.
This indicates that we realized almost no impurity incorporation due to the combination
of HCl /n-situ etching and the high temperature growth resulting in a high quality WZ
NWs. The spectral line centered at 1.491 eV (dashed line in figure 4.2(d)) with full width
at half maximum of about 2 meV corresponds to a free exciton recombination (peak (A)
in the inset of figure 4.2). This free exciton recombination peak becomes pronounced at
slightly higher excitation powers and dominates the PL-spectra at powers higher than 2.5
W/cm? The free exciton PL peak gradually broadens and turns into free electron-hole
recombination when the excitation density further increases and band filling appears
[157, 158]. The observed PL-spectra are essentially different from the PL-spectra
observed in WZ NWs with ZB stacking faults, where the electrons and holes are trapped
and then recombine radiatively at a lower energy, resulting in a broad emission in the
region between ZB and WZ bandgap energies (1.42 — 1.49 eV) [131, 132, 158].
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Figure 4.4. The PL spectra from different wurtzite nanowires are almost identical. No
acceptor-related transitions (1.45 eV) are observed, indicating excellent material
quality.
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Importantly, other NWs of this sample yield similar results. The PL peak positions and PL
line widths of five different NWs are very consistent, as seen in figure 44. We are
therefore able to unambiguously determine the bandgap energy of the WZ InP to be at
about E; = 1.494 + 0.0004 eV (including the exciton binding energy of 3 meV obtained
from the Arrhenius-equation fit shown in figure 4.10(d)), which is close to the value
reported [130, 142, 145]. These high quality WZ NWs have potential for NW devices
which require single WZ crystal phase and low impurity contamination. At an excitation
density exceeding 80 W/cm? we observe heating effects resulting from the low heat
conductivity of the carbon film. The PL red shifts, broadens and finally decreases in
intensity [153].

4.3.2 Zincblende twinning superlatice InP nanowires

The direct correlation between the structural and the optical properties of a ZB NW is
presented in figure 4.5. The TEM image shows a NW of about 200 nm in diameter and
3.5 um in length containing many twins. A twin plane is defined as a mirror plane
between two segments which are mutually rotated by 60° (figure 4.3b) [143]. Different
from the growth with 20 nm Au catalyst nanoparticles, the 80 nm Au nanoparticles result
in a ZB twinning superlattice (TSL), with a segment length between two twin boundaries
of roughly 30 nm at top part of the NW. The twin plane density however increases near
the bottom of the NW. Again, no tapering effect is observed for this NW showing that
the /n-situ etching with HCl is effective. The u-PL study on this NW presented in figure
4.5(d) shows two major peaks at 1.414 eV and 1.38 eV at low excitation powers. The first
peak (FWHM = 6 meV, at 0.25 W/cm?) is bandgap related and is at about 4 meV below
the free exciton line observed in bulk [159]. The second peak at 35 meV below the first
peak is attributed to either an acceptor-related transition [160] and/or the type II
transition [131, 156, 161] at the interface between WZ and ZB segments. The type II
emission from twin planes (monolayers of WZ) would be very close to the bandgap-
related transition from ZB InP (~1 meV below, as predicted by Zhang et al [162]) and is
not clearly observed in our data. Since we do not observe any WZ segment (consisting
of 2 or more sequential twin planes) in this NW from HRTEM images, this peak can be
unambiguously attributed to the D°-A° and e-A° transitions. This observation implies that
we have incorporated impurities in the ZB wires, but not in the WZ wires, while they
were simultaneously grown in the same run. The PL spectra from 5 different ZB wires at
excitation density of 25 W/cm? are presented in figure 4.6. The variation in the position
of PL peak is probably due to the incorporated impurity.
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Figure 4.5. Direct correlation of the structural and the optical properties of a
zincblende twinning superlattice InP nanowire. (a), (b) and (c) TEM, HRTEM images
along the <011> zone axis of a small area, and associated FFT image. (d)
Corresponding micro-PL spectra of the same nanowire measured at various
excitation densities in the range of 0.25 — 250 W/cm? at 4 K.
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Figure 4.6. (a) PL spectra of different zincblende nanowires measured at 4K and at an
excitation density of 25 W/cm?. The variation in the PL peak is probably due to
Coulomb interactions with ionized impurities.

We notice two important differences between the PL of WZ and ZB NWs:

(1) WZ NWs have narrow and consistent PL emission while the band-gap peak of
ZB TSL NWs is more broadened and varies slightly from NW to NW as clearly
seen in figure 4.6.

(2) ZB NWs show pronounced acceptor related impurity peaks, which do not appear
in the PL spectra of WZ NWs grown in the same run.

These differences can be explained if we carefully examine the sidewall of the ZB NW in
the TEM-image. It is remarkable that the ZB NW has flat side facets instead of the saw-
tooth facet morphology consisting of alternating {111}A and {111}B facets, which is
essential for the creation of ZB TSL NWs [143]. The flat facets are explained by the
overgrowth of the {111} side facets to form flat and stable {110} sidewalls, similar to that
of InAs NW presented elsewhere [144]. Radial growth, at these high temperatures, is
expected to be fast because of the re-entrant corners, which are at the concave positions
where the {111}A and {111}B facets meet. When these corners have grown out, the
growth rate decreases and is balanced by the /n-situ etching by HCI vapour [27].

We found that the NW sidewalls have dramatic consequences for the NW optical
properties, which is shown by etching of the NWs with piranha to remove the thin
sidewall layer (see also chapter 3). The power dependence PL spectra of a ZB NW after
piranha etching are presented in figure 4.7. We directly observe that the donor-acceptor
(D°-A% or electron-acceptor (e-A° peaks at 1.38 eV have been eliminated and the PL
linewidth decreases from 7 meV to 2.5 meV at 0.25 W/cm? when etched. The PL
intensity of the etched NW presented in figure 4.7 is a few times smaller than that of the
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unetched (figure 4.5) due to the smaller volume and the variation in the PL intensity
between different NWs of the same sample. Similar to the WZ NWs, the etched ZB TSL
NW shows free exciton feature at 1418 eV which becomes pronounced at high
excitation power (dashed line in figure 4.7), and an impurity bound exciton line at 1.414
eV, respectively [156]. These experiments show that the core of the ZB TSL InP NW has a
bulk-like PL spectrum which is not affected by the twinning planes.
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Figure 4.7. Micro-PL spectra of an etched zincblende InP nanowire measured at
various excitation densities in the range of 0.25 — 250 W/cm?” at 4 K. The acceptor-
related emission observed for the unetched wires (~ 1.38 eV) is now completely
removed. This indicates that most impurities are incorporated on the sidewall of the
nanowires.

The very high optical quality of both the WZ and the sidewall-etched ZB NW clearly
indicates that the core NW, axially grown by the VLS mechanism, has excellent structural
quality and that almost no impurities are incorporated. The VS sidewall growth, in
contrast, is highly contaminated by impurities even at a relatively high growth
temperature of 540 °C. For many applications such as solar cells where the unwanted
impurity level should be minimized, it is thus required to completely remove the
unintentional sidewall growth.
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4.3.3. Carrier lifetimes and temperature dependent PL-efficiency

Carrier lifetime and temperature dependent PL-efficiency measurements were performed
on both WZ and sidewall-removed ZB TSL NWs (we will refer to these NWs as ZB NWs
from now on) from 4 K up to room temperature. The spectrometer was tuned to the free
exciton transition of either ZB or WZ InP using a spectral resolution of 0.5 nm. In order
to have better thermal dissipation for a wider range of excitation powers, the NWs are
transferred to thermally oxidized Si wafers instead of a Cu-grid. Figures 4.8(a-d) show the
typical power dependence of the time-integrated PL and time-resolved PL spectra from
WZ (left column) and ZB NWs (right column) measured at 4 K. The bright emissions from
both types of NW allow us to use a broad range of excitation power 1P — 3200P (with P
= 67 nJ/pulse/cm?) in our measurements. The lifetimes as a function of excitation density
are plotted in figures 4.8(e) and 4.8(f) and are obtained by fitting the time-resolved PL
spectra in figures 4.8(a) and 4.8(b), respectively.

We first discuss the power dependence of the time resolved PL (TRPL) spectra from the
WZ InP NW. At an excitation power below 3.2P (0.2 pJ/pulse/cm?), the TRPL spectrum of
the WZ InP NW exhibits single exponential behaviour with a decay time of two = 1 ns.
The decay time at this low injection level does not vary considerably (less than 5 %) with
excitation power below 10P. The corresponding time-integrated PL spectrum shows
sharp free exciton emission. Similar to the PL spectra presented in figure 4.3, no impurity
emission is observed for the WZ NW. When the excitation power is increased to the
range of 10P — 1000P, the band filling gradually becomes pronounced and the TRPL
spectrum cannot be fitted by standard single or multi-exponential decay. By fitting two
different parts of the TRPL spectra, we found two different decay times of tw; and two as
indicated in figure 4.8(c). The longer carrier lifetime, twi, features the beginning of the
decay when the excess carrier concentration is high. This longer lifetime process is
followed by shorter lifetime two at the end of the decay when the excess carrier
concentration is again much lower. Both two and tw: progressively increase when the
laser power increases. They reach maximum values of tw; = 4.6 ns and Two = 1.8 ns at an
excitation power of about 2 pJ/pulse/cm? (32P). It is should be mentioned here that
when we have more electrons and holes available for the recombination, the PL decay is
expected to be faster. The fact that we observe an increase in PL lifetime with increasing
excitation density is therefore counter-intuitive. This phenomena can however be
understood if we consider the competition between non-radiative recombination,
radiative recombination of free excitons and refilling effects at high excitation density
[163].
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Figure 4.8. Typical power-dependent (a-b) photoluminescence (PL) and (c-d) time-
resolved PL spectra of wurtzite (left column) and zincblende (right column) InP
measured at 4 K. The decay times (e) two, Twi, Twz and (f) Tz , Tz; are obtained by
fitting the time-resolved PL spectra in ¢ and d, respectively. t'wo and T’y are the
decay times measured at 293 K for wurtzite and zincblende nanowires, respectively.
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The enhancement of the PL lifetime with excitation power indicates that at very low
excitation power the excessive carriers are mainly captured by non-radiative centres,
namely mid gap defects in the bulk, or most probably, on the surface of the uncapped
nanowires. The dependence of the nonradiative lifetime on the excess -carrier
concentration is given by the well-known Shockley-Read-Hall (SRH) formula, as
described by Rosenwaks et al for the case of bulk InP [163] (also see chapter 2).
According to the SRH formula, when the injection level is increased, the nonradiative
lifetime increases due to the saturation of traps. For our WZ NW, the competition
between radiative and non-radiative processes happens under a moderate excitation of
3.2P — 32P (0.2 -2 pJ/pulse/cm?). At an excitation level above 32P (2 pJ/pulse/cm?), the
nonradiative recombination traps are completely saturated and the recombination
processes in WZ InP is dominated by radiative recombination. Once the radiative lifetime
Two becomes dominant, the effect of carrier refilling into the excitation level due to the
relaxation of free carriers, starts to become important. At this point, band filling
becomes clearly visible in the PL spectra, thus providing evidence for the onset of the
carrier refilling mechanism towards the exciton level. Remember that the spectrometer
was tuned to the exciton level, implying that we only observe free exciton recombination.
The refilling mechanism accounts for the longer lifetime tw; at the beginning of the
decay [164] for an excitation level above 3.2P (0.2 pJ/pulse/cm?). The radiative lifetime of
the WZ InP nanowire is therefore estimated to be T, > 1.8 ns and the nonradiative
lifetime is t,, > 1 ns (at 4 K) depending on the excitation levels. At very high excitation
level of 3200P (200 uJ/pulse/cm?), the TRPL spectra show an additional decay tw, = 1.25
ns. The decay time two and tw; also become shorter as seen in figure 4.8(e). This is
probably due to Auger recombination [93], as well as the heating effect in the NW. It
should be emphasized here that the radiative lifetime of our almost acceptor-free InP is
5 times higher than that of the microsized InP nanoneedles grown on Si whose the PL
spectrum shows a considerable amount of acceptor-related transitions [132].

The PL and TRPL results from ZB NW (left column of figure 4.8) show similar trend as for
the WZ NW. PL lifetime Tz increases from 0.65 ns at an excitation level of 1P (0.067
ul/pulse/cm?) to 2.3 ns at an injection level of 3200P (200 wJ/pulse/cm?). The saturation
of the lifetimes is not observed up to our highest excitation power of 3200P. This implies
that the density of non-radiative recombination in ZB NW is higher than that of the WZ
NW. It is due to the fact that this ZB NW still contains some non-radiative centers from
uncompleted sidewall removal (evidenced by a small PL peak near 1.38 eV in figure
4.8(d)) and some additional surface roughness after piranha sidewall etching process. At
the highest excitation density, band filling effect clearly appears and a longer lifetime of
Tz1 = 3.1 ns is observed. The lifetime 17 measured at this excitation power (12 = 2.3 ns)
therefore approaches the true radiative lifetime of a ZB InP NW at 4 K. The radiative
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lifetimes from our WZ and ZB InP NWs are higher than that in reference [157] and for
GaAs/AlGaAs core/shell NWs [165].

The internal quantum efficiency (IQE) of the PL emission from NWs can be extracted by
measuring the integrated PL intensity Ip; as a function of excitation power density Pigger-
By fitting the following equation Py, = P1\/E+P21PL +P313£2 (4.1), the radiative
quantum efficiency as a function of excitation power density can be calculated asn =
IpLPy/Pygser [96]. Py, P,, and P; are three fitting parameters. The power dependent PL
measurements were performed on single WZ and ZB NWs (5 NWs each sample)
transferred onto thermally oxidized Si wafers using a 635 nm CW diode laser. Figure 4.9
plots the IQEs of a WZ and a ZB InP NWs for different excitation power densities at 4 K.It
can be seen that at an excitation density below 3 W/cm?, which is relevant for solar cell
applications, the quantum efficiencies are relatively low. This is due to non-radiative
recombination processes, which are relatively strong at low injection levels, as discussed
above. The IQE values increase and become stabilized at about 80-90 % for both types

of NWs at an excitation density exceeding 100 W/cm? where the radiative recombination

is dominant.
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Figure 4.9. Internal quantum efficiencies (IQEs) at 4K for wurtzite and zincblende InP
nanowires as a function of the excitation power density.

At higher temperature, the radiative lifetime decreases with T-*?, whereas nonradiative
recombination increases with temperature. Rosenwaks et al has shown that the electron
capture into neutral acceptors (e-A©) is the dominant nonradiative recombination
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mechanism in p-doped bulk InP [160]. We expect that the strong suppression of the
impurity incorporation into our NWs by using /n-situ etching and high temperature
growth will also strongly reduce the nonradiative (e-A®) recombination. We indeed
observe that the PL-efficiency only decreases by a factor of 17 and 35 for WZ and ZB
TSL NWs, respectively, when we increase the temperature from 10 K to room
temperature as seen in figure 4.10(d). The corresponding PL lifetime of WZ NWs
decreases from 1.8 ns (4 K) to 0.24 ns (293 K) while a PL lifetime of 0.54 ns at 293 K is
found for ZB NWs. We emphasize that the resulting PL-efficiency at room temperature is
realized in InP NWs without surface passivation and without a shell to protect the free
NW surface. The recent study on micro-sized InP nanoneedles [132] demonstrates that
the quantum efficiency drops only 4 times when temperature is increased from 4 K to
298 K. This remarkably high room-temperature quantum efficiency is 4.25 and 8.75 times
better than that of our ZB and WZ NWs. However, the diameters of those microsized
wires are of 5 and 14.2 times larger than the diameters of our ZB and WZ InP nanowires,
respectively. Therefore, we believe that the quantum efficiencies of our NWs at room
temperature are limited by the surface recombination, which becomes dominant at room
temperature. The measured PL lifetime Tt is related to the bulk and surface
recombination by the following equation: 1/t.5f = 1/Tpy +4S/d . If the surface
recombination is a dominant process, the PL resulted lifetime can be approximated as
Terr = d/4S. The surface recombination velocities for WZ NW (d = 70 nm) and ZB NW
(d =200 nm) are then estimated to be 7 x 10° cm/s and 9 x 10° cm/s, respectively. Those
values are typical for bulk InP, and are close to the surface recombination velocities
measured by us in a different study (see chapter 6).

The temperature dependent PL efficiency of both WZ and ZB InP NWs is finally
presented in figures 4.10(a-b). PL spectra of WZ and ZB InP NWs measured at various
temperatures ranging from 10 to 300 K. The energy of WZ and ZB emission peaks as a
function of the temperature are presented as red and blue dotted curves in figure
4.10(c), respectively. By fitting those data with the Varshni equation we obtain Ej"% =
1.497 — 4.61 x 107*T2/(T + 255) for WZ and EZB = 1.416 — 4.9 x 107*T? /(T + 324). This
result suggests that the bandgap of WZ InP is 1497 eV at 0 K. The bandgap value
obtained from this measurement is slightly different from that of InP NWs on Cu grid
due to substrate-induced strain generated from the difference in thermal expansion
coefficient of InP NWs and the host substrate as presented elsewhere [166].



Chapter 4 63
(a) (b)
S wz ' ' I I I ' = ZB I I I ' ‘
sl i} 6/\___‘_:
: /\\w g 300 K
I L S '
24 Tk 84 7 T~ i
= = 150 K
T 2f ] G 2f ]
g _M E M
-l -
* 0 ‘N - 0 N
1;10 1;12 1.;14 1;16 1.;18 1.;50 1A:52 1.;54 1.;34 1:’36 1.238 1.;10 1.;12 1.;14
Energy (eV) Energy (eV)
(c) (d)
1.50 1 =) —
1.47 o
I 2 > 7B
§ 1.44 ; e WZ
[0} ‘@
& 4t 5o
x =
é-g 1.38 E
135
0 50 100 150 200 250 300 000 002 004 006 008 010
T (K) 1T (K™
Figure 4.10. Temperature-dependent PL spectra of (a) wurtzite and (b) zincblende
InP nanowires (10 to 300 K). The nanowires are pumped by a 635 nm CW diode laser
at an excitation power of 104 W/cm?. The energies of emission peaks of wurtzite
(red) and zincblend (blue) nanowires are plotted in c, and fitted with the Varshni
equation. (d) Temperature-dependent integrated PL intensity the two crystal phases
normalized to the intensities measured at 10 K. The data are fitted with the
Arrhenius equation (solid curves). The PL intensities decrease 17 and 35 times when
temperature increase from 10 to 293 K.
4.4 Conclusions

We have studied the optical and structural properties of pure wurtzite and zincblende
twinning superlattice InP NWs grown at a very high temperature of 540°C. The pure

wurtzite InP NWs are free of stacking faults and exhibit very narrow bandgap related
transitions with a free-exciton line at 1.491 eV and an impurity bound exciton line at a

55 meV lower energy. The zincblende twinning superlatice InP NWs contain a

considerable amount of impurities in the vapor-solid grown sidewall. This contaminated
sidewall can be almost completely eliminated by simple chemical etching, resulting in
high quality core which was axially grown by vapor-liquid-solid mechanism. Both types of
NWs exhibit long carrier lifetime and high PL efficiency up to room temperature, thus

showing great potential for NW devices.






Chapter 5

Crystal phase quantum structures in

GaP nanowires

One distinctive advantage of nanowires is that they enable the growth of both
zincblende (ZB) and wurtzite (WZ) crystal structures. Due to the bandgap difference a
Wz/ZB/WZ nanowire section provides crystal phase quantum dots/disks (CPQDs) in a
chemically homogeneous nanowire. The atomically flat interfaces result in extremely high
quality qguantum disks, which can be exploited as building blocks for solid state quantum
systems. However, a precise control of crystal structure down to an atomic layer is
notoriously challenging. In this chapter we demonstrate for the first time the controlled
growth of atomically sharp WZ and ZB GaP nanowire sections, resulting in the formation
of CPQDs along the nanowire length. We will discuss the band alignment between ZB
and WZ GaP with special emphasis on the internal electric fields due to the spontaneous
polarization (Py,) in WZ GaP. This spontaneous polarization leads to triangular potential
wells at the two opposite sides of the ZB insertion, where the electrons and holes are
confined. From statistical data, we found that the energy of CPQD emissions decreases
linearly with the thickness of the ZB insertion due to quantum-confined Stark effect
induced by the internal spontaneous polarization field P., which is found to be (7.02 +
0.19) x 10° C/n?. The nanowire CPQDs show very sharp emissions (< 75 ueV) at visible
wavelengths and show single photon characteristics. Our results open up an opportunity
for the realization of more complex solid-state quantum system, based on crystal phase
quantum dot structures.

5.1 Introduction

Most of the bulk III-V semiconductors, including the phosphides, arsenides and
antimonides of In, Ga, and Al crystalize in the cubic zincblende (ZB) structure, except for
the nitrides which can also crystallize in the hexagonal wurtzite (WZ) crystal structure
[167] [168]. One unique feature of semiconductor nanowires (NWs) is that they can
adopt different crystal structures which do not exist in bulk [23] [128] [169] [142] [19].
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The bottom-up NWs along [111] crystal direction typically exhibit a mixture of both ZB
and WZ. Many recent efforts have been devoted to achieve a pure crystal phase along
the whole length of the NWs. Perfect WZ crystal structures have been realized for many
different III-V nanowires such as InAs [151], InP [170], and GaP [23]. On the other hand,
the possibility to switch between different crystal phases within a single NW in a
controllable manner is of great interest. It enables a novel gateway for band gap
engineering [128, 171] and tailoring of crystal phase structures [131, 172] by the
alternation of the atomic stacking sequences to switch between ZB and WZ structures.

Recently, there has been a great deal of interest on the tailoring of the crystal phase
structures, such as crystal-phase superlattices [19, 154, 171], crystal-phase quantum
dots/disks. In such structures, due to the difference in band gap energy of the
semiconductors crystalized in the WZ and ZB phases [131, 150, 172], as well as the
spontaneous polarization effect in WZ structures [173, 174], the confinement of charge
carriers is achieved by solely modifying the crystal phases while keeping the chemical
composition unchanged. Those structures possess some major advantages [131, 175]: (1)
the structures are chemical homogeneous. (2) The interfaces are atomically sharp. (3) The
lattice mismatch is almost negligible. The light emissions from those crystal phase
quantum structures are thus expected to be sharp and have well defined energy which is
highly desirable for quantum optics applications. The control of the crystal phase along
the length of the NW, down to one or several atomic layers, is however very difficult. An
InAs WZ-ZB superlattice [171, 176] has been reported with a very high level of crystal
phase control. However, the characterization by optical, magneto-optical measurements
was mainly performed on CPQDs in InP [131] and GaAs [172] NWs with a limited degree
of position and size control. The randomness of the crystal structure along the NW
length usually complicates the interpretation of the experimental data and introduces
more uncertainty.

In this chapter, we demonstrate for the first time the controlled growth of atomically
sharp WZ and ZB GaP nanowire sections, resulting in the formation of crystal phase-
quantum disks (CPQDs) in GaP nanowires. The emission from these CPQDs is
systematically studied and the spontaneous polarization in WZ GaP together with its
band alignment with ZB GaP is investigated.

5.2 Experiments

In this work, GaP nanowires were grown in an Aixtron CCS-MOVPE reactor by the vapor-
solid-liquid (VLS) mechanism, using gold nanoparticles as catalysts for the vapor-solid-
liquid growth. A square array of gold particles (8 nm thick) was first patterned on a
(111)p GaP substrate by using electron beam lithography (for 200 nm diameter and 1.2
pum pitch) or nanoimprint lithography (for 100 nm diameter and 500 nm pitch). The WZ
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wires were grown at 750°C using trimethylgallium (TMG) and phosphine (PHs) as
precursor gases at molar fractions of 7.4 x 10®° and 1.7 x 1073, respectively (at V/III ratio
of 23). The growth was performed under hydrogen chloride gas (HCl) with a molar
fraction of 1.2 x 10 to suppress the radial overgrowth [27]. In order to create the CPQD
structures, the growth parameters are switched during the VLS process. The growth of
mixed phase WZ-ZB is carried out by reducing the temperature from 750 °C to 600 °C,
while keeping the V/III ratio fixed. Pure ZB segment are achieved at 600 °C by increasing
the PH; molar fraction from 1.7 x 103 to 1.8 x 10 and by stopping the in-situ HCl
etching. The lengths of the ZB segments can be tuned by the growth time.

The crystal structures of the NWs are analyzed by transmission electron microscopy
(TEM). For optical characterization of individual nanowires, NWs from as-grown samples
are transferred to thermally oxidized Si wafers and mounted onto a cold finger of a He
optical flow cryostat. The optical measurements were performed by a micro
photoluminescence (u-PL) and time-resolved p-PL. We use two different excitation
sources: a continuous wave diode laser (405 nm) and a pulse diode laser (420 nm)
operating at one of the flowing repetition rates: 5, 10, 20, 40 or 80 MHz. The laser is
focused on a spotsize of about 1 ym by a 50x microscope objective (NA = 0.45). The
best spectral resolution of the CCD detector is 50 peV and the temporal resolution of the
time-correlation module is 100 ps. More details of the p-PL setup can be found in
chapter 2.

5.3 Waurtzite and zincblende GaP

Gallium phosphide (GaP) is a III-V semiconductor material, which is naturally occurring in
the cubic (zinc blende) phase, with a bandgap of 2.26 eV at room temperature [177]. This
gap energy is highly attractive for light emission in visible wavelength range as well as
the top cell of multi-junction solar cells. However, the indirect bandgap nature of bulk
GaP severely hampers its use for optoelectronic devices. Theoretical studies predicted
that WZ GaP is a direct semiconductor with a band gap in the 2.12-2.25 eV range at low
temperatures, [168, 178, 179]. The theoretical prediction on the direct bandgap of WZ
GaP has been experimentally examined in a recent paper by Assali et al. [23]. In that
work, the PL emission peak at 2.1 eV, which dominates the photoluminescence, was
arguably believed to originate from band gap transition of WZ GaP. However, a recent
systematic study using PL and PL excitation (PLE) measurements on higher quality WZ
GaP have shed more light to the understanding the band structure of this new material.
In this chapter, we only briefly discuss the PL emission of different bands of WZ GaP. A
detailed investigation and discussion on band structure of WZ GaP will be presented
elsewhere [180].
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Figure 5.1. Normalized photoluminescence spectra of a single wurtzite (WZ) GaP
nanowire (red) and a zincblende (ZB) GaP wafer (blue) measured at 4 K and with an
excitation power of 800 W/cm®. The emission peak denoted as N is attributed to
excitons bound to isoelectronic nitrogen impurities in ZB GaP. N’ and N”’ are the first
and second order phonon replica of N, respectively. WZ GaP show two bandgap
related peaks at A (2.140 eV) and C (2.251 eV).

Figure 5.1 shows the normalized PL spectra of a single crystal phase WZ GaP NW and ZB
GaP wafer measured at 4 K under an excitation power of 800 W/cm? . The strongest
emission from ZB GaP is the N-line at 2.317 eV which is attributed to the exciton bound
to isoelectronic nitrogen impurities [181, 182]. The energy of this line is 0.020 eV lower
than the band gap, and 0.011 eV lower than the energy of the free exciton [181]. The
first and second phonon replica of this line are marked as N' and N”, respectively. The N
line has very long decay time of about 0.25 us due to indirect gap of ZB GaP. The PL
spectrum from single WZ GaP NW displays two sharp emissions at 2.140 eV (A-peak)
and 2.251 eV (C-peak). The A peak has a full width at half maximum (FWHM) of 1 meV,
exhibiting a long lifetime of about 70 ns from our TRPL measurement. It is also
accompanied by multiple phonon replicas at lower energy. This peak is most probably
coming from the A band (I's.-Ts,) excitons bound to impurities in the WZ GaP [179, 180].
The free excitons of A band are however not observed due to the small transition matrix
element. In contrast, peak C (FWHM = 1 meV), which is most probably related to the I
- [5. transition, shows free exciton behavior with a short PL lifetime of 0.7 ns. This
emission from pure WZ GaP NWs is a strong indication of a direct transition. When the
vertically standing NWs are measured, the B-peak (probably Ig.-I7,.) at about 2.162 eV
can also be observed. The observation of A, B, and C band from PL measurement are in
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line with the theoretical prediction by Bechstedt et al. [168] [179] However, the relative
intensity of those peaks and the fact that only bound exciton transitions are observed for
the A and B bands, and B peak only appears in certain samples, are not fully understood.
In this chapter, we will mainly focus on the size and position controlled CPQDs in GaP
which give sharp emissions at a well-defined energies.

[111]

100 nm

Figure 5.2. (a) Transmission electron microscopy (TEM) image of a <111> wurtzite
GaP nanowire with intentional zinc blende insertions at desired positions. (b) High
resolution TEM image showing the zoom-in of the boxed area in (a) with two zinc
blende segments. The interface between wurtzite and zinc blende are indicated by
the white dashed lines.

5.4 Spontaneous polarization

It has been theoretically predicted [173, 184-186] and experimentally verified [174, 175,
187-190] that there exist a spontaneous polarization along the singular-polar-axis in
wurtzite crystal structures, even in equilibrium. In group II-nitrides the electric field
induced by the spontaneous polarization can be as high as a few MV/cm [187]. While
the WZ crystal structure is often characterized by lattice parameters a and ¢, there is an
additional free internal parameter u, which is equal to the fraction of the bond length of
the A and B atoms along caxis to the lattice parameter c¢. In the ideal hexagonal
structure (c/a =/8/3, with a bond angles of 109.47°), the internal cell parameter u
takes the value of 3/8. It was pointed out that u > 3/8 holds for the nitrides, while
u < 3/8 is found for all other -V in WZ phase [173, 191]. The magnitude and sign of
the parameter (u —3/8), which is the most essential parameter determining the crystal
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field in WZ structure, also determines the sign and magnitude the spontaneous
polarization field [173].

The spontaneous polarization is not accessible for infinite bulk materials. The
measurement of the P, still remains very challenging. In the presence of surfaces or
interfaces, the internal spontaneous polarization field can occur due to the polarization
charges. The electric field is particularly pronounced for microscopic heterostructures
[174, 188, 190] and is responsible for the polarization-induced quantum-confined Stark
effect (QCSE) [192]. Based on the platform of crystal-phase structures, direct detection of
P, in GaAs and GaN were performed by the differential phase contrast microscopy in a
scanning transmission electron microscope (Psp_gqas = 2.7 X 1073 C/m?) [190], or via the
emission energies of excitons bound to different types of ZB stacking faults (Psy_gan =
—2.2 x 1072C/m?) [174).

From the Ga-P bond length and lattice parameters measured by XRD, an internal cell
parameter u = 0.37385 + 0.00017 was found and a spontaneous polarization of 9 x 103
C/m? was predicted for WZ GaP [193]. Since the lattice mismatch between WZ and ZB
structures is very small, the piezoelectric field is almost negligible compared the
spontaneous polarization field. While the ZB stacking faults are much thinner than the
NW diameters, we can adopt the simple plate capacitor analysis presented in reference
[174, 194]. According to that approximation, the polarization sheet charge density

o = |Py| = (5.1)

where AV =AE£/q is the potential difference due to the polarization sheet charges (q is
elementary charge) at the two opposite sides of a ZB stacking fault of thickness ¢ € is
the static dielectric constant for ZB GaP and ¢, is the permittivity of free space.

Although the experimental data on the bandgap energy of WZ and ZB are recently
available, measurements of band alignment of WZ-ZB are still missing and were only
predicted by theory [168, 179] with an accuracy of approximately 0.1 eV. In figure 5.3, we
schematically illustrate the band profiles of a ZB insertion in a WZ NW, assuming two
different types of band alignments in the presence of the spontaneous polarization
induced electric field. Both the X minimum (dashed line) and the ' minimum (solid line)
are plotted. If we assume that the polarization field is sufficiently strong, the carrier
confinements will be mainly determined by the polarization-induced triangular potentials
[174, 194]. For type I band alignment, electrons and holes are confined in the WZ parts
at two opposite sides of the ZB barrier (notice that ZB GaP has larger band gap energy
than WZ GaP). For type II band alignment, however, electrons are confined in the WZ
triangular well while the holes are localized in ZB segments. In those pictures, the CPQD
transitions are always from carriers that are spatially separated.
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Figure 5.3. Schematic band profiles of a zincblende (ZB) insertion of thickness t in a
wurtzite (WZ) nanowire assuming different band alignments: type | (left) and type I
(right). The conduction band energies at X minimum and I point of the ZB GaP are
presented as the dashed- and solid lines, respectively. The spontaneous polarization
induced sheet charges o lead to the quantum-confined Stark effect even for type |
band alignment (no confinement otherwise). For both cases, the transition energy
EQD is changed by an amount of AE as indicated.

5.5 Crystal phase quantum structures in GaP nanowires
5.5.1 Random crystal phase quantum disks GaP nanowires

We first investigate the PL emission from random CPQDs in GaP NWs. For this study, 500
nm WZ-ZB mixed phase segments in otherwise stacking-fault-free WZ GaP NWs are
grown. The mixed phase segment is positioned near the top of the NWs, at about 0.5
um from the Au seed (as shown in the inset of figure 5.4). The NWs have a total length
of about 5 ym and a diameter of 200 nm. Figure 5.4 presents the low temperature (4 K)
PL measurement at three different positions on a single NW of such a sample. At the
base and middle of the NW, we only observe the A and C peaks at 2.140 eV and 2.251
eV, respectively. Those two peaks originate from pure WZ GaP as also observed in figure
5.1. No additional peak is found. However, when we measure the PL emission from the
WZ-ZB mixed phase segment, many extra sharp lines appear below the C peak of the
WZ GaP. In another p-PL measurement on vertically standing NWs of an as-grown
sample, we scan the laser spot (illuminating the NW from the side) from the top to the
base. The sharp emissions are also found to be localized at about 0.5-1 um near the top.
Those measurements thus confirm that the extra emissions are from the WZ-ZB mix-
phase segment.

In bulk GaP, sharp emissions can also originate from excitons bound to impurities, such
as isoelectronic nitrogen [181, 182] (N-line in figure 5.1) or bismuth traps [195]. The
nitrogen pairs in ZB GaP can give rise to singe photon emissions at energies below the
isoelectronic impurity peaks as well [196]. However, those N-pair emissions are only
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observable for very high doping levels. The energy difference between the N-pair
emissions and isoelectronic peak is inversely proportional to the N-N pair distance [196]
[197]. The emissions observed in the WZ-ZB segment in our experiment, however, are
attributed to CPQDs. This can be confirmed by considering the following points: (1) the
WZ-ZB segments are not intentionally doped. (2) The sharp emissions are localized at the
WZ-ZB segments and do not appear for the pure WZ GaP parts of the same NWs. (3)
The statistics on the emission wavelength which we will present later, clearly shows that
the emission lines are associated with WZ-ZB-WZ segment and the spontaneous
polarization in WZ GaP. This point will be further elucidated later in this chapter.
Additionally, a magneto PL measurement on those emissions (not shown here) exhibits a
pronounced diamagnetic shift of the PL lines in the presence of magnetic field, which is
a signature of CPQDs. Therefore, we can unambiguously attribute the sharp emission
lines observed at the WZ-ZB segment to transitions from random CPQDs in GaP NWs.
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Figure 5.4. Photoluminescence spectra measured at different positions on a single
GaP nanowire. The nanowire contains (~ 500 nm) wurtzite-zinc blende mixed phase
segment near the top of an otherwise WZ GaP nanowire. The additional sharp
emissions measured at the top of the NW are attributed to random crystal phase
guantum disks.
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Figure 5.5. (a) Power-dependent photoluminescence spectra of a crystal phase
gquantum disk (CPQD) emission at 4 K. No visible shift of the CPQD PL peaks is
observed in the excitation power range of 12.5 — 12500 W/cm®. (b) The zoom-in
spectrum measured at 2000 W/cm? shows two separate lines labeled as QD1a and
QD1b. (c) Integrated PL intensity of the QD1a and QD1b lines together with the C
peak are plotted against the excitation power. While the intensity of C peak
increases linearly with excitation power the CPQD emissions exhibit saturation at an

excitation power higher than 2000 W/cm?.

Figure 5.5(a) presents the power dependent PL measurement on two CPQD emissions at
2.2055 and 2.2065 eV. At a low excitation power of 12.5 W/cm? the sharp emissions
from CQPDs are clearly seen with higher peak intensity compared to the broader
emission C. Interestingly, we do not observe any visible shift or broadening of the PL
peaks when excitation varies 3 orders of magnitude from 12.5 to 12500 W/cm?. When
the excitation power is increased, the intensity of the two lines, QD;, and QDy,, increase
at a similar rate and then become saturated above 2000 W/cm? In contrast, the peak C
shows linear power dependence from 12.5 W/cm? up to our highest excitation power of
37.5 kW/cm?. The observed saturation is typical for a QD emission which can only emit a
single photon from each confinement level (assuming that the exciton and bi-exciton

recombination energies are not identical, which is yet unknown for our CPQDs).



74

(@) (b)
1000 - 4K
soo{4K " FwHM <75 pev : . 2
1750 Wicm fel) 50 ud/pulse/cm
— 500 T 5 MHz
2 S5
S 400- b ©
O N
& 7 2
2 300+ 7] J G
2 g 1007 5 250
c . — ] =]
& 200 f = 8
£ ¢ = .
5 100
2215 2.220 2225 2.230
Energy (eV)
0 = R e, T T 1 1 v 1 T+ T
22000 22005 22010 2.2015 2.2020 0 5 10 15 20 25 30

Energy (eV) Delay (ns)

Figure 5.6. (a) PL spectrum of crystal phase quantum disk (CPQD) emissions
measured at the highest spectral resolution of our setup, showing that the line-width
is below 75 peV. The solid curve presents the Voigt fit. (b) Comparison of the time-
resolved PL from the C-peak and from a CPQD peak. The corresponding PL spectra of
the CPQDs are plotted in the inset of (b). While the C peak shows a short decay time
of 0.6 ns, the CPQD emissions at 2.221 eV exhibits long decay time of 33 ns. This long
decay time is due to the spatial separation of electrons and holes which are confined
at opposite sides of a stacking fault.

Two important parameters for the photons emitted from a quantum structures are its PL
linewidth and PL lifetime. The low temperature PL spectrum measured at 750 W/cm?
(figure 5.6(a)) clearly shows that the PL peaks illuminates only 2-3 pixels of our CCD
detector, which is our system’s resolution limit. By fitting those peaks by a Voigt
function, we found a FWHM of 75 peV. Since no broadening of the PL line is observed at
higher excitation power, we believed that the actual line width is smaller than 70 peV. In
order to determine the true linewidth, another technique is needed such as using
interferometry. The sharp emission is also in line with the fact that the CPQD emission
has a very long lifetime of 33 ns, which is in contrast with the short lifetime of 0.6 ns
observed for C peak. This lifetime of CPQD emission is several times longer than the type
II transition at the interface of the WZ-ZB InP nanowires [131, 132], which might be due
to the spatial separation between the electron and the hole in a CPQD or due to the
small matrix element of the transitions in WZ GaP [168, 179].

One fundamental difference between the emission from WZ and ZB crystal structures is
the polarization of the PL emission. Specifically, the WZ III-V semiconductors exhibit
polarization perpendicular to the <111> crystal direction while the ZB shows no
polarization [142, 198]. The polarization measurement of the WZ emission 2.251 eV (C
peak) and CQPD emissions from a GaP NW are presented in figure 5.7. It can be clearly
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seen that both emission are polarized perpendicular to the nanowire axis with a degree
of polarization (DOP) of 0.5 and 0.68 for the C peak and the CPQD emission,
respectively. Since the transition from the hole in valence band of ZB GaP to an electron
in the conduction band of WZ will not result in polarization of the emission
perpendicular to the NW, our experimental data suggest that the hole is most likely
confined in the WZ segment. Therefore, type I band alignment is most likely.
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Figure 5.7. Polarization of the wurtzite C peak (2.251 eV in blue) and the crystal
phase quantum disk (CPQD in red) peak at 2.220 eV in a WZ <111> GaP NW. Both of
them show a polarization of the photoluminescence perpendicular to the nanowire
axis with a degree of polarization (DOP) of 0.5 and 0.7 for the C peak and the CPQD
peak, respectively.

Figure 5.8. Schematic of the band profiles for different thicknesses of the zinc blende
GaP insertion in a wurtzite GaP nanowire. By adding/removing one bilayer of
thickness t, the resulting transition will be decreased/increased by an amount of AE.
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As discussed before, the spontaneous polarization field can give rise to quantum
confinement at the two opposite sides the ZB stacking fault, even if the ZB has a larger
band gap than WZ and type I band alignment holds. Due to the quantum-confined Stark
effect resulting from the spontaneous polarization field, the emission energy is red (blue)
shifted by adding (removing) a bilayer of the ZB segment [194], as schematically
illustrated in figure 5.8. In principle, the spontaneous polarization charge can be
measured by the difference of the emission energies if we add or remove one bilayer. In
practice, the control of the NW growth to obtain one bilayer difference is difficult.
Therefore, in order to determine the spontaneous polarization of WZ GaP, we perform
statistics on the emission energies of the CPQD PL peaks. We have measured the
emission energies of about 340 CPQD peaks from many NWs horizontally transferred
onto GaP substrates. A histogram presenting the emission energies with a binning size of
1 meV is shown in figure 5.9(a). Most of the CPQD emissions are found below the C
energy band, though emissions just above the C band can also be found with a lower
probability. The emissions below 2.10 eV are less frequent and have much lower intensity
compared to the higher energy ones. The low probability of emissions at low energy is
due to the larger spatial separation of electrons and holes by a thicker ZB segment that
make the transition less favorable.

The histogram plot is analyzed by a Gaussian multiple-peak fit. The position and width of
each distribution peak is plotted in figure 5.9(b). The dots represent the peak energies
while error bars show the FWHM of the corresponding distribution peak. Strikingly we
observe seven statistical peaks which are almost evenly spaced on the energy scale. A
linear fit of the data (red line in figure 6.9(b)) indicates an average energy difference of
AE = 225 + 0.6 meV. Using equation 5.1 with ¢ = 11.1, and a 0.315 nm ZB bilayer
thickness, we find P, = (7.02 + 0.19) x 103 C/m? This value is higher than the
theoretically predicted value (3 x 103 C/m?) by Bechstedt [173], but is very close to a
more accurate prediction using the measured c/a ratio by X-ray diffraction in
combination with a density functional theory calculation (9 x 103 C/m?) [193]. The
distance between two consecutive peaks corresponds the energy difference by adding or
removing one bilayer. Therefore we attribute the sharp emission lines to the quantum-
confined Stark effect resulting from a strong spontaneous polarization field. The
broadening of the distribution width can be explained by the random variation in the
length of the WZ GaP segments in a random WZ-ZB mixed phase and the possible
coupling to neighbouring QPQDs or to the substrate-induced strain when cooling down.

It is noticeable that the highest CPQD emission energy is distributed slightly (6 meV)
above the C peak. This transition has smaller probability to be observed compared to the
lower-energy transitions. It probably takes place across the thinnest stacking faults where
tunneling of the carriers through the ZB layer can be pronounced. However, it is difficult
to estimate the thinnest ZB layer thickness only from this experimental data. In this case,
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Figure 5.9. Peak energy histogram of the emission of 340 random crystal phase
guantum disks (binning size of 1 meV) from different wires. The distribution is fitted
with multiple Gaussians. (b) Energies of the histogram distribution peaks resulting
from the Gaussian fit. The energies of the emission peaks are almost evenly spaced
in energy scale with an average energy difference of 22.5 + 0.6 meV. This is a
signature of the quantum-confined Stark effect induced by the spontaneous
polarization in wurtzite GaP. The A, B and C dashed lines show the position of the A,
B and C peaks of pure wurtzite GaP.
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a more detailed study on the quantized energy levels of electron and hole in a triangular
WZ GaP quantum well is needed.

When the temperature of the system is increased, the emission from the CPQDs is
quenched due to the thermal escape of electrons and holes out of the confinement
potentials created by the conduction and valence band of ZB GaP. From the temperature
dependence of the integrated PL intensity of a quantum disk at an emission energy of
about 2.2 eV, we find an activation energy of 86.8 + 16.0 meV (see figure 5.10)
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Figure 5.10. (a) Photoluminescence of a crystal phase quantum disk emission versus
temperature. (b) Integrated PL intensities plotted against 1/T. The thermal activation
energy is extracted from the Arrhenius-equation fit.

5.5.2 Position and size controlled crystal phase quantum disks

We now aim to improving control of the CPQDs. Precise control of the crystal phase
quantum structures in terms of the position and thicknesses will first of all increase our
understanding of the system and next open new possibilities for quantum device
applications. We first demonstrate that the control of the crystal phase down to nearly
atomic bilayers can be achieved using the GaP NW platform. Figure 5.11 presents the
TEM and high-resolution TEM images of a WZ GaP NW which contains four intentionally
grown ZB insertions of different thicknesses (2, 2, 7 and 27 bilayers). The ZB segments
are separated by pure WZ segments of about 10 nm. The thicknesses of the ZB and WZ
segments from two single nanowires are presented in figure 5.11(c), showing
reproducibility. The NWs have a diameter of about 100 nm, smaller than that of the WZ
GaP NW with a random WZ-ZB segment (200 nm) presented above, and a length of
about 4 pm.
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Figure 5.11. (a) Transmission electron microscopy (TEM) and (b) high-resolution TEM
images of a wurtzite (WZ) GaP nanowire containing 4 zinc blende (ZB) insertions of
different thicknesses. (c) Thicknesses of each zinc blende (ZB) and wurtzite (WZ)
segments as labeled in (b) for two different nanowires.

In order to study the emission from the CPQDs as shown in figure 5.11, PL
measurements have been carried out on horizontal NWs transferred on a thermally
oxidized Si wafer. It should be mentioned here that the thicknesses of the ZB and WZ
sections are expected to vary slightly from NW to NW, and can be somewhat different
from the one presented in figure 511. The power dependent PL series show a very
interesting behavior. When we gradually increase the excitation power, the CPQD
emissions start to emerge, grow in intensity and gradually become saturated.
Interestingly the process first takes place for the lowest energy emission and
subsequently also for the higher energy ones, due to the gradual filling of the quantum
states. This is due to the fact that the CPQDs are grown very close to one another (10
nm apart) and the photo-excited electrons and holes tend to occupy the lowest energy
states first. No measurable shift was found for those CPQD emissions when we increase
the excitation power from 7.5 to 3200 W/cm?2 This means that the screening effect,
which is founded for GaN at high inject level, is negligible in our GaP NW system. At a
relatively high excitation power we observe sharp emissions from all CPQDs, denoted as
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Figure 5.12. (a) Power dependent photoluminescence spectrum measured on

horizontal nanowires containing 4 crystal phase quantum disks (QPQDs) of different
thicknesses as shown in figure 5.11. The energetic distances between the CPQD
emissions are indicated (AE’ = 19.05 + 0.7 meV). (b) The integrated PL intensity of
four different CPQDs as well as the bulk GaP C-peak, as a function of the excitation

density.
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QD, with /=1, 2, 3, 4. The sharp emission at 2.1225 eV, slightly above QD; is probably
from a nearby NW which is also excited by the laser spot. The energy spacings between
the peaks QD, QD; and QD4 to QD; are measured from the PL spectrum to be 4AFE’,
2AE" and AE' (AE" = 19.05 £ 0.7 meV), respectively. The spontaneous polarization is
calculated to be P5, = (5.94 + 0.23) x 103 C/m? The distance between of the peak
energies is slightly smaller the value we found in the statistical evaluation (AE = 22.5 eV).
We speculate that this difference comes from the fact that the earlier measurements
were carried out on random WZ-ZB segments while this measurement is based on well-
defined length of the GaP segments. The change of NW diameters (100 nm versus 200
nm) and the substrate-induce strains when we cool down the horizontally transferred
NW from room-temperature to 4 K may also causes the difference.

5.6 Conclusions

We have demonstrated that position and size controlled growth of atomically sharp
zincblende sections in a wurtzite GaP nanowire leads to the formation of high quality
crystal phase quantum disks (CPQDs) along the nanowire length. A systematic study base
on photoluminescence emission of the CPQDs has revealed that the internal electric
fields due to the spontaneous polarization in wurtzite GaP play a crucial role in the
formation of a triangular potential well, giving rise to quantum confinement. We observe
an equal spacing of the emission lines by adding or removing one bilayer of the CPQDs.
The optical characterization of CPQDs shows very sharp emissions (< 75 peV) at visible
wavelengths in between the bandgaps of wurtzite and zincblende GaP with single-
photon characteristics. Our results open up a gateway for realization of more complex
solid-state quantum system based on crystal phase quantum structures.






Chapter 6

<100> InP nanowires for solar cells

Growth of InP nanowires (NWs) on the (100) industry standard InP substrates with pure
zincblende (ZB) crystal structure is technologically relevant for nanowire solar cells and
optoelectronic devices. In this chapter we demonstrate that the InP NWs grown along
<100> direction are pure ZB regardless the use of the in-situ dopants. By means of the
optical characterizations, the doping concentration in sulphur-doped (n-type) <100> InP
NW can be estimated and compared with the value from electrical measurements.
Additionally, we show that sulphur can enhance the quantum efficiency by passivating
the NW surface. In contrast Zn-doped <100> InP NWs show lower optical quality and
complicated doping behavior with the coexistence of both interstitial and substitutional
Zn. By thermally annealing the Zn-doped sample after the growth, interstitial Zn
becomes substitutional and a higher quality of p-doped InP NWs can be obtained.

6.1 Introduction

InP nanowires (NWs) are promising for optoelectronics devices such as light-emitting
diodes [18, 124], photodetectors [4], single photon emitters [69], and photovoltaics [8,
60, 75, 76]. They are most frequently grown on (111) substrates, due to the lower free
energy of this surface, which favors the formation of vertical NWs [199, 202]. However,
due to the stacking nature along this crystal direction, the bottom-up growth of <111>
NWs often result in a high density of planar stacking faults. Even though the formation
of stacking faults can be exploited to create new structures [19, 154, 176, 203] and to
explore new physics [168] [131] [172], they can significantly affect the electronic and
optical properties of NWs. Recently, electrical measurements on NW FET devices [111],
and terahertz spectroscopy studies [110, 112] on doped and intrinsic InP NWs have
revealed carrier mobilities of 200-700 cm?/Vs, despite the low surface recombination
velocity (SRV) of <111> InP NWs [110]. Those values are much lower than that of bulk
InP [204] and are attributed to the trapping and scattering of carriers at these stacking
faults [110-112].
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If NWs grow vertically on a (100)-oriented substrate, they grow along a (100) axis, in
which it is difficult to form stacking faults [137, 138, 205]. Despite the challenges in
achieving growth in this unfavorable direction, it offers an opportunity to grow defect-
free ZB InP NWs on <100>-oriented industry standard substrates. In addition, <100>
nanowires feature completely flat and smooth side-facets which is important for reducing
surface recombination losses. Numerous studies on III-V NWs on (100) substrates have
been presented recently [137, 138, 205-207]. The vertical yield of NWs can be
significantly increased by carefully controlling the NW nucleation step [205]. A study on
the morphology and the vertical yield of <100>InP NWs on a <100> oriented substrate
was presented in reference [208]. The study on the effect of dopants on the electrical
and optical properties of <100> InP, which is essential for device fabrication, is however
still very limited.

In this chapter we demonstrate that InP NWs grown along <100> direction are pure ZB
despite the use of /n-situ dopants. By using micro-photoluminescence (PL) and time-
resolved PL measurements the effect of sulphur dopants on optical properties of NWs is
investigated. The doping concentration of n-type <100> InP NW is estimated from the
band filling effect. The p-doped <100> InP NWs show a complicated doping behavior
with the coexistence of both interstitial (donor) and substitutional (acceptor) Zn in the
NW lattice. The fraction of substitutional Zn over the total Zn dopant density can be
improved by thermal annealing after the growth, yielding a better quality of p-doped InP
NWs. Finally, measurements of the surface recombination velocity (SRV) in <111> and
<100> intrinsic InP NWs will be presented.

6.2 Experiments

In this work, all the <100> InP NWs are grown on (100) InP substrate in a shower head
MOVPE reactor (Aixtron CCS) using trimethylindium (TMIn) and phosphine (PHs) as
indium and phosphorous precursors, and gold droplets as catalysts. The growth
temperature of all the samples is kept at 500 °C (unless otherwise mentioned). Two
lithography techniques were employed to predefine the positions of the Au particles on
(100) InP substrates [208]: electron beam lithography (EBL) to fabricate small array (25 x
25 NWs), and nanoimprint (NIP) for large-scale NW arrays. The EBL pattern contains
various diameters from 25 nm to 100 nm and pitches from 0.3 uym to 5 um, and the
nanoimprint patterns yield Au disks with a diameter of 139 nm and a pitch of 513 nm.
H,S and DEZn are introduced with molar fractions xu»s = 4.2 x 10 to 4.2 x 10® and Xpezn
= 4.8 x 107 as precursors for n-type and p-type dopants, respectively. Radial growth was
suppressed by introducing HCl (15 sccm) during growth.

The as-grown samples are examined by scanning electron microscopy (SEM). The crystal
structure is studied by transmission electron microscopy (TEM). For PL and TRPL
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measurements of individual NWs at various excitation conditions and temperatures, the
NWs were broken off and transferred to Si substrates and mounted onto the cold finger
of a He flow cryostat. The time integrated PL measurements were carried out using a 635
nm CW diode laser. TRPL is measured by 635 nm diode laser pulses at 40 MHz. The PL
signal is excited and collected by the same optical objective (100x, NA = 0.7). The details
of PL setup were presented in chapter 2 and 3.

6.3 <100>InP nanowires for solar cells

6.3.1 Crystal structure of <100> InP nanowires

T ] T : T L T ¥ T

15000 |- 4 K ZB "
200 W/cm? [001]

10000 —

[111]

5000

T

PL intensity (counts/s)

" " 1 T T T
1.32 1.36 1.40 1.44 1.48 1.52
Energy (eV)

Figure 6.1. (a) Scanning electron microscopy image of InP NWs grown on (001)
substrate (30° tilted view). The sample consists of both <100> and <111> InP NWs.
(b) Low temperature (4 K) photoluminescence spectra of <100> and <111> InP NWs
from the sample shown in (a) which are measured at the same conditions. The
<100> NW exhibits a sharp zinc blende band gap-related peak at 1.42 eV and a
conduction band/donor to acceptor transition at 1.385 eV indicating pure zinc
blende crystal structure, while the <111> wire shows a broad emission coming from
a mixed wurtzite-zinc blende crystal phase.

Figure 6.1(a) presents a SEM image of an InP NW sample grown by a square array of 100
nm Au with a pitch of 500 nm at 500 °C. The sample shows both vertical and tilted InP
NWs with a majority of the NWs grown along <100> direction. Low temperature PL
measurements on single NWs of this sample (figure 6.1(a)) shows two different NW
categories. The first category exhibits a sharp ZB bandgap emission at 1.42 eV [137]
accompanied by residual donor/conduction band to acceptor transitions at about 1.385
eV. These NWs with only ZB peaks are pure <100> oriented InP. The second NW
category exhibits a very broad PL emission between ZB and wurtzite (WZ) band gaps.
The second category NWs are attributed to <111> InP NWs, since these growth
conditions generally results in WZ with ZB stacking faults for <111> InP NWs (see also



86

chapter 3). The PL measurements can thus be used to distinguish <100> InP NWs from
<111> InP NWs when they are randomly transferred to a different substrate.

Au (b)

Figure 6.2. Transmission electron microscopy images of (a) <111> p-n junction and
(b) <100> InP p-n junction. The n-part of the <111> NW is mainly wurtzite with
random zincblende stacking faults; and the p-part is mainly zincblende with twin
planes. In contrast, the <100> p-n NW shows no stacking fault (except two twin
planes near the base of the NW as indicated by two short arrows). The p-n
interfaces are marked by the red dashed lines. The p-n interface position of the
<100> NW, which is not visible in TEM image, is estimated based on the growth
times of the p- and n-parts.

As discussed above, the stacking faults and twin planes can trap and scatter carriers and
significantly influence the carrier mobility [111, 112, 133, 134]. The stacking-fault-free
nature of <100> InP NWs are therefore of importance for many applications which
require crystal phase purity. Figure 6.2 presents TEM images of p-n junctions encoded in
a <111> and a <100> InP NW, respectively. The <111> p-n junction have a sulfur-
doped (n-type) part predominated by WZ with random ZB stacking faults, and the Zn-
doped (p-type) part is ZB with many twin planes. The <100> InP p-n junction, in
contrast, exhibits a ZB crystal structure with no WZ stacking faults. The position of the p-
n interface is clearly seen for <111> NW by the contrast in the TEM image, due to the
different crystal structures. The p-n interface of <100> InP NW is not visible in the TEM
image since it is a single crystal phase. The interface can be approximately determined
by the growth times. In order to gain more understanding on the effect of each type of
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dopants on the optical properties of the <100> InP NWs, n-doped and p-doped NWs
are fabricated separately.

6.3.2 Doping of <100> InP nanowires
6.3.2.1 Sulphur-doped InP nanowires

The effect of /in-situ suphur and zinc doping on the vertical yield, the morphology, the
diameter and the growth rate of <100> InP NWs grown in our group, were presented in
reference [208]. Here, we mainly focus on the optical properties of suphur- and zinc-
doped <100> InP NWs. Figure 6.3 presents power dependent PL spectra of a single S-
doped InP NW at a H,S molar fraction of 4.2 x 10”7. The PL spectrum shows a strong
emission near the ZB bandgap (~ 1.417 eV) at an excitation density above 0.3 W/cm?.
This PL emission peak is attributed to a convolution of band-to-band transitions and the
shallow donor to valence band transitions. The shallow donor to valence band transition
should be about 5 meV below the band-to-band peak. However they are broadened due
to intentional S dopants and are not clearly resolved. We will regard this peak as
bandgap-related peak from now on. The second PL peak at 1.38 eV comes from the
superposition of radiative transitions between the conduction-band to unintentional
acceptors as well as due to donor-acceptor pair recombination, which are only clearly
seen at low excitation powers. At an excitation power density above 100 W/cm? the
bandgap related peak shows a pronounced blueshift due to band filling.

As discussed in chapter 4, the internal quantum efficiency (IQE) of the PL emission from
NWSs can be extracted by measuring the integrated PL intensity Ip;, as a function of
excitation power density Py ... By fitting the following equation Py, = Pl\/IP_L+ Pylp, +
P3I§£2, the radiative quantum efficiency as a function of excitation power density can be
calculated asn = Ip Py /Pigser [96]. P1, P,, and P; are three fitting parameters. The internal
quantum efficiency of the S-doped InP NW are extracted and plotted as the solid dots in
the figure 6.3(b). For comparison we performed a similar measurement on a typical
intrinsic NW fabricated at the same growth conditions as the n-doped one but without
the use of the H,S doping precursor. The internal quantum efficiency of the intrinsic NW
is presented as open dots in figure 6.3(b). It can be seen that the quantum efficiency of
the S-doped <100> InP NW is much higher than that of the intrinsic NW at low
excitation powers (< 1000 W/cm?. When the excitation power is higher than 1000
W/cm? the non-radiative channels are saturated and the PL efficiencies of both
nanowires are comparable. This indicates that the S dopant enhances the radiative
processes [209] in the <100> InP NWs.
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Figure 6.3. (a) Power-dependent photoluminescence spectra of S-doped (n-type)
<100> InP NWSs (xuzs = 4.2 x 107). (b) Internal quantum efficiency (IQE) of S-doped
<100> InP NW as a function of the excitation power density. The intrinsic InP NW
fabricated at a similar growth condition but without any intentional doping exhibits a
much weaker IQE, as compared to the S-doped one.

In order to quantify the doping concentration, the normalized PL spectra from different
samples with H,S molar fraction varying in the range from 4.2 x 10® to 4.2 x 10° are
measured and shown in figure 6.4(a). The measurements were carried out at room
temperature. The PL peak blueshifts as the doping concentration is increased. The
energetic difference between the PL peak of the doped (£) and undoped (£, samples (4£
= £ — £y is a function of xu.s. It should be noticed for intrinsic <111> InP NWs that PL
emission exhibits a blue shift from ZB peak toward WZ peak due to the quantum
confinement at the WZ and ZB sections of the mix phase nanowire, as seen in figure
6.1(b). The introduction of n-type dopants causes an additional blue shift due to
Burstein-Moss effect [210]. Therefore for <111> InP NWs it is difficult to distinguish the
effect of dopants and the crystal phase mixing on the PL shift. Different from the <111>
InP NWs, the PL blueshift of S-doped <100> InP (pure ZB crystal structure) is solely
from the increasing sulphur concentration. Therefore, we can unambiguously attribute
the blue shift to the Burstein-Moss effect resulted from n-type doping [210]. The shift is
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even visible at a low doping level of 10 cm= due to the small effective mass of the

electrons in the conduction band. Therefore, the doping concentration can be estimated
16.9
X

based on the measured shift of the PL peak, using the equation AE =

*

019¢m~—3
which is a small correction in n-type InP. Here, m* is the effective electron mass and n is

2/3
(1;) (meV) (6.1) [210] [211], where we neglected bandgap renormalization,

the doping concentration of the NW. The calculated values of n as a function of x.s are
plotted in figure 6.4(b). Electrical measurements on three single NW field effect
transistors (FETs) at Xu2s = 4.2 x 107 [208] (fabricated and measured at TU Delft) show a
doping concentration of (2.5 + 0.1) x 10 cm™. This is two times higher than the value
estimated from our PL measurement using equation 6.1. The PL measurements can thus
be used as a quick and quantitative method to estimate the S doping concentration
within the n-type <100> InP NW.
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Figure 6.4. (a) Room-temperature photoluminescence (PL) spectra as a function of
H,S molar fraction. The PL from intrinsic InP nanowire (black curve) is for reference.
The PL peak shift is attributed to the Burstein-Moss effect coming from S dopants.
(b) Doping concentrations are estimated from the PL peak shift and plotted as the
blue dots (the blue solid lines are the guides to the eye). The red dot shows the
doping concentration of (2.5 + 1.0) x 10"/ cm™ from electrically measured by
fabricating FET devices fabricated by using S-doped <100> InP nanowires (Xu2s = 4.2 X
107) [208].
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The effect of S-doping on the optical quality of an InP NW is further investigated by
varying the H,S molar fraction. Figure 6.5 presents the average (over 10 NWs per sample)
integrated PL intensities and PL lifetimes at various sulphur doping concentration
(estimated from the Burstein-Moss shift for different H,S molar fractions). It is clearly
seen that by increasing the doping concentration from 7.4 x 10 to 4 x 10Ycm (or
molar fraction of H,S from 4.2 x 108 to 4.2 x 10°°), the PL intensity increases 5 times and
PL lifetime increases from 0.24 ns to 0.51 ns. A systematic study by Rosenwaks et al
[212] has pointed out that room temperature recombination in bulk n-InP is dominated
by the radiative process (Schockley-Read Hall recombination on n-type impurity has very
long lifetime compared to the band-to-band radiative one). For our <100> n-InP NWs,
the carrier lifetime is strongly affected by the surface recombination (see section 6.3.2
and chapter 2). Therefore, the enhancement of the integrated PL intensity and carrier
lifetime can be attributed to the surface passivation effect of sulphur, which is well
known for InP [209, 213].
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Figure 6.5. Right-axis: Room-temperature integrated photoluminescence (PL) and
Left-axis: PL decay times of the S-doped <100> InP NW samples as a function of the
sulphur doping concentration. The lines connecting the data points are the guides
for the eyes.

6.3.2.2 Zinc doped <100> InP nanowires

Zn is one of the most widely used p-type dopants in InP and its related compounds,
which are important for many optoelectronic devices. Zn doping is usually introduced by
two methods: thermal diffusion [214, 215] and /n-situ doping [216, 217]. In our study, Zn
dopants are incorporated /n-situ during NW growth. It is experimentally demonstrated
that the verticality of InP NWs on a (100) substrate increases with increasing DEZn molar
fraction from 4.8 x 10® to 24 x 10°. Too high DEZn flow, however, will affect the
morphology and stops the NW growth [208]. The determination of Zn-doping
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concentration in NWs by electrical measurement is difficult compared to S-doped InP
because the electrical contacts to p-type InP NWs are usually highly non-ohmic. The
Burstein-Moss shift is also much smaller in p-type InP due to high effective mass of the
hole and is of similar magnitude but has the opposite sign to bandgap renormalization
[218]. Optical measurements, however, will provide us detailed insight into the electronic
states of the Zn dopants.

4K DA, eDA,

3000

I

p-InP NW
—0.2 W/em?
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2000 | —— 20 kW/cm?
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Figure 6.6. Power dependence photoluminescence (PL) spectra of a Zn-doped <100>
INP NW (Xpezn = 4.8 X 10”7) measured at 4 K. The PL spectra are broad and the PL
efficiency of Zn-doped NW is about one order of magnitude lower than for the n-
doped <100> InP NWs at the same excitation condition. The broad emission at low
energy region (< 1.37 eV) come from interstitial to substitutional Zn transitions in the
NWs.

Figure 6.6 presents 4 K PL spectra of a Zn-doped InP wafer (doping concentration of 108
cm3) and Zn-doped (100) NWs grown at 500 °C, and xoezn = 4.8 x 107. The p-InP
substrate, shown as a reference, shows a strong electron/donor to Zn acceptor (e/D-Az,)
emission at 1.385 eV and an exciton bound to neutral acceptor (Zn,X) peak at 1.406 eV.
No PL peak at lower energy was observed except the longitudinal optical phonon replica
of the e/D-Az, at 1.34 eV. The bulk p-InP PL peaks do not shift considerably with the
excitation density in the range 0.2-30 kW/cm?. Different from the bulk p-InP, the PL
spectrum from the p-InP NW is extended towards the low energy range and the PL
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efficiency is almost one order of magnitude lower than that of the S-doped NWs. At an
excitation density of 200 W/cm?, only an emission peak at energy of about 1.309 eV is
observed. The peak at about 1.38 eV, which corresponds to a conduction band to Zn
acceptor (e-Az,) transition, or to a transition from unintentional donors to Zn acceptors
(D-Az,) is not visible below 7 kW/cm? When the excitation density increases, this low-
energy PL peak blue shifts toward the ZB bandgap.

The PL peak in the range of 1.20 — 1.37 eV, which blue shifts with increasing excitation
power, can be attributed to the optical transitions between substitutional and interstitial
Zn. The substitutional Zn acts as an acceptor while the interstitial Zn act like a deep
donor [214, 216, 217]. In order to understand the shift of the PL peak, we consider the
energy of the transition at different excitation density regime. We adopt the explanation
from reference [214], assuming that the transition takes place between electrons and
hole of a Dz,-Az, pair which are separated by a distance r. In order to create a free
electron in conduction band and a free hole in the valence band, an energy of £ is
needed. When the electron neutralizes a Zn donor, an energy of Ej__(ionization energy
of interstitial Zn) is released. However a potential energy of e?/er is added to the system
due to the coulomb interaction between the ionized acceptor and the added electron.
When a hole comes and neutralizes the ionized acceptor of the system, only energy of
E,,, (ionization energy of a Zn acceptor) is released because the hole is not affected by
the neutralized donor. The energy of the emitted photon ends up as being hv = E; —
(Ea,, + Ep,,) +e®/er = Epi +e%/er (6.2) as presented in reference [214]. When the
excitation density increases, the distance between the donors and acceptors between
which the transitions takes place, decreases due to higher carrier concentration. The Dz,-
Az, peak therefore blue shifts with increasing excitation density. Since the decay time is
dependent on the spatial distance between the Dz, and the Az, we expect a longer
carrier lifetime for a larger r, or equivalently lower energy transition. From the TRPL
measurements (not shown here) we indeed found that the Dz,-Az, transition at low
energy of 1.27 eV has a long lifetime of 10-15 ns while a higher Dz,-Az, energy emission
at 1.33 eV shows a shorter lifetime of about 2 ns. The e/D-Az, emission at 1.385 eV
exhibits a decay time of 1 ns.

In order to qualitatively estimate the binding energy Ep, of the Zn donors, we plot the
position of the Dz,-Az, peak for a p-doped <100> InP NW as a function of the excitation
power density in semi-logarithmic scale (figure 6.7). The PL peak shift coefficient of 27
meV per decade change in excitation power density is found by linearly fitting the
experimental data in figure 6.7. We extrapolate the ground state of the Dz,-Az, peak to
approximately 1.233 eV. The binding energy of interstitial Zn donor is thus found to be
149+ 0.5 meV. This value is similar to the energy of the Dz,-Az, peak of bulk Zn-doped
InP measured at low excitation power, as presented in reference [219].
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Figure 6.7. Energy of Dz, —Az, peak of a Zn-doped <100> InP nanowire as a function
of excitation density. The dots present experimental data and the straight line is a fit.
The energy shift coefficient of 27 meV per decade change in excitation power
density is found.

Since we intentionally use Zn as p-dopant, the existence of interstitial (donor) Zn will
compensate the substitutional (acceptor) Zn, resulting in a hole concentration, which is
much lower than the Zn concentration. Moreover, deep level interstitial Zn is a source of
non-radiative [160, 219] recombination and degrades the material quality. That also
explains the low PL efficiency of our p-doped <100> InP NWs. In bulk InP, Zn diffusion
can result in a high amount of interstitial Zn [217, 220]. In-situ doping usually leads to
lower interstitial Zn concentration. The reason for the high amount of interstitial Zn in
our <100> InP NWs is not clearly understood though. Different from Zn-doped <100>
InP NWs, PL measurement on <111> p-InP nanowire grown at a similar conditions (for
our <111> InP NW solar cells) exhibits a PL spectrum similar to that the p-InP wafer with
dominant e/D-Az, peak (1.385 eV). This is probably due to the difference in the
incorporation of Zn into <100> and <111> InP NWs [221]. In order to increase the
amount of substitutional Zn, thermal annealing of the sample is most commonly used in
bulk. During the thermal annealing, the interstitial Zn becomes subsituational Zn [214,
217, 222]. Figure 6.8 presents the typical PL spectra of single NWs at 4 K from two
samples grown at the same conditions, with and without the annealing step at 600 °C for
10 mins. The annealing is performed /n-situ after the NW sample is grown. It can be
seen that the annealed NWs show a PL peak at the e/D-Az, transition while the sample
without annealing shows dominant PL from substitutional Zn. The average integrated PL
intensity also increases 1.5 times after the annealing. Therefore thermal annealing can be
used to improve the quality of p-doped sample when the interstitial Zn concentration is
too high.
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Figure 6.8. PL spectra of Zn-doped <100> InP NWs (a) before and (b) after annealing
at 600 °C. The measurements were carried out at an excitation power of 2 kW/cmz,
at4 kK.

6.4 Surface recombination velocities

Due to the small dimensions of NWs, the influence of the surface recombination on the
optical and electrical properties of the NW becomes very important. Here we present a
measurement of surface recombination velocities of intrinsic <111> and <100> InP NWs.
All the NWs are grown in the same run and on the same substrate at 540 °C. An EBL
pattern consisting of square array of gold catalysts with different diameters (25, 50, 75,
100 nm) was used for VLS growth. The PL spectra of those NWs exhibit two distinct
categories with ZB emission for <100> NWs and WZ emission for <111> nanowires. The
PL lifetimes are measured at room temperature on 10-20 nanowires for each diameter
and for each growth direction. The surface recombination velocity is then extracted by
fitting the experimental data using the equation 1/7 = 1/t + 4S/d [110], where 7 is
the measured PL decay time, 7u.« is the carrier lifetime in the bulk of the NW without a
contribution from the surface, S is the surface recombination velocity and d is the
diameter of the NW. The results are presented in figure 6.9.

We found that the surface recombination velocity of the <111> NW is 2.2 x 10° cm/s
and the NW bulk lifetime is 0.25 ns. The surface recombination velocity of the <100> InP
NW is extracted to be 8.1 x 103 cm/s, and the NW bulk lifetime is 0.74 ns. The difference
in the surface recombination velocity between <111> and <100> NWs is probably due
to different crystal structures (predominantly WZ for <111> and pure ZB <100>) and
side facets [223] (predominantly {1100} oriented for <111> and {001} for <100>). The
accuracy of surface recombination velocity extraction for <100> InP NWs is limited by
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the number available data points of our measurements (<100> NWs can be grown by
using Au diameters larger than 50 nm only). Our obtained surface recombination
velocities are similar to that of typical bulk InP but higher than that of the pure WZ
intrinsic InP NWs (161 cm/s) [113] grown at much high temperature of 730 °C by
selective area epitaxy method which have non-tapered morphology and smooth side
facets.
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Figure 6.9. Estimation of room-temperature surface recombination velocities of
intrinsic <111> and <100> InP NW by measuring the PL lifetimes as a function of the
NW diameters. The surface recombination velocities are 2.2 x 10° cm/s and 8.1 x 10°
cm/s for <111> and <100> InP NWs, respectively.

6.5 Conclusions

We have studied the optical properties of intrinsic, n-doped and p-doped <100> InP
NWs grown on (100) InP substrates. The <100> InP NWs grown are free of planar
stacking faults regardless the use of the /n-situ dopants. Sulfur-doped <100> InP NWs
show excellent photoluminescence efficiency. We were able to estimate the doping
concentration of these NWs from the Burstein-Moss shift of the photoluminescence peak
at room temperature. The Zn-doped <100> InP NWs show a lower photoluminescence
efficiency compared to suphur-doped NWs and a complicated doping behavior. They
exhibit an emission which originally appears at 1.224 eV for low excitation powers, and
then broadens toward the zincblende InP bandgap when the excitation density is
increased. This effect is explained by the coexistence of both interstitial and
substitutional Zn dopants. The high amount of unwanted interstitial Zn, which
compensates the Zn acceptors, can be significantly reduced by thermal annealing. Our
study on n- and p-doped <100> InP NWs is important for the fabrication of stacking
fault free nanowire solar cells and optoelectronic devices.
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Summary

Nanowire photoluminescence for photovoltaics

Nanowires have emerged as a promising class of materials for high efficiency, low cost
solar cells. Thanks to the elastic strain relaxation, nanowire enables the fabrication of
almost unlimited combinations of semiconductor materials, enabling the fabrication of
multi-junction cell with bandgaps matching the entire solar spectrum. The light
concentration effects of the nanowire geometry allow high optical absorption while using
much less material as compared to their thin film counterparts. In order to obtain high
efficiency nanowire solar cells, many requirements must be simultaneously met, including
a perfect crystal phase, a low surface recombination velocity, the absence of
unintentional sidewall growth and very low residual impurities levels.

This thesis focuses on micro-photoluminescence (PL) and time-resolved PL techniques to
study the structural and optical properties of nanowires intended for solar cell
applications. The semiconductor nanowires used in our studies are grown by the vapor-
liquid-solid mechanism using metalorganic vapour phase epitaxy. By employing high-
temperature growth combined with HCl in-situ etching, high material quality single
crystal phase wurtzite (WZ) and zincblende (ZB) <111> InP nanowire have been obtained
for different diameter of the catalyst seeds. These nanowires show bulk-like PL with
bright emissions and long PL lifetime. For ZB <111> InP nanowires, a small amount of
overgrowth on the nanowire sidewall is attributed due to their zigzag morphology. This
sidewall growth (by vapour-liquid mechanism) often results in a lower material quality
and a higher amount of incorporated carbon impurities. The PL spectrum from those ZB
nanowires shows pronounced acceptor-related emission which is not observed in WZ
nanowires with smooth side facets. By piranha post-growth etching, the overgrown
sidewall can be completely removed. This can be clearly observed by comparing the
nanowire PL before and after post-growth etching as presented in chapters 3 and 4.

This sidewall cleaning technique was also applied to axial p-n junction <111> InP solar
cells. When we grow Zn-doped (p-type) <111> InP nanowires, the overgrowth on the
sidewall form extrusions with poor crystal quality, which are a source of non-radiative
recombination, and therefore detrimental to solar cell performance. By piranha post-
growth etching, we can effectively remove these extrusions, resulting in clean <111>
sidewalls without visible defects. This cleaning step leads to an improvement of solar cell
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efficiency from almost zero to 11.1 % for a nanowire array which covers only 1.8% of the
surface area.

One distinctive feature of nanowires is that they enable the growth of both zincblende
(ZB) and wurtzite (WZ) crystal phases. Although it is not desirable for solar cells where
the intermixing of crystal phases results in enhanced carrier trapping and reduced
mobility, a WZ/ZB/WZ nanowire section can provide a so called crystal phase quantum
dot/disk (CPQD) in a chemically homogeneous nanowire with atomically flat interfaces. It
was demonstrated in chapter 5 that the controlled growth of atomically sharp WZ and
ZB GaP nanowire sections results in very sharp quantum dot emissions at visible
wavelengths with single photon characteristics. Those quantum structures are promising
for the realization of more complex solid-state quantum devices.

The vertical growth of InP NWs on the (100) industry standard InP substrates with a pure
zincblende (ZB) crystal structure is technologically relevant for NW solar cells and
optoelectronic devices. In chapter 6, we demonstrate that InP NWs grown along the
<100> direction are pure ZB regardless of the use of the in-situ dopants. The n-type
(with sulfur) and p-type (with zinc) doped <100> InP NWs are investigated by
photoluminescence and lifetime measurements. While the sulfur-doped NWs show
excellent optical quality, the zinc-doped ones exhibit very low photoluminescence
efficiency with a large amount of interstitial zinc (donors). The interstitial zinc degrades
the material quality and compensates the substitutional zinc (acceptors). It was found
that the amount of interstitial Zn can be significantly reduced by thermal annealing of
the NW samples after the growth.
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