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Abstract

The focus of this work was to study the nanowire (NW) optical and struc-
tural properties on a single NW level. The GaAs-based heterostructured
semiconductor NWs, grown by Au-assisted molecular beam epitaxy (MBE),
were studied throughout this work. Due to diversity of the NWs within each
growth batch, it is essential to study the same single NWs both by differ-
ent micro-photoluminescence (PL) and transmission electron microscopy
(TEM) techniques. An efficient method for such a correlated study was de-
veloped (paper I), and applied in all following studies. The key feature is
that the single NWs of desired morphology are preselected by low voltage
scanning TEM (STEM) for the micro-PL study. Subsequently, TEM char-
acterization is performed, and in such a way a detailed set of information is
obtained for each single NW.

Wurtzite (WZ) GaAs/AlGaAs core-shell NWs were studied to determine
the fundamental optical properties of WZ GaAs, a crystal phase found only
in NW form for GaAs (paper III). To this cause, low temperature power-
dependent, temperature-dependent, polariztion-resolved and time-resolved
micro-PL were employed in correlation with conventional TEM characteri-
zation. The room temperature (294 K) WZ GaAs bandgap was determined
to be 1.444 eV +1 meV which is ~ 20 meV higher than the well known bulk
zinc blende (ZB) GaAs value. On the other hand, the low temperature free
exciton emission energy was found to be approximately the same as in ZB
GaAs, 1.516 ¢V at 15 K. The conduction band symmetry of WZ GaAs is
proposed to be I's. In addition, the results demonstrate that the Au-assisted
MBE grown NWs can have high PL brightness.

WZ GaAs/ZB GaAsSb axially heterostructured NWs were studied in
order to understand the cause of variations of the ZB GaAsSb insert op-
tical properties among the NWs (paper I, II, IV). The Sb concentration
variation among and within ZB GaAsSb inserts was studied by energy dis-

persive X-ray spectroscopy (EDX), quantitative high angle annular dark
field (HAADF) STEM and correlated PL-TEM (paper IV). A clear trend
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of increasing Sb concentration with increasing insert length was observed.
It was found that the Sb concentration increases gradually from the lower
insert interface along the NW axis, reaches a maximum value and decreases
towards the upper insert interface. The Sb concentration variation within
the GaAsSb inserts induces both type I and type II optical transitions within
the insert. To verify the EDX and quantitative HAADF STEM results in-
dependently, the Sb concentration was calculated from the ground state
energies of the GaAsSb PL emission using an empirical model for low tem-
perature bandgap of unstrained bulk GaAsSb. The calculated Sb concentra-
tion values were in agreement with quantitative HAADF STEM results, and
systematically higher than the values obtained by the EDX quantification.
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Preface

This thesis is submitted in partial fulfilment of the requirements for the PhD
degree at the Norwegian University of Science and Technology (NTNU).
This PhD project was a part of the project “Development of semicon-
ductor nanowire based solar cells” financed by the “RENERGI” program
(Grant No. 190871) of the Research Council of Norway. The work has
been caried out at TEM Gemini Centre at the Department of Physics from
September 2009 to September 2012. The NWs were grown in the MBE lab
at the Department of Electronics and Telecommunications (IET), NTNU.
SEM/STEM characterization has been performed at NTNU Nanolab. The
optical characterization of the NWs has been carried out in the Nano Pho-
tonics lab at IET, NTNU.

The thesis consists of two parts. Part I contains the introduction about
the studied GaAs-based heterostructured semiconductor NWs, theoretical
background and description of experimental techniques used in this work.
The introduction about the NWs includes Au-assisted MBE growth pro-
cedures, description of NW crystal structure, defects and morphology, and
some examples of correlated PL-TEM studies carried out within this PhD.
The theoretical background focuses on the theory of electron diffraction,
description of NW crystal phases and derivation of the structural factors
for the two dominant crystal phases. The experimental part describes MBE,
micro-PL and the different electron microscopy techniques used in this work.
Part I ends with a summary of the entire PhD project, including the main
conclusions and an outlook for future correlated studies based on the de-
veloped PL-TEM method. Part I contains the collection of own journal
publications and manuscripts either accepted or to be submitted.
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Chapter 1

Introduction and Motivation

A bright future within a broad range of applications is expected for the vast
variety of heterostructured semiconductor nanowires (NWs) [1,2]. The NW
research worldwide has been expanding during the last decade within many
applications, such as solar cells [3-5], lasers [6-9], transistors [10] and light
emitting diodes [11].

Semiconductor NWs as a solar cell material [12], have a great poten-
tial to reduce the cost and to improve the efficiency of a solar cell device.
NWs have several important advantages over thin films for solar cell appli-
cations. In a NW, electrons and holes move across a short distance (order
of 100 nm in radial direction) and therefore the electron-hole recombina-
tion rate is reduced. Good optical absorption is achieved since the light is
mainly absorbed along the NW axis. Moreover, NWs accommodate strain
easily and can be grown on cheap and lattice-mismatched substrates [13,14].
The first NW solar cells using Si as an active material were demonstrated
in 2007 [3,4]. Compared to Si, the advantage of GaAs is a direct bandgap
and thus more efficient absorption of light. The solar cell efficiency for GaAs
NWs is expected to be higher by a factor or two compared to Si NWs, due
to the bandgap type and a better optimized bandgap to the solar radiation
spectrum [15].

The long-term aim of the NW project where this PhD was a part of, is to
realize a solar cell consisting of a GaAs-based core-shell NW heterostructure
with a p-type core, intrinsic-GaAs shell and a n-type shell, grown on a Si sub-
strate. Moreover, positioned self-catalysed NW growth needs to be achieved
by patterning the Si substrate, which is a part of another PhD within the
NW project. This has already been demonstrated for self-catalysed GaAs
NWs grown by molecular beam epitaxy (MBE) on patterned SiOy [13], and
for other semiconductor NWs using various growth techniques [16].

3
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For solar cell applications, bandgap design of the active material is an im-
portant requirement. This is well possible for the two most commonly used
growth techniques for I1I-V semiconductor NWs, metalorganic vapour phase
epitaxy (MOVPE) and MBE. Bandgap engineering is achieved by control-
ling and tuning the composition of a ternary III-V alloy [17]. The bandgap
also depends on the crystal phase of the material [17,18]. As different poly-
types of a same material can exist at the nm-scale, different bandgaps can be
expected as well. The crystal phase and bandgap control in NWs is achieved
by alloying [19,20] or by varying growth parameters [21,22].

The basic building blocks for NW heterostructure design are axial in-
serts, of different crystal phase and/or material than the surrounding core,
and radial shells, which commonly follow the core crystal structure [23,24].
These building blocks allow vast freedom of design both for MBE and
MOVPE. For example, complex NW heterostructures, such as twinning [25]
or polytypic superlattices [26,27] can be achieved for some III-V systems
by MOVPE. Achieving such a precise growth control is more challenging in
MBE;, and there have been some recent developments towards crystal phase
control [28] and superlattices [29], for example.

In general, NWs from a same growth batch usually exhibit variation
in the structural characteristics and often suffer from inherent structural
defects [19, 20, 26, 30]. The most common defects, stacking faults (SFs) in
wurtzite (WZ) phase or twinning in zinc blende (ZB) phase, are expected
to influence the NW optical properties. Moreover, NWs may grow with
{111}A/B facets [25,26] or a mixture of hexagonal ({1120} or {1100}) and
other facets [31,32], which might hinder applications where perfect hexag-
onal morphology is needed.

While a significant amount of research is invested in optimising NW
growth, exploring new NW heterostructures and designing new NW de-
vices, understanding the fundamental physical properties of such complex
nano-systems still remains a challenge. The question is to which extent the
inherent NW imperfections, such as the structural defects and potential
composition variation, influence the targeted opto-electronic properties for
a device application.

The NWs studied in this PhD were based on WZ GaAs (core or axial
insert) and ternary alloys WZ AlGaAs (radial shell or core) and GaAsSb
(ZB axial insert or WZ radial shell). As an introduction to these alloys, the
room temperature bandgaps for bulk ZB Al,Ga;_,As and ZB GaAs;_,Sb,
as a function of the content, x, are presented in figure 1.1. The bandgaps of
WZ AlAs and WZ GaSb are predicted to be lower than for their ZB phase,
and WZ GaAs bandgap remains lower than for WZ AlAs [18]. Thus, for a



GaAs/AlGaAs heterostructure type I band alignment (carriers confined in
GaAs) and the absence of strain due to lattice-match (see inset of figure
1.1) are expected. On the other hand, for a GaAs/GaAsSb heterostructure
strain should be expected. Presently, there is no consensus on the type of
band alignment of ZB or WZ GaAs/ZB GaAsSb heterojunction, and both
type I and type II are reported for ZB GaAs/GaAsSb quantum wells and
pseudomorphic ZB GaAsSb thin films on ZB GaAs [33-38].

30 * AlAs
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304 4

254 "% eGaAs
10 GaSb

20 58 57 &8 59 60 64
' Lattice constant (A)

Bandgap (eV)

1.54

1.0+
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Figure 1.1: The room temperature bandgap as a function of the content, z,
for bulk ZB ternary alloys Al,Gaj_,As and GaAs;_,Sb,. (Inset) Bandgap
versus the lattice constant for bulk ZB GaAs, ZB AlAs and ZB GaSb. The
figure is adapted from reference [17].

One of the aims of this PhD project was to support the MBE growth
and micro-photoluminescence (PL) characterization by routine (scanning)
transmission electron microscopy ((S)TEM) studies of novel GaAs-based
heterostructured NWs. Conventional TEM characterization of NW size,
morphology, crystal phases and lattice defects is important for the inter-
pretation of the optical properties as well as a feedback for optimisation of
the growth procedures. In addition, high angle annular dark field (HAADF)
STEM and energy dispersive X-ray spectroscopy (EDX) provide informa-
tion about the structural quality of a core-shell structure and give a rough
insight into the concentration of different elements in a heterostructured
NW. At the nm-scale, the basic TEM studies show that every NW is differ-
ent. Namely, there can be a huge variation not only in NW sizes, but more
importantly in defect type, density and distribution, for NWs within a sin-
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gle batch. The time-consuming nature of (S)TEM work combined with the
variation among the NWs and huge number of NWs in each growth batch,
presents a challenge in obtaining reasonable statistics on the NW structural
characteristics for a single batch.

On the other hand, micro-PL characterization faces its own challenges
in studying NWs. The resolution of the objective lens in a micro-PL setup
is not high enough to distinguish single NWs from the NWs that stick
together, or to spot NW fragments. To make a micro-PL study meaningful,
one must be certain that the measured object is a single NW. In addition,
information about the NW structural characteristics is necessary to support
the interpretation of the PL results. However, standard substrates for PL
measurements are not electron transparent. Therefore, in case of a separate
PL and TEM characterization, the interpretation of the PL results depends
on some other NWs from the same batch, studied by TEM, which might be
significantly different than those studied by PL. The interpretation of the
optical properties in such an uncorrelated study may be based on the wrong
assumptions and hence inaccurate.

Therefore, a need for establishing a correlated PL-TEM method emerged
as another aim of this PhD project. The main motivation was to interpret
the NW optical properties in direct correlation with its structure and com-
position. A significant part of this work was devoted to development of an
efficient PL-TEM method (paper I). At the time of onset of this part of the
project (beginning of 2010), a few correlated PL-TEM studies on NWs had
been reported [39,40]. In 2011, a correlated study of GaAs NWs by Heiss
et al. [41], similar to our approach, has been published. By the time paper
I was published (July 2011), there was still no routine application of the
correlated PL-TEM characterization within the NW community.

The starting point was to find a TEM grid appropriate for micro-PL
measurements and to adapt it for PL sample stage. Most importantly, we
needed a tool for pre-selecting single NWs suitable for PL studies, and for
mapping the NWs within the specimens. To this cause, a systematic study of
the effects of electron beam exposure in Hitachi S5500 (1-30 kV) and Phillips
CM30 (200 kV), on NW optical properties needed to be carried out. Low
voltage (30 kV) scanning electron microscopy (SEM) or STEM proved to
be a non-destructive and quick way for NW selection. Already at this stage,
the obtained results led to a better understanding of the correlation between
the optical and structural properties of axially and radially heterostructured
NWs. Even though the main aim was to establish a correlated method, this
initial study was instructive to determine directions of future correlated
studies.



In the course of this work, the PL-TEM method was used to study many
different NW heterostructures:

e WZ GaAs NWs with axial ZB GaAsSb inserts. Aim: to investigate the
band alignment between the insert and the core, and influence of the
structural defects in the core on the optical properties of the insert.

e WZ GaAs/GaAsSb core-shell NWs. Aim: to study novel WZ GaAsSb
and to investigate the band alignment between the core and the shell,
and whether there is inbuilt radial separation of electrons and holes.

e WZ GaAs inserts in WZ AlGaAs NWs with AlGaAs shells. Aim: to
observe quantum confinement effect in WZ GaAs inserts grown for
30 s or shorter, and to compare to the bulk PL behaviour for longer
inserts (1 — 2 min).

e 7B GaAs inserts in WZ GaAs NWs. Aim: to observe the expected type
IT transition between ZB and WZ GaAs [18,41]. Growth optimisation
of ZB/WZ GaAs interfaces.

e WZ GaAs/AlGaAs core-shell NWs. Aim: investigation of the funda-
mental optical properties of WZ GaAs.

The basic PL-TEM method provided some insight into optical property-
structure relation for all these NW heterostructures. Moreover, the initial
PL-TEM method became a sound basis for further development. To begin
with, a couple of more advanced PL techniques were included (paper III).
Fortunately, the TEM facilities available at TEM Gemini Centre, Phillips
CM30 and Jeol 2010F, were suitable for investigation of fundamentally in-
triguing NW heterostructures with a simple design: WZ GaAs/AlGaAs core-
shell NWs (paper III) and WZ GaAs/ZB GaAsSb axially heterostructured
NWs (papers I, 11, TV).

The WZ GaAs bandgap and conduction band symmetry have been a
highly controversial topic during the last couple of years. Theoretical works
predict values of 1.553 eV [42] and 1.504 eV [18] for the low temperature
WZ GaAs bandgap versus 1.5194 eV in bulk ZB GaAs [17,43]. Reported
experimental results indicate higher [44,45], lower [46] or approximately the
same [47,48] value as for ZB GaAs. The symmetry of the lowest conduction
band of WZ GaAs has been uncertain: I'g, as proposed by De and Pryor [18§],
or I'7, as claimed by Ketterer et al. [48].

Fundamental optical properties of WZ GaAs were studied on carefully
selected single NWs by several complementary micro-PL techniques: power-
dependent, temperature-dependent, polarization-resolved and time-resolved;
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and conventional TEM (paper III). In our work, the direct PL-TEM corre-
lation was an advantage compared to the references [44-48]. Moreover, NWs
with high purity of WZ phase are necessary for such study, with no SFs or
low density of uncoupled SFs, and no ZB segments at all within them. In
contrast to other reports on W7 GaAs bandgap where the study is based
on GaAs NWs of a mixed WZ-ZB phase [41, 45, 48], we were able to find
and study GaAs NWs with pure WZ phase. In this work, we present values
for WZ GaAs low temperature free exciton emission and room temperature
bandgap, and discuss the conduction band symmetry and the optical quality
of Au-assisted WZ GaAs NWs.

Investigating the Sb concentration levels in ZB GaAsSb inserts within
WZ GaAs NWs, is crucial for understanding the insert growth kinetics
and to optimise the growth procedures in order to precisely control the
Sb content and thus the insert’s bandgap (paper IV). The structural and
the optical properties of ZB GaAsSb inserts in GaAs NWs have been stud-
ied previously without direct correlation [19, 20,49, 50]. Moreover, a novel
quantitative HAADF STEM study of the Sb concentration within the ZB
GaAsSb inserts has been reported recently [51]. However, there is no study
reported that gathers and correlates all these aspects on a single NW level,
and that is what we aimed to achieve.

By studying a substantial number of both bare-core and core-shell NWs
by TEM-EDX, a clear trend between the Sb concentrations and the insert
lengths emerged. Moreover, the Sb concentration variation was observed
both along and across the inserts by quantitative HAADF STEM study.
The Sb concentration gradient within and variation among the inserts were
directly correlated with the ZB GaAsSb optical properties. In addition,
the Sb concentration was calculated from the GaAsSb PL emission energy,
for a large number of NWs studied by correlated PL-TEM, and compared
to values obtained by EDX and quantitative HAADF STEM. This study
provided a much more detailed insight into relation between the crystal
structure, composition and the optical properties of the GaAsSb inserts
than the initial works (paper I and II).

To summarize this introduction, a number of different correlated PL-
TEM studies was carried out within this work and provided a detailed
insight into the relation between the structural and optical properties of
GaAs-based NWs. Moreover, the structural characterization by (S)TEM on
its own resulted in a better understanding of how close the designed het-
erostructured NWs are to the experimentally observed NWs. This knowl-
edge will be useful for further NW growth optimisation and design of new
NW heterostructures for solar cell applications.



Chapter 2

Heterostuctured GaAs-based
semiconductor NWs

The studied GaAs-based heterostructured NWs grown on GaAs (111)B sub-
strates are described in detail in this chapter through: the Au-assisted MBE
growth procedures (2.1), the commonly observed crystal phases and defects
(2.2), NW morphology (2.3) and faceting (2.4). The main focus of this
work, the correlated PL-TEM studies, and some examples of the studied
NW heterostructures are discussed in the last part of this chapter (2.5).

2.1 MBE growth of Au-assisted GaAs-based NWs

The NW growth in MBE is governed by vapour-liquid-solid (VLS) mech-
anism where a liquid metal catalyst particle [52], usually gold, is needed
for nucleation and growth of NWs. The growth procedure of Au-assisted
bare-core GaAs NWs grown on GaAs (111)B substrates can be divided into
several stages [23]:

1. GaAs substrate is deoxidized at 620°C and a ~ 100 nm thick buffer
layer is grown by MBE to achieve a flat surface. The buffer layer can be
pure GaAs [19,20] or GaAs/AlGaAs/GaAs, where AlGaAs serves as marker
layer [49,53]. A thin Au film (< 1 nm) is deposited on such prepared GaAs
(111)B substrate in the electron beam evaporator. Transferred back into the
MBE, the substrate is heated up to temperatures suitable for NW growth
(540—550°C) under Asy flux of 6 x 109 Torr, which induces the dissociation
of Au film into particles. At this stage, the gold particles are alloyed with
the substrate material. The liquid-alloy particles are effectively Au-Ga since
the solubility of As in Au is very low [54]. This process results in random
positions and sizes (30-100 nm) of the catalyst nanoparticles.

9



10 Heterostuctured GaAs-based semiconductor NWs

2. The NW growth is initiated by supplying Ga flux at substrate tem-
peratures of 540 — 550°C. The source materials dissolve in the liquid-alloy
particle until the composition reaches saturation. When the alloy particle
becomes saturated with Ga and As while the gas supply continues, the excess
material segregates below the particle in solid form. The VLS growth model
explains that a seed particle favours to form at the triple-phase line [55]. The
seed particle extends and grows into a monolayer (ML) below the alloy par-
ticle. The solid NW forms ML by ML, with the same diameter as the alloy
particle. The NW growth direction is [111]zg or [0001]wz, which represent
the same direction but in the cubic and hexagonal lattice respectively. The
Ga flux is such that the planar growth rate of GaAs is ~ 0.7 MLs™! [19]. Un-
der these growth conditions, predominantly WZ phase is obtained in GaAs
NWs.

3. As the NW continues to grow, the Ga and As adatoms are supplied by
direct impingement to the particle, by diffusion from the side walls and from
the substrate, up the side walls towards the particle [56]. Since Ga and As
adatoms fall onto the substrate, a two-dimensional (2D) GaAs layer forms
on the substrate around the NWs at the same time as the NWs grow. The
AlGaAs marker layer is useful to estimate the height of the 2D GaAs growth
(~ 400 nm) by SEM [49,53]. The core is usually grown for 20—25 min which
results in 2 — 3 ym long NWs.

The VLS technique allows tailoring of NW composition both in axial
and radial directions by adjusting the growth parameters. The growth pa-
rameters such as source fluxes, dimer species and substrate temperature
affect the NW growth rate, NW sizes, morphology (for example tapering),
composition and purity of the desired crystal phase [23]. By carefully tun-
ing the growth parameters, it is possible to achieve a variety of axial and
radial heterostructures by MBE growth, for example: WZ GaAs NWs with
7ZB GaAsSb or ZB GaAs inserts, WZ GaAs NWs with WZ AlGaAs or WZ
GaAsSb shell, WZ AlGaAs NWs with WZ GaAs inserts. The basic growth
procedures for a GaAsSb axial insert and an AlGaAs radial shell are de-
scribed below.

Axial GaAsSb inserts in GaAs NWs are grown by introducing Sb flux
at some point during NW growth without any growth interruption. The
inserts are usually grown for about 30 s under Sby flux of 6 x 10~7 Torr and
at substrate temperatures of 540 — 580°C [20,49].

To grow a radial AlGaAs shell, the substrate temperature is kept at
540—550°C [23]. The temperature of Al effusion cell is set to achieve nominal
composition of Aly3Gag7As as for 2D growth on a GaAs (100) substrate.
The shell growth is initiated by opening the Al shutter without growth
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interruption. The Asg flux is adjusted in such a way that V/III ratio remains
constant. The shell is usually grown for 15 min and during that time an
axial AlGaAs segment forms on top of the GaAs core as well [53,57]. In
addition, core-shell NWs need to be capped by a thin GaAs layer since
AlGaAs oxidizes quickly. The GaAs cap is grown for 5 min under As, flux
of 6—9x107% Torr at 400 —500°C, i.e. at the conditions which favour radial
GaAs growth.

Introducing shells is important for enhancement of the optical properties
since the shell passivates the interface states of the NW core [58,59]. AlGaAs
shells are very desirable for bare-core GaAs NWs, because the wide bandgap
allows carrier flow to lower bandgap core [17]. Another advantage of AlGaAs
is that the lattice constants are almost the same as for GaAs [17]. Hence,
no matter how high Al composition is, the strain between the core and the
shell is elegantly avoided. The unintentionally grown axial AlGaAs segment,
which has a contribution to the PL spectra of core-shell NWs [53], is a
drawback for example for laser application and NW contacting, since it
covers the NW core from above.

2.2 Crystal phases and defects

Bulk III-V semiconductor materials in most cases adopt ZB phase [17].
Both ZB and WZ phase are found in NW form of III-V compounds. WZ
phase exists as well, for example in bulk form of III-nitrides and some II-VI
compounds [60]. In contrast to bulk, polytypism (i.e. mixture of WZ and
ZB phases and stacking irregularities) often occurs in NW form of III-V
compounds [26,41, 55].

Atomic arrangements of a I1I-V compound in ZB phase on a (110)zp
zone, and in WZ phase on a (1120)wy zone, are shown in figure 2.1(a,b).
A common way to compare the atomic arrangements of ZB and WZ phases
is to refer to their stacking sequences in [111]zp and [0001]}wyz direction
respectively, indicated by the arrow in figure 2.1. The ZB stacking sequence
is described as ABCABCABC, whereas WZ stacking sequence is ABABAB.
Each letter (A, B, C) represents one bilayer consisting of a group III and a
group V element which are bound to each other along [111]zp or [0001]wz
direction.

The most common structural defect for III-V NWs in ZB phase is rota-
tional twinning around a (111)zp axis. As example, dark field (DF) TEM
image of a twinned ZB GaAs insert in a WZ GaAs/AlGaAs core-shell NW
is shown in figure 2.2(a). In general, twinning in a crystal means that the
crystal is composed of parts that are oriented with respect to one another
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Figure 2.1: Stacking sequence for a III-V compound in (a) ZB phase on
a (110)zp zone, and (b) WZ phase on a (1120)wyz zone, made in JEMS
software [61]. The NW growth direction, [111]zg or [0001]wz, is indicated
by the arrow. A, B, C are bilayers of group III element (black) and group
V element (white).

according to some symmetry rule [62]. In case of a ZB NW, twinning means
that two ZB segments are rotated with respect to each other for 60° around
a (111)zp axis, which changes the stacking sequence from ABC to CBA.
This rotation occurs around the growth direction in most cases, see figure
2.2(a), but can occur in another (111)7p direction.

Stacking sequence for twinned ZB is ABCABCBACBA, where the plane
which lies between group III and group V atoms within the bilayer C, repre-
sents the twin boundary. Note that the twin boundary is not a mirror plane,
because the bonding orientation between group III and V atoms is not mir-
rored across the boundary. In other words, only the stacking sequence is
mirrored and the bonding occurs between group III and V atoms across the
twin boundary. The bilayer C, at the twin boundary, could be considered to
be in WZ-like surrounding (...BCB...). However, BCB is not a WZ segment.
There is a clear distinction between the twin interface and a W7 segment
in ZB phase. The smallest segment of WZ phase within ZB phase consists
of four bilayers and occurs when two consecutive bilayers are misplaced (i.e.
two consecutive twin boundaries): ABCA(BCBC)ABC, where the bilayers
within the brackets have WZ atomic arrangement [26].
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Figure 2.2: (a) DF TEM image of a twinned ZB GaAs insert in a WZ
GaAs/AlGaAs core-shell NW. The growth direction for all three NWs is
indicated by the white arrow. (b) DF TEM image of a WZ AlGaAs NW
with SFs. The yellow and blue arrows in (a) and (b) point at rotationally
twinned ZB segments or SFs of different orientations. (c¢) High resolution
(HR) TEM image of a tip of a WZ GaAs/AlGaAs/GaAs core-shell-cap NW
with variation of crystal phase: WZ, ZB, 4H and WZ.

In WZ phase, SF's are the most common structural defect. An example
of a WZ AlGaAs NW with SFs is shown in figure 2.2(b). A SF is defined
as a single additional layer (extrinsic SF') or a single missing layer (intrinsic
SF) in an otherwise perfect crystal [62]. WZ stacking sequence with a single
SF is ABABABCABAB or ABABABCBCBC where the bilayers ABC are
arranged as in ZB phase. This represents the smallest unit of ZB stacking
sequence (0.979 nm long). Another possibility for occurrence of a single
SF is sequence ABABACBABA or ABABACACAC. These two ZB unit
sequences, ABC and BAC have different orientation, i.e. are rotated with
respect to each other for 60° around the [0001]yyz axis. These are effectively
twinned ZB units, which results in their reflections being mirrored with
respect to (0001)wyz direction in the diffraction pattern (DP). Therefore
these two SF's would appear bright and dark in a DF TEM image formed
by a reflection characteristic for one of the SFs, see for example figure 2.2(b).
SFs can be extended into more than three bilayers of ZB stacking sequence,
for example: ABABCABA or ABABCACA (4/3 ZB unit), ABABCABAB
(5/3 ZB unit), ABABCABCAB (two ZB units). A ZB stacking sequence
larger than two ZB unit sequences can be considered as a ZB segment within
WZ phase.
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4H polytype with stacking sequence ABACABAC, is another phase
which can be found in III-V NWs [20, 63, 64]. For example, 4H polytype
segment is observed in WZ GaAs NWs with axial ZB GaAsSb inserts, di-
rectly after the insert before WZ GaAs continues [20], or in the tappered
tip of a WZ GaAs/AlGaAs/GaAs core-shell-cap NW, shown in figure 2.2(c),
where a mixture of WZ, ZB and 4H phases occurs.

2.3 NW morphology

The most common types of NW morphology observed in GaAs-based NWs
throughout this work, are presented in figure 2.3. The bare-core NWs usu-
ally have constant, or nearly constant, diameter along the whole length,
as shown in figures 2.3(a,b). For some bare-core NWs, tapering close to the
droplet may occur (figure 2.3(b)) [23]. The core-shell(-cap) NWs are in most
cases pencil-shaped (figure 2.3(c)), i.e. anti-tapered up to the tapered tip
region. The anti-tapering could be due to a high density of the NWs on the
substrate and shadowing effect during the NW growth in MBE [23,53]. A
special case of a core-shell(-cap) NW with a pronounced anti-tapered axial
AlGaAs segment and an elongated tapered tip is shown in figure 2.3(d).
Similar morphology has been reported previously [31,32] and this type of
morphology is further discussed in chapter 2.4.

An interesting feature of the NWs with AlGaAs shell and GaAs cap are
the characteristically tapered tips, as can be seen in figures 2.3(c,d). For
example, this occurs in WZ GaAs/AlGaAs/GaAs core-shell-cap NWs and
WZ AlGaAs NWs capped with GaAs. As example, DF TEM and HAADF
STEM images of a tapered tip belonging to a WZ AlGaAs NW with a WZ
GaAs insert and GaAs cap, are shown in figure 2.4. A mixture of crystal
phases and defects (WZ, SFs, ZB, 4H) occurs within the tapered NW tips
(figure 2.2(c)). Small ZB segments commonly appear at the step of diameter
decrease in the tip (figures 2.2(c) and 2.4(a)).

A brighter region is usually observed by HAADF STEM in the evenly
thick region just below the tapered tip (figure 2.4(b)). The HAADF STEM
intensity appears to be higher towards the NW wedges in figure 2.4(c),
suggesting that GaAs is building up onto the axial AlGaAs segment in this
region during the GaAs cap growth. Moreover, the intensity profile in figure
2.4(d) indicates a local increase of the average atomic number, and possible
segregation of GaAs at the beginning of the tip. Thus, a question for further
correlated PL-TEM studies emerged: if the tip region is pure GaAs, would
it contribute to the GaAs related PL emission from other heterostructure
elements (GaAs core or a GaAs insert)?
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Figure 2.3: 30 kV bright field (BF) STEM images of a bare-core WZ GaAs
NW (a) with a constant diameter and (b) slightly tapered towards the tip,
and anti-tapered WZ GaAs/AlGaAs/GaAs core-shell-cap NW (c¢) without
and (d) with outer facet rotation. The arrow in (d) marks the position of
where facet rotation occurs and the axial AlGaAs segment starts. The scale
bar is the same for all four images.

2.4 NW faceting

As reported previously, GaAs-based NWs grown in [0001]ywyz (or [111]zp)
direction by Au-assisted MBE have hexagonal cross section with {110}zp
or equivalent {1120}y facets [19,23]. In the course of this work, this was
confirmed in most cases of the studied NWs (figures 2.3(a,b,c)). However,
different families of facets for different axial segments along a NW, were
observed for one particular morphology of WZ GaAs/AlGaAs core-shell
NWs, i.e. very long NWs (~ 5 um) with a pronounced axial AlGaAs segment
(see for example figure 2.3(d)). For example, similar facet rotation has been
reported for tapered WZ GaAs NWs [30] and recently for InAs/InAsSb axial
NW heterostructures [31].

One approach to study the outer facets of core-shell NWs is to use com-
plementary TEM /STEM techniques. By comparing DF TEM and HAADF
STEM image intensities of a whole (as-dispersed) NW, it is possible to
deduce the faceting of the NW all along its length. A limitation of this
approach is that the core-shell interfaces cannot be determined.

A NW of interest, which exhibits transition from {1100}y to {1120 }wz
facets along its length, is shown in figure 2.5. The NW (4.4 um long) has
pure WZ phase (see DP in figure 2.5(b)) for about 2.9 um with only one
SF at the very bottom. There is step-wise increase of the NW diameter,
shown in figure 2.5(c). The transition from the core-shell structure to the
axial AlGaAs segment occurs about the region marked by the red arrows
in figure 2.5(a). This was indicated by EDX line scans across the NW at
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Figure 2.4: The tapered tip in a WZ AlGaAs NW with a WZ GaAs insert
and GaAs cap: (a) DF TEM image, WZ phase with a ZB segment (marked
by white arrow) and some SFs. (b) HAADF STEM image. The boxes mark
the regions where the intensity profiles are taken from. HAADF STEM
intensity profile (c) across and (d) along the evenly thick region just below
the tip.

several positions along the NW (not shown). The first SFs appear within
the axial AlGaAs segment (marked by the black arrow in figure 2.5(a)), and
are followed by bands of SFs and a twinned ZB region (see DP in figure
2.5(d)). The crystal phase changes from twinned ZB back to WZ with SF's
within the tip region.

A comparison between HAADF STEM and DF TEM images and their
intensity profiles at the bottom part of the NW is shown in figure 2.6. The
HAADF STEM intensity profiles depend on thickness across the NW and
its composition (figure 2.6(c)). Thickness fringes in DF TEM image are sym-
metrical with respect to the NW axis and the intensity oscillates across the
whole diameter (figure 2.6(d)). Note that the fringes are reversing contrast
and that the number of fringes is changing along the NW. This depends
on the NW thickness (increasing, i.e. NW is anti-tapering) and orientation
with respect to the electron beam (chapter 3.1.3). Namely, different parts
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Figure 2.5: (a) Overview BF TEM image of a WZ GaAs/AlGaAs core-
shell NW. The red arrows point at the step-wise increase of the diameter
and transition region from the core-shell to the axial AlGaAs segment. The
black arrow marks where the SFs start in the axial AlGaAs segment. The
red circles indicate regions where the DPs is (b) and (d) are taken from.
(b) DP from the bottom part of the NW, showing WZ phase. (¢) HRTEM
showing the diameter increase at the region marked by the red arrows in
(a). (d) DP from the top part of the NW, showing twinned ZB phase.

of the NW have varying deviation parameters for the two reflections ((0002)
and (0003)) included in the DF TEM image, due to slight NW bending. DF
TEM thickness fringes also indicate that there is no even thickness across
the NW. Given that the NW was oriented onto a (1120) zone, HAADF
STEM and DF TEM intensity profiles together indicate {1100} outer facets
in the bottom part of the NW. The {1100} facet family is equivalent to
{112} in ZB phase, and rotated for 30° around the NW axis with respect
to {1120} facets.

DF TEM image and the intensity profiles of the middle part of the NW
are shown in figure 2.7. Profiles (1-4) exhibit symmetric contrast reversals
all across the NW diameter, which indicate {1100} facets (as in figures 2.6
(b,d)). Profile 5, taken from the region between the two red arrows, contains
in addition 20 — 30 nm of flat intensity region in the centre in contrast to
profiles (1-4). The central flat region in profile 6, approximately half of NW
diameter wide, and symmetric contrast reversals only outside this region,
indicate {1120} facets. Therefore, the step-wise increase of the diameter (fig-
ure 2.5(c)) is located exactly where the transition from {1100} to {1120}
facets occurs.
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Figure 2.6: WZ GaAs/AlGaAs core-shell part of the NW (bottom): (a)
HAADF STEM image and (b) DF TEM image taken from (0002) and (0003)
reflections. (¢) HAADF STEM and (d) DF TEM intensity profiles across
the NW taken from the regions (1, 2, 3) in (a) and (b) respectively.

To conclude, the core-shell part of the NW has {1100} facets, whereas the
axial AlGaAs segment adopts the default {1120} facets. These preliminary
results demonstrate that the contrast in conventional TEM images holds
valuable information and should be explored further, for example with image
simulations. This simple approach enables quick assessment of the structural
quality and outer facets of NWs. Recognizing morphology and facets is
useful for pre-selection of NWs for a PL study as well as for the growth
optimisation.
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Figure 2.7: (a) DF TEM image of the NW middle. The red arrows mark the
step-wise increase of the diameter. (b) DF TEM intensity profiles from the
regions (1-6) in (a). Profiles (1-4) reveal {1100} facets, profile 5 is located
at the transition region, profile 6 reveals {1120} facets.
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2.5 Heterostructured NWs studied by correlated
PL-TEM

The first and the crucial part of this work was development of the cor-
related PL-TEM method (paper I). This development led to routine cor-
related studies of different axial and radial GaAs-based heterostructured
NWs. To achieve a better understanding of the correlation between the
optical and the structural properties, many NWs need to be studied for
each selected NW heterostructure and different PL and (S)TEM techniques
need to be employed. This implies that correlated PL-TEM studies are very
time-consuming.

WZ GaAs/ZB GaAsSb(insert) NWs, with or without the AlGaAs shells,
were studied in papers I, IT and IV. At first, the aim was to investigate how
the optical properties of the ZB GaAsSb inserts depend on the neighbouring
defects within the WZ GaAs core (papers I and II). Next, the Sb concentra-
tion variation among and within the GaAsSb inserts was observed, studied
in more detail and related to the optical properties (paper IV).

WZ GaAs/AlGaAs core-shell NWs were thoroughly studied in paper I11.
The motivation was to determine the low temperature free exciton energy,
room temperature bandgap and the lowest conduction band symmetry of
WZ GaAs. Understanding the optical selection rules for ZB and WZ GaAs
is important in a broader context of all NWs studied here, which are GaAs-
based. The optical selection rules and an example of a WZ GaAs/AlGaAs
core-shell NW with a high density of SFs are presented in chapter 2.5.1.

Due to complexity of the heterostructured NWs or a need for further
growth optimisation, some of the PL-TEM studies remained inconclusive in
the course of this work, but may become subject of a future work. Examples
of such studies are WZ GaAs/GaAsSb core-shell NWs, ZB GaAs inserts in
WZ GaAs NWs, and WZ GaAs inserts in WZ AlGaAs NWs with AlGaAs
shells. The last NW heterostructure is especially interesting given the grow-
ing interest in quantum dots within NWs, and some preliminary results are
presented in chapter 2.5.2.

2.5.1 WZ GaAs/AlGaAs core-shell NWs

Search for the NWs that exhibited the desired WZ GaAs PL behaviour
was a large part of this correlated study. Preselection of single NWs was
performed by 30 kV BF STEM. Subsequent selection of optically desired
NWs by PL was based on the optical selection rules. Afterwards, the PL
judgement of WZ phase purity was verified by TEM.
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For ZB GaAs, the optical transitions are unpolarized according to the
selection rules [18,42]. However, due to the dielectric contrast effect [65], ZB
GaAs PL emission is polarized parallel to the NW axis. For WZ GaAs, the
optical selection rules can be derived by combining the approaches described
by Dresselhaus [66] and Birman [67]. Double group representation of the WZ
point group Cg, needs to be used when the spin-orbit coupling is included
[67]. Hence, the possible symmetries of the conduction and valence band
states at the centre of the Brillouin zone in WZ GaAs are I'7, I's and I'g.
The optical transitions from the highest valence band state I'g (heavy hole)
to the two lowest conduction band states, I'; and I's [18], are orthogonally
polarized with respect to the NW axis ([0001]wz).

In case of a GaAs NW with mixed WZ and ZB phases (i.e. with high
density of SF's and/or ZB segments), there is possibility for several different
PL transitions which may be differently polarized. Namely, the band align-
ment between WZ and ZB GaAs is considered to be type II, with electrons
in ZB conduction band and holes in WZ valence band [18,41]. Moreover,
quantum confinement can occur in SFs and small ZB or WZ segments,
making the possible PL transition routes even more complex. Thus, the
question is whether one GaAs peak, orthogonally polarized with respect to
the NW axis, or several GaAs peaks of different polarizations, are detected
by polarization-resolved PL.

An example of an undesired WZ GaAs/AlGaAs core-shell NW is shown
in figure 2.8. This NW has a high density of SFs in the bottom (figure 2.8(b))
core-shell part for about 1.3 um (up til arrow 1 in figure 2.8(a)). The SF
density gradually decreases between arrows 1 and 2, and above the arrow
2 the structure becomes WZ with few SFs. It is not clear from HAADF
STEM where the axial AlGaAs segment starts.

Low temperature polarization-resolved PL spectrum in figure 2.8(c) con-
tains two peaks at 1.513 eV (weak) and 1.517 + 0.001 eV (strong), which
are differently polarized. The polarization of the weak lower energy peak
is at 10° with respect to the NW axis (figure 2.8(d)), whereas the strong
higher energy peak is polarized at 65° (figure 2.8(e)). Both peaks differ from
parallel or perpendicular polarization which is expected for ZB or WZ GaAs
respectively. This is a good example of how a mixture of WZ and ZB crys-
tal phases in a GaAs NW results in complex polarized-PL properties. It is
illustrative to compare this NW with the pure WZ one presented in paper
I11.



22 Heterostuctured GaAs-based semiconductor NWs

i 15 1.52 1.54 18
Emission Energy (eV)

40 20 0 20 40 e 80 100
Angle to the NW axis (deg)

ot ) ©

| '
&0 -60

a
]
2
.

~

Integrated PL Intensity
» @ @ B
o 8 B B ¥ 8

|
80 100

!
-80 -60

‘a0 20 o 20 o e
Angle to the NW axis (deg)

Figure 2.8: (a) Overview HAADF STEM image of a WZ GaAs/AlGaAs
core-shell NW (4.2 ym long). There is a high density of SFs below arrow 1,
the SF density decreases between arrows 1 and 2, and above arrow 2 the
structure is WZ with few SFs. (b) HRTEM image of the bottom part ot the
NW. (c) Polarization-resolved PL spectrum at 12 K. Two PL peaks at 1.513
eV (weak) and 1.517 £+ 0.001 eV (strong) are distinguished. Integrated PL
intensity as a function of angle to the NW axis for (d) lower and (e) higher
energy PL peak. The PL was measured by L. Ahtapodov.
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2.5.2 WZ GaAs inserts in WZ AlGaAs NWs

Investigation of the optical properties of quantum confined W7 GaAs within
a larger bandgap material, in this case AlGaAs, was the motivation for
this study. Several batches of WZ AlGaAs NWs with WZ GaAs inserts of
different lengths (growth time 30, 60 and 120 s) were grown to compare the
quantum confined and bulk PL behaviour. These NWs also had an axial
AlGaAs segment above the GaAs insert, a radial AlGaAs shell and a GaAs
cap.

The MBE growth of small GaAs segments in NWs is a challenge on its
own. Pure WZ structure within the GaAs insert is desired, which is difficult
to achieve due to random appearance of SFs. The growth time needs to
be short (< 10 s) to obtain a quantum confined insert (length < 10 nm).
However, for such a short growth time the AlGaAs/GaAs interfaces may not
be sharp. Namely, some Al remains dissolved in the alloy particle after the Al
flux is shut off, and it takes some time to reach equilibrium Al concentration
in the droplet after the GaAs insert growth [68]. Therefore, longer inserts
(1 and 2 min), where no quantum confinement is expected, were grown to
assess the quality of the growth by PL-TEM.

The majority of the PL spectra contained broad GaAs related PL emis-
sion, characteristic for bulk GaAs, which indicated the presence of a long
GaAs insert. For some NWs with 1 min GaAs insert, GaAs PL emission
was complex and consisted of several or many well defined peaks.

Observing WZ GaAs inserts by HAADF STEM proved to be a rather
difficult task. Moreover, the spatial resolution and sensitivity of the EDX
system in Jeol 2010F was not sufficient to distinguish a GaAs insert in
AlGaAs. Out of about 40 NWs with 1 min or 2 min inserts, only a couple
of NWs had a distinguishable bright central region somewhere along their
axis. This can occur due to locally higher average atomic number, and may
indicate the presence of a GaAs insert.

An example of a NW with a visible 1 min GaAs insert and sharper PL
peaks is shown in figure 2.9. The brighter region in the NW core, extends
over ~ 350 nm along the NW axis (figure 2.9(a)), which is much longer
than the expected length of a 1 min insert. There are SFs all along the NW
length, and a small ZB segment within the tapered tip.

The broad PL emission starting at ~ 1.65 eV (figure 2.9(b)) is related
to AlGaAs [53]. The WZ GaAs PL emission is starting at ~ 1.54 eV at
the lowest excitation power, which is higher than the expected WZ GaAs
free exciton energy [47,48]. Moreover, as the excitation power increases,
several excited states appear. This may indicate the presence of a quantum
confined insert within the NW. An interesting observation is that there is
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a redshift of GaAs related PL peaks with increase of the excitation power.
This redshift was observed for other NWs with WZ GaAs inserts as well,
and needs further investigation in future work.

To study quantum confined WZ GaAs inserts in MBE grown WZ Al-
GaAs NWs, a better growth control of the insert size and interface sharpness
is needed first. On the characterization side, combining advanced PL tech-
niques, for example polarization and time-resolved PL, and (S)TEM tech-
niques that can visualize the compositional difference with sufficient spatial
resolution, would be an useful approach to study such quantum confined
inserts.
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Figure 2.9: (a) Overview HAADF STEM image of a WZ AlGaAs NW
(1.75 um long) with a 1 min WZ GaAs insert. The white box surrounds
the brighter region in the image. The scale bar is 100 nm. (b) Low tem-
perature power-dependent PL spectra, where P = 28 W/ch. The PL was
measured by A. F. Moses.



Chapter 3

Theoretical background

3.1 Theory of electron diffraction

In order to interpret TEM images and DPs in detail, a thorough understand-
ing of the factors which determine the intensities and directions of diffracted
beams is necessary. The electrons accelerated in a TEM (> 100 kV) are rel-
ativistic particles with a wavelength of:

h

N =
V2meE(1 + 52)

(3.1)

2mc?

where m is electron rest mass and E the accelerating voltage. The rela-
tivistic nature of electrons leads into relativistic quantum mechanics if we
want to describe the interaction between the electrons and a crystalline
material accurately. However, the problem can be simplified immensely by
considering certain approximations.

This chapter approaches the theory of electron diffraction starting from
the scattering by single atoms, and extends into scattering by crystals. The
scattering is treated as elastic. Kinematical theory assumes single scattering
event per electron, whereas dynamical theory deals with multiple scattering
within the crystal. The crystal thickness and deviation from the diffraction
condition determine whether kinematical or dynamical approach is suitable.
Diffracted intensities as a function of crystal thickness and deviation from
diffraction condition are derived. The extinction distance emerges as an
important parameter that influences the image contrast.

25
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3.1.1 Scattering of electrons from a single atom

First we consider how a fast, but non-relativistic, electron interacts with a
single atom. The scattering process is considered to be elastic, meaning that
it does not change the state of the atom. This case is well-described by the
time independent Schrédinger equation [69,70]:

h2

8m2m

V2 () — eV (7)) (7) = eEy(r) (3.2)

where V' (7) > 0 is the atomic potential. The general solution of the equation
(3.2) is a linear combination of the incident and the scattered electron wave

function. The incident electron wave function is a plane wave e’*", where k
is the incident electron wave vector, |k| = 2%, and \ is the non-relativistic

=2

electron wavelength:
h

A= ——. 3.3

V2meLE (3:3)

If the scattering is weak, i.e. V(7) < FE, the scattered wave ampli-

tude is much weaker than the incident wave amplitude. This means that

the first Born approximation can be applied to the general solution of the

Schrodinger equation (3.2). Thus, the scattered electron wave function [69]

obtains the form:

ik|F—r7|

2 o Py B
() = 2TTe / V() e g (3.4)
atom

=

where the total wave function w(r_; ) in the integral has been replaced by the
incident plane wave ¢ under the first Born approximation. In addition,
the scattered wave function is observed at a distance much larger than the
dimensions of the atom: |#— 77| > |r/|. By applying this approximation to
the equation (3.4), the scattered wave function reduces to:

ikr
b(r) = FRRNS (35)
FBRY) = 27];’;"6 V(e K g (3.6)
atom

where K’ = k' —k is the scattering vector, and k and K are the incident and
the scattered wave vector, respectively. For elastic scattering |k| = K| and
thus K’ = 4”7;“9, where 260 is the scattering angle. The quantity fB(I? ") is
the atomic scattering amplitude in the first Born approximation. We see that

the atomic scattering amplitude is proportional to the Fourier transform of
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the potential. For analogy, in X-ray diffraction, the atomic scattering (form)
factor is equal to the Fourier transform of the electron charge density. The
potential and the total (atomic) charge density are connected through the
following relation:

-

V() = /t plr)dr’ (3.7)

om F—T”

where p(7) = eZ6(7) — ep(7) contains nucleus and electron charge density.
Hence the atomic scattering amplitude becomes:

L e K717
r'—————dr.  (3.8)

27 -
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The first integral in equation (3.8) yields Z — fX(K’) where fX is the atomic
scattering factor for X-rays. The second integral in equation (3.8) is equal
to 47 /K", Finally, we obtain the atomic scattering amplitude [69] as a
function of the scattering angle 26:

me2 A

= DSz - 12 0) (3.9)

P(0)
where the first term in the last bracket is due to Rutherford scattering from
the nucleus and the second term is due to scattering from the electron charge
density. The factor (sinf)~2 implies that fB(6) is sharply peaked in the
forward direction (it decreases rapidly with increasing angle). In the theory
of electron scattering from a crystal (chapter 3.1.2), it will be more useful
to express the atomic scattering amplitude as a function of the scattering
vector, since it belongs to the reciprocal space. Note that for a relativistic
electron, fB(#) can be corrected in a simple way by replacing the electron
rest mass and the wave length by their relativistic analogues.

3.1.2 Kinematical theory of electron diffraction

Now let us consider scattering of electrons from a perfect crystal. Electrons
experience the total crystal potential, which is in principle, a complex quan-
tity including terms responsible for diffraction, refraction and absorption.
Here, we deal only with the elastic scattering which is due to the periodic
crystal potential. Thus, the diffraction is due to the interaction between the
incident electron beam and the total charge distribution in the crystal. The
underlying assumption in the kinematical theory of electron diffraction is
that the scattering within the crystal is weak. This means that each incident
electron is considered to be elastically scattered by the crystal only once.
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The problem is described by the time independent Schrodinger equation
(3.2) as well, with the periodic potential in this case. The periodic potential
is defined as V(7) = V(7 + 7,) [71], where 7, = u,d1 + vnd2 + wy,ds is the
lattice vector at the unit cell n, and a;, i = 1,2, 3 are the primitive vectors
of the Bravais lattice which describes the underlying crystal symmetry. The
reciprocal lattice of this Bravais lattice, is defined by the primitive vectors:

- Sijkc_ij X c_ik

b; = 2 (3.10)

—

ap - (C_I:Q X 53)

and a reciprocal lattice vector is expressed as § = hby + kgg + lgg.
The periodic potential can be expanded into a Fourier series [70,71]:

V(i)=Y Vs (3.11)
J
The Fourier coefficients of the periodic potential are:

1 .
/ V(e (3.12)
‘/6611 cell

V=

where integration goes over the unit cell and Vo is the unit cell volume.
The solution of the Schrodinger equation describing the interaction between
the incident electrons and the crystal, i.e. the wave function scattered by
the unit cell, takes the same form as in equation (3.5) since single scattering
event per electron is assumed. The structure factor of the unit cell [69]
is obtained in this case, instead of the atomic scattering amplitude. The
structure factor of the unit cell is defined as:

Fyj= Z fi(g)e 9T (3.13)

where summation goes over all atoms in the unit cell and f;, the atomic
scattering amplitude (equation (3.6)) for the atom 4, is expressed as a func-
tion of the reciprocal lattice vector. Here 7; = u;d; + v;do + w;ds represents
the position of the atom 4 within the unit cell. The same expression (equa-
tion 3.13) for the structure factor is valid for X-ray diffraction, except that
fi(g) is the atomic form factor in that case. On the other hand, following
equation (3.6) an equivalent expression for the structure factor is obtained:

2 .
Py =0 / V(P)e Tdr o Vy (3.14)
h2 cell

where the scattering vector K'is a reciprocal lattice vector ¢, and relation
g = k' — k represents the Laue condition. Note that the structure factor is
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proportional to the corresponding Fourier coefficient of the periodic poten-
tial.

The exact diffraction (Laue) condition k' —k = g_7 and deviation from
this condition k' — k = g + § for a given incident wave vector k and two
different scattered wave vectors are shown in the Ewald sphere construction
for an infinite crystal in figure 3.1. Here §'is a small vector in the reciprocal
space and represents the deviation from the exact Laue condition.

Figure 3.1: Ewald (reflecting) sphere construction for an infinite crystal.
Exact diffraction condition and deviation from diffraction condition are de-
picted. Full red dots represent g-s where Fy # 0, whereas hollow red dots
represent g-s where Fj; = 0.

The reciprocal lattice vectors ¢ where F; # 0 construct the actual recip-
rocal lattice of the given crystal. This means that when the content of the
unit cell is taken into account, the reciprocal lattice of the crystal differs
from the reciprocal lattice of the starting Bravais lattice by exclusion of the
sites where Fy = 0, i.e. where the scattered amplitude is zero. Therefore, in
case of an infinite crystal and a given incident wave vector, the diffracted
intensity will be non-zero only for the reciprocal lattice vectors which satisfy
diffraction condition (intersect the Ewald sphere) and have a corresponding
non-zero structure factor.

For a finite crystal, which is a realistic case, the diffracted intensities will
be non-zero also in directions other than those which satisfy the diffraction
condition. In order to obtain a qualitative expression for intensity distribu-
tion as a function of crystal size and deviation from the diffraction condition,
we consider a real crystal with for example orthorhombic symmetry with
dimensions A, B, C in directions €;, i = x,y, z. The lattice vectors are ex-
pressed as i = ua€; + vbey, + wce,, where a, b, ¢ are the lattice constants.
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The deviation vector is defined as § = 2m(s,€, + 5,6, + 5.€,) in this case.
et [69,70] the amplitude scattered by the whole
crystal in the direction K=k + g + § becomes:

If we leave out the factor -

,¢§ _ ZFge—i(g—kg)Fn _ ng e—27ri(unasz+vnbsy+wncsz) (315)
n

n

where summation goes over all unit cells. After summation or integration
over the whole crystal (assuming large number of unit cells), we obtain the
amplitude distribution in reciprocal space:

F; sinmAs, sinmBsy sinmCs,

[¥g] = (3.16)

Veell TSy TSy TS,
where Veenn = abe. The intensity distribution is given by I3(5) = [¢7|*. The
intensity distribution is a function of deviation from the diffraction condition
and therefore similar for each reciprocal lattice vector §. The equation (3.16)
qualitatively shows how the intensity distribution in the reciprocal space
depends on the crystal shape and size. In general, the intensity distribution
becomes rod-like in a direction parallel to the shortest dimension of the
crystal.

In case of a general TEM specimen, the crystal can be approximated to
a thin plate of thickness ¢ (C'), and large in z and y directions compared
to the thickness (t < A, B). Hence the intensity diffracted by a plate of
thickness ¢ becomes [70]:

ABFgg sinmts,

cell

)26(52)8(sy)- (3.17)

TS,

The diffracted intensity distribution forms a spike (or a reciprocal lattice
rod) in the reciprocal space. The intensity has absolute maximum for s, = 0,
which is the exact diffraction condition, and the minima (zero intensity) are
at s, = nt~!, n - integer. Therefore, it is sufficient that the reciprocal lattice
rod intersects the Ewald sphere to satisfy the diffraction condition for a thin
crystal. The intensity distribution described by equation (3.17) is measured
in DPs. In the next chapter, the diffracted intensity distribution in the real
space is derived and the most important parameters which affect the image
contrast are discussed.
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3.1.3 DF image contrast in the kinematical theory

The absolute intensity of a diffracted beam emerging from the crystal,
can be derived by several different approaches. The approach proposed by
Humphreys [70], is to start from equation (3.17) and integrate over a sphere
about the diffracted beam direction. In the column approximation, described
by Hirsh et al. [69], the amplitude of the diffracted beam at a point at the
exist surface of the crystal, can be obtained by adding the contributions
from all points along a narrow column parallel to the diffracted beam. The
amplitude contribution at 7, along the column is:

INF;

I o= UG+)Tn (3.18)

dip-— — 9
Vg Vel cos

Here z || k' and the propagation factor e~ —const is omitted. The devi-
ation parameter § is nearly parallel to z, thus (§ + §)7, ~ 2mwsz. Next, the
amplitude contribution is integrated over the crystal thickness, ¢:
IAF; t ,
g —2misz
i=—— | € dz 3.19
Vg Veen cos @ Jo (3.19)
and the total amplitude of the diffracted beam g at the point of the exit

crystal surface is:
wsinmls ;o
g=———¢€ 3.20
vo= g (3:20)
where {7 is called extinction distance. The extinction distance is defined as
twice the distance in the crystal, which provides the unit amplitude [69,70]:

Veen cos 6
&= T Vel €OSY (3.21)

\F;
where A is the incident electron wavelength (equation 3.3). Including the
equations (3.12, 3.14) into (3.21), an equivalent expression for £z is obtained:

h? cos @

b= 2meAV; (3:22)
which is useful for comparison with the extinction distance in the dynamical
theory (chapter 3.1.4).

The intensity of g diffracted beam per unit area (flux), scattered through
26 from a crystal of thickness ¢ in the kinematical theory of electron diffrac-
tion follows from equation (3.20):

T sints

Ig(t,s) = (=)™

2
R ) (3.23)
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where s is the deviation component normal to the crystal. The equation
(3.23) describes well thickness fringes in a wedge-shaped crystal. Thickness
fringes arise from the term (sin 7ts)? and are dependent on which diffracted
beam ¢ is selected through the extinction distance.

At the end of this section, it is useful to mention under which conditions
the kinematical theory of electron diffraction breaks down. At the exact
diffraction condition (s = 0), the diffracted flux becomes Iz(t) = (g—g)2
Since the incident beam flux is unity, it must be Iz(t) < 1. In two-beam ap-
proximation, where only the transmitted and the strongest diffracted beam
are included, the maximum thickness becomes t,,,, = fg/w (for s = 0).
Thus, the kinematical theory is valid for specimen thickness below this value,
which is in the order of 10 nm. This is the upper limit, since the original as-
sumption was single scattering per electron and hence the diffracted beams
should be much weaker than the incident beam.

The kinematical theory of electron diffraction gives a good approxima-
tion of how electron beam is scattered by a perfect crystal and qualita-
tively describes the scattered intensity distribution. This approach is how-
ever too simplified because in reality, the specimen thickness by far exceeds
the maximum allowed by the kinematical theory and multiple scattering
events within the crystal have to be taken into account.

3.1.4 Dynamical theory of electron diffraction

The main principles of the dynamical theory of electron diffraction are de-
scribed in this chapter. The dynamical theory introduces the realistic as-
sumption that a fast electron experiences multiple scattering within the
crystal. As in the kinematical theory, the starting point is the time in-
dependent Schrodinger equation (3.2) with the periodic crystal potential
described by equations (3.11, 3.12) and the scattering is considered to be
elastic. However, the multiple-scattering events have to be included in the
solution. Contrary to the kinematical theory where the solution takes the
same form as for electron scattering by single atom, here the solution takes
the same form as in Bloch band theory [71]. A Bloch wave can be expressed
as [70,71]:

W(7) = C(F)e*™ (3.24)

where C(7) has the periodicity of the lattice and can be expanded into a
Fourier series over the reciprocal lattice:

Y(@) =Y CieFHT, (3.25)
g
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When the Bloch wave, equation (3.25), and the periodic potential, equa~
tion (3.11), are included into the Schrodinger equation (3.2), an infinite set
of equations is obtained, i.e. one equation for each reflection § (or for each
Cg). The problem of electron diffraction by a crystal is in principle similar to
the band theory. In contrast with the band theory, the total electron energy
is a given quantity in electron diffraction and allowed electron wave vectors
k within the crystal need to be determined from the Schrodinger equation.
Therefore, an infinite set of Bloch waves with differing wave vectors k; is
obtained.

The general solution of Schrodinger equation or the total wave function
of a fast electron within a crystal is a linear combination of the Bloch waves

[70]:

() =) et (3.26)
i g

At the exit surface of the crystal, the total wave function decouples into

an ensemble of plane waves propagating into directions l;:; + g. These plane
waves interfere resulting in the ¢ diffracted beam with the amplitude:

hg(t) =Y aiCletkist (3.27)

where ¢ is the crystal thickness and z is defined as perpendicular to g.

In practice, a finite number of reflections is taken into account for cal-
culations. The first approximation is two-beam approach where only the
transmitted beam g = 0 and one reflected beam ¢ are considered. The two-
beam approximation gives as the solution two values of the electron wave
vector inside the crystal (El, EQ), each corresponding to a different Bloch
wave, for a given incident electron energy eFE. In this approximation, the
extinction distance is defined as the inverse of the separation between the
z-components of the two wave vector solutions [70]:

27 B h? cos 6
klz — kgz - 2m€5\V§

= (3.28)

h

2me(E+Vp)
and Vj the mean crystal potential. The expression for the extinction distance
in the dynamical theory, equation (3.28), is exactly the same as in the kine-
matical theory, equation (3.22), except that the mean electron wavelength

within the crystal is substituting the incident electron wavelength.
The equation (3.27) is the starting point for calculation of the diffracted
intensities in the two-beam approximation. At the exact Bragg condition,

where \ = is the mean electron wavelength within the crystal
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the intensities are Io(t) = cos®(wt/&;) and I;(t) = sin®(mt/&5). In gen-
eral case, when the deviation from the diffraction condition is included,
the diffracted intensity becomes:

T 9, SINTESef | o

0= s

(3.29)

where seg is the effective deviation parameter, defined as:

1
Seff = |52+ 5. (3.30)
&

This is an important difference compared to the kinematical theory. The ex-
tinction distance is an extremely important parameter affecting the image
contrast in the dynamical theory. The effective deviation parameter implies
that the periodicity of the thickness fringes depends not only on the devi-
ation from the diffraction condition but on the extinction distance for the
selected reflection as well.

To conclude, the theory of electron diffraction explains the intensity
variations in the DF and BF images and DPs. This is important for quali-
tative understanding of the TEM images and DPs, especially in the case of
a nanostructured material where both crystal size and morphology matter.
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3.2 Crystal phases and Structure factors

The two dominant crystal phases for III-V NWs are described in more detail
in this chapter. Structure factors for ZB and WZ GaAs are derived and
example of a simulated electron DP is presented for each phase.

3.2.1 Space groups for ZB and WZ GaAs

The space group describing ZB GaAs is Td2 in Schonflies notation or F43m
in Hermann-Mauguin notation (No 216). The lattice constant of ZB GaAs
is of azg = 5.65325 A [17]. The ZB unit cell is shown in figure 3.2(a). The

Ga and As atoms are at (0,0,0) (Wyckoff position a) and (%, %, i) (Wyckoff

position c¢) respectively with cite symmetry 7.

®

Figure 3.2: (a) ZB GaAs unit cell on [014] zone, (b) WZ GaAs unit cell on
[5140] zone. Ga - black, As - white. Images are made in JEMS software [61].

The space group describing WZ GaAs is Cg, or P63me (No 186) [72]. The
lattice constants are awz = 3.989(1) A and ¢ = 6.564(1) A. The ratio Ty =
1.6455(5) is slightly larger than the ratio of \/8/73 for an ideal hexagonal
lattice. The WZ unit cell is shown in figure 3.2(b). The Ga and As atoms
are at (3, %, 0) and (3, %, u) respectively with cite symmetry Cs, (Wyckoft
position b), where the experimental value of u = 0.373(1) [72] is very close
to the ideal value of 0.375 [71].

The lattice constants for ZB phase and the corresponding ideal WZ
phase are related as azp = awzv2. The experimental value for ayy de-
viates for less than 0.009 A from this condition. The Ga-As bond length

is considered to be the same for ZB and corresponding ideal WZ phase:
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dGa-As = @aZB = \/gawz = %c. In both phases, Ga (As) atoms are tetra-
hedrally surrounded by As (Ga) atoms and 9 out of 12 nearest neighbours
are at the same positions, see figure 3.2.

3.2.2 The Structure factor for ZB

To calculate the structure factor, we can consider the ZB structure as a
simple cubic lattice with a basis. The primitive vectors of the simple cubic
lattice are: d; = azpé€;, i = x,y, 2z, where €; are the orts of an orthogonal
coordinate system with the origin at a lattice site, see figure 3.2(a). The
basis of ZB GaAs therefore, consists of four Ga and four As atoms at the
following positions, represented in the cubic {@;} basis:

3 DS U R R T 1
Ga- Tl—(0,0,0), TQ_(2,270)7 3_(27072)7 4_(07 ) )7
111 3 31 313 1 33

A . r = —_ P = —_ - — I = —_ -, — o = —_
51 Ts (47474)7 6 (47454)7T7 (47474)5 rs (45454)

The reciprocal lattice is simple cubic with primitive vectors: l_); =
x,y, z. Following equation (3.13), the structure factor for ZB GaAs is given
by:

8
Fg‘ _ Z fj (g»)eme(hu]'Jrkijrle) (331)
j=1

where f;(g) is the atomic scattering amplitude for electron diffraction (or
atomic form factor for X-ray diffraction) associated with a reflection given
by the reciprocal lattice vector § = (h, k,1), for the atom within the basis,
at the position 7; = (u;,v;,w;). Further development of the equation (3.31)
results in:

Fj = (fca(@) + fas(@)e™ 7 hhD)ghCC (3.32)
SE]SC — 1 + e*’iﬂ'(h+]€) + efiﬂ'(k+l) + e*’iﬂ'(l‘i’h) (333)

where SE,SZC is the geometrical structure factor for a monoatomic face cen-

tered cubic (FCC) lattice. The equation (3.33) gives the allowed and for-
bidden reflections for the FCC lattice:

0 h, k.l mixed
FCC _ K,
Shel” = {4 h,k,1 all odd or all even} : (3.34)

The sites with SE5C = 4 construct the body centered cubic (BCC) lattice

with a lattice constant of a47r
FCC

, where apcc = azp in this case. Finally
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the structure factor for ZB GaAs is obtained from the equations (3.32) and
(3.34):

0 h, k, 1 mixed

4(faa(@) — ifas()) h,k,l all odd and h+k+1=4n+1
F§ZB Gars — L 4(faal(@) +ifas(9)) h,k,l all odd and h+k+1=4n+3
4(faa(d) — fas(@)) h,k,l all even and h + k + 1 = 4n + 2

A(fcalg) + fas(9)) h,k,l all even and h + k+1 =4n

(3.35)
where n is integer. The kinematically allowed reflections are for example
(000), (111), (002), (220), (113). ZB GaAs DP on [110] zone, obtained by
all beams dynamical calculation for a 100 nm thick crystal, is shown in figure
3.3. For comparison see experimental DP (recorded on film) of a twinned
ZB segment in NW, shown in figure 2.5(d).
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Figure 3.3: ZB GaAs DP on [110] zone made in JEMS software [61], for crys-
tal thickness of 100 nm. The hue and size of the spots reflects the intensity
of reflections. The intensities depend of the crystal thickness.
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3.2.3 The Structure factor for WZ

The WZ structure consists of two, Ga and As, inter-penetrating hexagonal
close-packed (HCP) lattices. To calculate the structure factor, we consider
the WZ structure as a simple hexagonal lattice with a basis. First, we de-
fine the primitive vectors of the simple hexagonal lattice in an orthogonal
coordinate system defined in figure 3.4:

@ = (1,—V3,0) 552, @ = (1,V3,0) 5%, &= (0,0,1)c

where ¢ = %awz for the ideal simple hexagonal lattice. Following equation
(3.10), the simple hexagonal reciprocal lattice is obtained with the primitive

vectors:

- 2 -
b = (V3,-1,0)0———=, by = (V3,1,0
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Figure 3.4: A coordinate system for a simple hexagonal lattice and primitive
vectors. Example: Ga atoms in WZ structure at ¢ = 0 (full black circles)
and at ¢'= §¢€. (hollow black circles).

The basis of ideal WZ GaAs consists of two Ga and two As atoms at
the following positions, represented in the hexagonal {a;, da, ¢} basis:

12 . 211

Ga'l_(§)§>0)ur2_(37372)a
123 217

As: = (2,29, f= (2,5, 5,
51 T3 (373a8)7r4 (37378)
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Following the equation (3.13) and performing summation over the WZ
basis, the structure factor for WZ GaAs is given by:

Fy = fGa(g“)(e*Q’”(%h%k) 4 672m(§h+%k+%l))

T fAS(g)(e—zﬂi(§h+§k+gl) + e—2m(§h+§k+§l))_ (3.36)
Equation (3.36) can be developed further into:
— -
Fy = (faa(@) + fas(@e 7 ™)Shg" (3.37)
SHCP _ e 2mi(zh+3k) | o=2mi(Zhtgh+3l) (3.38)

where S}Ifk(fp is the geometrical structure factor for a monoatomic hexagonal
close-packed lattice. Equation (3.38) gives the allowed and forbidden reflec-
tions for the hexagonal close-packed lattice. To develop further and simplify

the equation (3.38), we take the square amplitude of S,Elk(ljpz

0 lodd, h—k=3n
3 lodd, h —k # 3n
4 leven, h—k =3n
1 leven, h —k # 3n

‘SHCPP _

hkl (3.39)

where n is integer. The additional factor fqa(g) + fas (ﬁ)e‘gi“l in the equa-
tion (3.37) introduces no qualitative changes to F;. To summarize the con-
ditions, the square amplitude of the WZ GaAs structure factor is expressed
as:

0 lodd, h—k=3n w
B(f(%a + ﬁfGafAs + fis) lodd, h—k # 3n
2 2 - g
|ngVZ GaAS|2 — 4(fGa + fAs) [=4m + 2, h—k 3n (340)

(féa_’—fis) l=4m+2, h—k # 3n
AfeaE fas)?  1=4m, h—k=23n
(fGa:I:fAs)2 l:4m,h—k7é3n

where m and n are integers. The kinematically allowed reflections are for
example (110), (002), (111). It is common to use the four-index system for
hexagonal structures, where an additional direct lattice primitive vector is
defined as @3 = —a@; — @ and a zone axis becomes (uvjw), j = u +v. The
reciprocal lattice vectors are thus expressed as (hkil), i = h+k. These reflec-
tions become: (1100), (0002), (1101). WZ GaAs DP on [1120] zone, obtained
by all beams dynamical calculation for a 100 nm thick crystal, is shown in
figure 3.5 without (a) and with (b) double diffraction. The forbidden reflec-
tions (see figure 3.5(b)) are commonly observed in the experimental DPs
(figure 2.5(b)) due to double diffraction [70, 76].




40 Theoretical background

T ) ® o o O @ o O o o
3301
v ...El. .

Figure 3.5: WZ GaAs DP on [1120] zone made in JEMS software [61], for
crystal thickness of 100 nm without (a) and with (b) double diffraction. The
additional reflections in (b), for example (0001) and (3301), are forbidden,
but present due to double diffraction. The hue and size of the spots reflects
the intensity of reflections. The intensities depend on the crystal thickness.



Chapter 4

Experimental Techniques

4.1 Molecular beam epitaxy

MBE is a non-equilibrium growth technique used for growing thin epitaxial
films and wide variety of nano-structured materials [73]. The molecules or
atoms, evaporated from the effusion cells, are deposited on the substrate in
a chamber under ultra high vacuum (UHV). The temperature of an effusion
cell determines the flux. Extremely low growth rates, down to 0.1 MLs ™,
can be achieved by changing the temperatures of the effusion cells. Deposi-
tion in UHV chamber results in a high purity of the materials.

The MBE system used for NW growth in this work was a Varian Gen
IT Modular system. Figure 4.1 shows a schematic diagram of this system.
UHV vacuum (1 x 1071° Torr) is achieved in the growth chamber by system
of pumps and cooling of the inner chamber walls. The effusion cells lie on a
sphere section, with the centre at the substrate. Thus, it is possible to create
similar conditions for fluxes impinging from different effusion cell positions
onto the substrate. The fluxes can be measured by bringing the ion gauge
to the growth position. The effusion cells installed in the used MBE are: As
valved cracker cell, Sb valved cracker cell, dual filament Ga cell, Al cell, In
cell and three doping cells (Si, Te, Be). Fluxes of molecules or atoms can
be abruptly released or stopped by controlling the shutters in front of the
cells. Continuous azimuthal rotation (CAR) system provides the substrate
rotation during the growth.

UHV allows installation of in-situ characterization techniques such as
reflection high-energy electron diffraction (RHEED) and mass spectrometer.
RHEED is used to determine the surface reconstruction of the substrate or
to monitor the symmetry (arrangement) of the surface of the material as
it grows. The electron gun emits electrons in energy range 5 — 50 keV, and
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Figure 4.1: Simplified schematic diagram of the used MBE system [23]. Four
effusion cells (Ga, As, Sb, Al) are included in the drawing.

the energy is usually set to 8 keV. The electron beam hits the substrate at
a low grazing angle. The electrons diffracted from the substrate surface are
recorded on the fluorescent screen. In case of NWs, RHEED can distinguish
whether the symmetry is cubic or hexagonal during the growth.

4.2 Micro-photoluminescence

Micro-PL spectroscopy is a powerful tool for non-destructive characteriza-
tion of bulk and nanostructured semiconductors. Various micro-PL tech-
niques can be used to obtain information about bandgap and exciton bind-
ing energies, material purity, types of defects present, and band alignment
in homo- and heterostructured materials [43]. Luminescence stands for all
radiative recombination processes in matter. The types of luminescence
are distinguished by the source of excitation, for example: light (photo-
luminescence), electric current (electro-), electron beam (cathodo-), a chem-
ical reaction (chemi-). In photoluminescence, light absorption leads to gen-
eration of electron-hole pairs, which may form free or bound excitonic com-
plexes, or get trapped at defect levels [43].

Light absorption can occur at any energy above the bandgap, whereas
(free-carrier) luminescence, in the ideal case (defect free material), results
in only one well-defined peak which indicates at the bandgap of the mate-
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rial. This is because free carriers thermalize, i.e. relax non-radiatively, from
higher excited states towards the edge of their band. Thermalization is a
rapid process, where electrons and holes decay to the ground state, from
which they can radiatively recombine. Interband luminescence is recombi-
nation between electrons at the bottom of the conduction band and holes
at the top of the valence band. Interband luminescence is probable only in
direct bandgap materials, such as GaAs, since both absorption and emission
occur at the centre of the first Brillouin zone, i.e. vertically in k-space [43,71].
For indirect bandgap materials, for example Si, the interband luminescence
has to be phonon-assisted, which makes this process much less probable.

In direct bandgap semiconductors, formation of excitons is favoured over
existence of free carriers under certain conditions [43]. An exciton is a quasi-
particle consisting of an electron and a hole which are interacting electro-
statically (Coulomb). Mott-Wannier type excitons [74], where electron-hole
distance is larger than the lattice constants, are characteristic for inorganic
semiconductors and insulators. Excitons are observed in bulk and nano-
structured materials if the thermal energy of the carriers (kgT'), or inter-
action energy between the carriers and an external field, does not exceed
the exciton binding energy. In bulk ZB GaAs, the exciton binding energy
is relatively small (4.2 meV) compared to the Boltzmann factor at room
temperature (26 meV). Hence, excitons in ZB GaAs are observed at low
temperatures (< 50 K), whereas interband luminescence occurs at higher
(2 50 K) temperatures. The excitonic luminescence is annihilation of an
exciton accompanied by the emission of a photon. Thus, a free exciton peak
is observed in the PL spectra instead of the interband luminescence. The
difference between the bandgap and the free exciton energy, at the same
temperature, is precisely the exciton binding energy.

PL is in general extremely sensitive to material purity, structural de-
fects, surface states and strain, which may result in additional PL peaks or
non-radiative recombination processes [43]. Dopants or defects, such as im-
purities, create additional energy levels within the bandgap which can trap
free carriers or excitons, resulting in many additional routes for luminescent
recombination. Native defects, such as vacancies and interstitials, can create
deep levels, if they are highly localized in the lattice, and act as radiative
or non-radiative recombination centres. The MBE grown GaAs-based het-
erostructured NWs used in this work, proved to be rather clean of impurities
and carbon-related PL peaks were not observed. Inherent structural defects
and composition variation, as well as complexity of a heterostructure, are
expected to have the most dominant effects on the NW optical properties.
The effect of surface states is also prominent on the NW optical properties,



44 Experimental Techniques

so that any open GaAs surface promotes non-radiative recombination which
in turn reduces the overall PL intensity.

Nanostructured materials can exhibit quantum confinement effects in
the optical properties when the structure size becomes order of or smaller
than the free exciton radius. The most prominent effect is that the bandgap
increases as the size decreases. The density of states is modified for quantum-
confined compared to bulk materials, such that several different sub-bands
appear in quantum wells and wires, or several distinct levels in quantum
dots [43,75], which replace the continuous density of states in bulk [71]. The
exciton binding energy in a quantum confined material is larger than in the
bulk, which means that excitons can be observed at higher temperatures.
In case of semiconductor heterostructured NWs, with the core diameters of
~ 40 nm or larger, no quantum confinement is expected since NW diameter
is about an order of size larger than the exciton Bohr radius (~ 6 nm for
GaAs). The same can be said for the axial inserts in NWs, with lengths
larger than ~ 20 nm. Thus, these NWs are still regarded as bulk materials.
However, small segments (1 — 10 nm in length) of a different crystal phase
can form unintentionally within NWs (see chapter 2.2), and may act as
quantum wells and disturb PL recombination in the surrounding dominant
crystal phase. In addition, the length of smaller-bandgap inserts in axial
NW heterostructures, can be, in principle, decreased enough to achieve a
quantum confined volume. This would reflect in appearance of some excited
states within the insert related PL emission in power-dependent PL spectra.

There are many different PL techniques such as power-dependent, polari-
zation-resolved, temperature-dependent, time-resolved, magneto-PL, PL ex-
citation [43]. The techniques used within this work are listed in the following:

1. Power-dependent PL is the simplest PL technique which most fre-
quently is used. The intensity of excitation is varied and the dependence of
different PL peaks on the excitation level is recorded. The power-dependent
behaviour reflects the mechanisms of carrier recombination at different lev-
els of excitation. In such a way, defect related PL and intrinsic PL can be
distinguished. Namely, defects can trap a limited number of carriers and
the related PL peak would saturate at a certain excitation power, whereas
the intensity of the excitonic luminescence would keep increasing. However,
there is a limit for the intensity of excitonic luminescence, i.e. when the ex-
citation power becomes high enough to excite plasmons instead of excitons.

2. In polarization-resolved PL, the linear polarization of the excitation
beam is varied and the polarization of the PL is analysed (see chapter 2.5.1).
This technique can be used to determine the recombination route of differ-
ent PL peaks, especially in correlation with structural characterization, by
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considering the optical selection rules and symmetries of the valence and
conduction band states.

3. Temperature-dependent PL spectra give information about how PL
energy, line-width and intensity evolve with temperature and at which tem-
perature the excitonic luminescence becomes interband luminescence. The
free exciton energy temperature dependence gives insight into the electronic
properties of the material.

4. Time-resolved PL can be used to determine the lifetimes of carriers,
which are relevant for estimating the internal quantum efficiency of a ma-
terial. The main differences between time-resolved PL and the other PL
techniques described here, are that the excitation is pulsed and detector is
a streak camera. The streak camera is an ultrahigh-speed photodetector ca-
pable of detecting phenomena on picosecond timescale. Time-dependence of
PL emission under pulsed excitation is measured, and by further processing
and fitting of the experimental data, carrier lifetimes can be extracted.

The micro-PL setup used here is shown in figure 4.2. The sample is
placed on a cold finger on a high-precision (10 nm) 3D piezoelectric posi-
tioning stage within a Janis ST-500 cryostat. The power-dependent micro-
PL was performed at ~ 15 K, using continuous wave Nd:YVO laser at the
wavelength of 532 nm or continuous wave Ti:sapphire laser tuned to 780
nm, when it was needed to excite only the GaAs core. The power density at
the specimen can be varied from ~ 200 W/cm? to ~ 10 kW /cm?. The laser
beam is reflected by a beam splitter towards a high-numerical aperture lens
(0.65). The excitation beam is focused to a ~ 1.5 um laser spot by the lens.

The PL signal is collected by the same lens, transmitted through the
beam splitter, guided towards the spectrometer and focused onto the en-
trance slit of the spectrometer (Single Grating Jobin Yvon iHR550 spec-
trometer, spectral resolution up to ~ 0.5 nm). The laser beam, reflected
from the specimen, goes back through the lens but is rejected by a filter.
Inside the spectrometer, the PL signal is collected by a spherical mirror,
collimated and reflected to the grating (300 grooves/mm), which disperses
the light. The grating can be rotated and the angle of the grating defines
the spectral range which falls onto the second spherical mirror. The sec-
ond mirror collects and focuses the PL light onto the exit slit of the spec-
trometer where a charge-coupled device (CCD) camera is placed. The CCD
matrix exactly coincides with the plane of the exit slit. The signal is pro-
cessed digitally and plotted as PL intensity versus energy or wavelength. For
power-dependent, polarization-resolved and temperature-dependent PL an
electronically cooled Andor Newton Si electron multiplying CCD with a de-
tection range of ~ 200 — 1000 nm was used. For time-resolved PL a pulsed
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Spectra Physics Tsunami Ti:sapphire laser was used to provide ~ 2 ps
full-width-at-half-maximum pulses at 780 nm. Time-resolved measurements
were carried out with a Princeton Optics Acton SP2500 spectrometer and
an Optronis Optoscope SC-10 NIR enhanced streak camera.

Spectrometer

Beam-splitter

- Cold finger
3D piezo stage

Cryostat

Figure 4.2: Simplified schematic diagram of a micro-PL setup. The laser
beam is focused by the lens onto the sample in the cryostat. The PL is
collected by the same lens and guided towards the spectrometer.
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4.3 The Transmission Electron Microscope

4.3.1 Introduction to TEM

TEMs are powerful and versatile tools for the characterization of materials
over wide spatial ranges: from the atomic scale, through nanoscale (< 1 nm
to ~ 100 nm) up to micrometer size and above. The ultimate limit for the
resolution in TEM should be the electron wavelength which is 0.00251 nm
at 200 kV (equation (3.1)). However, the realistic point resolution limit is
set by lens aberrations and stability issues. This value is about ~ 0.5 A for
the state-of-the-art machines today [76].

In the theory of electron diffraction in chapter 3.1, only elastic scattering
is considered, and such theoretical approach is much simpler than what
actually happens in a TEM. High-energy electrons are ionizing radiation,
which in general produces a wide range of secondary signals upon interaction
with a material. The secondary signals, commonly detected in TEMs/SEMs,
created upon the interaction of the high-energy electron beam with a thin
specimen, are schematically presented in figure 4.3. In addition, there are
other processes happening and other signals which are rarely detected in
TEM, such as electron absorption, emission of light (cathodoluminescence),
Auger electrons, etc.

Incident high-kV

electron beam  Secondary
Backscattered electrons (SE)

electrons (BSE)
Characteristic
X-rays
High-angle incoheV Bremsstrahlung
electrons X-rays

Elastically Inelastically scattered
scattered electrons Direct beam electrons

Figure 4.3: Simplified schematic diagram of the interaction of high-
energy electron beam with a thin specimen: secondary signals detected in
TEMs/SEMs. Adapted from reference [76].
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The coherent elastically (forward) scattered electrons are used to form
DPs, BF and DF TEM, and HRTEM images. The inelastically scattered
electrons can loose energy in many different processes: absorbtion, excita-
tion of plasmons, ionization of atoms, electron-hole pair creation, interaction
with phonons i.e. thermal diffuse scattering (TDS), etc. The inelastically
scattered electrons, which have ionized the atoms within the specimen, are
analyzed by electron energy loss spectroscopy (EELS) or used to form energy
filtered TEM images. The accompanying characteristic X-ray spectrum, to-
gether with bremmstrahlung X-ray background, is measured by EDX. EELS
and EDX give information about the composition of the specimen. The in-
coherent electrons, scattered at high-angles, form HAADF STEM image.
The secondary electrons (SE), emerging from the specimen due to ioniza-
tion, or the backscattered electrons (BSE) can be detected as well to form
SE or BSE image respectively (chapter 4.4).

Here a Phillips CM30 (LaBg) and a Jeol 2010F TEM/STEM (Schottky
field emission gun), both operated at 200 kV, were used. Techniques used
in the Phillips CM30 were BF, DF, SAED and HRTEM. Images were taken
on a 1k CCD (Tietz) or on films (scanned in at 600 or 1200 dpi). The Jeol
2010F was used for lattice imaging (HRTEM), HAADF STEM and EDX in
STEM mode. In HAADF STEM, the probe size was approximately 1 nm and
the camera length was 15 cm for analytical work and lower magnification
imaging. Double tilt holders were used for both microscopes. Single tilt
holder was also used for Jeol 2010F in case when a double tilt holder was
unavailable or unsuitable due to the Si/SiN grid thickness (see paper I).

4.3.2 Conventional TEM

The principles of the three most conventional TEM techniques, selected
area electron diffraction (SAED), BF and DF imaging, are shown in figure
4.4. To form a DP, a SAED aperture is inserted in the first intermediate
image plane (figure 4.4(a)), between the objective and the intermediate
lens, and a region of the image is selected. This imposes a virtual aperture
in the specimen plane, and acts as if approximately the same region of the
specimen is selected. The spatial resolution of the selected area aperture
is ~ 100 nm [76], sufficient for analysing single NWs. In diffraction mode,
strength of the intermediate lens is adjusted so that the DP forms on the
fluorescent screen. SAED was used to identify the crystal phases and the
growth direction of the NWs.

In BF mode, the objective aperture can be inserted in the back focal
plane (BFP) of the objective lens, to select the direct beam and option-
ally some of the diffracted beams (figure 4.4(b)). The image is formed on
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the screen by modifying the strength of the intermediate lens, whereas the
strength of the projector lens remains the same. In DF mode, the incident
beam is tilted with respect to the optical axis. Hence, the direct beam is
shifted from the optical axis, i.e. whole DP is shifted in the BFP (figure
4.4(c)). The beam tilt can be adjusted by the deflectors within condensor-
system lenses, to position a particular reflection onto the optical axis. Usu-
ally the smallest objective aperture is inserted and centred onto the optical
axis to select only the desired reflection to form the DF image on the screen.

There are two main types of contrast in BF and DF images: diffraction
contrast and mass-thickness contrast. Diffraction contrast includes bending
and strain effects, and it is dominant type of contrast for thin crystalline
specimens. Diffraction contrast in DF imaging is used to distinguish between
different crystal phases or orientations, by selecting a reflection character-
istic for a particular crystal phase or crystal orientation. This makes the
regions of the sample with the selected phase bright in the image and re-
gions with all other phases dark, in the ideal case. Hence, DF images have
a high contrast, but require longer exposure due to the low signal.

In reality, the size of the objective aperture and distance between reflec-
tions from different phases can make it difficult to select only one reflection,
which results in bright, dark and grey regions in the image. In addition,
thickness fringes and specimen bending affect the contrast in DF images
significantly. The formation of thickness fringes in DF images is explained
in chapter 3.1.3. Specimen bending in addition induces variation of the
deviation parameter for the selected reflection across the specimen. As the
NWs are slightly bent over their length this results in a gradual change of
the image contrast. Diffraction contrast combined with bending effects is
visible also in BF images, especially if the specimen is off-zone.

Strain in a single crystal phase region in the specimen can give rise to
regions of different contrast in the image. Within the strained region, the
crystal lattice is distorted (i.e. bent) with respect to the unstrained lat-
tice. If the unstrained region satisfies the diffraction condition, then there
is certain deviation from the diffraction condition for the strained region,
which may induce a change in the image contrast (also varying with thick-
ness) [76]. However, by conventional BF or DF technique, it is only possible
to qualitatively observe, but not to quantify the strain.
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Figure 4.4: Simplified schematic diagram, adapted from reference [76], ex-
plaining the basic principles of: (a) SAED formation, (b) BF imaging, (c)
DF imaging. Note that a real TEM is much more complex.
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4.3.3 High resolution TEM

HRTEM images are formed by interference of the direct and the diffracted
beams, and this is called phase-contrast imaging. HRTEM can be in princi-
ple explained by describing how a point within a specimen spreads into an
extended region in the image due to imperfection of the objective lens [76].
Each point in the specimen is transformed into an extended region or disk
in the final image. Each point in the final image contains contribution from
many points in the specimen, which can be mathematically described by:

o) = [ 0 n(7 - 7)ar (4.1

where f(7) = f(x,y) is specimen function, h(7) point-spread function and
g(7) = g(x,y) image function, which is convolution of f(7) and h(7). These
functions can be expressed as Fourier transforms over the reciprocal space,
which results in the following relation between their Fourier coefficients:

G(id) = F(a@)H (@) (4.2)

where 1 is a reciprocal lattice vector and H (%) is called contrast transfer
function. The contrast transfer function contains contributions related to
apertures A(u), attenuation of the wave or envelope function F(u), and
aberrations of the objective lens B(u):

H(7@) = A(@)E(2)B(a). (4.3)

The aberration function can be expressed as:
(e 1
B(@) = eX® (@) =7 A fau? + §7TCSA3u4 (4.4)

where A f is underfocus and Cs spherical aberration. The objective aperture
cuts off all #-s greater than the value defined by its radius. High spatial
frequencies, i.e. high @-s in the DP are scattered under a larger angle by
the objective lens, which means that due to the spherical aberration these
beams are not focused by the lens at the same point in the image. This is
what spreading of a point in the image means.

What we actually observe in the HRTEM images is the contrast. To
describe contrast, we define another contrast function:

T(@) = A() B(@)2 sin x (@) (4.5)

which is called the intensity or objective lens transfer function. As the spher-
ical aberration is positive for electromagnetic lenses, for T'(#) < 0 we get
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dark atoms on a bright background, for T'(i#) > 0 the reversed, and for
T' (@) = 0 no contrast at all.

The contrast transfer function can be optimized by balancing the effect
of spherical aberration with a particular value of underfocus, which is called
Scherzer defocus. Figure 4.5 shows a series of sin x (@) curves for varying
spherical aberration (a) and varying underfocus (b). The aim is to have as
many beams as possible (as large u as possible) transferred through the
optical system with identical phase, i.e. within the flat response regime.
The first crossover point is defined as the instrumental point resolution
limit, i.e. direct image interpretation limit. As Cs increases, the resolution
limit decreases, whereas the opposite occurs as A f increases. However, for
a certain value of Af a local maximum creates a new crossover point which
decreases the resolution limit.
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Figure 4.5: sin x(u) for variation of (a) Cs at Af = —60 nm, (b) Af at
Cs =1 mm. The functions were plotted in MATLAB using the parameters
from reference [76].

The resolution is also limited by the spatial coherence of the source and
by chromatic effects. These are included in the envelope function, which
damps out higher spatial frequences. Hence the higher order pass-bands
become inaccessible, and the information limit is reached for T'(«#) = 0. The
envelope functions effectively impose a virtual aperture. Thus, the objective
aperture should be smaller than this virtual aperture in order to cut off the
spatial frequencies beyond the information limit.

To conclude, the principle of phase contrast imaging in HRTEM is that
the images are directly interpretable up to the instrumental resolution limit.
This limit is determined by the crossover for Scherzer defocus or by the
envelope function, whichever equals zero first. If the information limit is
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beyond the point resolution limit, we can use image simulations to interpret
the details beyond the Scherzer crossover. In this work, HRTEM was used
in a straightforward manner: to image interfaces and the structural defects,
and to distinguish crystal phases present in a NW.

4.3.4 Scanning TEM

In STEM the image is formed by scanning a focused beam (probe) in a
raster over the specimen and collecting the transmitted electrons at each
probe position with a certain type of detector. The intensity of a certain
pixel in the image is integrated signal received from the detector area for the
corresponding probe position at the specimen. On the contrary, in TEM the
whole image is generated at a time by direct illumination of the specimen
with a fixed parallel beam. The magnification in STEM is increased by
scanning a smaller area, whereas in TEM the magnification is altered by the
lens strength. The image resolution is determined by the size of the probe,
which mainly depends on the spherical aberration of the probe forming lens
system.

The detector in STEM is a semiconductor device or a scintillator pho-
tomultiplier, which are both very sensitive to the number of incoming elec-
trons. An advantage of STEM over TEM is that many detectors can be
used simultaneously to detect different kinds of signals, see figure 4.6. In
STEM mode, no lenses are required between the specimen and the detec-
tors, which are inserted in a diffraction plane. At each probe position, a
convergent-beam electron diffraction (CBED) pattern is formed onto this
plane. In BF STEM mode, a circular detector is used, of such size that it
selects only the direct beam (i.e. central disk of the CBED pattern). Con-
trast in BF STEM is equivalent to BF TEM contrast, both mass-thickness
and diffraction contrast are present in the images. In HAADF STEM mode,
an annular detector with big inner (> 50 mrad) and outer radius is used
in order to detect the electrons scattered at high angles. The size of the
detector and the distance between specimen exit plane and the detector,
determine the angular range of the collected scattered electrons. In Jeol
2010F used here, this distance is controlled by setting the camera length
with the intermediate lenses.

The high angle annular detector collects the incoherent quasi-elastically
scattered electrons [77]. The intensity reaching the detector is dominated
by TDS. The effects of diffraction contrast are minimized and the image is
incoherent, with intensity dependent on the atomic number Z. The image
intensity also depends on the specimen thickness. This can be observed for
example in NW tips, see figure 2.4. In contrast to HRTEM, there are no
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Figure 4.6: Simplified schematic diagram of STEM imaging system with BF,
HAADF and EDX detectors.

contrast reversals in HAADF STEM images as the contrast transfer function
is monotonously positive. This together with the Z-contrast makes HAADF
STEM image interpretation simpler than in conventional TEM.

Here, HAADF STEM was used for analytical work, to image NW core-
shell heterostructures or axial inserts, and as the background mode for the
EDX point and line scan analysis. High resolution and quantitative HAADF
STEM (by H. Kauko) was also part of the work, but the details (see reference
[51]) are beyond the scope of this introduction.

4.3.5 Energy dispersive X-ray spectroscopy

EDX is an electron microscopy technique for qualitative and quantitative
composition analysis with nanometer resolution [76]. The high-keV elec-
trons ionize the atoms within the specimen (inelastic scattering) and the
characteristic X-rays can be emitted. The emerging X-ray spectrum, con-
taining peaks characteristic for the atomic species present in the specimen,
is recorded. In addition, there is a continuum X-ray (bremsstrahlung) back-
ground in the spectrum, due to deacceleration of the incident electrons
within the specimen.

The amounts of constituent atoms can be estimated from the relative
X-ray peak intensities. However, detection and quantification of light ele-
ments is difficult, due to inherent poor efficiency of the detectors, low energy
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resolution, higher background, smaller number of emitted X-rays and their
absorption. Detecting small quantities of an element is rather challenging,
especially for thin TEM specimens, due to the low signal. The detection
limit (few atomic %) is also poor due to the low collection efficiency. This
means that from all X-rays emitted from the specimen into a sphere, only
0.1 — 0.2 sr are collected by the detector.

The EDX detector is situated in between the upper and the lower ob-
jective pole piece. The traditional EDX detector, Si(Li)-type, is shown in
figure 4.7. Si(Li) is a reverse-biased p-i-n diode operating at liquid nitrogen
temperature [76]. Since Si contains acceptor impurities, it has to be doped
with Li to achieve intrinsic Si, which is the active region of the detector. The
energy required to create an electron-hole pair in Si is ~ 3.8 eV at about
77 K. The number of created electrons (holes) is directly proportional to
the energy of the X-ray photon. When a reverse bias (0.5 — 1 keV) is ap-
plied, the electrons and holes are separated and a charge (electron) pulse is
measured at the rear contact. Recently another type of EDX detector has
become commercially available: Si-drift detector (SDD). It has completely
different design than Si(Li) and operates with Peltier cooling (no liquid ni-
trogen needed), works at lower voltage and has no Li-doping. SDDs can be
designed in special shapes to significantly increase the collection angle.

The main components of an EDX system are the detector, electronics
and the software. The incoming X-ray photons are processed individually,
one at the time. The detector is switched off when an X-ray is detected and
switched on again after that signal is processed. This is a fast process and for
the operator it appears as if the whole spectrum is recorded simultaneously.
The electronics attached to the detector, controlled by the software, convert
the charge pulse created by the incoming X-ray into a voltage pulse. The
voltage is assigned to the appropriate energy channel which is identified elec-
tronically as a specific X-ray energy. A signal, meaning one count, is stored
in the energy channel for the detected X-ray. The user-friendly software cal-
ibrates the spectrum, saves the conditions under which the spectrum was
acquired, identifies the peaks and gives the number of counts per channel.

The two most common artefacts in the EDX spectra, detected by a Si(Li)
and SDD, are Si K, escape peak, escaping from the detector, and sum-peaks,
which appear when more than one X-ray is processed at the same time (high
input count rate). These artefacts can be filtered out by the software. Stray
X-ray radiation, originating from other regions than the probed specimen
area, should be identified by the operator. The spectrum has normally 2048
channels and various energy ranges can be assigned to these channels. A
typical energy range selected for a Si(Li) and SDD detector is 10 or 20 keV
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Figure 4.7: Simplified schematic diagram of a Si(Li) detector adapted from
reference [76]. The X-rays pass through the berilium window and Au elec-
trode into the intrinsic-Si active region, where they excite electron-hole
pairs. The doped Si regions are called dead layers since the electron-hole
pairs generated there recombine and do not contribute to the pulse.

and in 2048 channels, this results in a display resolution of 5 or 10 eV per
channel, and a spectral resolution of ~ 130 eV [76].

EDX can be performed both in TEM and STEM modes. In TEM mode,
the beam needs to be condensed manually onto the specimen to appropri-
ate size (limited) for EDX analysis. In such way, only an integrated EDX
spectrum can be obtained from the region of interest illuminated by the
condensed beam. STEM mode is preferred for EDX since the probe can
be better controlled. First the image of an area in the specimen is formed.
Then the scanning probe is stopped and positioned on a region of interest
within that image. Point spectra, line profiles and two-dimensional compo-
sition maps can be obtained in STEM mode. EDX has higher resolution
in STEM mode, due to smaller probe and since the region of interest can
be defined more precisely. The spatial resolution of the point analysis is
approximately the size of the probe. However, beam-broadening within the
specimen is always present and this effectively increases the excited volume
of the specimen.

Quantitative EDX analysis can be performed by a software or manually.
Before quantifying the spectrum, artefacts such as stray radiation and sum
peaks have to be identified. The software subtracts the background, inte-
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grates the peaks and uses the calculated k-factors for certain crystal phase
and specimen geometry [76]. The k-factors depend on the crystal lattice,
illumination conditions and detector characteristics (efficiency), and these
factors can induce errors in the quantification.

The Cliff-Lorimer ratio technique is used to quantify an EDX spectrum.
The correlation factor k relates the concentration ratio of two elements to
the ratio of counts in the obtained spectrum for those two elements [76].
The k-factor can be a calculated one, as most often is used, or experi-
mentally determined using a calibration specimen of a known composition.
Manual quantification can be applied to a combination of a binary and a
ternary system with the same crystal phase, for example ZB GaAs and ZB
Gags5Asg5_Sb,. ZB GaAs is used as a reference to calculate the kgaas. In
case of a NW, the referent ZB GaAs NW segment has to have the same
diameter and orientation as the ZB GaAsSb segment, and the EDX point
analysis needs to be performed at the uniformly thick central region of the
NW. Also, it is important that the NW is tilted off a major zone to avoid
the channelling effects and crystal dependent variation in absorption [70,76].
Then, the As concentration, 0.5 — z, in GaAsSb is determined using:

0.5 Iaa
— ks 22 4.6
05—z GaAsT (4.6)

where Ig, and Iag are number of counts for the ZB GaAsSb segment. The
Sb concentration z is obtained straightforwardly. The X-ray counts obey
Gaussian statistics and standard deviations and absolute errors can be cal-
culated with this technique.

The most important factor for reliable qualitative and quantitative EDX
analysis is collecting a large number of counts (order of 107 or higher). How-
ever, a small volume of the specimen is excited by the electron beam, and
thus small number of X-rays is created, and even smaller number detected
due to poor collection efficiency. Therefore, to obtain a large number of
counts, the scanning has to be performed for a long period of time, which
can induce damage in the specimen and build-up of carbon contamination
as well as specimen drift can occur.
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4.4 The Scanning Electron Microscope

A SEM operates in principle like a STEM: a probe is formed and scanned
over the specimen. The image is formed by integrating the signal for each
probe position (pixel). The electron beam energy is much lower than in a
TEM, normally in the range of 1 — 30 keV. The typical signals collected
in a SEM (see figure 4.3) are SE, BSE, characteristic and bremmstrahlung
X-rays, light (cathodoluminescence). However, a single machine rarely has
optimized detectors for all possible signals.

A standard SEM can study bulk samples in SE and BSE mode, and
there is no need for electron transparent specimens. In SE mode, secondary
electrons created upon de-acceleration of primary electrons, are detected.
The SE signal comes from within few tens of nm-s below the surface, because
the secondary electrons have low energies and get absorbed by the specimen
over a short distance [76]. The SE images are extremely surface sensitive and
have a large depth of field, resulting in three-dimensional like, topological
appearance. Lowering the voltage or selecting a certain range of SE energies
enhances this topological surface contrast. For example, SE imaging is useful
to observe NW facets (figure 4.8(a)) and morphology (figure 4.8(b)).

In BSE mode, the elastically backscattered incident electrons form the
image. The intensity of the BSE signal depends on the atomic number of the
elements present in the specimen [76]. Namely, the higher the atomic number
the stronger the backscattering, and thus regions with higher average atomic
number appear brighter in the image. BSE imaging in combination with
characteristic X-rays, can provide information about the composition and
distribution of different elements within the specimen. However, BSE mode
is not particularly useful for III-V NWs, due to small difference between the
atomic numbers of the constituent elements and somewhat due to small size.
The third most important signal are characteristic X-rays and the set-up
is similar as described in chapter 4.3.5. However, as the primary electron
energy is much lower in SEM than in TEM, not all possible characteristic
X-rays will be excited.

A Hitachi S-5500 S(T)EM (30kV, cold field emission gun) was used in
this work. The special feature of this machine is that it can operate in BF
and DF STEM mode, and TEM specimens can be used. The collection angle
is selected by the height of the detector relative to the specimen since there
are no lenses between the specimen and the detector as in a TEM/STEM
(see chapter 4.3.4). 30 kV BF STEM proved to be extremely practical
for finding and selecting single NWs for correlated PL-TEM studies. The
reasons are many: quick and easy to use, induces no damage to the NWs, has
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good resolution and a strong contrast. In addition, for some NW orientations
it is possible to distinguish different crystal phases in NWs, for example ZB
inserts or SFs in WZ NWs; see figure 4.8(c).

. (©)

<
S

Figure 4.8: WZ GaAs/AlGaAs core-shell NWs: 30 kV SE image of (a) cluster
four NWs showing facets (topological contrast) on a holey carbon support;
(b) misformed NWs with ”two-headed giraffe” morphology on graphene
support; (c) 30 kV BF STEM image of ZB segments and SFs (diffraction
contrast) in a WZ NW on a holey carbon support.
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Chapter 5

Conclusions and Outlook

5.1 Summary and Conclusions

In this work, a correlated PL-TEM method was developed in order to effi-
ciently study single GaAs-based heterostructured semiconductor NWs and
directly correlate their optical and structural properties (paper I). As the
selection of single NWs proved to be a challenge for the optical microscopy,
the effects of 5—30 kV S(T)EM on the optical properties were investigated.
The PL spectra before and after S(T)EM (5 — 30 kV), and the referent PL
spectra of the NWs non-exposed to the electron beam, were compared. The
differences between these PL spectra were attributed to slightly different
experimental conditions between the PL measurements, such as tempera-
ture and orientation of the specimen and the NWs on the sample stage.
The 5 — 30 keV electrons used for S(T)EM imaging do not alter the optical
properties. Therefore, selection of single clean NWs by low voltage S(T)EM,
can be carried out before PL. In contrast, the high energy electrons in TEM
(200 kV) create defects in the NWs, which cause non-radiative recombina-
tions and deteriorate the optical properties. Hence, TEM must be performed
as the last step in a correlated PL-TEM study. Preselection by STEM and
TEM characterization after PL, ensure that the NWs with desired struc-
tural characteristics have been studied. In general, due to diversity of the
NWs within each growth batch, a large number of NWs needs to be ex-
amined or studied in detail, to achieve a conclusive correlation between the
optical and the structural properties.

The Si grids with a 50 nm thick amorphous SiN support film proved
to be practical for a routine PL-TEM characterization. These grids were
used throughout this work, and secured in a thin metal holder for safe
handling during PL measurements. The drawbacks of Si/SiN grids are their
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fragility and the relatively thick support. For example, the thickness of the
SiN support reduces the quality of HRTEM imaging for thick NWs (order of
100 nm) and quantitative HAADF STEM study proves to be impossible. On
the other hand, an important advantage is that the NWs are easily mapped
by SEM/STEM on the nine windows and can be quickly traced both in PL
and TEM.

Using the initial correlated PL-TEM results, the optical and structural
properties of WZ GaAs/AlGaAs core-shell NWs with axial ZB GaAsSb
inserts were directly connected. A qualitative assessment of the NWs based
on the number of PL bands in the PL spectra, and the specific structural
characteristics, was carried out at first. Depending on which fragment of
a NW is sampled, the PL spectra contain bands related to ZB GaAsSb,
GaAs and WZ AlGaAs. The AlGaAs PL emission in the ~ 1.60 — 1.65 eV
range, was found to originate from the axial AlGaAs segment and not from
the AlGaAs radial shell. The AlGaAs PL emission has no significance for
NW application in general, and is considered as a growth artefact of the
heterostructure itself.

The GaAs related PL emission, centred at ~ 1.515 eV, was at first
believed to originate from recombinations between the SFs and the sur-
rounding WZ phase, which form type II band alignment (papers I and II).
However, the variation in the number of GaAs-related PL peaks and in their
energies, observed among WZ GaAs/ZB GaAsSb axially heterostructured
NWs in the initial PL-TEM study, was suspicious and needed further in-
vestigation. This led into a dedicated study of WZ GaAs/AlGaAs core-shell
NWs, which was successful in finding NWs of pure WZ phase and character-
izing them with advanced PL and conventional TEM techniques. The WZ
GaAs free exciton emission was observed at 1.516 eV at low temperature
(15 K). This value is almost coinciding with the ZB free exciton emission
energy at 1.515 eV. On the other hand, the room temperature bandgap of
WZ GaAs is 1.444 eV + 1 meV, which is ~ 20 meV larger than the room
temperature bandgap of ZB GaAs. The divergence of the emission energies
of WZ and ZB GaAs as temperature is increased, is supported by the un-
usually long free exciton recombination lifetimes at low temperature. This
suggests that the conduction band symmetry in WZ GaAs is I's. In addi-
tion, it was found that Au-assisted WZ GaAs NWs can have a high optical
quality and PL brightness.

The ZB GaAsSb inserts exhibit type I PL emission for most of the stud-
ied NWs (papers I and II). Already at that stage, a large variation in the
GaAsSb optical properties was observed in randomly sampled NWs. The
question why the variation in GaAsSb PL energy occurs became a sub-
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ject of a more detailed study. The Sb concentration, its distribution within
and variation among the ZB GaAsSb inserts, were investigated using dif-
ferent methods: EDX analysis, quantitative HAADF STEM and correlated
PL-TEM. The large variation of the GaAsSb insert lengths and the Sb con-
centrations, observed for the same growth conditions in WZ GaAs bare-core
and WZ GaAs/AlGaAs core-shell NWs, is thought to be due to a distribu-
tion of sizes of Au droplets. The higher the NW growth rate, the longer
the GaAsSb insert and the more Sb is incorporated into the insert. This
was evidenced by a clear trend of increasing insert length with increasing
Sb concentration. The EDX analysis and the quantitative HAADF STEM
confirmed that there is a decreasing Sb concentration gradient along the in-
sert towards both insert interfaces. This is probably caused by competition
between Sb and As to incorporate into the insert at the beginning of the
insert growth, and due to As-Sb exchange at the upper insert interface after
the insert growth. In addition, a decreasing radial gradient of the Sb con-
centration towards the outer surfaces was observed by quantitative HAADF
STEM.

The quantitative HAADF STEM provided systematically higher Sb con-
centrations (by 5 — 8 %) compared to the EDX results. On the other hand,
the results from quantitative HAADF STEM were in agreement with the
Sb concentrations calculated from the insert PL emission energies using an
empirical model for unstrained bulk GaAsSb. To conclude, the Sb concen-
trations obtained with these two methods are more reliable than the EDX
results. The automatic EDX quantification clearly underestimates the Sb
concentrations in ZB GaAsSb inserts in WZ GaAs NWs.

The ground state energy of the GaAsSb PL emission was found to de-
crease with the increase of the Sb concentration. The structural defects in
the WZ GaAs core and the strain within the insert appear to have negligible
effect on the GaAsSb PL emission. On the other hand, the Sb concentration
gradient has an effect on the GaAsSb related PL emission, inducing both
type I and type II transitions within the ZB GaAsSb insert. The type II
transitions originate from recombinations of holes in the valence band of the
central region of the insert (ZB GaAsSb), and electrons in the conduction
band in the regions close to the insert interfaces (ZB GaAs), due to the
decreasing Sb concentration towards the interfaces. The type I transitions
within the central Sb-richest region of insert dominate in the insert related
PL emission.

At the end, it is worth mentioning that not all correlated PL-TEM stud-
ies carried out in the course of this work, resulted in a conclusive correlation
between the optical and the structural properties of the NWs. The basic PL
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and TEM characterization proved to be insufficient for a better understand-
ing of the inherently complex heterostructured NWs and consequently their
complex optical properties. Examples of such studies are WZ GaAs inserts
in WZ AlGaAs NWs or WZ GaAs/GaAsSb core-shell NWs. In both cases,
understanding how these NW heterostructures actually grow and further
growth optimisation are necessary before any fundamental questions can be
studied. Once a homogeneous batch with desired optical and structural char-
acteristics is achieved, the correlated PL-TEM becomes useful. Of course,
the other approach is to hunt for a NW with wanted optical properties and
discard many NWs to find one such. To conclude, to study fundamental
questions related to a complex NW heterostructure, a combination of dif-
ferent advanced PL and (S)TEM techniques as well as good growth quality
are required.
To summarize, the main conclusions of the entire work are:

e An efficient correlated PL-TEM method was developed.

e Conventional TEM studies provided a deeper insight into the struc-
tural characteristics of GaAs-based heterostructured semiconductor
NWs.

e Fundamental optical properties of WZ GaAs were investigated on a
single NW level, and the values for low temperature free exciton energy
and room temperature bandgap were obtained.

e ZB GaAsSb inserts in WZ GaAs NWs proved to be more complex
than expected: the Sb concentration variation among the inserts, and
a decreasing Sb concentration gradient towards the insert interfaces
were observed, and this was correlated with the insert lengths and the
PL emission energies.

5.2 Outlook

Further development of the PL-TEM method with thinner support films and
less fragile TEM grids is an important step for future research. The choice
of the TEM grid determines the possibilities and limitations for a correlated
PL-TEM study. Utilizing the advanced (S)TEM techniques available on the
state-of-the-art electron microscopes works best for extremely thin supports
(specimens). To achieve good image quality for NWs which are relatively
thick themselves (in the order of 100 nm), the support film has to be as thin
as possible. Hence, the Cu/graphene grids (2000 mesh) are next to be tested
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for this method. The advantages of these grids are the thinnest possible
support, flexibility and easy handling. Moreover, the graphene enables the
best possible quality of (S)TEM characterization. The challenge in this case
is to map the single NWs by low voltage STEM and trace them back in PL
and TEM. This is ongoing work and some progress into this direction has
already been achieved. The graphene grids prove to be promising for the
future PL-TEM studies within NW projects and in a broader perspective
of nanostructured opto-electronic materials.

Another aspect of a correlated PL-TEM study is how efficiently the ex-
perimental work is divided between the participants within the project. A
possible approach is that one person performs the complete study, which is
advantage when a well defined problem needs to be studied on a homoge-
neously grown NW heterostructure. However, this might not be quick, given
the time needed to analyse both PL and TEM results. A more suitable ap-
proach is one PL and one TEM person with possibility of more support
on the experimental side which is the focus of the work. What needs to be
emphasized is that for a successful correlated study, good communication
and cooperation are as crucial factors as defining the project and planning
the experiments systematically.

Correlated PL-TEM can become a basis for an extended study of NWs
or in general, a nanostructured opto-electronic material. For profound un-
derstanding of the optical properties of structurally or compositionally more
complex heterostructured NWs, advanced (S)TEM techniques need to be
included into the basic PL-TEM method. This can include for example:
quantitative HAADF STEM (on Cu/graphene grids), strain analysis which
is possible on aberration corrected TEMs, electron energy loss spectroscopy,
energy filtered TEM, and EDX with a more advanced detection system. In
addition, it would be useful to begin a correlated study with a low volt-
age TEM. In this case, the exact threshold voltage for the irreversible NW
damage by electron beam needs to be determined. In such a way, the NWs
would remain optically active, but can be preselected based on the desired
crystal phases or defect configuration.

On the PL side, combining different techniques, such as polarization-
resolved, time-resolved and magneto-PL, is useful for a meaningful study.
Depending on the focus of the study, other experimental techniques where
TEM specimens are suitable, can be included in the method, for example
micro-Raman scattering spectroscopy, cathodoluminescence, photocurrent
characterization, scanning near-field optical microscopy, atomic force mi-
croscopy, scanning tunneling microscopy.
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Quantum confined or strained axial inserts, axial heterostructures with
sharp interfaces between different segments, and multiple core-shell NWs,
for example, could become important in the future work, both from funda-
mental and applications perspectives. Assuming that a more precise control
of the Sb concentration is achieved, ZB GaAsSb inserts in WZ or ZB GaAs
NWs would remain a fundamentally interesting topic. For example, the ef-
fect of the Sb concentration (0—100 %) on the optical transitions within the
insert, and between the insert and the surrounding core could be studied.
In this case, strain analysis within the inserts would be extremely useful to
understand how the insert PL emission and the band alignments are affected
by the Sb concentration throughout the whole range of concentrations. Here,
GaAs crystal phase could be WZ or ZB on either side of the insert, which
can be achieved with self-catalyzed NW growth. Different combinations of
crystal phases and systematically varied Sb concentration would provide a
better insight into the optical behaviour of such NW heterostructures.

Quantum confined WZ GaAs inserts in WZ AlGaAs NWs are an in-
triguing topic to return to. Once the growth is optimized to such degree
that insert size and crystal phase can be precisely controlled, and the inter-
faces are compositionally sharp, studying the insert size effect on WZ GaAs
optical properties by advanced correlated PL-TEM would be possible. In
this case, quantitative HAADF STEM would be the dominant technique on
the TEM side, to determine the insert size and the Al concentration in the
surrounding AlGaAs. In addition, some numerical work would be necessary
to determine the energies and the number of possible PL transitions within
the insert as a function of the insert size. Similar study could be carried out
for the ZB GaAsSb inserts in GaAs NWs.

For solar cell application, the growth of GaAs-based heterostructured
NWs has evolved towards self-catalysed growth. Growth optimisation of
self-catalysed GaAs-based NWs on Si, patterned Si or graphene substrates,
will be significant part of the future work within the NW project. Doped
multiple core-shell NWs will play the main role in a solar cell. Thorough
investigation of the fundamental properties of these novel heterostructured
NWs will be highly demanded when the realization of a solar cell becomes
in sight. Thus, the correlated PL-TEM method, basic or advanced, remains
of crucial importance to realize a NW-based solar cell.
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Abstract

To correlate optical properties to structural characteristics, we developed a robust strategy for
characterizing the same individual heterostructured semiconductor nanowires (NWs) by
alternating low temperature micro-photoluminescence (;1-PL), low voltage scanning
(transmission) electron microscopy and conventional transmission electron microscopy. The
NWs used in this work were wurtzite GaAs core with zinc blende GaAsSb axial insert and
AlGaAs radial shell grown by molecular beam epitaxy. The series of experiments demonstrated
that high energy (200 kV) electrons are detrimental for the optical properties, whereas medium
energy (5-30 kV) electrons do not affect the PL response. Thus, such medium energy electrons
can be used to select NWs for correlated optical-structural studies prior to ;£-PL or in NW
device processing. The correlation between the three main p-PL bands and crystal phases of
different compositions, present in this heterostructure, is demonstrated for selected NWs. The
positions where a NW fractures during specimen preparation can considerably affect the PL
spectra of the NW. The effects of crystal-phase variations and lattice defects on the optical
properties are discussed. The established strategy can be applied to other nanosized
electro-optical materials, and other characterization tools can be incorporated into this routine.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

The current interest in the synthesis and properties of semi-
conductor heterostructured nanowires (NWs) is staggering [1].
NWs have promising properties and offer vast freedom of
design for nanodevice applications such as solar cells [2, 3] and
lasers [4, 5]. For successful implementation, the quality and
uniformity of the NWs should be high. Therefore, optimization
of synthesis and accurate and complete characterization
of the physical properties and structure of the NWs are
required.

0957-4484/11/325707+09$33.00

The electro-optical properties of NWs are intricately con-
nected with the heterostructure design of NWs, composition
variation, crystal structure and lattice defects. Moreover,
NWs from the same batch may have different lengths and
diameters, as well as variations in crystal phases, distribution of
defects and composition along their length [6]. Such variations
might affect the overall optical properties [7, 8]. Because of
possible differences between NWs from the same batch, a large
number of individual NWs have to be studied to gain reliable
insight in the property—structure relation. For heterostructured
III-V NWs, micro-photoluminescence (u-PL) is one of the

© 2011 IOP Publishing Ltd  Printed in the UK & the USA
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most applied optical characterization tools [9, 10]. Supporting
detailed structural characterization of other single NWs from
the same batch is often obtained by transmission electron
microscopy (TEM) (see for example [7, 10-12]). Due
to the possible variations between NWs within one batch,
uncorrelated characterization gives at best information about
average optical and structural properties of a NW batch.

A necessary step towards accurate characterization of
NWs is correlation of the pu-PL spectra of particular NWs
with their individual structural characteristics. ~To draw
meaningful conclusions about the band gaps, valence and
conduction band alignments, quantum confinement effects,
and allowed carrier recombinations for a particular NW
heterostructure, the optical and structural characterization have
to be performed on the same single NW. To the best of our
knowledge, there are just a few studies reported that have
achieved PL and TEM characterization of the very same
single NW [8, 13, 14]. Correlated PL-TEM experiments
are not routinely applied on NWs or other nanostructured
materials. Optical characterization combined with scanning
electron microscopy (SEM) has recently been reported for
CdSe/CdS nanocrystals [15]. Such correlated PL-SEM
provides useful information on how the morphology of a
nanostructured material affects the optical properties. In that
particular study, correlated PL-TEM failed due to poor thermal
contact resulting in insufficient cooling of the nanorods.
In situ optical studies of III-V NWs in electron microscopes
have been demonstrated by cathodoluminescence (CL) in an
SEM [16, 17] and a dedicated scanning TEM (STEM) [18].

In the u-PL setup, due to the limited spatial resolution of
light imaging, it is uncertain whether or not the nano-objects
selected for the measurements are single NWs. This initial
uncertainty has implications on the interpretation of the -PL
spectra. Performing SEM or transmission electron microscopy
(TEM, STEM) before wn-PL would allow the selection of
single (i.e. no agglomerates of NWs) and uncontaminated
(i.e. without any other potential luminescing source within the
probe diameter of p-PL) NWs. However, the medium (1—
30 kV) to high (100-300 kV) energy electrons used in electron
microscopy might alter the material and hence affect the -PL
response. For bulk zinc blende (ZB) GaAs, there are studies,
for example [19], analysing 0.1-1 MeV electron irradiation-
induced defects in the crystal lattice. In contrast, no such
studies have been reported for semiconductor NWs.

In this work, we present a robust measurement procedure
for studying both the optical properties by n-PL and the
structural characteristics by electron microscopy of the same
NW for a significant number of individual single NWs per
batch. The NWs used as test objects had a wurtzite (WZ)
GaAs core with a ZB GaAsSb insert for the first batch,
with the addition of an AlGaAs radial shell for the second
batch [6, 20, 21]. TEM (200 kV) and S(T)EM (5-30 kV), under
different illumination conditions, were systematically used
to give insight into whether accelerated electrons can affect
the optical properties. An efficient procedure for selecting
and tracing single NWs has been established. Several NWs
from the obtained data set were selected and their optical
properties were compared and correlated with unique structural
characteristics.

2. Experimental details

To develop and test a correlated PL-TEM strategy for charac-
terization of single NWs, axially and radially heterostructured
GaAs-based NWs were used. These NWs were grown
on GaAs(111)B substrates by Au-assisted molecular beam
epitaxy (MBE). The complete growth procedure is described
elsewhere [21, 22]. The NWs consisted of WZ GaAs core
with ZB GaAsSb insert, with growth interruption performed
after the insert [20], in the first batch (specimen C1, core only).
For the GaAsSb insert growth, the fluxes of Ass and Sb, were
6 x 107% and 6 x 1077 Torr respectively. In the second batch
(specimens CS1 and CS2, core—shell) the NWs had in addition
an Alp3Gag7As radial shell and a thin GaAs capping layer,
both with the same crystal structure as the core [21].

The TEM specimens were prepared by dispersing the as-
grown substrates in isopropanol using an ultrasonic bath. A
few drops of the dispersions were transferred onto the TEM
grids. The grids were 200 pum thick Si frames with nine
windows of 100 um x 100 pm, entirely covered by a 50 nm
thick amorphous silicon nitride film (ThinWindows Inc.). For
-PL measurements, each grid was secured in between two
molybdenum washers which were sealed by silver paint. This
construction is called the ‘holder’ hereafter. The washers,
each with a central hole (2 mm in diameter), were suitable
for the cold finger in the p-PL setup. By conventional optical
microscopy, in transmission or reflection mode, three candidate
NWs were selected in each window. The term ‘candidate NW’
designates an object, desirably a single NW, selected by optical
microscopy for PL-TEM study. The grids were taken out from
the holders prior to each electron microscopy experiment.

u-PL was performed in a Janis ST-500 cryostat with a
cold finger at ~10 K, using continuous laser excitation at the
wavelength of 532 nm. The power density at the specimen was
varied from 0.25 to about 50 W cm~2. The focal diameter of
the PL excitation beam was estimated to be 5 um. A Horiba
Jobin Yvon iHR500 spectrometer with a 300 grooves mm™!
grating and an Andor Newton™ Si electron multiplying charge
coupled device (EMCCD) was used for detection. The spectral
resolution of the system is about 200 peV. All the u-PL
experiments were carried out under similar conditions.

Scanning (transmission) electron microscopy (S(T)EM)
imaging was performed on a Hitachi S-5500. A single tilt
holder was used. For specimen CS2, all candidate NWs
within each of the six selected windows were illuminated
with electrons of one specific acceleration voltage, which was
varied in steps of 5 kV from 5 to 30 kV. For 5-10-15 kV,
secondary electron imaging was used, whereas for 20-25-—
30 kV, bright field (BF) STEM imaging was used. In S(T)EM
two NWs per window received a dose of approximately
108 e~ nm™2 and one NW a dose of approximately 5 x
108 e~ nm™2. The three remaining windows were not
illuminated by electrons in S(T)EM or TEM and served for
referent pu-PL measurements. The unexposed NWs within
these three windows are designated as referent NWs in the rest
of the text.

The crystal structure and defects of the NWs were
analysed on a Philips CM30 (LaBg) TEM operating at 200 kV.
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Table 1. Overview of all experimental procedures for the three
specimens.

Number of
Experimental studied Single
Specimen procedure candidate NWs  NWs
Cl PL-TEM-PL 7 0
CS1 PL-TEM-PL 7 5
CS2 PL-S(T)EM-PL-TEM-PL?* 18 11
PL-PL-PL-30kV STEM" 9 8

 Six windows were illuminated in S(T)EM as described above.

® The remaining three windows were not illuminated (either in
S(T)EM or TEM) and the corresponding candidate NWs are called
referent NWs. The referent NWs were imaged in the final STEM
experiment at 30 kV.

A double tilt holder was used. The techniques used were bright
field (BF), dark field (DF), selected area electron diffraction
(SAED) and lattice imaging (HREM). Images were taken on a
1k CCD (Tietz) or on film (scanned in at 600 or 1200 dpi).

n-PL measurements were performed before and after
each electron microscopy study for all three specimens. The
experimental sequences are summarized in table 1. For the
specimens C1 and CS1, all candidate NWs initially studied by
u-PL were directly examined by TEM (PL-TEM-PL series).
For the specimen CS2, 18 NWs (within 6 of 9 windows) were
studied in low voltage (5-30 kV) S(T)EM, as described above,
after the initial u-PL, and only these NWs were examined
by TEM (PL-S(T)EM-PL-TEM-PL series). All candidate
NWs (27) were studied by p-PL in each experimental session.
Finally, the referent NWs were imaged by 30 kV STEM after
the last ;-PL in the series.

3. Results

In total, we analysed 32 candidate NWs by u-PL and TEM
(see table 1). TEM and S(T)EM showed that 16 candidate
NWs were actually single NWs and had no other possible
PL sources within a diameter of at least 5 um. The other
candidate NWs in the PL-TEM data set (specimens C1, CS1
and CS2) were actually clusters of two, three or more NWs. In
addition, TEM studies showed that there were suitable single
NWs dispersed throughout all three specimens, which were
either not observed or selected by optical microscopy. The
NWs from the specimen C1 exhibited weak PL response as
they had no passivating AlGaAs shell. The core—shell NWs
exhibited much stronger PL response. The success rate of
single NW selection was higher for the specimens CS1 and
CS2 (table 1).

3.1. Optical, low voltage S(T)EM and TEM imaging

As an example of specimen mapping by optical microscopy, a
part of the central window in specimen CS2 with a candidate
NW, marked by the black arrow, is shown in figure 1(a). For
the batch studied here, this NW has representative properties,
such as PL response and dimensions, morphology and crystal
phases as determined by TEM. The large spots are drying stains
containing agglomerated NWs and debris from the substrate,

(a) (c)

Figure 1. (a) Optical image of an area in the central window of
specimen CS2 in which a candidate NW was selected (black arrow).
(b) BF STEM image at 25 kV revealing some contamination and a
small NW (white arrow) crossing the candidate NW. (c) BF TEM
image on a (110) zone. The lower interface and upper interface of
the ZB GaAsSb insert are marked by black arrows. The white arrow
in (c) marks the position where the shell is damaged.

as confirmed by S(T)EM and TEM afterwards. This NW was
imaged by BF STEM (25 kV, figure 1(b)), revealing the overall
morphology of the NW. In addition, the image shows that there
is a small NW (a tip with a gold nanoparticle is marked by
the white arrow) protruding from the contamination around
the candidate NW. Figure 1(c) is the BF TEM image of the
candidate NW tilted on a (110) zone. The growth direction of
the NWs is [111]75/[0001]wz. The ‘up’ direction for a NW
is defined as from the substrate towards the tip with the gold
particle. The diameter of this 1.98 pum long NW is 114 nm
around the GaAsSb insert (marked by black arrows) and it
reaches its maximum value of 122 nm approximately 600 nm
above the insert. The existence of the small NW, indicated
by STEM (figure 1(b)), was confirmed by TEM (figure 1(c)).
Furthermore, the BF TEM image suggests that the candidate
NW is damaged on the right side at the position where the small
NW crosses it (white arrow). As the small NW was almost
completely covered by the on-zone candidate NW, its crystal
phase could not be determined. Out of 18 candidate NWs
in specimen CS2 inspected by S(T)EM, 11 were observed as
single NWs with the expected morphology. The TEM images
were consistent with the initial observations based on S(T)EM
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Figure 2. Low temperature (10 K), power dependent PL spectra (P = 0.5 W cm™2) of (a) the NW presented in figure 1 before (full black)
and after 25 kV STEM (dashed red), (b) a referent NW acquired before (full black), after S(T)EM (dashed red) and after TEM (dotted blue)
sessions, during which the NW remained unexposed to electron beams. Inset: 30 kV STEM image taken after the third and final -PL
experiment. The black arrow marks the position of the GaAsSb insert as determined by diameter variations.

with one exception: a small branching NW was not detected
by secondary electron imaging at 15 kV.

3.2. Comparison of initial PL spectra with PL spectra after
STEM and TEM studies for exposed and referent NWs

The power dependent PL spectra of the candidate NW shown in
figure 1, recorded before and after 25 kV STEM, are presented
in figure 2(a). Three characteristic PL bands for this core—shell
NW heterostructure (specimens CS1 and CS2) occur in the
energy ranges 1.30-1.45 eV, 1.47-1.55 eV and 1.58-1.65 eV
and will be referred to as bands A, B and C, respectively. The
PL spectra (figure 2(a)) of the candidate NW (figure 1) contain
all the three bands. All bands show broadening with increasing
excitation power.

For the candidate NW in figure 1, band A is stronger, B
weaker, whereas C remains similar, in the PL spectra after
STEM compared to the corresponding bands before STEM.
As opposed to this, no PL emission could be detected from
the candidate NW (figure 1) in the range of 1.25-1.65 eV,
even at 150 W cm™2, after the TEM study. After the S(T)EM
study, all candidate NWs (exposed and referent) remained
optically active (i.e. all initially observed PL bands remained
in the spectra) and the PL response was comparable to the PL
response before S(T)EM. After the TEM study, very weak or
no PL emission in the same range (1.25-1.65 eV) was observed
for all the exposed NWs studied here, both with and without
AlGaAs shells.

For comparison, figure 2(b) shows all three series of
PL spectra for a referent NW, representative by morphology

(i.e. length, diameter and tip shape) as determined by STEM.
BF STEM at 30 kV (inset of figure 2(b)), performed after
the last u-PL (see table 1), showed that the referent NW was
indeed single. The diameter of the NW was 110 nm around
the GaAsSb insert and reached a maximum of 130 nm in the
upper half of the NW. The NW was 2.6 um long, hence of
similar dimensions and morphology to the representative NW
in figure 1. In this case, the PL response after the TEM session
was detected and the PL bands were of comparable or lower
intensities to before and after STEM. It is seen that band A
was stronger in the initial PL spectra than after the STEM and
TEM sessions, whereas band C was stronger after the STEM
session. For each of the nine referent NWs, the characteristic
PL bands, present in the initial PL spectra, were detected in the
subsequent two p-PL experiments as well.

Differences in intensities were observed between the PL
spectra before and after S(T)EM for all the candidate NWs
(whether exposed to accelerated electrons or not). The energies
of the three characteristic A, B, and C bands were nearly
identical in the PL spectra before and after S(T)EM at each
applied power and for each of the 27 candidate NWs. Random
redistribution of intensities of the characteristic bands and
small fluctuations within these bands occurred in the PL
spectra of all 27 candidate NWs (including the referent NWs).
No additional bands appeared, nor did any of the initially
observed bands disappear in the PL spectra of the exposed
NWs, or the referent NWs, after S(T)EM. No obvious trend in
variation of PL intensities with respect to the different S(T)EM
illumination conditions (acceleration voltage or electron dose)
can be observed. The PL intensities after TEM are generally
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Figure 3. Detailed TEM of the GaAsSb insert area of the NW shown in figure 1: (a) DF TEM and (b) SAED pattern of the insert area where
WZ, ZB and 4H polytype reflections are marked by circles, rectangles and a triangle, respectively. The notation ‘t’ refers to the ZB twin
section. (¢) HREM of the interface between the ZB GaAsSb insert and the 4H GaAs region.

weaker than in the initial PL spectra for the referent NWs. This
reduction in PL intensities differs for the different bands within
the spectra. For some referent NWs, the intensities of some
bands are essentially the same after S(T)EM and after TEM
(e.g. band A in figure 2(b)).

3.3. Detailed TEM characterization

TEM characterization revealed the crystal structure and the
presence of the lattice defects, such as stacking faults (SFs)
in the GaAs WZ segments, in all the 32 NWs. As an example,
detailed TEM characterization of the GaAsSb insert area of the
candidate NW used in figure 1 is shown in figure 3. With the
DF TEM image (figure 3(a)) and SAED pattern (figure 3(b))
of the insert area, and HREM of the upper insert interface
(figure 3(c)), it was proven that the NW contains a ZB GaAsSb
insert (40 nm long). Between the bottom part of the WZ
GaAs core and the ZB GaAsSb insert, there is a 3 nm long
7B section, twinned with respect to the insert. Adjacent to the
upper insert interface, there is a 4H polytype section (35 nm
long) before the WZ GaAs core continues. The DF image
(figure 3(a)) shows that there is a density of less than ten SFs
per 100 nm in the WZ GaAs core, for about 200 nm above the
4H polytype section. For the next 400 nm up, the SF density
is higher (10-15 SFs per 100 nm, including several unit cell
long ZB segments), followed by an SF-free WZ region and
thereafter a low density of SFs in the upper half of the NW
(not shown).

In most cases, direct transitions between the WZ GaAs
core and ZB GaAsSb insert were observed among the NWs
studied here. Crystal-phase variation, including twinning
and/or 4H polytype section (one such combination is depicted
in figure 3(a)), in the GaAsSb insert area is less common for
this batch. The SF density and distribution along the whole
length varied in all studied NWs. Most of the NWs with a
7B GaAsSb insert had some SFs in the WZ GaAs core below
and/or above the insert. The SF density in the upper halves was
low (less than ten SF per 100 nm) for most of the NWs.
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Figure 4. Low temperature (10 K), power dependent PL spectra

(P = 0.5 W cm™2) of (a) a candidate NW (from specimen CS2)
which is a cluster of two NWs and the corresponding BF TEM image
in the inset, (b) a candidate NW (from specimen CS1) which is a
piece of a NW that fractured above and below the GaAsSb insert
region and the corresponding BF TEM image in the inset. The scale
bar in each inset is 200 nm.

3.4. Other examples of NWs studied by w-PL and TEM

The two examples of candidate NWs given in figure 4 highlight
that both random sampling of NWs and their individual
structural characteristics are reflected in the variations of
the measured optical properties. NWs fracture randomly
at different positions along their length during sonication.
Furthermore, NWs can cluster together and align along the
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growth axis in the drying step of specimen preparation. The
PL response of a cluster of two NWs and their BF TEM image
(inset) are shown in figure 4(a). TEM revealed that the left NW
(95 nm in diameter, pointing up) had a ZB GaAsSb insert and
that fracture of the NW occurred within the insert. Above the
7ZB GaAsSb insert, the NW is SF-free for more than 0.8 pm.
The right NW (105 nm in diameter, pointing down) is only
an upper WZ part of a NW broken above the GaAsSb insert,
starting with three SFs within the first 30 nm at the bottom and
continuing with SF-free WZ for about 0.5 um. The SFs are
mostly concentrated and unevenly distributed (on average less
than ten SFs per 100 nm) in the upper halves of these two NWs.
The peaks in the 1.275-1.45 eV region are extremely weak
compared to the B and C bands of the same NW (figure 4(a))
and the corresponding band A (figure 2(a)) of the candidate
NW depicted in figure 1. Several distinct peaks are observable
within bands B and C in figure 4(a) at low excitation powers
and broadening of both bands can be observed as the excitation
power increases.

The second example (figure 4(b)) is a piece of a NW,
132 nm in diameter, that fractured 0.25 pm below and 0.77 um
above the GaAsSb insert, hence the upper part with the gold
particle is missing. Similarly to the candidate NW depicted
in figures 1 and 3, this NW contained a ZB GaAsSb insert
(40 nm long) followed by a 5 nm long ZB twin segment, and
subsequently a 4H polytype section (37 nm long), as proven
by HREM and SAED (not shown). However, the NW depicted
in figure 4(b) has a higher SF density (about twenty SFs per
100 nm, including several unit cell long ZB segments) in the
WZ sections all the way below and for 0.57 pum above the
insert (followed by 0.2 um of SF-free WZ section ending with
four SFs near the upper free surface). In the corresponding PL
spectra, the PL peaks of bands A and B are blue-shifted by
about 35 meV (from 1.388 eV) and 11 meV (from 1.510 eV),
respectively, as the excitation power increases from 0.5 to
15 W cm™2. No distinct peaks are present within bands A and
B for this NW at excitation powers higher than 0.5 W cm™2.
Compared to the A and B bands, an extremely weak C band is
observed only at power densities above 3 W cm™2.

4. Discussion

We first discuss the experimental challenges that we overcame
in the course of developing an efficient correlated PL-TEM
strategy. Subsequently, we discuss whether and how the
electron beams used in this procedure might affect the PL
response of NWs. Finally, we correlate the optical properties
with the structural characteristics of the here presented NWs.

4.1. Technical aspects

From a practical point of view, proper handling of the fragile
silicon/silicon nitride TEM grid is crucial throughout the total
procedure. The holder construction as used here allows safer
transfer of a TEM grid between different experimental setups.
Selecting candidate NWs in all nine windows increases the
success rate for a correlated PL-TEM study. The electron
transparent support, 50 nm thick amorphous silicon nitride,

withstood multiple cooling—heating cycles and the applied
laser powers in the p-PL. The repeatedly good p-PL response
obtained in this study indicates that the heat conduction of the
specimen mounted in the holder is sufficient. Thus, there seems
to be no reason to coat the specimen with a heat conducting
film as done by Bao et al [8]. However, in that particular
study the power density at the sample was much higher (up to
8000 W cm™2) than in our experiments (below 100 W cm™2).
Recently, Heiss et al [14] demonstrated that conventional C-
foil TEM grids can be used in a scanning confocal p-PL with
a liquid-helium bath cryostat, for a correlated PL-TEM study.
The probe spot size used by Heiss et al [14] was much smaller
(0.8 um) than in the pu-PL setup (5 pm) used in the present
study. However, a 0.8 pum probe still excites relatively large
sections of a NW. CL-like resolution and diffusion studies are
not possible by either of the two PL-TEM approaches.

In the present study, the silicon nitride support film and Si
frame did not affect the PL spectra in the applied photon energy
range and the PL response from the NWs was similar to our
observations for NWs deposited on a Si substrate [20, 23]. As
figure 3 demonstrates, the 50 nm thick silicon nitride support
film still allows structural characterization by imaging and
electron diffraction techniques. Thicker support films would
be more stable in handling, but the TEM techniques would be
affected, especially low voltage STEM (1-30 kV), DF TEM
and HREM studies. For a 100 nm silicon nitride support film
we expect that BF TEM and SAED would still give useful
information about the NW crystal phases. The here developed
correlated PL-TEM strategy should equally well be applicable
to other semiconducting NWs or nanostructures. However, for
a complete correlated PL-TEM study of Si and N containing
semiconductors including compositional analysis by TEM,
alternative frame and support film might be required. As the
silicon nitride films are flat and rigid, other characterization
tools, like scanning probe techniques, could be incorporated
into this routine.

The obtained PL-TEM results demonstrate that there are
three major challenges in sampling representative single NWs.
First, random NWs break off at random positions along their
length during sonication, as figures 1 and 4 demonstrate. In the
case of homogeneous NWs (i.e. without significant variation of
crystal phases and defect density, for example) or NWs without
an intended axial insert, random sampling and breaking would
not significantly affect the measured optical properties. Here
however, due to the differences between individual NWs and
the presence of an axial insert a substantial number of NWs
was studied to obtain meaningful correlated data. A possible
way to control the sampling of axially heterostructured NWs
better is by scraping NWs from the growth substrate and,
after dispersion on a TEM grid, cutting the NWs into desired
segments by focused ion beam (FIB). However, it should be
investigated whether the electrons (see below) and the Ga ions
used in the FIB process alter the PL response.

A second challenge is the dispersion of the NWs onto the
TEM grid. The dispersion preparation method is quick and
can give a large number of candidate NWs for a correlated
PL-TEM study. The dispersion solution, contamination
concentration, droplet size, evaporation conditions and surface



Nanotechnology 22 (2011) 325707

J Todorovic et al

conditions of the NWs and support film greatly affect the
success rate of achieving single NWs on the support film.
Thus, for the three specimens studied here, the success rates
of achieving single NWs on the support film differed. In
addition, objects other than NWs can be transferred onto a grid
unintentionally (see figure 1(a)). Hydrocarbons or carbonous
contaminants originating from the dispersion solvent, for
example the stain around the candidate NW in figure 1, can
affect the electron microscopy. Such contaminations can be
removed by plasma cleaning before the p-PL and electron
microscopy studies. However, PL—plasma cleaning—PL(TEM)
series should be performed to determine the effects of plasma
cleaning on the PL response of the NWs. On the other hand, the
larger clusters of misaligned NWs and debris from the substrate
(also from the bottom side) are beneficial for orientating on the
specimen and tracing candidate NWs in a systematic approach
in the different experimental setups.

The third major challenge is the optical selection of
candidate NWs, as clusters of several parallel or nearly parallel
NWs can be easily misinterpreted as a single NW. As TEM
revealed, single NWs were dispersed throughout the specimen
C1, whereas none of the considered candidate NWs was
single. This indicates that the probability of selecting a
thin single core-only NW (50-70 nm in diameter) by optical
imaging is rather low due to the limited spatial resolution.
For the specimens CS1 and CS2, containing core—shell NWs
(>100 nm in diameter and length of pum order), the initial
selection provided more single NWs than in the specimen C1,
mainly due to their larger diameter and also due to the better
quality of the dispersion.

4.2. The influence of S(T)EM and TEM on PL

In order to overcome the technical challenges, an easily-
accessible imaging technique, such as S(T)EM, with sufficient
spatial resolution is necessary prior to a correlated PL-TEM
study. Therefore, low/medium energy (5-30 kV) S(T)EM was
conducted on specimen CS2 in order to investigate whether and
how the electrons affect the optical properties. The PL spectra
for each NW from the three PL sessions were compared with
each other as well as for exposed and referent NWs. When
comparing the PL spectra of all 18 candidate NWs exposed
to the electron beam in S(T)EM, the observed differences in
PL spectra before and after S(T)EM could not be associated
with different accelerating voltages or doses for the exposed
candidate NWs. In addition, the PL spectra of the referent
NWs of specimen CS2 have similar, in some cases significant
(see band C in figure 2(b)), variations in the PL intensities.
Therefore, PL intensity redistribution (between the present PL
bands) of the exposed NWs is not likely to be associated with
any kind of structural damage induced by 5-30 kV S(T)EM.
These differences in the PL spectra, for both exposed and
referent NWs, could be caused by external conditions such as
beam alignment and laser power, positioning of the laser spot,
orientation of the laser polarization with respect to a candidate
NW and small variations of temperature (from 10 to 15 K)
between the three ©-PL experiments. PL emission from the
unexposed referent NWs is still significantly strong, despite

the handling, several heating cycles or the vacuum in the -PL
stage and in the electron microscopes. We therefore conclude
that 5-30 kV S(T)EM is not inducing any observable changes
to the optical properties and hence can be used as a selection
tool for single NWs. Based on the observations, we see no
restriction in using 5-30 kV electron beam lithography for
contacting single NWs or integrating NWs into devices. Note
that these observations are valid for NW heterostructures based
on GaAs, AlGaAs and GaAsSb.

As the here presented observations indicate, S(T)EM
imaging at all applied acceleration voltages can reveal whether
a candidate NW is indeed single or a cluster of two or
more NWs. By using S(T)EM, one can preselect a NW
based on the required morphology or diameter and cleanliness.
For example, short thin NWs, observable in BF STEM
(figure 1(b)), can be missed by secondary electron imaging.
Moreover, 30 kV BF STEM revealed the position of the
GaAsSb insert in the referent NW depicted in the inset of
figure 2(b). At the GaAsSb insert, marked by the black
arrow, the diameter of the referent NW is slightly increased
compared to the GaAs core below and above the insert. The
referent NW is anti-tapering further in the upper part, similar
to the candidate NW from the same specimen depicted in
figure 1(c). Alternatively, the diffraction contrast in BF STEM
could identify the position of a ZB GaAsSb insert within a
WZ GaAs core, twins within an insert and SFs within the WZ
segments for a particular orientation of the NW with respect to
the electron beam. Therefore, BF STEM at 20-30 kV would
be the preferred imaging technique prior to a correlated PL—
(S)TEM study.

For all the studied NWs from the three specimens and all
crystals phases present in the NWs, it is clear that the high
energy electrons in the TEM gravely affected the PL spectra.
There was no apparent change of the NWs’ crystal structure,
appearance or morphology during TEM exposure that would
indicate the detrimental effects on optical properties introduced
by the high energy electrons. This coincides with previous
studies of heterostructured GaAs-based NWs [6, 21, 22].

Among the known lattice defects that can be induced in
n- and p-type bulk GaAs by electron irradiation are vacancies
and interstitials (e.g. Frenkel defects) in the As sublattice [19].
Complex defects can be formed by electron irradiation (0.1—
1 MeV) at 300 K when As interstitials migrate away from
As vacancies until they are captured by impurities like C
on Ga sites [19]. In the case of the heterostructure GaAs-
based NWs here studied, we expect that Frenkel and complex
defects are created by similar means during room temperature
200 kV TEM experiments. Frenkel defects are undetectable
by the basic TEM techniques used here. On the other hand,
luminescence of similar NWs was reported up to 80 kV ina CL
study at 20-140 K [24]. Thus, a critical electron acceleration
voltage is expected between 80 and 200 kV, above which the
optical properties of WZ GaAs/AlGaAs NWs are degraded due
to the formation of Frenkel defects.

4.3. PL and crystal structure

In this section we focus on the direct correlation between the
PL and TEM data obtained in this work. We discuss each
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observed PL emission band (A, B, C) separately by comparing
the differences in PL spectra and structure for each presented
NW.

4.3.1. Origin of band A.  We relate the lowest energy PL band
(A) with the presence of an intact ZB GaAsSb insert [6, 20, 23].
Only the ZB GaAsSb insert can give emission in band A (1.30-
1.45 eV), and we have never observed PL in this region from
similar NWs without the ZB GaAsSb insert. The NWs in
figures 1 and 4(b) both contain an intact ZB GaAsSb insert
and exhibit a band A, starting at 1.364 eV and 1.388 eV,
respectively, for low excitation powers. As opposed to this,
the left NW in the inset of figure 4(a) was broken within
the insert and therefore non-radiative recombinations at the
free surface of the insert would be expected to be dominant
in this part of the NW and quench any luminescence. The
right NW in the inset of figure 4(a) fractured above its insert,
hence the remainder cannot contribute to any GaAsSb related
luminescence at all. This absence or damage of the GaAsSb
insert is reflected in the PL spectra of figure 4(a) by the
extremely weak emission within the A range compared to
the B and C bands. We notice that the GaAsSb related
band position varies in this dataset and in comparison to
previous studies [6, 20, 23] due to variations of the Sb
composition between the inserts. Therefore, high spatial
resolution composition analysis and high angle annular DF
STEM (100-300 kV) should be incorporated into the strategy
when more accurate correlation of the optical properties and
the composition is needed.

The two single NWs in figures 1, 2(a), 3 and 4(b) provide
general insight into how the present structural defects affect the
GaAsSb insert PL emission. For these two NWs, we observe
SFs in the WZ GaAs core, the ZB GaAs twin below or above
the ZB GaAsSb insert and a 4H GaAs polytype section above
the insert (adjacent to either the insert or the twin). This is
similar to what has been observed previously in core WZ GaAs
NWs with ZB GaAsSb inserts [6]. For the ZB GaAsSb insert
preceded by the ZB GaAs twin and followed by the 4H GaAs
polytype (figure 3), several higher energy peaks within band
A (figure 2(a)) appear as the excitation power increases. Such
behaviour is characteristic for band-filling effects at a type I
band alignment, which is expected of a ZB GaAsSb insert in
a WZ GaAs core, both adequately defect-free [20]. Note that
a ZB twin below and 4H polytype above the insert appear to
have no influence on the GaAsSb related band. Another NW
(not shown) in the data set, with 4H polytype section directly
above the insert, supports this claim.

In contrast, if the ZB GaAsSb insert is followed by a ZB
GaAs twin (and 4H polytype section), a blue-shift (35 meV,
when the power density is increased by 0.5 to 15 W cm™2) of
band A occurs with higher excitation power, and no distinct
higher energy peak appears, see figure 4(b). Such a blue-shift
could occur if the band alignment between the ZB GaAsSb
insert and the subsequent ZB GaAs twin was of type II. In
our previous uncorrelated study [20], a similar blue-shift of
a 1.27 eV peak was observed for core—shell NWs, and for
the NWs from that batch a ZB GaAs twin following the ZB
GaAsSb insert was a common feature. However, to get a more

precise indication of which type of recombination occurs in
the region of the ZB GaAsSb insert, time-resolved p-PL is
required [23].

4.3.2. Originof band B.  The energy of band B corresponds to
the GaAs core [7, 20]. When the WZ GaAs core is dominated
by SFs (figure 4(b)), band B shows blue-shift with increasing
excitation power. When regions of varying SF density are
present in the WZ GaAs core (the NW in figures 1 and 3),
the corresponding band B contains a couple of distinct peaks
(1.507-1.515 eV). The presence of SFs in the WZ GaAs
core in these three NWs (figures 1 and 3, the right NW in
figures 4(a), (b)) might obscure the observation of the GaAs
WZ free exciton.

PL peaks within 1.43-1.51 eV were previously reported
for ZB/WZ GaAs NWs [14, 25] and correlated with a mixture
of twinned ZB and WZ sections. Heiss et al [14] related the
PL emission at 1.515 eV to WZ GaAs. In the present case,
there are no secluded ZB GaAs segments (longer than several
ZB unit cells) nor twinned ZB GaAs sections within the WZ
GaAs core in any of the presented NWs. For this reason the
peak at ~1.515 eV cannot be associated with ZB GaAs free
exciton for the NWs presented here. Therefore, the peak within
1.515 &£ 0.005 eV, as observed for a large number of NWs in
this data set, has to be associated with the WZ GaAs core with
arandom density of SFs.

4.3.3.  Origin of band C. Band C is AlGaAs related
luminescence [21]. For the core—shell NW batch used here,
an axially grown WZ AlGaAs segment above the WZ GaAs
core, formed during shell growth, is expected [21]. All the
NWs examined here which contained the tip with gold particles
(figures 1, 4(a)) should contain this axial AlGaAs segment.
Based on the growth specifics, we estimate that the GaAs core
above the GaAsSb insert is about 0.7 um long on average.
The length above the GaAsSb insert, 1.87 um for the NW in
figure 1(c) and 1.84 um for the left NW in figure 4(a), exceeds
the estimated length of the GaAs core above the insert and
suggests the existence of the AlGaAs segment. The remaining
segment of 0.77 um above the GaAsSb insert in the NW
depicted in figure 4(b) indicates that the NW contains only a
small portion (maximum 0.1 xm long) of the AlGaAs segment,
which can be correlated to the absence of the C band at low
excitation powers (below 3 W cm~2). Judging from the length
(1.4 um) and absence of the GaAsSb insert, the right NW
in figure 4(a) should consist of a GaAs/AlGaAs core—shell
and axial AlGaAs segment and thus contribute to both the B
and C bands (together with the left NW). Based on all these
considerations, we conclude that the PL emission in band C
originates from the WZ AlGaAs segment axially grown above
the GaAs/AlGaAs core—shell. The AlGaAs shell itself does not
contribute to band C.

The repeatedly observed weak intensity (both before and
after STEM) of the AlGaAs band compared to the ZB GaAsSb
and WZ GaAs bands in figure 2(a) can be associated with
the low SF density in the upper half of the NW (figure 1(c)),
although the exact position where the WZ GaAs core ends
and the axial WZ AlGaAs starts cannot be deduced from basic
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TEM images taken here [11]. A low SF density in the upper
half of a NW allows transport [16, 17] of carriers from the axial
WZ AlGaAs segment all the way to the WZ GaAs core and thus
reduces the number of carriers recombining in the AlGaAs.
For the two NWs in figure 4(a), despite the low SF density
in the upper parts, the AlGaAs emission is repeatedly strong
(comparable to the GaAs emission) indicating that the carriers
radiatively recombine mostly in the axial AlGaAs segments
and GaAs cores.

5. Conclusion

In this work, a correlated PL-TEM strategy is developed in
order to efficiently analyse a significant number of single
heterostructured GaAs-based NWs and directly correlate
their optical and structural properties. As the selection of
representative single NWs turned out to be a challenge for
optical microscopy, the effects of 5-30 kV S(T)EM on the
optical properties were investigated. The PL spectra before
and after S(T)EM (5-30 kV) show that the electrons used
for S(T)EM imaging do not alter the optical properties.
Therefore, the selection of single clean NWs by low voltage
S(T)EM can be applied before p-PL. This would allow more
systematic PL-TEM studies by selecting NWs with a specific
morphology. In contrast, the high energy electrons in TEM
(200 kV) create lattice defects in the NWs, which cause non-
radiative recombinations. Hence, TEM should be performed
as the last step in a correlated PL-TEM routine. The
strategy proposed here can be applied to other nanostructured
semiconductor materials and other characterization tools can
be incorporated.

Using the correlated PL-TEM data, the optical and
structural properties of WZ GaAs/AlGaAs core—shell NWs
with axial ZB GaAsSb inserts were directly connected.
Depending on which fragment of a NW is sampled, the PL
spectra have one, two or three bands related to ZB GaAsSb,
GaAs and WZ AlGaAs. The ZB GaAsSb inserts exhibit type
I or II PL emission depending on the surrounding crystal
phases. The GaAs band, centred at ~1.515 eV, originates
from recombinations between SFs and the surrounding WZ
phase (type II band alignment). The AlGaAs band in the
1.60-1.65 eV range originates from the axially grown AlGaAs
segment and not from the AlGaAs radial shell.
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Abstract. Correlation between the optical and the structural properties of an individual
heterostructured nanowire (NW) is crucial for optimising the NW synthesis and device design.
In this work, low temperature (10 K) micro-photoluminescence (lt-PL), low and high voltage
scanning transmission electron microscopy and conventional transmission electron microscopy
are applied to the same individual NWs. The studied NWs, grown by Au-assisted molecular
beam epitaxy, have a wurtzite GaAs core with a zincblende GaAsSb axial insert, enclosed with
an AlGaAs radial shell and a GaAs capping layer. By subsequent analysis of one and the same
NW by u-PL and several electron microscopy techniques in different microscopes, we can
relate the spectral features of a single NW to the structural features, such as different crystal
phases, lattice defects and composition.

1. Introduction

III-V semiconductor nanowires (NWs) are attractive for a broad range of applications as for example
solar cells, lasers, single photon sources and sensors. The electro-optical properties of III-V NWs are
directly related to the crystal phase (zincblende (ZB) or wurtzite (WZ)), lattice defects and the
composition. In practice, NWs from the same batch can differ for example by dimensions or defect
configuration. Therefore structural and electro-optical properties of the same NW have to be
investigated. Direct correlation between the optical properties and the structural characteristics of an
individual NW is crucial for understanding band alignments and quantum confinement effects as well
as for optimizing the NW synthesis and device design for future applications. Transmission electron
microscopy (TEM) based techniques are commonly used to fully characterize structural elements of
NWs. However, conventional TEM specimens are not well suited for micro-photoluminescence
(u-PL) studies. So far, only a few correlated PL-TEM studies of the same NW have been reported
[1,2].

In this work, low temperature (~10 K) p-PL, scanning (transmission) electron microscopy
(S(T)EM) at 30 kV and 200 kV and conventional transmission electron microscopy (TEM) at 200 kV
are applied on the same WZ GaAs/AlGaAs core-shell NWs with ZB GaAsSb core inserts. Due to the
complexity of this particular heterostructure, a range of different electron microscopy techniques were
required to understand which structural features actually affected the optical properties. By detailed
correlated study of one NW, particular structural characteristics are directly connected with the
observed PL features.
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2. Experimental details

The NWs were grown by Au-assisted molecular beam epitaxy [3,4]. The heterostructure consists of
WZ GaAs core with ZB GaAsSb axial insert, AlGaAs radial shell, and GaAs cap. In addition, an axial
WZ AlGaAs segment forms on top of the WZ GaAs core during AlGaAs radial shell growth [4]. NWs
were ultrasonically dispersed in isopropanol and drops of the solution were transferred onto a Si TEM
grid with a 50 nm thick amorphous silicon nitride support film (ThinWindows Inc.). For safe handling
and good heat conduction in the p-PL experiments, the TEM grid was sealed between two Mo washers
with central holes of 2 mm [5].

u-PL was performed in a Janis ST-500 cryostat at ~ 10 K, using continuous laser excitation at the
wavelength of 532 nm. The power density at the specimen was varied from 1 W/cm® to about 50
W/cm®. The detection system included a Horiba Jobin Yvon iHR500 spectrometer with a 300
grooves/mm grating and an Andor Newton™ Si electron multiplying charge-coupled device
(EMCCD). The spectral resolution of the system is about 200 pueV.

Structural characterization was performed on a Hitachi S-5500 S(T)EM (30kV, cold field emission
gun) for low magnification bright field (BF) STEM and on a Philips CM30 TEM (200 kV, LaB) for
BF TEM, dark field (DF) TEM, and selected area electron diffraction (SAED). A JEOL 2010F
TEM/STEM (200 kV, Schottky field emission gun) was used for lattice imaging (HREM) and high
angle annular DF (HAADF) STEM (probe size approx. 0.5 nm, 49-120 mrad collection angle range).

3. Results and discussion
A NW, containing all structural elements of the studied heterostructure after breaking off from the
substrate, was selected from the PL-TEM dataset of about 30 NWs for a more detailed TEM and
STEM characterization. Figure 1 shows that the PL spectra of the NW contain three bands, designated
as A (1.35-1.45 eV), B (1.50-1.55 eV) and C (1.58-1.65 eV), which are characteristic for this NW
heterostructure. The BF STEM (30 kV) image in the inset of figure 1 presents an overview of the NW
divided into regions I (containing ZB GaAsSb insert surrounded by the WZ GaAs core and the
AlGaAs shell, full line box), CS (WZ GaAs/AlGaAs core-shell, dashed line box) and AS (WZ
AlGaAs axial segment, dotted line box) which are the origins of the characteristic PL emissions A, B
and C respectively [2,4,5]. Low voltage STEM provides quick insight into morphology and size of the
NW and can be performed before u-PL as well [5].
Figure 1. Low temperature
8§ S (10K), power dependent PL
f spectra (P = 2.55 W/em?) of a
- NW together with 30 kV BF
STEM image (inset). For this
NW heterostructure, A, B and C
designate the three characteristic
PL bands which originate
respectively from the regions I,
CS and AS of the NW (inset).
The PL spectra were taken before
the electron microscopy studies.
The scale bar in the inset is
135 140 145 150 155 160 165 500 nm. Note that the NW is
Energy (eV) anti-tapering towards the tip.

=
T

Normalized PL intensity

The ground state of GaAsSb related PL emission (band A) is observed at 1.39 eV (figure 1) for this
NW. No blue shift of this PL band can be observed with increase of excitation power. Such behavior
indicates that both electrons and holes are confined within the GaAsSb insert (i.e. type I band
alignment between ZB GaAsSb insert and WZ GaAs core) [6]. At higher excitation powers a PL peak
at 1.42 eV appears (figure 1). The origin of this PL transition is not clear at present.
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Region I of the NW is shown in detail in figure 2. DF TEM (figure 2(a)) visualizes the different
crystal phases present with the highest contrast: the ZB insert (dark) in the WZ NW (bright) with some
stacking faults (SFs). The NW has a diameter of 76 nm in region I, just above the fracture, and a 38
nm long ZB GaAsSb insert. There are two adjacent SFs in the WZ GaAs core starting at about 21 nm
above the insert (figure 2(a,b)). The crystal phases were confirmed by SAED (not shown). Note that
the crystal phases and the SFs can be identified by lattice imaging (HREM) on the 50 nm thick SiN
support film. Type I behavior of GaAsSb related PL emission (figure 1) indicates that the two SFs
(figure 2(a,b)) are far enough away from the insert not to affect carrier recombination within the insert.

Figure 2 shows that the fracture of the NW occurred within ZB and WZ sections in region I, which
might have impact on the PL emission from the ZB GaAsSb insert. HAADF STEM was used to
visualize the difference between the WZ GaAs core and the WZ AlGaAs shell, or the ZB GaAsSb
insert and the ZB AlGaAs shell. The HAADF STEM image in figure 2(d) and area intensity profile in
the inset show the core-shell structure of regions I and CS with a core diameter of 27 nm. The shell is
about 25 nm thick, whereas the width of the NW at the lower ZB-WZ interface is 49 nm as viewed in
a <110> projection. This indicates that the fracture of the ZB section occurred mostly within the ZB
AlGaAs shell. Since the insert is mostly intact and almost completely passivated by ZB AlGaAs shell
and WZ GaAs core, the GaAsSb related PL emission (band A in figure 1) remains observable.

() §8 S () L [© S (0]

L

Figure 2. Detailed TEM characterization of the region I: (a) DF TEM image on a <110> zone. (b)
HREM image. (c) HREM image of the upper ZB-WZ interface. (d) HAADF STEM image few
degrees off a <110> zone with 100 nm area intensity profile (inset). Diameter of the core is 27 nm.

The upper part of the NW (regions CS and AS) is shown in figure 3. HAADF STEM shows where
the transition between the core-shell structure and the axial WZ AlGaAs segment occurs (figure 3(a)).
The WZ GaAs/AlGaAs core-shell segment above the two SFs in region I (figure 2(a,b,d)) is SF free
for about 0.7 um, which is the estimated core length above the insert based on the growth parameters
[3]. The WZ region with high SF density (about 0.3 um long) follows as observed in HAADF STEM
and BF TEM (figure 3(a,b)). The gradual transition from WZ GaAs/AlGaAs core-shell to axial WZ
AlGaAs segment starts in this region. In the axial AlGaAs segment, the SF density is reduced (figure
3(a,c)) compared to the core-shell transition region. The area intensity profiles (figure 3(d)) of the
HAADF STEM image (figure 3(a)) show the core-shell structure in area 1 and the axial AlGaAs
segment (no core-shell structure) in area 2. The anti-tapering shape of the NW (inset of figure 1)
explains the higher intensity of the axial AlGaAs area profile (profile 2, figure 3(d)).

In the PL spectra (figure 1), band B (GaAs related PL emission) is broad and weak compared to
bands A and C. The B-band is related to a mixture of various type Il recombinations due to the SFs in
the WZ GaAs core [5]. The peak at 1.55 eV that appears at higher excitation powers is not completely
understood at present.
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Figure 3. (a) DF
STEM image few
degrees off zone with
two 100 nm long areas
selected. The arrow
shows the growth
direction of the NW.
(b) BF TEM image on
a <110> zone
including area 1. (c)
5 DF STEM image of
b area 2. (d) Area
0 20 40 60 80 100 120 . . )
Diameter (nm) intensity profiles of
areas 1 and 2 in DF
STEM image in (a).
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The AlGaAs related PL emission is coming from the axial AlGaAs segment and not from radial
AlGaAs shell [4,5]. The significant volume of the axial AlGaAs segment (40 % of the total NW length
of 2.2 um), the presence of SFs in the axial AlGaAs and the high SF density in the WZ GaAs/AlGaAs
core-shell transition region can partly account for the strong AlGaAs PL emission compared to
GaAsSb and GaAs PL emissions since SFs act as carrier traps. SFs here seem to prevent carrier
diffusion from their origin, within the axial AlGaAs segment, through the WZ GaAs core towards the
ZB GaAsSb insert.

4. Conclusions

One single NW has been studied by p-PL and in three different electron microscopes to directly
correlate the structural features to the optical properties. ZB GaAsSb related PL emission exhibits type
I band alignment when the SFs in surrounding WZ GaAs core are far away (about 21 nm) from the ZB
GaAsSb insert. By combining HREM and HAADF STEM, it was determined that the fracture within
the ZB phase occurred mainly within the AlGaAs shell. Such fracture still allows PL emission from
the ZB GaAsSb insert. The GaAs related PL emission, at about 1.52 eV, originates from type II
recombination between SFs and the WZ GaAs core with varying distribution of SFs in the region of
transition from core-shell to axial AlGaAs segment. The AlGaAs related PL emission originates from
the WZ AlGaAs axial segment and is most prominent in the PL spectra of this NW due to the presence
and distribution of SFs in the axial segment and in the transition region from core-shell to the axial
segment.

Acknowledgment
This work was supported by “RENERGI” program (Grant No. 190871) of the Research Council of
Norway.

References

[11 BaolJ, Bell D C, Capasso F, Wagner J B, Martensson T, Triagardh J and Samuelson L 2008
Nano Letters 8 836

[2] Heiss M et al. 2011 Phys. Rev. B 83 045303

[3] Dheeraj D L et al. 2008 Nano Letters 8 4459

[4]  Zhou H L et al. 2009 Nanotechnology 20 415701

[5] Todorovic J, Moses A F, Karlberg T, Olk P, Dheeraj D L, Fimland B O, Weman H and van
Helvoort A T J 2011 Nanotechnology 22 325707

[6] Hoang T B, Moses A F, Ahtapodov L, Zhou H, Dheeraj D L, van Helvoort A T J, Fimland B O
and Weman H 2010 Nano Letters 10 2927

4



Chapter 8

A Story Told by a Single
Nanowire: Optical Properties
of WZ (GaAs

Accepted in Nano Letters -

95



A Story Told by a Single Nanowire: Optical Properties of WZ
96 GaAs




cxs00 | ACSJCA | JCA10.0.1465/W Unicode | research.3f (R3.4.11:3887 | 2.0 alpha 39) 2012/09/13 09:54:00 | PROD-JCAI | rq_791126 | 11/07/2012 09:05:14 | 6

NANO 45

. A Story Told by a Single Nanowire: Optical Properties of Wurtzite
. GaAs

s Lyubomir Ahtapodov,_{_ Jelena Todorovic,:I: Phillip Olk,'{_ Terje Mjélan_d,"_ Patrick Sléttnes,i' ]
4 Dasa L. Dheeraj,T Antonius T. J. van Helvoort,'l' Bjorn-Ove Fimland,1 and Helge Weman®*

pubs.acs.org/NanoLett

s "Department of Electronics and Telecommunications and *Department of Physics, Norwegian University of Science and Technology,
6 NO-7491 Trondheim, Norway

7 @ Supporting Information

8 ABSTRACT: The optical properties of the wurtzite (WZ) GaAs
9  crystal phase found in nanowires (NWs) are a highly controversial
10 topic. Here, we study high-quality pure WZ GaAs/AlGaAs core—
11 shell NWs grown by Au-assisted molecular beam epitaxy (MBE)
12 with microphotoluminescence spectroscopy (u-PL) and (scan-
13 ning) transmission electron microscopy on the very same single
14 wire. We determine the room temperature (294 K) WZ GaAs
15 bandgap to be 1.444 eV, which is ~20 meV larger than in zinc blende (ZB) GaAs, and show that the free exciton emission at 1§
16 Kis at 1.516 eV. On the basis of time- and temperature-resolved y-PL results, we propose a I'y conduction band symmetry in
17 WZ GaAs. We suggest a method for quantifying the optical quality of NWs, taking into consideration the difference between the
18 room and low temperature integrated PL intensity, and demonstrate that Au-assisted GaAs/AlGaAs core—shell NWs can have

RT lifetime
0.8ns

19 high PL brightness up to room temperature.

20 KEYWORDS: Nanowire, wurtzite, optical properties, GaAs, photoluminescence, PL-TEM

21 S emiconductor nanowires (NWs) are expected to provide a
2 platform for future nanotechnology applications. Many
23 prototype devices in electronics and optoelectronics such as
24 NW transistors,’ lasers, light-emitting diodes,® and photo-
25 voltaics* have already been demonstrated, and many more are
26 no doubt waiting in store. However, while much of the ongoing
27 research is aimed at exploring the vast possibilities of novel
28 device design that semiconductor NWs offer, some of their
29 fundamental optical and electronic properties are still elusive.
30 Especially controversial are the optical and electronic properties
31 of the hexagonal wurtzite (WZ) GaAs crystal phase which is
32 often observed in NWs and never in the bulk.

33 Current discussions on the topic have two main issues. The
34 first one deals with the bandgap width, the free exciton binding
35 energy, and the conduction band symmetry of WZ GaAs.
36 Theoretical works predict a change of the low temperature
37 GaAs bandgap from the conventional cubic zinc blende (ZB) to
38 the WZ phase in opposite directions, suggesting values of 1.553
39 eV® and 1.504 eV;versus the well-known 1.519 eV in bulk ZB
40 GaAs.” Reported experimental results for WZ GaAs point at
41 higher,”” lower,'"" and approximately the same value as in
42 ZB.""® There is a further uncertainty as to whether the
43 conduction band in WZ GaAs is of I'y symmetry, as proposed
44 by De and Pryor,® or of I'; symmetry, as claimed by Ketterer et
45 al."® Knowledge of the conduction band symmetry is critical for
46 gaining a better understanding of important properties of WZ
47 GaAs such as the electron effective mass, the free exciton
48 binding energy, and recombination lifetimes.

49 The second issue is related to the optical quality of Au-
s0 assisted NWs grown via the vapor—liquid—solid (VLS)
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technique and their suitability for device applications. Breuer s1
et al.'* suggest that Au incorporation in the NWs takes place s2
during Au-assisted MBE growth, leading to extremely short s3
recombination lifetimes at room temperature and greatly s4
suppressed radiative quantum efficiency as compared to self- ss
catalyzed MBE grown GaAs NWs. Since it is well established s6
that Au-assisted MBE growth using the VLS mechanism often s7
yields NWs of large crystal phase diversity,"*"> it is important ss
to study high-quality pure WZ GaAs NWs in this context and so
develop a method for benchmarking their overall optical 60
quality. The latter is expected to have large implications on the &1
performance of NW-based optoelectronic devices. 62

In this Letter, measurements were done on carefully selected 63
GaAs/AlGaAs/GaAs core—shell-cap NWs and comprised 64
correlated microphotoluminescence spectroscopy (¢-PL) and 6s
(scanning) transmission electron microscopy ((S)TEM) on the 66
same single NW. In the first stage of the experiment, NWs were 67
drop-cast on a 50 nm thick SiN TEM support, and single wires 68
were identified with low-voltage (30 kV) STEM'® prior to 6
optical characterization. Then, polarization-resolved y-PL was 70
performed at several temperatures, from low (15 K) to room 71
temperature (RT, 294 K), in order to assess the crystalline 72
purity of the WZ phase in the NWs and to select NWs of 73
interest. The selection criteria will be described in the following. 74
The NWs of choice were studied further with time- and 75
temperature-resolved 4-PL, again in the range from 15 K to RT. 76
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Figure 1. Dark-field (DF) TEM images of the whole WZ GaAs/AlGaAs core—shell NW: (a) from the (0002) reflection, showing the lower part of
the NW, and (b) from the (—2200) reflection, showing the upper part or the NW. (c) Selected area electron diffraction pattern taken from the lower
part of the NW. (d—f) Examples of high-resolution TEM images from the areas marked with white squares in (a) and (b), from left to right,

respectively. Arrows mark the selected stacking faults.
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The third and final stage of the experiment was extensive
structural characterization of the chosen NWs with TEM. All
results reported in this work refer to one particular NW
representative of high-quality, nearly defect-free Au-assisted
VLS growth. All in all six such NWs with a pure WZ crystal
82 phase were found which amounts to roughly 10% of all studied
83 NWs.

84  The NW presented in this Letter consists of a pure WZ GaAs
8s crystal phase with a total of 17 stacking faults (SF) and no ZB
86 segments along its entire length of 2.4 pm, as verified with
87 TEM (Figure 1). Notably, all SFs are well separated from each
88 other, the smallest spacing between two SFs being 8 nm. A low
89 temperature (15 K) u-PL spectrum of the selected WZ GaAs
90 NW is presented in Figure 2a. The emission peak at 1.516 eV is
91 in agreement with other observations in similar NWs,""* and
92 the full width at half-maximum (fwhm) line width of 6 meV is
93 among the narrowest reported in a single WZ GaAs NW so far.
94 The linear polarization properties of this peak are displayed in
95 Figure 2b. The PL is polarized perpendicularly to the NW axis,
96 at 92 + 5°, as determined from a least-squares fit to the data
97 (see captions in Figure 2b for a description), which is in
98 accordance with optical selection rules and earlier observations
99 in WZ GaAs NWs.""*'7 The degree of linear polarization of
100 the PL peak is, however, also influenced by another effect in
101 addition to optical selection rules, namely the linear polar-
102 ization due to the dielectric contrast between the high-refractive
103 index NW and the surroundings (vacuum).'® The dielectric
104 contrast effect implies that optical transitions that are
10s unpolarized according to the selection rules (like e.g. the ZB
106 GaAs bandgap emission/absorption) are eventually polarized
107 parallel to the NW axis and acts as to depolarize the WZ GaAs
emission peak'” that is polarized perpendicular to the NW axis
109 according to the selection rules. Hence, the WZ GaAs emission
110 will not be as strongly polarized as ZB GaAs, and the degree of
111 polarization will change from NW to NW depending on the
112 wire diameter. For the particular NW presented in this work
113 the degree of linear polarization is —71%.

114  More important than this linear polarization degree is,
115 however, the fact that the emission from the NW comprises
116 only a single, narrow PL peak without any significant spectral
117 features of different emission energy or polarization direction or
118 degree, regardless of excitation power. In particular, the
119 contribution of the SFs to the PL spectra could not be
120 conclusively recognized based on the obtained data. In fact, a
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Figure 2. (a) Low temperature (15 K) PL spectrum of the WZ GaAs/
AlGaAs core—shell NW grown by Au-assisted MBE presented in this
Letter. (b) False-color plot of the linearly polarized PL as a function of
the angle to the NW axis. Inset shows a fit to the integrated PL
intensity as a function of the angle to the NW axis obtained with the
Jones matrix formalism. The PL polarization direction is determined
from this fit to be at 92.4° to the NW axis.

WZ GaAs SF, interpreted as a GaAs ZB electron quantum well
or dot with WZ GaAs NW barriers'”*® (depending on the NW
core diameter; here it is ~40 nm which favors its interpretation
as a quantum well), can provide only one spin-degenerate
shallow bound state for electrons. The main reason for this is
the short width of a single SF in WZ GaAs: 0.98, 1.31, or 1.63
nm determined by whether it is 1, 4/3, or 5/3 ZB GaAs unit
layers thick, respectively. An estimate of the emission energy
difference between SF-mediated optical transitions and the free
exciton emission was carried out using conduction band offsets
between WZ and ZB GaAs as calculated in ref 6 and
considering a range of values for the electron effective mass

B dx.doi.org/10.1021/n13025714 | Nano Lett. XXXX, XXX, XXX—XXX
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in WZ GaAs between the ZB value” and the theoretical WZ
value from ref 6. The SF was modeled as a rectangular potential
well. The results reveal that both emission lines should lie
within ~10 meV where the upper limit corresponds to electron
effective mass of 1.025m, (m is the free electron rest mass) in
the WZ GaAs crystal phase. The value of 1.025m, was arrived at
by De and Pryor assuming that the ZB and WZ GaAs lattice
constants are identical;® if the actual electron effective mass in
WZ GaAs is in fact lower, SF-mediated recombination may turn
out to be energetically unfavorable compared to the WZ GaAs
free exciton emission. Considering the fact that spectral features
neither of different emission energy nor of different polarization
direction or degree were observed close to the main PL peak,
we conclude that in the present case the contribution of
isolated SFs to the PL spectrum of a WZ GaAs NW is
negligible.

This will not be the case for regions of high density of SFs
where electronic coupling between SFs can lead to the
formation of minibands and alter the emission energy while
promoting more available states for electrons, as has been
demonstrated for rotationally twinned InP NWs.>* Spectra
consisting of several differently polarized contributions to the
PL signal were indeed observed for other NWs from the same
growth batch that did contain ZB segments and WZ segments
with a high density of SFs. Consequently, in order to gain
access to the fundamental optical properties of WZ GaAs, such
NWs were disregarded in the NW selection process, and only
ones showing a single PL peak polarized perpendicularly to the
NW axis were chosen for further studies. Moreover, several
important conclusions follow from the arguments presented so
far. First, considering the fact that TEM characterization has
been proven to deteriorate the optical properties of NWs,'¢
polarization-resolved u-PL presents a straightforward, non-
destructive alternative for evaluating the crystal phase purity of
single NWs. Second, NW sampling and/or growth optimization
as means of avoiding the presence of multiple SFs and other
defects are crucial when using NWs in order to observe and
exploit the WZ GaAs properties. Finally and perhaps most
importantly, since the bandgap emission in pure semiconductor
materials at low temperatures (15 K) is due to free exciton
recombination, the free exciton emission in WZ GaAs (see
Figure 2) was determined to be 1.516 eV, only 1 meV larger
than its ZB counterpart.”

At RT, the WZ GaAs PL emission peaks at 1.444 eV, as
shown in Figure 3. To compare this value to ZB, the spectrum
of a ZB GaAs epilayer grown by MBE is plotted in Figure 3 as
well. Since all excitonic effects are thermalized at RT, as

PL Intensity (a.u.)

14 1.42 1.44 1.46 1.48 15

Emission Energy (eV)

Figure 3. Room temperature PL spectra for the WZ GaAs/AlGaAs
core—shell NW grown by Au-assisted MBE (blue) and a reference ZB
GaAs epilayer grown in the same MBE machine (black).

indicated by the asymmetric PL line shape, the emission peak
corresponds to band-to-band transitions. Excitation levels were
kept as low as possible so that band-filling effects are not
expected. The WZ GaAs bandgap at RT (294 K) is hence
determined to be 1.444 eV + 1 meV, where the error margin
stems from inaccuracies in the PL peak position determination.
The bandgap at room temperature is thus 20 meV larger in WZ
GaAs compared to ZB GaAs.

For a closer inspection of the bandgap difference between
WZ and ZB GaAs, the PL emission energy of the WZ GaAs
NW is plotted as a function of temperature in Figure 4, along
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Figure 4. Comparison of the temperature dependence of the WZ
(blue triangles) and the ZB GaAs PL emission energy (red stars
correspond to the ZB GaAs epilayer from Figure 3 and black squares
correspond to bulk ZB GaAs data from ref 21). Solid lines represent
fits with the modified Varshni equation®* to the WZ (blue) and the ZB
(black) GaAs data (NW).

with reference data for bulk ZB GaAs,*' and the ZB GaAs
epilayer presented in Figure 3. Data sets for both GaAs phases
are least—sczluares fitted with a modified version of the Varshni
equation.”” Clearly, the Varshni curves diverge as temperature
is increased, requiring different parameters for WZ and ZB
GaAs in the modified Varshni equation. This is unlike previous
observations of the WZ and ZB phases of InP in NWs,*> where
the lowest conduction band in the WZ phase is expected to
have I'; symmetry. Indeed, the I'; conduction band symmetry
corresponds to wave function symmetry very similar to the I'y
symmetry of the ZB conduction band. At the same time, the I’
symmetry predicted theoretically for the WZ GaAs conduction
band® implies different electron effective mass and electron—
phonon interaction and is hence a prerequisite for a different
temperature dependence of the bandgap. As a matter of fact,

180

o ©
[T

)
-

divergences of the Varshni curves corresponding to the split-off 206

gaps in WZ and ZB GaAs' and between various higher-lying
conduction bands in ZB GaAs®' have already been reported.
This reasoning is further corroborated by the low temperature
(50 K) time-resolved y-PL data shown in Figure Sa. The time
decay of the PL signal is fitted with a double-exponential
model, taking into account the shorter-lived electron—hole
plasma emission in the initial stages of the carrier relaxation
after excitation with a high energy laser pulse (pulse peak power
~2 MW/cm?), and the slower free exciton or band-to-band
recombination at later stages.”* According to theoretical results
for the WZ GaAs band structure,® free excitons should still
provide the dominant part of the recombination at 50 K. The
free exciton PL lifetime is hence determined to be 3.3 ns, which
exceeds reported corresponding values for ZB GaAs NWs (~1
ns***%). The PL lifetime is likely the result of a competition
between free exciton radiative recombination and nonradiative
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Figure S. (a) Time-resolved streak image of the WZ GaAs/AlGaAs core—shell NW at SO K. (b) Time decay of the main PL peak from (a). The
spectrum is fitted with two exponentials corresponding to the high peak-power effects in the initial stages of the decay (not shown) and the free
exciton emission at later instants (red line). Cyan line represents the sum of the two exponentials. The energy range considered is ~20 meV wide,
centered on the main PL peak, and the free exciton recombination lifetime is 3.3 ns. (c) Time-resolved streak image of the WZ GaAs/AlGaAs core—
shell NW at RT. Because of the low sensitivity of the streak camera below 1.5 eV, the GaAs PL peak is not fully resolved. Consequently, for the time-
decay profile in (d), integration was done on the high-energy flank of the PL peak. An energy window of ~40 meV centered at 1.45 eV was used.

The room temperature PL recombination lifetime is 0.8 ns.

223 recombination at the GaAs/AlGaAs core—shell interface,”> but
224 even s0, the observed WZ GaAs PL lifetime is longer than the
225 volume lifetime for state of the art ZB GaAs NWs determined
226 in that reference. Assuming that there is no fundamental
227 difference between the quality of the WZ and ZB GaAs/AlGaAs
228 interfaces, we hence conclude that the longer free exciton
229 recombination lifetimes are an inherent property of the WZ
230 GaAs crystal phase and reflect the reduced oscillator strength of
231 the I'g—T optical transition. A WZ GaAs conduction band
232 minimum with I’y symmetry was also favored by Peng et al. in
233 their discussion on resonant Raman spectroscopy of single WZ
234 GaAs NWs.2

235 The results for the WZ GaAs free exciton emission energy
236 and the conduction band symmetry presented in this Letter are
237 in contradiction with some of the published work on the
238 subject. Jahn et al.” presented p-PL and cathodoluminescence
239 (CL) data from predominantly WZ GaAs NWs with (4-PL and
240 CL) and without (only y-PL) AlGaAs shell. By examining the
241 spatially resolved CL spectra, these authors determined the low
242 temperature WZ GaAs bandgap to be at least S5 meV larger
243 than its ZB counterpart. However, there are two phenomena
244 that should be kept in mind which could explain the
24s discrepancy with our results. First, high excitation intensities
26 typically used in CL can cause band-filling effects in surface-
247 passivated GaAs/AlGaAs core—shell NWs leading to a blue-
248 shift of the CL emission. The effect is similar to what happens
249 in the initial stages of the PL decay after transient excitation
250 with laser pulses of high peak power** Furthermore, the
251 presence of coupled SFs may introduce quantum confinement
252 of holes in WZ GaAs segments between narrowly spaced ZB
253 GaAs segments. This could lead to spatially indirect type II
254 emission at energies larger than the WZ GaAs bandgap. The
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same argument holds for the work of Hoang et al.® where the 2ss
WZ GaAs free exciton emission was reported to be at 1.544 eV. 256
Additionally, quantum confinement effects may have been 257
present in those NWs in view of their small diameter and the 255
presence of a dead layer at the unpassivated GaAs surface. 250
There are also reports of WZ GaAs bandgap values lower than 260
ZB' and a WZ GaAs conduction band minimum of T, 261
symmetry."> In the former case, radial quantum confinement 26
effects were proposed in the WZ GaAs NWs which may in fact 263
have been bulklike. In the latter case, the claim was made based 264
only on indirect evidence from the 2LO phonon intensities in 265
resonant Raman spectra of mixed WZ/ZB phase GaAs NWs. In 266
all of the above work no direct correlation of the PL properties 267
with the structure properties was made, which in the present 268
study was found to be crucial in order to exclude effects due to 269
a nonpure WZ GaAs crystal phase. 270

Another topic of controversy has of late been the suitability 271
of Au-assisted NWs for optoelectronic applications. In order to 27
evaluate the optical quality of our MBE grown Au-assisted WZ 273
GaAs NWs, we studied the NW presented above with time- 274
and temperature-resolved u-PL. The streak image obtained at 275
RT (294 K) with 2 ps pulsed excitation (~5 MW/cm? peak 276
power) is presented in Figure Sc. Note that the PL peak at 277
1.444 eV is not resolved due to the sharp decrease of the streak 278
tube sensitivity below 1.5 eV. Therefore, the high-energy flank 279
of the WZ GaAs peak was used for the analysis of the PL 280
recombination lifetimes. The corresponding time-decay curve, 231
along with a single-exponential fit, is shown in Figure 5d. The 22
PL recombination lifetime at room temperature is 0.8 ns, 283
which, taking into account that the NW core diameter is ~40 254
nm, is comparable with state-of-the-art self-catalyzed MBE 285
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286 grown GaAs NWs reported previously'” and is far superior to
287 the Au-assisted NWs presented in the same study.

288 A question that remains to be answered is what physical
289 quantity should be used as an indicator for the optical quality of
290 semiconductor NWs? As pointed out by Breuer et al,'* this
291 should ideally be the internal quantum efficiency. It is defined
292 as #; = 7/7,, where 7 is the PL recombination lifetime and 7, is
203 the radiative recombination lifetime.”” However, the PL
294 recombination lifetime depends strongly on the nonradiative
295 recombination rate. Moreover, the nonradiative and radiative
296 recombination lifetimes have different temperature dependence
297 and are not measured directly. It is thus apparent that neither
298 the PL recombination lifetime nor its temperature dependence
299 provides direct information on the internal quantum efficiency
300 #;.

301 Instead, an alternative and more direct method of assessing
302 the optical quality of NWs, based on a comparison between the
303 low temperature and RT PL brightness, is presented below. -
304 PL spectra of the WZ GaAs NW taken at 15 K and RT at the
305 same excitation conditions are plotted in Figure 6. The decrease

o

[=]

=]

Integrated PL Intensity (a.u.)

142 144 146 148 15 152 154 156
Emission Energy (eV)

Figure 6. Comparison of the PL spectra of the WZ GaAs/AlGaAs
core—shell NW at 15 K (blue curve) and at 294 K (red curve) under
similar excitation conditions. The integrated PL intensity at room
temperature is less than 2 orders of magnitude lower than at 15 K
(precisely, 91 times). The weak shoulder peak in the low temperature
PL spectrum is attributed to impurities or native defects in the WZ
GaAs NW core.

306 of the integrated PL intensity from low to room temperature is
307 ~90 times, slightly less than the value reported by Breuer et
308 al.'? for self-catalyzed ZB GaAs NWs and much lower than the
309 5 orders of magnitude reported by the same authors for their
310 Au-assisted WZ GaAs NWs. These results were repeated for all
311 other NWs, the brightest of which showed a decrease between
312 15 K and RT by a mere 21 times (not shown). While the net
313 internal quantum efficiency remains unknown, by virtue of the
314 identical excitation this value corresponds directly to the
315 decrease of the internal quantum efficiency from low to room
316 temperature. We thus propose monitoring of the temperature
317 dependence of the integrated PL intensity as a function of
318 temperature as a reliable and straightforward method for
319 evaluating optical quality in semiconductor NWs. The decrease
320 by 21 times between 15 K and RT is set as a benchmark for
321 state-of-the-art GaAs NWs. We note in passing that the
322 question of Au incorporation in the NW core during Au-
323 assisted VLS growth, as used in the present study, is now
324 rendered of little significance by the bright PL emission and
325 long PL recombination lifetime at RT obtained from the NWs
326 presented in this Letter.

To conclude, we show that the WZ GaAs free exciton 327
emission is at 1.516 €V at low temperature (15 K), almost 328
coinciding with the ZB free exciton emission energy at 1.515 329
eV. At the same time the RT bandgap of WZ GaAs is 1.444 eV 330
+ 1 meV, which is 20 meV larger than the RT bandgap of ZB 331
GaAs. The divergence of the emission energies of WZ and ZB 332
GaAs as temperature is increased, supported by the unusually 333
long free exciton recombination lifetimes at low temperature, 334
suggest that the conduction band symmetry in WZ GaAs is of 335
I'y symmetry rather than I";. We establish that the decrease of 336
the integrated PL intensity from 15 K to RT is a more reliable 337
means of evaluating the NWs’ optical quality than PL lifetimes 338
and set the benchmark of a decrease by around 20 times or less 339
as an indicator of the highest PL brightness achievable with 340
GaAs NWs today. It is thus revealed that Au-assisted GaAs 341
NWs can have a high optical quality and PL brightness 342

comparable to self-catalyzed GaAs NWs. 343
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Experimental Details

1. Crystal Growth: The nanowires (NWs) and epilayer studied within this work

were grown on GaAs(111)B substrates in a Varian Gen II Modular molecular
beam epitaxy (MBE) system. The GaAs/AlGaAs radial heterostructure NWs were
grown by Au-assisted vapor-liquid-solid (VLS) technique. The complete growth
procedure is described elsewhere'. To obtain SF-free WZ GaAs NWs, NWs were
grown under high V/III flux ratio at a substrate temperature of 540 °C. For
AlGaAs shell growth, the temperature of the Al effusion cell was preset to yield
an Al content of ~30%, as calibrated for epitaxial layer on a GaAs(100) substrate.
The average diameter of the NW core was defined by the thickness of the
deposited Au film, which was set to yield NWs with diameters around 40 nm. In
order to achieve efficient passivation of the surface states, the shell was made
around 20 nm thick An approximately 5 nm thick radial GaAs shell (cap) was

grown on the AlGaAs shell to prevent oxidation. Reference zinc blende (ZB)



GaAs epilayer was grown at a substrate temperature of 610 °C under an As, flux
of 9 x 10 Torr, and the temperature of the Ga effusion cell was preset to yield a

nominal planar GaAs growth rate of 0.7 MLs™.

. Micro-Photoluminescence (u-PL) Spectroscopy - Measurements were

performed in a Janis STS500 continuous flow optical cryostat at sample
temperatures ranging from 15 K to 294 K. Excitation was achieved with a Spectra
Physics Millennia Nd:YVO laser operating at 532 nm (for the linearly polarized
excitation PL measurements) or a Spectra Physics Model 3909S continuous wave
(CW) Ti:sapphire laser tuned to 780 nm (the rest of the continuous wave
excitation experiments). For time-resolved PL a pulsed Spectra Physics Tsunami
Ti:sapphire laser was used to provide ~ 2 ps full-width-at-half-maximum
(FWHM) pulses at 780 nm. For all measurements the laser beam was focused to a
~ 1.5 pm diameter spot on STEM-preselected single NWs. PL excitation and
detection was done with a 50x, 0.65 numerical aperture (NA), infinity-corrected
Mitutoyo microscope lens. PL signal was dispersed with a Horiba Jobin-Yvon
single grating spectrometer and detected with an Andor Newton Si charge coupled
device (CCD) camera. Time-resolved measurements were carried out with a
Princeton Optics Acton SP2500 spectrometer and an Optronis Optoscope SC-10

NIR enhanced streak camera.

. (Scanning) transmission electron microscopy ((S)TEM): A Hitachi S-5500

S(TEM (30 kV, cold field emission gun) was used for the initial selection of
single NWs in bright field (BF) STEM mode at 30 kV. A Philips CM30 TEM
(200 kV, LaBg) was used for BF TEM, dark field (DF) TEM, and selected area
electron diffraction (SAED). A JEOL 2010F TEM/STEM (200 kV, Schottky field

emission gun) was used for lattice imaging (high resolution electron microscopy).
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Abstract. In this work we investigate variation of the Sh concentration among and within zinc
blende GaAsSh inserts in bare-core and core-shell wurtzite GaAs nanowires (NWSs) grown by
Au-assisted molecular beam epitaxy. The NW structure and the Sb concentration are studied
by transmission electron microscopy (TEM), energy dispersed X-ray (EDX) spectroscopy and
quantitative high angle annular dark field scanning TEM (HAADF STEM) for a large number
of NWs. The Sb concentration determined by EDX was systematically lower than as
determined by quantitative HAADF STEM. A clear trend relating the Sb concentration with
the insert length is observed: the longer the insert the higher the Sb concentration. In addition,
there is an Sb concentration gradient both along and across the GaAsSb inserts. Along the
insert, the Sh concentration increases gradually from the lower insert interface along the NW
axis, reaches a maximum value and decreases towards the upper insert interface. The influence
of the Sb concentration gradient on the PL emission from the GaAsSb inserts is investigated
with correlated micro-photoluminescence (u—PL) and TEM-EDX on the same single NWs.
Based on the PL results and the observed Sh concentration gradient, we propose a qualitative
band diagram for a typical ZB GaAsSbh insert in a WZ GaAs NW for the heterostructured NWs
studied here. The ground state energy of the GaAsSb insert PL emission was found to decrease
with the increasing Sb concentration. Using an existing empirical model, the Sb concentrations
were determined from the ground state PL energies. The calculated values were in agreement
with quantitative HAADF STEM results, whereas the EDX systematically underestimated the
Sh concentration.



PACS: 61.14.-x, 61.72.Nn, 73.40.Kp, 78.55.-m, 78.55.Cr
Keywords: nanowires, heterostructures, GaAs, GaAsSh, zinc blende, wurtzite, (scanning)

transmission electron microscopy, composition variation, photoluminescence



1. Introduction

Axial inserts and quantum dots in heterostructured semiconductor nanowires (NWSs) have become an

attractive topic of research within the last decade and promise a wide range of applications such as

transistors®, solar cells® and photodetectors®. Growth optimisation of the axial inserts in terms of

controlling their size, composition, crystal phase and the structural defects in the surrounding NW

core, is of most importance for realizing the application potential of the axially heterostructured NWs.
One of the interesting I11-V ternary systems is GaAs,..Shy due to the widely tunable bandgap*®.

4 7% and

The composition and the optical properties of strained GaAs/GaAsSh quantum wells
pseudomorphic GaAsSb on GaAs> °, have been a topic of study for some decades. In contrast to these
two-dimensional heterostructures, the GaAs; «Shy system in heterostructured semiconductor NWs is a
relatively new topic. The growth of zinc blende (ZB) GaAsSb (axial) inserts in wurtzite (WZ) GaAs
NWs by Au-assisted molecular beam epitaxy (MBE) was demonstrated in 2008 by Dheeraj et al.’
Subsequently, there have been a number of reports on ZB GaAsSb inserts in GaAs NWs, focused on
the growth optimisation, optical characterization by micro-photoluminescence (PL) and structural
characterization by transmission electron microscopy (TEM) of such heterostructured NWs™*,

The Sb composition is most commonly studied by energy dispersive X-ray spectroscopy (EDX)
in TEM™ % although this technique has a limited detection limit and spatial resolution'®. One of the
few alternative analytical techniques is quantitative high angle annular dark field scanning TEM
(HAADF STEM). Recently, quantitative HAADF STEM study of the Sb concentration in ZB GaAsSb
inserts in ZB GaAs/ZB GaAsSh/WZ GaAs axially heterostructured NWs grown by Ga-assisted MBE
has been reported™. In that study, the Sb concentration variations in the ZB GaAsSb inserts were
determined for the first time, and a certain concentration gradient both along and across the inserts was
observed.

The composition variation within the axial inserts and the interface sharpness can affect the
optical properties of these inserts. While the effects of the structural defects on NW optical properties
have been reported in a number of studies’’™, the effect of composition variation within a NW
heterostructure on the optical properties has not been studied systematically yet. Furthermore, to
achieve precise tailoring of the bandgap, it is crucial to correlate the exact Sb content in the insert with
the insert PL emission energy.

In this work, we report on the Sbh concentration variation among ZB GaAsSb inserts and within
each insert in WZ GaAs bare-core and WZ GaAs/AlGaAs core-shell NWs, and study how this affects
the insert optical properties. The Sb concentration and its variation within the inserts were studied with
EDX and quantitative HAADF STEM. Using correlated PL-(S)TEM-EDX, the Sb concentration is
correlated with the ground state of the ZB GaAsSh PL emission for a large number of bare-core and
core-shell NWs. Furthermore, possible effects of the Sb concentration gradient within the insert on the

GaAsSb related PL emission, are investigated.



2. Methods

2.1 NW growth

The NWs were grown by Au-assisted MBE on GaAs (111)B substrates. Two different batches were
studied in this work: bare-core and core-shell NWs. The difference in the substrate preparation for
these two batches is that the bare-core batch had 6 A thick gold layer, whereas the core-shell batch had
2 A thick gold. The lower WZ GaAs core was grown for ~ 17 min at a substrate temperature of
~540 °C under an As; flux of 6-10° Torr and at a growth rate of ~ 0.7 MLs? before the insert. The ZB
GaAsSh insert was grown for 30 s under an Sh, flux of 6-107 Torr. For both batches, a growth
interruption for one minute with all MBE shutters closed was introduced immediately after the growth
of the GaAsSbh insert. The growth of the core was continued by opening the Ga shutter 2 s before the
As shutter. The upper WZ GaAs core was grown for 17 and 8 min after the insert for bare-core and
core-shell NWs respectively. The core-shell NWs had in addition a radial AlGaAs shell around the
NW core in order to passivate the GaAs/GaAsSb surface states. The AlGaAs shell, with nominal 30%
Al as calibrated for two-dimensional growth on GaAs<100>, was grown for 15 min at ~540 °C under
an As, flux of 6:10° Torr. An axial AlGaAs segment forms as well during the radial shell growth® 2.
Core-shell NWs were capped by a thin GaAs layer (grown for 5 min) to prevent oxidation of the

AlGaAs shell. More details on the growth procedures can be found elsewhere'" 2 %,

2.2 Specimen preparation and overview

The NWs were scratched off the substrate, dispersed in isopropanol and drop-cast onto TEM grids. In
the initial TEM study and compositional studies (EDX, HAADF STEM), 2000 mesh Cu grids with
graphene support (Graphene Supermarket Ltd) were used. For the correlated u—PL and (S)TEM study,
200 um thick Si TEM grids with nine windows of a 50 nm thick amorphous SiN film (Thinwindows
Inc.) were used. NWs from core-shell samples were initially selected by optical microscopy and the
single NWs were subsequently identified by low voltage (S)TEM or TEM. In the bare-core samples,
single NWs were initially selected by 30 kV STEM (Hitachi S5500). Further details on the PL-TEM
method have been reported previously?.

We studied a substantial number of single NWs from both batches, 14 bare-core and 15 core-
shell, by correlated PL-(S)TEM. In addition, we studied more NWs (on Cu/graphene grids) from both
batches only by TEM, HAADF STEM and EDX to obtain better statistics and to be able to correlate
the Sb concentration to the GaAsSh PL emission energies in the existing PL-TEM data set.

2.3 Micro-PL

The power-dependent u-PL measurements were carried out using a low vibration optical cryostat
(Janis ST-500) with a piezo-driven sample stage. The NWs were excited by a 532 nm laser line at a
temperature of ~ 20 K. The power density at the sample was varied from ~30 to ~8500 W/cm?. The

laser was focused (spot size ~ 1.5 um) onto a single NW using a long working distance microscope
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objective lens (50x, NA 0.65, M Plan Apo NIR HR, Mitutoyo). The PL from the NWs was collected
by the same lens, dispersed by a spectrograph (Horiba iHR550) and detected by a thermo-electric
cooled Andor Newton Si electron multiplying charge-coupled device (EMCCD). The spectral

resolution of the system is about 200 peV.

2.4 TEM and EDX

The structural characterization was performed on a Philips CM30 (LaBg) TEM and a JEOL 2010F
TEM/STEM (Schottky field emission gun, C; = 1 mm), both operated at 200 kV. The NW crystal
phase was analyzed by bright field (BF) and dark field (DF) TEM, selected area electron diffraction
(SAED) and high-resolution TEM (HRTEM) lattice imaging. HAADF STEM and EDX analysis
(silicon drift detector, INCA software, Oxford Instruments Ltd.) were performed on the JEOL 2010F.
EDX analysis was performed in STEM mode (probe size 0.7 or 1 nm, condenser aperture of 50 or 70
um). To avoid the effects of channelling on the EDX signal®®, the NWs were kept off a major axis, in
most cases slightly off the [110] zone axis. The effect of random specimen tilt on the concentration
values was estimated by a tilt series to be in the order of a few % Sbh. To study the composition
variations along a GaAsSb insert, EDX line scans were performed for ~45 min (in total 1-2x10°
counts) along the inserts starting from and ending in a WZ GaAs region below or above the insert. For
quantitative EDX, point scans were performed at several different positions within the inserts for a live
time of 200-300 s (counts in the order of ~10°-5x10* per peak). The Ga, As and Sb concentration
within the GaAsSb inserts were determined using the INCA software quantification routine with the
measured NW thicknesses and the calculated k-factors (in the software). For core-shell NWs, Al in the
shell was taken into account as well when calculating the Sb concentration. No reference ZB GaAs
regions were available in these NWs to manually determine the k-factors (see reference'®) for the

illumination and detector set-up used here.

2.5 Quantitative HAADF STEM

The Sb concentration was determined more accurately in some representative ZB GaAsSb inserts of
bare-core NWs by quantitative HAADF STEM analysis®®, i.e. by performing quantitative comparisons
between simulated and experimental HAADF image intensities. Images along the [110] axis for ZB
GaAsSb ([11-20] for WZ) were recorded using a probe-forming aperture semi-angle of 8.4 mrad,
probe size of approximately 0.2 nm and a dwell time of 38.8 us. The ADF detector covered an angular
range from 29 to 114 mrad.

Simulations for ZB GaAsSh for different Sb concentrations and thicknesses were performed
with the STEMsim software®, based on the frozen-lattice multislice method. Static atomic
displacements, caused by Sb being introduced to the GaAs lattice®, as well as increase in the unit cell
size with increasing Sb concentration, were taken into account in the simulations. In order to compare

the experimental and simulated intensities, the experimental images were normalized relative to the
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incident probe intensity. This was accomplished by performing a detector scan, according to
Rosenauer et al*®. For the GaAsSb inserts, intensity profiles across the NWs as well as profiles taken
along the evenly thick central part of the NWs were studied. For more details on the simulations and

the quantification approach see Kauko et al*®.

3. Results and Discussion
This section is divided into two parts. In the first part, we present results from the TEM, EDX and
quantitative HAADF STEM studies. In the second part, correlated PL-(S)TEM-EDX results are

presented.

3.1 Sh concentration variation in the zinc-blende GaAsSb inserts

3.1.1 Structural characterization with basic TEM techniques. The basic structural characterization of
NWs from both batches was carried out using BF and DF TEM, SAED and HRTEM. The bare-core
NWs had a diameter of ~ 45-80 nm, whereas the diameter of the core-shell NWs was in the range of ~
70-140 nm. It was confirmed that the GaAs core below and above the GaAsSb insert has
predominantly WZ crystal phase with a random density and distribution of SFs for both batches
(figure 1). The WZ GaAs core directly below the insert has no other defects than SFs. The GaAsSb
inserts have a ZB crystal phase, and for some NWs (~ 25%) the insert consists of two or more twinned
segments (see figure 1(a)). In the WZ GaAs core directly above the insert, there is a random
distribution of SFs as well, and some NWs (~ 25%) have a 4H polytype segment at the upper insert
interface (see figure 1(b)). This is in agreement with the SEM and TEM characterization of similar
NWs reported previously*" . Note that for many NWs there is a SF twinned with respect to the insert
at the very interface (lower and/or upper) with the WZ GaAs core (see figure 1(c)). A twinned SF can
be single, i.e. a ZB unit layer ABC (0.98 nm), or longer ABCA (1.30 nm) or ABCAB (1.63 nm),
where A, B and C represent Ga-As bilayers. To summarize, roughly half of all studied NWs have a
twinned insert, a twinned SF at the lower and/or upper insert interface or a 4H polytype segment above
the insert, or a combination of these defects. Compared to a previous study™, the growth interruption
introduced after the growth of the insert is found not to prevent the formation of twins within the insert

or the 4H polytype at the upper insert interface.



20 nm 20 nm

Figure 1. DF TEM images of a bare-core NW with a: (a) 47 nm long twinned ZB GaAsSh insert
(twinned segments, 7 nm and 40 nm, are marked by the white arrows), and a 2 nm long twinned SF at
the upper interface; (b) 64 nm long ZB GaAsSb insert with a 16 nm long 4H polytype segment at the
upper interface (marked by the white arrow) and the closest two SFs 2 nm and 9 nm away from the
lower insert interface; (c) 59 nm long ZB GaAsSb insert with twinned SFs at both insert interfaces
(marked by the white arrows). All three NWs have SFs both below and above the insert. The blue
arrow in (a) indicates [0001]wz ([111]z8) growth direction for all three NWs.

3.1.2 The dependence of the Sb concentration on the GaAsSh insert length. Figure 2 shows the
maximum Sb concentration within the ZB GaAsSb insert as a function of the insert length for 31 NWs
from the two batches, out of which 17 NWs were part of the correlated PL-(S)TEM-EDX study. The
Sb concentrations presented in the graph were determined by the EDX point analysis. A clear trend
can be observed in this plot: the longer the insert the higher the Sh concentration. This trend is evident
for the bare-core NWs, whereas for the core-shell NWs, the Sh concentration-insert length distribution
is more scattered. This scattered distribution for the core-shell NWs could be due to a lower detection
efficiency that would affect the accuracy for low Sh concentrations®. In addition, a worse spatial
accuracy of the EDX point analysis is present since the probe was spread in the AlGaAs/GaAs shell-
cap. Furthermore, the graph shows that the core-shell NWs have in general lower Sb concentrations,
shorter inserts (~ 30-55 nm) and a smaller range of insert lengths than the bare-core NWs (~ 20-80

nm).



The GaAsSb insert length was determined from the crystal phase, i.e. as the length of the single
or twinned ZB segment between the WZ segments (or between WZ and 4H). The EDX point analysis
indicates that there is no Sb in 4H. Twinned SFs, at the lower and/or upper insert interfaces, were not
added to the insert length. Larger twinned ZB segments (see figures 1(a) and 3) are included in the
insert length since the EDX point analysis indicated the presence of Sb in such segments. However,
due to the limited spatial resolution of the EDX point analysis, it might not be possible to prove
whether shorter twinned segments and twinned SFs at the insert interfaces contain Sb.
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Figure 2. Maximum Sh concentration within the insert, as determined by the EDX point analysis, as a
function of ZB GaAsSb insert length for bare-core NWs (squares) and core-shell NWs (stars). The
three bare-core NWs marked by red squares were studied by quantitative HAADF STEM as well. The
NWs marked by black squares/stars were a part of the correlated PL-(S)TEM study. The rest of the
core-shell NWs (red stars) were studied only by TEM and EDX.

Since the GaAsSb inserts were grown for the same time (30 s) for both batches, the large range
of insert lengths (altogether ~ 20-80 nm) indicates that the growth rate varied from NW to NW. The
NW growth rate for Au-assisted NWs depends on the NW diameter’” % in such a way that the NWs
with smaller diameters grow faster than those with larger diameters. The increasing insert length (i.e.

increasing growth rate) with decrease of the NW diameter was indeed observed for the bare-core NWs



(not shown). However, no direct connection between the NW core diameter and the growth rate can be
drawn for the core-shell NWs, since the core diameter could not be measured directly in this case.

The NW core diameter is determined by the size of the Au-Ga droplet. The diameter distribution
and the density of the droplets depend on the thickness of the Au layer and on the processes of heating
and dissociation of the Au layer on the substrate before the growth initiation. We assume that the
thicker gold layer (6 A) for the bare-core batch resulted in a larger range of droplet diameters and on
average smaller droplets, than for the core-shell batch (2 A Au layer). This claim is supported by on
average longer inserts (i.e. higher growth rates and smaller diameters) for bare-core NWs than for
core-shell NWs (see figure 2). The smaller range of insert lengths and shorter inserts for the core-shell
NWs, indicate indirectly that this batch has on average larger NW core diameters and more
homogeneous growth of the core than in the bare-core batch.

During the GaAsSh growth, there is a competition between Sb and As for incorporation into the
Au-Ga droplet®. At higher NW growth rates, Sb is incorporated more efficiently than As into the
droplet, and thus more Sb is incorporated into the NW. This could explain the Sh concentration-insert
length trend in figure 2: NWs with smaller diameters grow faster and hence have longer inserts with
more Sbh. To summarize, the variation of the insert lengths and the corresponding Sb concentrations is
mainly driven by the variation of the NW diameters (i.e. droplet sizes) and subsequently different

growth rates.

3.1.3 The Sb concentration variation within an insert analysed by EDX. To determine the maximum
Sb concentration for an insert (the values used in figure 2), EDX point analysis was performed at
several points along the insert at the evenly thick central part. For all inserts, a clear variation of the Sh
concentration values was observed along the insert. The maximum values were found approximately
at the insert centre for most of the bare-core NWs, or within the upper half of the insert for a few bare-
core NWs. For most of the core-shell NWs, the maximum Sb concentration was found within the
upper half of the insert. For both bare-core and core-shell NWs, a much lower Sb concentration was
measured in the vicinity (~ 5-10 nm) of the insert interfaces than in the central region of the insert
where the Sh concentration reached its maximum.

To study the observed Sb concentration variation within the inserts in more detail, EDX line
scans were performed. Comparisons between Sh L, EDX line scan profiles along the insert for two
bare-core NWs with a short and a long insert, and two core-shell NWs with similar insert lengths, are
shown in figures 3(a) and (b), respectively. The Sb concentrations indicated in figure 3 are the
maximum values as determined by the EDX point analysis. The Sb L, EDX line profiles confirm that
longer inserts have higher Sb concentrations and that the maximum concentration value lies at or
above the insert centre. The specific structural characteristics of the NWs shown in figure 3 are
described in the following. The bare-core NW with 11% Sb has a 81 nm long defect-free insert and
some SFs in the WZ GaAs core below and above the insert. The bare-core NW with 4.3% Sb, which is
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presented in figure 1(a), has a twinned insert (two twin planes), where the two, 7 nm and 40 nm long,
twinned segments contain Sh, and one 2 nm long twinned SF at the upper GaAsSb/GaAs interface,
which may or may not contain Sh. The core-shell NW with 1.6% Sb has a 38 nm long defect-free ZB
insert. The core-shell NW with 3.8% Sb also has a twinned insert (one twin plane): 35 nm and 6 nm
long segments, where the maximum Sbh concentration, as determined by the EDX point analysis, was
within the 6 nm twin; followed by a Sh-free 35 nm long 4H polytype GaAs.

These line profiles indicate that the Sb concentration increases gradually from the lower insert
interface, reaches a maximum value near the insert centre and decreases with a similar slope as the
increase, towards the upper interface. Moreover, the distance over which the Sb concentration
increases or decreases varies with the insert length. For shorter inserts this happens over ~ 5-10 nm,
whereas for longer inserts (> 60 nm) the Sb concentration gradient spans over ~ 20 nm or more. For
some NWs, the Sb L, EDX line scan profile is fairly symmetric (see NWs with 11% and 3.8% Sb in
figure 3), whereas for others, a slightly steeper slope occurs towards the upper insert interface (see
NWs with 4.3% and 1.6% Sb in figure 3). For NWs with longer inserts (especially for lengths > 60
nm), the Sb concentration reaches a plateau within, as for the bare-core NW with 11% Sb in figure
3(a). This indicates that the Sb concentration reaches equilibrium and remains approximately the same
over the central region of the insert. Indeed, the value of 10-11% was measured with the EDX point
analysis at several points near the insert centre for this NW. This was especially observed for long
inserts (> 60 nm). For some NWs with shorter inserts, a plateau with an even Sh concentration does
not occur (see the bare-core NW with 4.3% Sb in figure 3(a), TEM in figure 1(a)). This is further
discussed in the following in terms of the growth Kinetics.

The Sb concentration gradient at the beginning of the insert can be explained with increasing Sh
content in the Au-Ga droplet with the insert growth time®. The higher the growth rate, the longer the
insert and the longer the region over which the Sh gradient extends from the lower insert interface (see
figure 3(a)). The Sb signal plateau, as in figure 3(a-blue line), indicates that for NWs with long inserts,
the equilibrium of Sb concentration in the insert is achieved during the 30 s of insert growth. After the
Sb flux is shut off, some Sh remains in the droplet. At this point, the growth interruption is introduced
and the NWs stop growing. This suggests that the insert should end with a saturated or high Sb
concentration, which is not the case. Therefore, the observed decrease of Sb concentration towards the
upper insert interface might be created during the 1 min of the growth interruption due to depletion of
Sb from the insert, and diffusion through the droplet into the MBE chamber.

So far, the EDX results were considered as an estimate for a qualitative correlation between the
Sh concentration and gradient, with the GaAsSb insert lengths. Despite of the known drawbacks of the
EDX point analysis of nano-objects (discussed below), the Sh concentrations still create a clear trend
with the insert lengths as seen in figure 2. The accuracy of the EDX analysis largely depends on the
number of counts, which is in general low due to the small volumes sampled within a NW. Higher

probe currents induce apparent beam damage in the NWs and could not be used to increase the number
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of counts. To obtain a high number of counts long scan times are necessary, which means that a
certain amount of specimen drift is unavoidable. Due to the drift, there is inaccuracy both in the
positions of the point scans and in the spatial range of the line scans, depending on the direction and
amount of the drift. In the case of NWs presented in figure 3 for example, the Sb rich area is longer
than the actual insert length.

Other sources of errors for the Sh concentrations determined by the point analysis are for
example NW tilt*®, beam broadening within the NW and the way the composition is calculated in the
INCA software. The calculated k-factors are based on flat geometry, and crystal phase, orientation and
morphology are not taken into account in the INCA software. Moreover, the EDX quantification is
poor at the detection limit (few atomic percent)®®. Previous study'® showed that for Ga-assisted ZB
GaAs NWs with similar ZB GaAsSb inserts, manual determination of ZB GaAs k-factor was most
reliable for quantification. However, this approach could not be applied here since the GaAs core has
WZ phase and no ZB GaAs segments were available in these NWSs for reference, as mentioned
previously. Therefore, a more accurate quantification method was necessary to determine the Sh

concentration and gradient.
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Figure 3. Sb L, EDX line scan profiles along the ZB GaAsSb inserts for two (a) bare-core and (b)
core-shell NWs. Lower and upper insert interfaces are indicated with vertical black lines. The drift
along the NW growth axis during the EDX line scan was about 6 nm for the NW with 4.3% Sb and
about 10 nm for the other three NWs, which results in Sh-rich region appearing longer than the actual
insert length. In addition, there was certain amount of drift across NW for all four NWs. However, the

line scans remained within the evenly thick central region.
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3.1.4 The Sb concentration and gradient analysis by quantitative HAADF-STEM. To verify the Sb
concentration values and qualitative profiles obtained by the EDX analysis, some bare-core NWs
(indicated with red squares in figure 2) were additionally analyzed with quantitative HAADF STEM.
Results from two bare-core NWs with an extremely short and a long insert are presented in figures 4
and 5, respectively. The figures include HRTEM (a) and HAADF STEM (b) images as well as
HAADF STEM intensity profiles across (c) and along (d) the inserts. The experimental HAADF
STEM intensity profiles across the insert were taken from a 3 nm wide region near the insert centre,
indicated with the red boxes in figures 4(c) and 5(c). The simulated intensity profile across the insert is
generated assuming a uniform distribution of Sh and a certain value of the Sb concentration, based on
the experimental intensity level at the central part of the cross-sectional profile. The Sb concentration
profiles along the inserts, shown in figures 4(d) and 5(d), are obtained by quantifying the HAADF
STEM intensities averaged along the evenly thick central part of the NWs, indicated with the ~ 20 nm
wide red boxes in figures 4(c) and 5(c).

The NW presented in figure 4 has a 23 nm long GaAsSh insert and some SFs above the insert,
as seen in the HRTEM image (figure 4 (a)). The simulated HAADF STEM intensity profile across the
insert, assuming a uniform Sh concentration of 6% (figure 4(c), dashed black line), matches well the
experimental intensity profile (figure 4(c), full blue line). The slight discrepancy between the profiles
towards the NW wedges, i.e. the experimental intensity being lower than the simulated one, indicates
that the Sb concentration is decreasing slightly towards the outer NW surfaces. This will be discussed
further below.

The maximum Sb concentration along the insert obtained by quantitative HAADF STEM
(6+1%) is much higher than the EDX point analysis result (1% at the insert centre), a value which fits
well into the trend in figure 2. The Sb profile along the insert (figure 4(d)), taken from the 20 nm wide
red box in figure 4(b), is slightly asymmetric and steeper towards the upper insert interface. The
increase of the Sh concentration extends from the lower insert interface for ~ 15 nm. The maximum Sb
concentration is reached for this insert exactly at the position of the 3 nm wide red box in figure 4(b),
which is located slightly above the insert centre. The profile displays no plateau of even Sbh
concentration, and the concentration begins to decrease towards the upper insert interface immediately
above the narrow region with 6% Sb (maximum). This is in accordance with observations from the
EDX line scans for shorter inserts (see figure 3). The negative intensity minima that occur around the
insert interfaces (figure 4(c)) are not due to compositional effects but are caused by surface strain
relaxation at the insert interfaces and/or the SFs'® %

The NW shown in figure 5 has a 64 nm long insert, which corresponds to the average insert
length for the bare-core NWs. This NW has a 20 nm long 4H GaAs polytype segment directly above
the GaAsSh insert. Regions with varying intensity can be observed within the insert in the HRTEM
(figure 5(a)) and the HAADF STEM images (figure 5(b)). This intensity variation in both HRTEM

and HAADF images indicates the presence of strain within the insert, or an inhomogeneous Sh
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distribution. Similarly, intensity variations due to strain within the inserts were observed in DF TEM
images for nearly all bare-core NWs analysed in this work (see for example the three inserts in figure
1), especially for those with longer inserts and higher Sb concentrations. Note that this type of
intensity variation does not occur for the NW in figure 4, which had the maximum of 6% Sb (1% as
determined by point EDX) and an extremely short insert.

For this NW the simulated HAADF STEM intensity profile across the insert, assuming a
uniform Sb concentration of 15% (figure 5(c), dashed black line), does not fit well the experimental
intensity profile (figure 5(c), full blue line). Especially at the NW wedges, the experimental intensity is
clearly lower than the simulated intensity. This misfit is much more pronounced in figure 5(c) than in
figure 4(c) and indicates that the Sb concentration is decreasing from the NW centre towards the outer
surfaces of the NW, as mentioned previously. This misfit has been observed earlier for ZB GaAsSb
inserts in Ga-assisted NWs™®. The radial Sb gradient could be due to diffusion of Sb (i.e. exchange
with As within the NW) towards the outer surfaces and evaporation of Sb into the MBE chamber
during the growth of WZ GaAs core above the insert. This effect will be addressed in a future study.

The maximum Sb concentration along the insert is found to be 15+4%. The high error for this
value is due to the strong intensity variations observed within the central part of the insert. Compared
to the value of only 7% at the insert centre obtained from the EDX point analysis, quantitative
HAADF STEM provided a much higher maximum Sb concentration for this NW as well. For the third
NW, with a 54 nm long insert, analysed by quantitative HAADF STEM, a similar mismatch was
present: quantitative HAADF STEM resulted in 13+4% Sbh whereas the EDX point analysis gave only
6%.

The Sb concentration profile along the insert (figure 5(d)), taken from the 22.5 nm wide box in
figure 5(b), appears to be slightly asymmetric towards the upper insert interface. The increase/decrease
of the Sb concentration occurs over ~ 20 nm/15 nm from/towards the lower/upper insert interface. The
Sh concentration reaches a plateau of almost even value in the central region of the insert. All this is in
agreement with the the EDX line scan results for long inserts (see for example figure 3(a), NW with
11% Sh).

Presently, the quantitative HAADF STEM approach could not be applied to the core-shell NWs
as there is no suitable model to account for the scattering from the AlGaAs shell. In addition, this
approach could not be applied on the 50 nm thick SiN supports used for correlated PL-TEM, as the
thick support affects the overall image contrast. Due to the lattice mismatch® between ZB GaAs and
ZB GaSbh, and the Sb concentration gradients within the ZB GaAsSb insert both along and across the
insert, a certain amount of strain is expected and observed within the inserts especially for higher Sh
concentrations. Based on the quantitative HAADF STEM study, we can conclude that the Sb richest
region is located about the centre of the insert and the NW, and its size varies with the overall
maximum Sb concentration and the insert length. The Sb concentrations determined by quantitative
HAADF STEM and the EDX point analysis differ significantly in such a way that the simulated Sh
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concentration is systematically higher for 5-8%. Therefore, an independent approach, here correlated

PL-TEM, is needed to verify which of these two methods is more reliable (section 3.2).
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Figure 4. A bare-core NW with a 23 nm long ZB GaAsShb insert: (a) HRTEM image. The blue arrow
shows the growth direction. (b) HAADF STEM image. The black and white arrows in (a) and (b)
respectively mark the insert interfaces. The scale bars in (a) and (b) are 10 nm. (c) Relative
experimental and simulated HAADF STEM intensity profiles across the insert (x-direction); the
experimental profile (blue) averaged over the 3 nm wide red box in (b), and the simulated profile
(black dashed) assuming an even distribution of 6% Sb. (d) The Sh concentration along the insert (y-
direction), obtained from HAADF-STEM intensity profile averaged over the 20 nm wide red box in
(b). Note that the negative concentrations at the interfaces are not related to composition variations,

but are due to surface strain relaxation'® .
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Figure 5. A bare-core NW with a 64 nm long ZB GaAsSb insert: (a) HRTEM image. The blue arrow
shows the growth direction. (b) HAADF STEM image. The black and white arrows in (a) and (b)

respectively mark the insert interfaces. The scale bars in (a) and (b) are 10 nm. (c) Relative

experimental and simulated HAADF STEM intensity profiles across the insert (x-direction); the
experimental profile (blue) averaged over the 3 nm wide red box in (b), and the simulated profile
(black dashed) assuming an even distribution of 15% Sh. (d) The Sb concentration along the insert (y-

direction), obtained from HAADF-STEM intensity profile averaged over the 22.5 nm wide red box in
(b).
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3.2 Correlated PL-TEM for the ZB GaAsSh inserts
The bare-core and core-shell NWs were studied by both PL and TEM to directly correlate the Sh
composition results to the optical properties. An example of a representative bare-core NW, regarding
both the structural and optical characteristics, is presented in figure 1(c), and will be discussed in more
detail. The insert is 59 nm long and the EDX point analysis resulted in 6.9% Sh. Strain contrast is
visible within the insert in the DF TEM in figure 1(c). The DF TEM image (figure 1(c)) further shows
that there is a twinned single SF (~1 nm) at both insert interfaces, and some SFs below and above the
insert.

Figure 6 shows the low temperature power-dependent PL spectra of the GaAsSb insert emission
for this particular NW. Lorentzian lineshape fit (inset in figure 6) at a low excitation power (~ 566
W/cmz) indicates that there are three distinct PL peaks at 1.249 eV, 1.261 eV, and 1.273 eV. In
addition, a very weak PL peak is observed at 1.222 eV (not fitted), which is most probably a spectral
artefact. At the lowest excitation power (283 W/cm?), the PL emission at 1.261 eV is dominant and
does not blueshift when the excitation power is increased. The PL peak at 1.273 eV and a couple of
higher energy PL peaks appear and become dominant at higher powers. The PL peaks at 1.261 eV and
1.273 eV are attributed to the ground and an excited state of the GaAsSb insert, respectively.

To explain the origin of the insert related PL peaks in more detail, a qualitative band diagram for
a typical ZB GaAsSb insert with the Sh concentration gradients towards the interfaces, in a WZ GaAs
NW, is illustrated in figure 7. This band diagram is proposed based on the compositional results
presented so far in this work, as explained in the following. Due to the increasing Sb concentration
from the insert interfaces towards the central region of the insert, there is no sharp ZB GaAsSh/WZ
GaAs heterojunction. Instead, there is a sharp WZ GaAs/ZB GaAs heterojunction at the insert
interfaces, followed by a gradual transition from ZB GaAs to ZB GaAsSh. The twinned SFs at the
insert interfaces can be considered as ZB GaAs as well, and they fall within the region of ~ 0% Sb at
the beginning and/or at the end of the insert. The common understanding is that the WZ GaAs/ZB

1831 with electrons confined in ZB GaAs and holes

GaAs heterojunction has a type Il band alignment
non-confined in WZ GaAs. The band alignment for ZB GaAs/GaAsSh heterojunction is also
considered to be type I, for the Sb concentrations below 40%, with electrons weakly confined in ZB
GaAs and holes strongly confined in ZB GaAsSh, according to the references* ®. The Sb
concentrations obtained in this work are well below this value. Thus, the central Sh-richest region of
the ZB GaAsSh insert should have a type | band alignment with respect to the WZ GaAs barriers.

The insert PL emission (1.261 eV and 1.273 eV) can be assigned to transitions between
electrons weakly confined, and holes more strongly confined in the GaAsSb insert (type | transition in
figure 7), and occur in the Sh-richest central region of the insert. The absence of the blueshift for the
ground and the excited state, as the excitation power increases (see figure 6), is characteristic for type |
behaviour as reported previously?" 2. Further evidence for the type-1 band alignment is the relatively

strong emission generally obtained from the bare-core NWs (non-surface passivated), as shown in
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figure 6. The radial gradient of the Sb concentration may act as self-passivation for the bare-core
NWs, but not very efficiently as the depleted layer is thin. Indeed, for some bare-core NWs a higher
PL intensity was observed than for others at the same excitation levels. However, as quantitative
HAADF STEM could not be preformed on SiN support, it is unclear if these NWs had a larger radial
gradient (as for example in figure 5(c)). Note that the intensity of the insert PL emission is in general
much stronger for the core-shell NWs for the same range of the excitation powers.

The weak and broad peak at 1.249 eV is blueshifted for ~ 5 meV compared to the lowest
excitation power, and merges with the insert ground state as the excitation power increases. Hence,
this PL peak can be attributed to the type Il transitions within the insert (see figure 7), between holes
confined in ZB GaAsSb in the central region of the insert, and electrons confined in ZB GaAs near the
insert interfaces. Note that the radial gradient of the Sb concentration may contribute to this type Il
transition as well.

Comparison of all bare-core and core-shell NWs with different structural defects in the insert
region, as shown in figure 1, resulted in the conclusion that the isolated structural defects (single SFs,
4H) in the WZ GaAs core, at or near-by the insert interfaces, have no major contribution to the
GaAsSb insert PL emission. A small number of twin planes (1-4) within the ZB GaAsSb inserts have

no effect on the insert PL emission either, since the Sh gradient imposes the dominant effect.

excited state

ground state

. type I 120 122 124 126 128 1.30
' P

—2P
——4p
—— 6P
——10P

PL intensity (a.u.)

I I ! I ! I I I I I
1.20 122 1.24 126 1.28 130 1.32 1.34 1.36 1.38 1.40
Energy (eV)

Figure 6: Low temperature power-dependent PL spectra of the NW shown in figure 1(c). (Inset)

Lorentzian lineshape fit of the PL spectrum at 2P power density, where P=283 W/cm?.

-18-



WZ GaAs

ZB GaAs, Sb,
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__________ Y x%sb

ZB GaAs - |
ZB GaAsSb |

VB offset

{ WZ-ZB GaAs
VB offset
ZB GaAs
0% Sb

Figure 7: Proposed schematic band diagram for a ZB GaAsSb insert with a symmetric gradient of the
Sh concentration (decreasing towards interfaces) along the insert, within WZ GaAs barriers. ZB GaAs
(i.e. 0% Sb) is assumed at the insert interfaces with WZ GaAs. The band-alignment between WZ and
ZB GaAs'™® *, and between ZB GaAs and ZB GaAsSh* ® is considered to be type II. The dashed lines
qualitatively indicate the conduction (CB) and valence band (VB) offsets at the insert interfaces and

within the insert. The arrows show two possible transition routes within the insert, type | and type I1.

The ground state PL emission energies, obtained by fitting with Lorentzian or Lorentzian-
Gaussian lineshape functions, were used to determine independently the Sh concentration in the inserts
for all studied bare-core and core-shell NWs. An empirical model for low temperature bandgap of
unstrained bulk GaAs;Shy, according to Teissier et al.’, was used to determine the Sb concentration,
x, from the ground state PL emission energy. These results are presented in figure 8(a) together with
the corresponding values obtained with the EDX point analysis. Figure 8(b) plots the Sh concentration
determined optically as a function of the insert length (analogous to figure 2) and for comparison,
includes the three NWs studied by quantitative HAADF STEM (section 3.1.4).

Notably, there is a significant systematic discrepancy between the Sb concentrations determined
with the EDX point analysis and calculated from the PL emission energies. For example, the

difference is 6% in favour of the calculated Sb concentration for the NW shown in figure 6. As can be
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seen from figure 8(a), the calculated Sh concentrations are systematically offset to higher values, by 5-
7 %, from the corresponding Sb concentrations obtained with EDX. At the same time, there is a good
agreement with the Sb concentrations determined with the quantitative HAADF-STEM (see figure
8(b)). Hence, we can conclude that the strain has no major effect on the insert PL emission energy of
GaAsSb inserts in these NWs.

Figure 8(b) shows a trend similar to the one in figure 2: the calculated Sb concentration
increases with the increasing insert length, which is reflected in decreasing PL emission energy (figure
8(a)). As in figure 2, the inserts are generally shorter for the core-shell NWs and they have much lower
Sb concentrations than in the bare-core NWs. Here however, a clear trend is present for the core-shell
NWs as well, which could not be concluded with the EDX point analysis only.

It should be emphasized that this approach based on correlated PL-TEM, can be used both for
bare-core and core-shell NWs, whereas the quantitative HAADF STEM approach used here can
presently be only applied to the bare-core NWs. Rigorous HAADF-STEM analysis of core-shell NWs
would require simulation of an entire core-shell NW, which is beyond our simulation capacity

available at present. The EDX results for the core-shell NWs were not reliable either.
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Figure 8. (a) The Sb concentration, determined using the model by Teissier et al.> (all PL-TEM NWs)
and by the point EDX (17 PL-TEM NWs from figure 2), as a function of the ground state PL emission
energy of the ZB GaAsSb insert, for the bare-core (squares) and core-shell (stars) NWs. (b) The

optically determined Sh concentration for the NWs presented in (a) as a function of the insert length,
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together with the NWs studied by quantitative HAADF STEM (red squares).
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4. Conclusions

In this work, the Sb concentration distribution within and variation among the ZB GaAsSb inserts,
were investigated using different methods: EDX analysis, quantitative HAADF STEM and correlated
PL-TEM. A large range of insert lengths and the Sh concentrations, for the same growth conditions for
bare-core and core-shell NWs, was observed. This is probably due to a broad distribution of sizes of
Au-Ga droplets. The longer the GaAsSb insert, the higher the NW growth rate and the more Sb is
incorporated into the insert. This was evidenced by a clear trend of increasing insert length with
increasing Sb concentration. The EDX analysis and the quantitative HAADF STEM confirmed that
there is a decreasing Sbh concentration gradient along the insert towards both insert interfaces, probably
caused by in/out diffusion of Sh. In addition, quantitative HAADF STEM indicated that there is a
radial gradient of the Sb concentration towards the outer surfaces.

The quantitative HAADF STEM provided systematically higher Sb concentrations (for 5-8%)
compared to the automatic EDX quantification. On the other hand, the results from quantitative
HAADF STEM were in agreement with the Sh concentrations calculated from the insert PL emission
energies using a model for unstrained bulk GaAsSbh. We conclude that the Sh concentrations obtained
with quantitative HAADF STEM and PL methods are more reliable than the EDX results. The EDX
point analysis clearly underestimates the Sh concentrations in ZB GaAsSb inserts in WZ GaAs NWs.

The ground state energy of the GaAsSh PL emission was found to decrease with the increase of
the Sb concentration. No pronounced influence of the structural defects in the WZ GaAs core on the
GaAsSb PL emission was found. In addition, strain appears to have no major effect on the insert PL
emission. On the other hand, the Sb concentration gradient has an effect on the GaAsSb related PL
emission. We believe that the observed type Il transitions originate from recombinations of holes in
the valence band of the central region of the insert (ZB GaAsSh), and electrons in the conduction band
in the regions near-by the insert interfaces (ZB GaAs), due to the decreasing Sh concentration towards
the interfaces. The type | transitions within the central Sb-richest region of the insert dominate in the

insert related PL emission.
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