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Abstract

The mechanisms operating during the metal-assisted growth of III-V nanowires (NWs)
by molecular beam epitaxy on (1 1 1)B substrates were investigated through a series
of experiments aimed at determining the influence of growth conditions on the mor-
phology and crystal structure. Using GaAs as the principal material system for these
studies, it is shown that a good control of these two characteristics can be achieved
via a tight control of the temperature, V/III flux ratio, and Ga flux. Low and in-
termediate growth temperatures of 400°C and 500°C resulted in a strongly tapered
morphology, with stacking faults occurring at an average rate of 0.1 nm~!. NWs
with uniform diameter and the occurrence of crystal defects reduced by more than
an order of magnitude were achieved at 600°C, a V/III flux ratio of 2.3, and a Ga
impingement rate on the surface of 0.07 nm/s, and suggest the axial growth is group
V limited. Increasing the flux ratio favored uniform sidewall growth, thus making the
process suitable for the fabrication of core-shell structures. Further observation of
steps on the sidewall surface of strongly tapered NWs suggests that radial growth of
the shell proceeds in a layer-by-layer fashion, with the edge progressing in a step-flow

mode toward the tip.

From the experimental considerations, an analytical description of the growth
is proposed, based on a simple material conservation model. Direct impingement
of growth species on the particle, coupled to their diffusion from the sidewall and
the substrate surface, are considered in the derivation of expressions for the time
evolution of both axial and radial growths. Factors that take into account the non-
unity probability of inclusion of group III adatoms in the axially growing crystal
are introduced. Moreover, a step-mediated growth is included to describe the axial

evolution of the shell.
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Chapter 1

Background

The growth of crystals is a very captivating area of solid state physics, not only
requiring a thorough understanding of thermodynamic and kinetic theories, but also
an extensive experience with the fabrication apparatus. Finding the “right recipe”
(i.e., the proper combination of growth conditions) in order to obtain the desired
structure can often prove to be challenging. The discovery of a new growth me-
chanism therefore constitutes a major milestone, as it pushes the discipline forward
and opens up new opportunities. This is precisely the case of the Vapour-Liquid-
Solid (VLS) mechanism, a vapour-based process developed in the early 1960’s for the
growth of whisker crystals initiated from metal seed particles. Close to fifty years
after its inception, it is now deemed, along with its derived techniques, to be the
most successful mode to generate large quantities of nanowires (NWs) with single

crystalline structures [1].

In this chapter, the reader will be provided with an introduction on the various
aspects related to the fabrication of semiconductor NWs. After a brief historical
review in Section 1.1, the emphasis is put on the description of the metal-assisted
growth technique in Section 1.2. The motivation behind the present work is then
presented in Section 1.3, where the scope of the study is also defined. We finally
conclude in Section 1.4 by giving an overview of the topics that will be treated in this

thesis.
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1.1 From Whiskers to Nanowires

A whisker is defined as any material, metallic or non-metallic, that is: (a) a single
crystal, and (b) of an elongated filamentary form, with a minimum length to maximum
average transverse dimension ratio of at least 10:1 [2]. Initially meant to describe

2 (corresponding

structures having a maximum cross-sectional area of 5.1 x 10™* cm
to a circular cross-section of ~250 ym in diameter), the primary interest of such
crystals resided in their ultra-high strength (on the order of 1 million psi) compared
to their bulk counterpart [2]. Their role as strengthener in the elaboration of various
composite materials, in which they can act as the principal load bearing element [3],
was a major area of research and development as early as the late 1940’s. In the same
time period, the first semiconductor whiskers were synthesized by a group at DuPont,
who used the reduction of SiCly with Zn vapour to produce high purity Si crystals
that were 250 pum in diameter and 1 cm in length [4]. A few years later, Johnson
and Amick refined the previous procedure by diluting the silicon tetrachloride with

a carrier gas (such as argon or hydrogen), which resulted in structures of 1 pm in

diameter (while the length was maintained at 1 cm) [5].

Prior to the 1960’s, one of the models widely used to describe the crystal growth
from the vapour phase was based on the presence of an initial dislocation at the growth
surface. In a paper dated from 1949, Frank laid the foundations of a theory [6] that
was to be developed in greater details two years later [7]. It was then proposed that
the growth of crystals under the relatively low supersaturations experimentally at-
tainable could only be explained on the basis of the inherent imperfections of surfaces.
A “screw dislocation” (i.e., a dislocation that has a component of displacement vector
normal to the crystal face at which it emerges, as schematically represented in Fig-

ure 1.1) was thus deemed to provide a self-perpetuating step for the addition of new
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Figure 1.1: Representation of a screw dislocation emerging normally at the face of a
simple cubic crystal. (Adapted from [6].)

layers, without the need for “fresh” two-dimensional (2D) nucleation events, and to

result in elongated crystals, due to an enhanced growth in the direction of the defect.

This mechanism was widely accepted initially, as various experimental observa-
tions supported its assertions [8-10]. Detailed analytical solutions for the growth rate
(length of the whisker as a function of deposition time) and supersaturation ratio as a
function of whisker length were derived by Blakely and Jackson [11], while Ruth and
Hirth were the first to treat the diffusion of growth species from the substrate surface
as a direct contribution to the axial growth [12]. The universality of the dislocation-
mediated growth was however questioned in the late 1950’s, following the work from
Webb and co-workers [13], who found evidence of a single axial dislocation in only one
out of nine different materials studied. Subsequent investigations were undertaken
by Wagner and his collaborators at Bell Laboratories on Si whiskers grown by chem-
ical vapour deposition (CVD) process [14-16], which further emphasized that other
mechanisms could be at the origin of such structures. Originating from micron-size
Au “impurities” placed on a Si {1 1 1} substrate, filamentary crystals grew perpen-
dicular to the heated surface from the reaction of the precursor (mixture of hydrogen

and SiCly) with the impurity droplets that formed on the surface upon heating. Post



Ph.D. Thesis - M. C. Plante McMaster - Engineering Physics

growth-characterization not only revealed the absence of any axial dislocation, but
also the presence of a “liquid-like” globule at the tip of the crystals. These pioneering
efforts laid the foundations for the now well-established VLS mechanism, which is at

the heart of the current work, and will be further described in the next section.

Following the fundamental contributions by Givargizov and co-workers in the
1970’s [17,18], who provided the first exhaustive VLS analytical description, it is only
twenty years later that an interest in the mechanism was again generated. A team at
Hitachi led by Kenji Hiruma then reported on the first nanometer-scale (10-200 nm
in diameter) semiconductor whiskers, now known as NWs, grown by VLS [19, 20].
For the major part of the 1990’s, their work on III-V materials provided insightful
information, notably on the crystal structure of the NWs [21,22], revealing transitions
from zincblende to wurtzite. Furthermore, they demonstrated the practical aspects
of such structures, highlighting the optical properties of p-n junctions incorporated
in the NWs [23]. A few years later Westwater and co-workers were the first to report
on VLS-grown Si NWs by CVD, this time using silane gas (SiH4) diluted with 10%
helium [24]. Structure as thin as 10 nm in diameter were obtained. Their study
further revealed a strong relationship between the NW morphology (in particular the
presence of kinks) and the growth conditions (temperature, silane partial pressure).
In the late 1990’s/early 2000’s, two major research groups emerged in the field of
NW fabrication: one from Harvard University, supervised by Charles Lieber, and
another one from Lund University (Sweden), led by Lars Samuelson. Both played
(and continue to play to this day) a major role in the developmental aspects of VLS

technology, from fundamentals to applications [25-36].

Other approaches have been developed to fabricate NWs, such as templated sub-
strates, growth from solution, and oxide-assisted growth, but these will not be dis-

cussed in details within the framework of this thesis. The interested reader could
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refer to the excellent topical review paper by Xia and co-workers [37], or the more

recent one by Wang and co-workers [38].

1.2 Crystal Growth from Metal Seed Particles

1.2.1 Qualitative Description

Wagner and Ellis were the first to describe, in the early 1960’s, the filamen-
tary growth of crystals via a novel theory [14] that diverged from the more classical
vapour-solid (VS) approach that prevailed until then, and which was described in the
preceding section. Their VLS mechanism emphasizes the role of metallic “impuri-
ties” on the substrate surface as precursors for the preferential deposition of growth
species. In the process, the surface is heated, thus inducing the impurities to alloy
and liquefy. The effect of a liquid phase (layer or droplets) on the surfaces of crys-
tals growing from the vapour was not totally unknown in the middle of the 20th
century. Already in 1955 (almost a decade before the first report on VLS), Brewer
and Kane [39] reported that the evaporation rate of a given material (phosphorous
and arsenic in this case) increased significantly when a liquid (thallium) was covering
the evaporation surface (vapour pressures 30 times greater than the ones measured
without the liquid catalyst). As was mentioned previously, solidified globules had also
been observed at the tips of certain whiskers (Al;O3 [10], BeO [40]), but without a
clear understanding of their nature, let alone of the mechanisms at their origin. The
initial VLS model, as schematically depicted in Figure 1.2, is therefore based on a
liquid layer (resulting from the alloying of the metallic particle, i.e., the “impurity”,
with the substrate and the surrounding vapour) situated between the vapour and

the growing crystal (hence the name Vapour-Liquid-Solid) that has a large accom-
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Growth species supplied

in the vap(_)ur phase Crystallization
metal particles formation of RS under the particles
lmpuntles) hqund droplets -_‘;'_ ; . A @
substrate
(a) (b) (c) (d)

Figure 1.2: Illustration of the VLS mechanism. (a) “Impurities” (metallic particles)
are initially present on a substrate surface. (b) The system is heated above the eutectic
temperature to form the liquid alloy droplets. (b) Atoms directly supplied from the
vapour phase get preferentially deposited on the liquid droplets. (IV) Supersaturation
of the liquid causes precipitation at the liquid-solid interface, and crystal growth
follows.

modation coeflicient compared to the surrounding materials, and therefore becomes
a preferred site for deposition. As growth species are continually supplied from the
vapour on the surface of the substrate, the liquid becomes eventually supersaturated,
and nucleation occurs at the liquid-solid interface as a result of precipitation. The
radial size of the resulting crystal is dictated by the size of the liquid droplet, while

the length primarily depends on the growth duration.

Various requirements for the selection of metal particle were initially established
for the VLS mechanism to operate [16]. First and foremost, it must be possible for
the selected metallic agent to form a solution at the deposition temperature with the
crystalline material to be grown. The vapour pressure of the agent over the liquid alloy
must also be relatively small. This is motivated by the desire to have a good size and
shape uniformity of the crystal grown: evaporation of the seed particle material would
not necessarily change the composition, but would change the droplet volume, and

therefore the cross section of the liquid-solid interface (and of the crystal). Moreover,
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the wetting characteristics of the liquid alloy, arising from the different interfacial
energies (vapour-solid, vapour-liquid, liquid-solid), will also have a direct influence
on the shape of the growing crystal. Finally, the particle material and the deposition
temperature must be chosen to avoid the formation of an intermediate solid phase of

the particle with one of the constituents of the vapour.

The liquid phase of the seed particle as the growth proceeds has been the topic
of some debates in recent years. Using in-situ energy dispersive X-ray spectrome-
try (EDX) to measure the composition of heated particles, Persson and co-workers
were the first to postulate a vapour-solid-solid (VSS) mechanism operating during the
Au-assisted growth of GaAs NWs by chemical beam epitaxy (CBE) [34]. Conflict-
ing results have even been reported by different groups studying the same material
system (InAs initiated from Au seed particles) and using similar growth apparatus
(metal-organic vapour phase epitaxy (MOVPE)). Via an argument based on the tem-
perature dependence of the NW growth rate, Dick and co-workers concluded that
growth occurs only within a range where the particle forms a solid alloy with the
supplied In [35,41], while Dayeh and co-workers did not find any evidence of the VSS
mechanism, attributing the difference in the growth rate and cessation temperature
to the variation in the input V/III flux ratio, as opposed to the difference in the

melting temperatures of the Au-In particle alloy at the tip of the NW [42].

The description of the VLS mechanism is now completed by discussing the growth
direction of the crystals. It is well known, and was even recognized at the initial stage,
that Si whiskers/NWs synthesized by the VLS mechanism grow in the (1 1 1) direc-
tion [16,24,43,44]. This has an importance in the selection of the substrate for the
case of epitaxial growth of whiskers/NWs, as their orientation on the surface (i.e.,
the angle they make with the normal to the latter) will be a direct consequence of

that choice. Interestingly, the growth direction appears to depend on the growth
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Figure 1.3: An explanation for the preferential growth orientation of the NWs. (a)
2D illustration of some planes of the zincblende crystal structure. (b) Polar plot of
the surface free energy, obtained by counting the areal density of broken bonds when
the crystal is cut perpendicularly to the respective orientation. The light dotted
circles represent the level of surface free energy, the radial lines the directions, and
the “flower-like” curve is the calculated surface free energy. (Adapted from [47])

method: the same silicon NWs, grown by oxide-assisted laser ablation technique [45],
are mainly oriented along the (1 1 2) direction, sometimes the (1 1 0) one, but never
(111). In a model proposed by Tan and co-workers, the role of specific dislocations
is emphasized (along with surface stability) to explain this “preference” [46]. This
proposal is along the same lines as the screw dislocation mechanism introduced in the
previous section, but in this case the dislocation was just assumed, and its presence
was not verified experimentally. Another simple, yet effective, approach consists in
counting the areal density of broken bonds to determine the surface free energy of
particular planes of the zincblende crystal structure [47]. From the polar representa-
tion of the surface free energy shown in Figure 1.3b, it can be seen that the latter is
minimum in the case where the growth front of the crystal is parallel to the (1 1 1)

face.
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1.2.2 Review of Models

The qualitative description of the metal-assisted growth presented above is here
further substantiated through a review of some of the major theoretical models that

have been proposed over the years.

1.2.2.1 Wagner and Ellis

In the original kinetic treatment proposed by Wagner and Ellis [16], and illustrated
in Figure 1.2, the process occurs in two basic steps: deposition of growth species
from the vapour phase directly on a liquid solution, followed by precipitation from
the supersaturated solution at the liquid-solid interface. From the kinetic theory of

gases, the condensation flux J (in atoms/unit area/unit time) can be estimated as:

Jot k2 (1.1)
2rmkT

where k is the Boltzmann constant (8.62 x 1075 eV /K), « is the accommodation (or
sticking) coefficient (i.e., the probability that an impinging atom is adsorbed regard-
less of where it strikes on a surface [48]), and o the supersaturation of the vapour
(defined as (p — p,)/po, With p being the vapour pressure and p, the equilibrium
vapour pressure at the temperature 7"). The authors thus proposed that, since the
value of o depends on the perfection of the surface and the supersaturation o, for
perfect (defect-free) and imperfect (i.e., with screw dislocations) crystal surfaces the
accommodation would be equal to zero below a certain critical supersaturation (i.e.,
J = 0 when o < o, as shown in Figure 2 of reference [16]). In the case of a clean
liquid surface, the unity accommodation (o = 1) would result from its “ideal rough-
ness”: following a theory elaborated by Hirth and Pound [49,50], this type of surface

can be assimilated to a series of steps and ledges that are only interatomic distances
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apart, so accommodation sites exist over its entire area. In sum, the filamentary mor-
phology of the crystals growing in the VLS mechanism occurs due to the preferential
accommodation of impinging atoms on the liquid droplets. Note that, while being
a good qualitative argument to explain the experimental observations, the assump-
tion @ = 1 for the liquid is not representative of the reality. It is known that the
accommodation coefficient on the liquid surface in the case of CVD is significantly
less than unity (e.g., 1073 for Si and Ge). However, this value is still larger than the

accommodation coefficient on the crystal surface (e.g., 1073 for Si and Ge) [51].

Having a liquid phase of the seed particle is however not sufficient for the VLS
mechanism to operate. An essential condition is that the liquid solution be stable in
its own vapour. This translates into a limitation on the minimum diameter of the
crystal (whisker) that is to be grown. As previously mentioned, the latter depends
strongly on the size of the liquid droplet. Assuming a spherical droplet of radius R,

the minimum critical radius R, is given by (Gibbs-Thomson relation):

2Ly
TLv (1.2)

Fomin = kTlno’

where vy is the surface tension at the liquid-vapour interface, €2 is the atomic volume
of the crystal species in the droplet, and o is the supersaturation defined earlier.
According to this expression, stable droplets at the sub-micron scale can be achieved

by an appropriate increase in supersaturation of all components of the liquid.

1.2.2.2 Givargizov-Chernov Model

Following on the footsteps of Wagner and Ellis, Givargizov and Chernov (GC)
conducted in the early 1970’s a thorough study on the kinetics of Si whiskers grown

by VLS using CVD [17,18]. Emphasis was then placed on the dependence of the
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growth rate on the whisker diameter and the role of the liquid phase in the process.
They derived their model by combining the Gibbs-Thomson equation and some of

the well established kinetic laws of growth.

Their experiments led to the observation of two major elements. First, as was ex-
pected from the model derived by Wagner and Ellis, whiskers with a diameter below
a critical value did not grow. Second, a drastic decrease of the growth rate occurred
as the whisker radius decreased. These indicate an increasing vapour pressure and
lowered solubility of the material deposited (Si) as the whisker diameter becomes
smaller (the Gibbs-Thomson effect). In this model, the driving force for crystalliza-
tion is the vapour supersaturation Ap/(kT), with Au being the effective difference
between the chemical potential of whisker material in the vapour phase and in the
whisker crystal. Accounting for the Gibbs-Thomson effect for a whisker of radius R,

the latter is defined as:

20y s
R - )

Ap = Apo — (1.3)

where Ay, is the effective difference between the chemical potential of whisker ma-
terials in the vapour phase and in the whisker at a plane boundary (i.e., in the case
of R — o), 7y s the specific free energy of the whisker surface (i.e., the vapour-solid
interface). A semi-empirical expression for the whisker axial growth rate dH,,/dt (in
unit lenght/unit time), where H,, is the whisker height measured from the substrate

surface, was then obtained:

(1.4)

dt -

dH, _ Apo  2Nys 1 3
kT kT R|’

with b being a kinetic coefficient independent of supersaturation.

11
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The linear dependence of \/m with 1/R was observed not only in the case
of Si, but also for other materials such as Ge, GaAs, SiC, GaP, CdSe, ZnS, and ZnSe.
While the value of b can be obtained by measuring the slope of the \/m vs. 1/R
curve (provided vy is known), Equation 1.4 also reveals that no growth will occur

(i.e., dH,/dt = 0) for whiskers having a radius lower than a critical value R.:

_ 2yysd

RC = A—'uo—. (15)

1.2.2.3 Modern Approaches

The preceding model proposed by Givargizov and Chernov accurately described
the observations made on the growth of whiskers in the 1970’s, which had diameters
in the range of several micrometers. It was then reasonable to assume a polycenter
regime of nucleation, i.e., many islands arising in one layer that grow and coalesce to
form a continuous monolayer [52]. This might not necessarily be true for NWs having

diameters at least two orders of magnitude smaller.

Building on the GC model, Dubrovskii and Sibirev (DS) developed (almost thirty
years later) a very detailed and generic expression for the growth rate of the whiskers/NWs
growing via the VLS mechanism [52]. These authors were the first to consider that
the condensing phase was the liquid, so the driving force of the phase transition in
their model is the supersaturation of the liquid alloy (not the vapour). They also
took into account both the curvature of the whisker and the droplet, as well as the
transition from polynucleation (whisker) to mononucleation (NW). Their treatment
includes a comparison of the growth rate of the whisker/NW (via VLS) and the film
grown on the non-metal-covered surface (via VS), and demonstrates that the crystal

grows faster under the liquid droplet than on the (non-metal-covered) substrate sur-

12
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face due to the lower interfacial energy of the liquid-solid boundary compared to the
vapour-solid one. At a given vapour supersaturation, it is therefore “easier” to form

the nuclei from the liquid alloy.

In the previous two models (GC and DS), the whisker/NW height H,, increases
with the radius. A different behaviour was however observed by Schubert and co-
workers on Si NWs seeded by Au particles, and grown by MBE [53]: instead of
the expected VLS dependence, they found something closer to H, o 1/R. This
latter relationship, which was also observed in our early studies on MBE-grown GaAs
NWs [54], is typical of the diffusion-induced growth of filamentary crystals [12, 55].
Dubrovskii and co-workers [56], simultaneously to Johansson and co-workers [57],
developed analytical expressions describing the NW axial growth rate resulting from
both the direct impingement on the seed particle and adatom diffusion from the

substrate surface toward the particle, which have the following form:

% =A+ %, (1.6)
where A and B are parameters that depend on the growth conditions. Johansson
and co-workers even demonstrated in a quantitative manner why the Gibbs-Thomson
effect, as included in the GC model, does not operate under certain experimental
conditions [57,58]. In a subsequent publication, Dubrovskii and co-workers further
refined the theoretical description by combining the classical adsorption-induced VLS
mechanism (i.e., the GC model) with the diffusion-induced nucleation-mediated (at
the liquid-solid interface) growths [59]. This unified model was the first to predict
a minimum in the H, vs. R curve (which we were the first to experimentally ob-
serve [54]), resulting from the competition between the Gibbs-Thomson effect and

the diffusion-induced contributions [60].

13
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1.3 Motivations and Scope of the Research

With the continuing miniaturization of electronic devices, the practical short-
comings of traditional top-down fabrication techniques are becoming more prevalent.
Resolution limitations of photolithography (caused by diffraction, reduced depth of
field, and even chemistry of photoresists) are pushing the industry to explore new
avenues (such as nanoimprinting and parallel processing electron beam lithography),
but economics could slow down, or even break, the progression of this technology [61].
The potential offered by a bottom-up, or self-assembly, approach like the above de-
scribed VLS could thus constitute an important cornerstone in the development of

the next generation of devices.

The downscaling in the size of crystals that can be synthesized via this technique
further opens the door to structures that are not practically feasible in 2D epitaxial
growth, such as highly mismatched heterostructures incorporated in the NWs [31,62].
Moreover, monolithic integration of III-V structures on group IV substrates [63,64]
now becomes a viable path not only for performance enhancement of existing devices,
but also incorporation of new functionalities. As a result, it is now well recognized
within the research community and the semiconductor industry (see for instance the
International Technology Roadmap for Semiconductors [65]) that one-dimensional
structures will play a major role in the efforts towards device miniaturization and
the development of novel applications. Already, semiconductor NWs have success-
fully demonstrated their potential in electronics [66,67], photonics [68,69], renewable

energy [70,71], and biosensors [72,73].

Despite these tremendous achievements, the details surrounding the exact nature
of the mechanisms involved during NW growth are still not fully understood, and are
the subject of numerous investigations. These efforts are essential in the determina-

tion of the optimum deposition conditions that will yield predictable and consistent
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structures (e.g., core-shell vs. axial heterostructures). The majority of the work re-
ported in the literature of metal-assisted growth of III-V NWs apply to MOVPE.
While not as largely studied, molecular beam epitaxy (MBE) techniques have also
successfully been employed in the same manner for the fabrication of 1D structures
in various material systems [53, 54, 74-76]. The ultra-high vacuum conditions that
prevail during MBE growth are beneficial not only in yielding high purity crystals,
but they also enable in situ monitoring of the surface as the growth proceeds. For
instance, the state of the seed particle can be investigated using reflection high energy
electron diffraction (RHEED) [77]. Additionally, the low growth rate achievable with
this type of system allows the fabrication of heterostructure NWs with very abrupt

interfaces [78].

The purpose of the present work was thus to develop, through the variation of
growth conditions, a better understanding of the mechanisms (kinetics, thermody-
namics) involved in the self-assembly of III-V NWs seeded by Au particles during
MBE growth. The practical goal behind this exercise was twofold. First, it was de-
sired to eliminate, or at least minimize, crystal defects (stacking faults) in the NWs.
Second, control on the geometry (i.e., pure axial growth vs. combination of axial and
radial growth) was targeted in order to establish the fabrication guidelines for future
studies. The majority of the experiments were done with GaAs, a material we found
well-suited for this kind of work: not only does it play a major role in the develop-
ment of electronic and optoelectronic applications due to its inherent properties, but
it is also a material that has a fairly wide growth temperature window, thus enabling
a large variety of growth condition combinations. Characterization of the NWs was

limited to their morphological and structural properties.
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Chapter 2

Growth and Characterization Techniques

This chapter provides a generic description of the experimental methods that
have been used throughout this thesis, from the formation of Au nanoparticles on
the semiconductor surfaces and growth by molecular beam epitaxy (MBE), to the
analysis of the resulting specimens by electron microscopy. While numerous authors
already have extensively described these latter techniques, the emphasis will be given

here to their specific application to semiconductor NWs.

2.1 Synthesis of Au Nanoparticles by Thermal An-
nealing

A variety of methods have been employed to form Au nanoparticles on the surfaces
as precursors for the VLS growth of NWs, including colloidal solutions [84,85], direct
deposition through shadow masks formed by nanochannel alumina templates [86],
as well as electron-beam (e-beam) lithography [87]. While these result in good size
distributions, they also come with their limitations, such as the higher level of contam-
ination often associated with the approach of colloid chemistry [88], the complicated
size selection and particle delivery of aerosol deposition [89], and the high cost and
low throughput of e-beam writing processes. A simple and less costly alternative
consists in exploiting the instability of very thin (< 10 nm) films of Au at elevated
temperatures to induce the self-assembly of nanoparticles on the underlying substrate.

This method was used in various semiconductor NW studies (for example the work
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presented in References [56,77,90], but can result in a broad size distribution, with
particle diameters varying between 20 and 800 nm (for an initial 4 nm-thick Au film

on a GaAs (111)B surface, as will be seen in Chapter 3) depending on the conditions.

In this section, a brief description of the technique that was used throughout this
thesis to obtain Au nanoparticles on the semiconductor substrates is presented. It
is based on the results of a study that we performed in order to better understand
the principles behind the formation of the nanoparticles, and the role played by the
surface preparation. For a complete description of the experiments and all associated
results, the interested reader is invited to consult our article already published in
Applied Surface Science [79]. Note that a rapid thermal annealer (RTA) furnace
was then used to simplify the process, and the results most likely differ from a heat
treatment within the MBE chamber (as for actual growth of NWs), but it is believed

that the generic operating principles remain similar.

All specimens discussed in this thesis were grown on epi-ready n-type GaAs
(11 1)B substrates supplied by AXT Inc. [91]. Prior to growth, the surfaces were
first cleaned following a standard process, beginning with a UV /ozone treatment in a
UVOCS [92] reactor for 20 minutes in order to remove any contamination from hydro-
carbons and grow a thin layer of oxides (on the order of 3 nm in thickness [93]). The
latter was then etched in a 10% buffered HF solution for 30 seconds, and rinsed with
deionized (DI) water (typically for 10 minutes). Following this surface treatment, the
substrates were transported in ambient air to an e-beam evaporation system, where
a Au film was deposited at room temperature, at an average rate of 0.1 nm per sec-
ond as determined by a quartz crystal monitor (thickness will be specified within the

context of each specific experiment reported in the thesis).

For the purpose of the annealing study, 1 and 4 nm films were deposited. The

samples were then heat-treated in a nitrogen environment using a AG Associates Mini-
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Pulse RTA furnace at a temperature of 500°C for 5 minutes (typical ramp rate of 1°C
per second). During annealing the GaAs substrates were capped with GaAs (1 0 0)
pieces to minimize the loss of As due to possible desorption. Note that subsequent
studies by Ghosh and co-workers revealed that proximity caps play no significant role
during annealing treatment at 500°C of Au-covered GaAs (1 0 0)-oriented surfaces,
and that deterioration was always observed [94]. This could potentially explain dis-
crepancies with specimens annealed in the MBE chamber, where an As; overpressure
is applied to ensure stoichiometry is conserved, but such an investigation falls outside

the scope of the present work.

Figure 2.1 illustrates the effect of annealing 1 and 4 nm-thick films of Au on
GaAs (11 1)B at 500°C. Atomic force microscopy (AFM) was used to characterize
the pre-annealed specimens, since scanning electron microscopy (SEM) did not prove
efficient to resolve the fine details on the surfaces. While such small amounts of Au
do not yield uniform films, no significant clustering can be noticed prior to any heat
treatment (Figure 2.1a and c). Heating the surfaces, on the other hand, promoted the
formation of Au islands (Figures 2.1b and d). The size distribution remains however
quite broad in both cases, as shown in the graphics of Figure 2.2, as obtained from
the processing of SEM images such as the ones in Figures 2.1b and d, using the
ImageJ software [95]. Information on average island size and density is summarized
in Table 2.1. Clearly, a thinner film results in smaller islands, with a concomitant

increase in their density.

The shape of the island size distribution can be indicative of the diffusion pro-
cesses occurring during heat treatment. Two different mechanisms to describe particle
sintering are typically proposed: Ostwald ripening, and particle migration and coa-
lescence. In Ostwald ripening, a migration of atoms or small clusters takes place that

forms larger particles or islands from smaller ones without the islands having to be in
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Figure 2.1: Effect of thermal annealing on a thin Au film deposited on a GaAs
(111)B substrate. (a,c) AFM detail of a 1 nm (a) and 4 nm (c) as-deposited film.
(b,d) SEM top view of the surfaces after a 5-minute anneal at 500°C; (b) 1 nm and
(d) 4 nm film.

Table 2.1: Average Au particle size and density as a function of initial film thickness

Au film thickness Average island size* Island density
nm nm x10% cm—2
4 68 (15 — 587) 1.4
1 29 (10 - 90) 13

# The heat treatment resulted in non-Gaussian distributions; the average particle
size is therefore provided along with the total size range (in brackets) that was
measured
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Figure 2.2: Size distributions of Au particles on GaAs (1 1 1)B surfaces after 5 min-
utes annealing at 500°C for a 1 and a 4 nm Au deposit.
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direct contact (i.e., larger clusters grow at the expense of smaller ones due to diffusion
of individual adatoms from the latter toward the former). This process results in a
size distribution usually skewed toward smaller particles. In particle migration and
coalescence, the Au islands or particles are assumed to be mobile, and coalescence re-
sults from the collisions between separate islands. A size distribution skewed toward

larger particles is usually observed [96,97].

The island size distributions obtained for the two film thicknesses studied (Fig-
ure 2.2) have the same characteristic shape: a rapid ascension to a peak followed by a
long tail, which would therefore suggest Au migration and coalescence as the opera-
tive mechanism for island formation. On the other hand, recent studies by Datye and
co-workers [97] pointed out that no such inference could be made purely on the basis
of particle size distribution, since either Ostwald ripening or coalescence could yield
similar size distributions under certain conditions. Self-assembly of the Au islands
could possibly then involve multiple mechanisms operating concurrently. Moreover
alloying of Au with the underlying substrate, as suggested by the focused ion beam
(FIB) cross-sectioned island in Figure 2.3, could be established, with the particle ex-
tending approximately 35 nm below the surface (dashed line in Figure 2.3). From a
quantitative point of view, energy dispersive X-ray (EDX) spectrometry performed on
a large island (~600 nm in transverse size), indicated a significant content (~20 at.%)
of Ga in the particle. Note that such alloying was not considered in previous mod-
els; therefore a complete description of the operative mechanisms occurring during
the self-assembly process of Au islands is unclear at the moment, and would deserve

further study.

In sum, the self-assembly of Au nanoparticles on the substrate results from the
thermal activation of diffusion processes, and the size and density distributions can be

controlled notably via the thickness of the initial Au film deposited. This constitutes
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Figure 2.3: SEM picture of a FIB-sectioned particle resulting from the annealing
(500°C, 5 minutes) of a 4 nm Au film on a GaAs (1 1 1)B surface.

a simple and affordable means to produce large quantities of nanoparticles, and is

well suited for the purpose of the present NW studies.

2.2 Gas Source Molecular Beam Epitaxy

Epitaxy, from the Greek roots epi (“resting upon”) and tazis (“arrangement”), is
a crystalline film growth process in which the atoms of the growing film mimic the
arrangement of the atoms of the underlying substrate [98]. As its name implies, molec-
ular beam epitaxy (MBE) is a method to achieve high-quality single-crystal epitaxial
layers. Crystallization occurs via the reactions and condensation of the constituent
species that arrive at the surface of a heated substrate. These species, which are
supplied in molecular or atomic form, originate from the evaporation of raw material
initially placed in effusion cells, or supplied from gas sources. The ultra-high vacuum

(UHV) conditions that prevail within the reactor (base pressure on the order of 10~°
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Torr in the system used) ensures that collisions between effusing atoms/molecules,
or with residual gases, do not occur prior to reaching the substrate (i.e., the mean
free path of the atoms/molecules is longer than the effusion cell — substrate distance),
hence the “molecular beam” nature of the technique. A mechanically controlled shut-
ter placed in front of each effusion cell allows rapid switching of the beams on and
off, and thus enable monolayer control during the deposition (typically done at a low
growth rate on the order of one monolayer per second) for the realization of sharp

interfaces and/or abrupt doping transitions.

In conventional MBE growth of III-V compounds, both group III and V species
initially placed in the effusion cells consist of the solid elements themselves. Upon
resistance heating of the cells, the vapour pressure of the elements they contain in-
creases so evaporation is initiated and film growth starts as the species impinge on the
substrate. The type of system used at McMaster University, and which consequently
was used for the fabrication of all the specimens studied in this current work, consists
in a modification of this previous implementation, where the group III species still
consist of the solid elements, but the group V solid source is replaced by a hydride
gas that is thermally decomposed (cracked) to obtain the desired product (e.g. AsHj
as a source of arsenic molecules, and PHj3 as a source of phosphorous molecules).
This so-called gas source MBE (GS-MBE), or hydride-source MBE, technique was
first proposed by Panish [99], and notably enables the rapid and precise adjustment
of the group V fluxes by individual mass-flow controllers, which have a faster and
more stable response than solid sources that require temperature control of the ef-
fusion cell to achieve the same purpose [100]. The hydride gases are delivered from
tanks that are separated from the growth system to the single cracking cell (where
mixing also occur), and effuse in the growth chamber through the same tube. Vari-

ous by-products result from the hydride decomposition, including z, x5, x4, H, and
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H (with z being As or P), and the relative amount of each of these will depend on
the temperature, pressure, and how close thermodynamic equilibrium is achieved in
the cracker cell. Under the operating conditions of the McMaster system, the cell is
maintained at a temperature of 950°C, which ensures a predominance of dimers (z5).
For instance, the Asy/Asy (P2/P4) beam flux ratio is expected to be on the order of
10* (10%), Asy/As (Py/P) about 10® (10°), Asy/AsH (P,/PH) about 10° (10°), and
As;/H (Py/H) about 10® (10%) [100]. Hydrogen is therefore always present during

growth, but does not incorporate in the crystal under normal growth conditions.

Figure 2.4 shows a simplified representation of the system used for the samples
fabricated for the studies presented in this thesis (all but the ones from Section 3.1,
as will be specified at that point). It was built by SVT Associates [101] under the
custom specifications provided by McMaster growth specialist Dr. Brad Robinson.
Note the vertical geometry of the system, where the sample is held horizontally, face
down, with the sources being at the bottom of the growth chamber, making an angle
of ~35° with the normal of the sample. The temperature of the substrate is primarily
measured with a thermocouple fixed to the stage under the substrate, which provides
a relative measurement that is reliable enough for setting a desired set of conditions
previously established and calibrated. A more accurate measurement of the surface

temperature is obtained with an infrared pyrometer.

Each processed substrate (as per the method described in Section 2.1) was first
mounted onto a holder in dust-free conditions, under a high efficiency particulate air
(HEPA) filter. The holder consists of a molybdenum puck with a hole having a specific
geometrical shape machined in the centre, and the substrate is simply inserted on the
back, with the surface to be deposited on facing down so it is exposed to the beam
once it is in the chamber. The substrate is held in place by gravity with its edges lying

on a recessed ledge having the same shape as the hole, and any lateral movement is
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Figure 2.4: Simplified representation of the GS-MBE system used for the fabrication
of all samples studied within the framework of this thesis.
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prevented with small tantalum shims on the sides. Note that the substrate must have
the same dimensions as the hole. A series of holders with specific hole dimensions
were initially available: one for a full 3-inch wafer, one for a full 2-inch wafer, one for a
1/4-2-inch wafer, and another one for a 11-mm square. Since the surface orientation
of all the samples was (1 1 1)B, it was not possible to cleave it to either a square
or a 1/4-wafer. Most of the initial samples (Chapter 3, Section 5.1) were therefore
either indium-mounted unto a suitable GaAs (1 0 0) substrate, or grown on a full
2-inch wafer. The small size of pieces enabled by the former technique (coupled to
the waste of a sacrificial (1 0 0) substrate), and the high cost associated with the
latter (when often only a small fraction of the wafer was necessary for a complete
analysis) led us to design a new holder that was used for the remainder of our studies
(Chapters 4 and 6, Section 5.2). Consisting of a molybdenum puck with a “pie”-
shaped hole in its center, it accommodates 1/6 of a 3-inch (1 1 1)B-oriented wafer
that can easily be cleaved to dimensions, and its size provides enough material for
all the post-growth characterization that was required. One single wafer therefore
provides enough material for six growths, and combined with optimized material

utilization, reduces the overall cost per growth.

After being introduced in the system via the load-lock, the substrate was trans-
ferred n vacuo to the preparation chamber, where it was degassed at a typical tem-
perature of 300°C for 15 minutes (any variation to this procedure will be specified
when required in the text). It was then transferred to the main growth chamber,
secured to a rotating stage, and resistance-heated to the appropriate temperature for
Au nanoparticle formation and oxide desorption. The latter operation was achieved
with a hydrogen plasma generated by an inductively coupled plasma (ICP) source,
under an As, overpressure to ensure surface stoichiometry was preserved. Details on

substrate temperature and duration of treatment will be provided within each sec-
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tion. During this final cleaning step, the Ga and/or In effusion cells were heated to the
appropriate temperature in order to obtain the desired nominal growth rate, which
had been previously established in calibration runs done on GaAs (1 0 0) substrates.
Following oxide desorption, the substrate was brought to the proper temperature for
the growth (between 400 and 600°C), and the AsH; and/or PH; flow increased to
establish the desired V/III flux ratio. The Ga and/or In shutter was then opened
to initiate the growth. During the growth, the sample was rotated (1 full rotation
every 4 seconds) to ensure uniform distribution of the beam on the surface. After the
prescribed duration (between 3 and 60 minutes), the shutter was applied in front of
the group III effusion cell, and the substrate slowly cooled under the As, overpressure,

which was turned off when the substrate temperature dropped below 350°C.

2.3 Characterization by Electron Microscopy

Two principal levels of structural information were of interest in the characteriza-
tion of the as-grown samples: surface topography and morphology (distribution of the
NWs on the substrate surface, their general geometrical shape, their growth direction,
their dimensions), and crystal structures of the NWs (lattice type, defects, interfaces
between two materials in the case of heterostructures). While the latter could be
obtained via the use of the transmission electron microscope (TEM), the former was
typically retrieved from the analysis by scanning electron microscope (SEM). Both
methods therefore provided complementary information toward the description of the
growth mechanisms. A brief summary of the underlying principles is here presented,
and emphasis is after given to the experimental conditions that were used for the
analysis of the semiconducting NW samples, as well as some practical considerations

for length measurements and accurate characterization of the crystal structure.
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2.3.1 Fundamental Concepts

The dual nature of the electron, which behaves both like a particle and a wave,
is at the basis of electron microscopy. First theoretically postulated by de Broglie,
and shortly thereafter verified experimentally by two independent groups [102], the
particle momentum p can be related to its wavelength A via the Planck’s constant h
(6.626 x 10734 J s) by the following relation:
k

A= (2.1)

By accelerating it through a difference of potential V', the electron of mass m, gains
a kinetic energy m,v?/2 (with v being the velocity) that is equal to the potential

energy eV (where e is the charge of the electron), which translates into a momentum

P = MU =/ 2m,eV. (2.2)

Accounting for relativistic effects, which become important for accelerating voltages

of 100 kV and above, the wavelength associated with the electron then becomes

%= h | (2.3)

\/ZmoeV (1 + 2:;‘;2)

with ¢ being the speed of light. Even for small voltages electrons can already achieve

wavelengths on the same order of magnitude as X-ray radiation, and that are compa-
rable to atomic dimensions (e.g., at V' =50 V, A =0.17 nm). Increasing the electron
velocity shrinks furthermore the wavelength (e.g., A = 0.010 nm and 0.003 nm for
V = 15 kV and 120 kV, respectively), and therefore enables imaging samples with
spatial resolution significantly better than a light-optical microscope. Thus, using an

appropriate set of magnetic lenses to deflect a beam of electrons unto a specimen,
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the different interactions of the particles with the latter can be exploited to retrieve

various information on the analyzed materials.

2.3.2 SEM Analysis

Except for three instances (Figures 2.3, 5.2, and 5.8, which were taken at the
University of Western Ontario with the assistance of Dr. Todd Simpson), all the
SEM images reported within this thesis were produced using a JEOL [103] JSM-7000F
instrument (equipped with a field emission electron gun) operated in the secondary
electron mode. Supported NW samples (i.e., the NWs still attached to the substrate
onto which they were grown) were prepared following a simple procedure adapted to

the type of imaging desired:

e For top and tilted views, a small piece (parallelogram or triangle, ~5 mm per
side) was cleaved from the as-grown substrates, always in the vicinity of the
centre in order to ensure a straight comparison between different specimens.
The crystal orientation was indicated directly on each piece by lightly scoring
it with a scribe to mark the direction of the primary flat (i.e., [0 1 1] for the
(1 1 1)B-oriented wafers that were used). Samples were then fixed, lying flat,
on the edge of a standard aluminium SEM circular stub using silver paint or
carbon adhesive tape. Placing the samples on the stub edge, with even a small
portion outside of the stub area as shown in Figure 2.5a, allowed to bring the

sample close to the electron column when the stage was tilted.

e Because 90° stage-tilting is not possible with this microscope, the same sample
as for top and tilted views could not be used for cross-sectional imaging. For
this purpose, the sample was also cleaved in the vicinity of the substrate centre,

but a parallelogram shape was enforced. It was then mounted on a modified
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silver paint NW side
U
Stub top view Stub side view Angled stub,
side view
(a) (b) (c)

Figure 2.5: Schematic illustrating the mounting of the specimen on the stub for SEM
characterization. (a) For top and tilted imaging; (b) for cross-sectional imaging; (c)
alternative approach for cross-sectional imaging using an angled stub.

stub containing a notch to secure the piece in a vertical position using silver

paint, as illustrated in Figure 2.5b.

e While this latter method for cross-sectional imaging worked well in the majority
of cases, specimens with shorter NWs (e.g. short growth duration), and /or lower
surface density, were often affected by significant background noise caused by
the secondary electrons emitted from the stub and/or the silver paint. An
alternative approach, depicted in Figure 2.5¢, allowed us to improve the quality
of the images. The sample was mounted flat, using silver paint, on an angled
stub (e.g., 30° or 45°) with a straight edge tangential to the latter. Once in
the microscope the stage was tilted by an amount sufficient to bring the sample
vertical (e.g. by 60° for a 30° stub, or 45° for a 45° stub). Many thanks go to

my colleague Subir Ghosh for this latter recommendation.

For top view imaging, the stage was always first rotated so that the top of the
viewing screen was parallel to the primary flat. This ensured uniformity in the orien-

tation of all the images produced, and prevented any confusion, notably with regards
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to the identification of the NW sidewall facets. An intermediate accelerating volt-
age of 15 kV, coupled to a short working distance (on the order of 4 mm), yielded
the optimum results for this type of imaging. Notably, a clear illustration of facet
transition (as the image in Figure 3.6 taken at a magnification of 250,000X) could be
established under these conditions, while lower voltage and/or probe current often

resulted in noisy images.

The scenario was different for tilted and cross-sectional imaging. Due to the small
lateral dimension of the NWs (typically under 100 nm in diameter), very energetic
electrons can easily go through the structures. The accelerating voltage was then
reduced in order to get a balance between resolution and noise. A good compromise
was found at a value of around 4 kV (working distance ~4 mm) for cross-sectional
views, and 3 kV (working distance ~4 mm) for tilted views. Note that a careful
alignment of the beam and stigmators was always necessary to optimize the image

quality in all the above scenarios.

SEM images were often used for quantitative purposes, with the dimension of the
features (NWs, seed particles) directly measured on the micrographs using the scale
marker digitally generated by the software controlling the instrument. Note that for
tilted views a correction needed to be applied to obtain an accurate measurement
of the NW height due to the foreshortening effect [104], which does not occur when
the electron beam is perpendicular to the feature being scanned (as in the cases of
top and cross-sectional imaging). As illustrated in Figure 2.6 for a specimen tilted
by an angle # with respect to the beam, the scan excursion ¢ on a NW that grew
perpendicular to the substrate surface (i.e., growth done on a (1 1 1)B substrate)
is shorter than the actual NW H,,. The length measured on the micrographs must

therefore be corrected by a geometrical factor to obtain the correct value:
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Figure 2.6: Schematic illustrating the correction to be applied for measurement of
tilted specimens from SEM micrographs.

NW length measured on micrograph ¢

Actual NW Height H,, = -
sin @

(2.4)

2.3.3 TEM Analysis

In contrast with the SEM technique which allows for the inspection of surface
features of a specimen via the collection of secondary electrons, thus enabling the
collection of generic information on morphology such as the growth orientation of the
NWs and their dimension, the more energetic electrons (>100 keV) generated in the
TEM column can be transmitted through the specimen of interest, provided it is thin
enough (i.e., <200 nm). Moreover, if the solid is crystalline, the electrons will be
diffracted by the various atomic planes of the structure (similar to Bragg diffraction
observed with X-rays). Collecting and focusing these transmitted electrons will thus
allow the formation of an image containing structural details about the specimen, so

defects, when present, will notably be visible.
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Because the structures of interest (the NWs) were typically thinner than 100 nm,
any mechanical polishing and ion milling required in a standard sample preparation
procedure were not necessary in our case. Instead, the NWs were broken off the
surface of the underlying substrate by putting a specimen in a small vial, adding
acetone, and sonicating for 1-2 minutes. A small volume (~20 pl in total, by drops
of 5 ul) of the solution was then typically transferred onto a standard TEM copper
carbon holey grid using a mechanical micro-pipettor (Cole-Parmer [105], model #
EW-21600-62). The size of the piece and quantity of acetone varied depending on the
NW density on the substrate surface, but was chosen to result in good density and
dispersion of NWs on the grid after solvent evaporation. The grid was then mounted

on a double-tilt stage for characterization.

A Philips CM12 conventional TEM (CTEM), operated at 120 kV, was primarily
used to quantify the number of defects (stacking faults) in the NWs. Note that prior
to proceeding to the imaging itself, the specimen was carefully tilted so the electron
beam was parallel to a (2 1 1 0) direction of the NW crystal being investigated (the
zone axis alignment). This adjustment was critical for the accurate characterization
of the NW, since a misalignment would result in a distorted representation of the
stacking faults (as, for example, is illustrated in Figure 2.7a). Due to the nature of
the crystal and its defects, a stacking fault could even completely “disappear” [106]
if the specimen was aligned on a (I 1 0 0) zone axis (as is shown in Figure 2.7b, with
the corresponding selected area electron diffraction patterns in Figure 2.7c). This is
due to the fact that under that particular condition the atom stacking of the wurtzite
crystal (the structure of the NW) is identical to the one of the zincblende crystal (the

stacking fault structure), so no contrast can be distinguished.

Each NW was typically imaged, in bright field condition, in multiple segments

at a magnification of 100,000X, and picture stitching was subsequently performed
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(b) <2110>
zone axis

<1100>
zone axis

20 nm y 20 nm

(c)

Figure 2.7: Effects of not aligning the NW on the proper zone axis for TEM char-
acterization. (a) NW not on zone axis compared to proper alignment; (b) stacking
faults “disappearing” as a result of aligning to an improper zone axis; (c) selected
area electron diffraction patterns for the two zone axes in (b).
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to obtain a global image of the structure. In all cases an objective aperture was
inserted in the back focal plane, blocking all scattered electrons but the transmitted
beam, thus enhancing the contrast of the image. To obtain the stacking fault linear
density (i.e., number of stacking fault per unit length in the NW), faults were counted

manually on the TEM micrographs directly.

The nature of the crystal defect was further investigated using a JEOL JEM-
2010F high resolution TEM (HR-TEM), equipped with a field emission electron gun,
and operated at an accelerating voltage of 200 kV. Lattice-resolved images were dig-
itally recorded, and analyzed using the DigitalMicrograph software [107]. All the
images obtained with this instrument, and presented in this thesis, were produced by

instrument specialists Mr. Fred Pearson and Dr. Nadi Braidy (for Section 5.2).

2.3.4 Energy-Dispersive X-Ray Spectroscopy

To complement the structural (external and internal) information acquired by
the two imaging techniques described above, it was at times necessary to determine
the chemical composition of the specimen studied, notably for the analysis of the
seed particle (as, for example, in Section 2.1) and heterostructure NWs (Chapter 5).
Fortunately, some of the phenomena taking place when electrons interact with matter
enable to identify the elements present in the specimen, so this analysis can often be

combined with imaging.

Upon entering the specimen, a primary energetic electron has a probability to
be inelastically scattered by an inner-shell electron (e.g. K- and L-shell) of the host
materials, thus ejecting the latter to a higher-energy orbit, and creating a vacancy
in the inner shell. The atom remains in this excited state for a very brief amount of

time (~ 107 s), during which another atomic electron from a higher level makes a
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downward transition to fill this vacancy. One of the possible processes that can take
place during this relaxation is the emission of a photon (X-ray) with an energy equal
to the difference in binding energy between the upper and lower levels [108]. Since
each element in the periodic table exhibits a unique set of X-ray spectral lines, the
previous emission process serves to clearly identify the materials being probed. A
spectrum of the emitted X-rays can thus be generated using a dispersive device to
distinguish the photons based on their energy. This is the process at the origin of

energy-dispersive X-ray (EDX) spectroscopy.

Within the framework of this thesis, the technique was used primarily with the
JEOL 2010F, in scanning TEM mode, for linescans or elemental mapping to determine
the location of interfaces in heterostructure NWs. Point measurements were also used
for the compositional analysis of the seed particles. All results were quantified with

the INCA software [109].
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Chapter 3

Growth of GaAs Nanowires

3.1 Overview of Growth Mechanisms

In this section we present a systematic study of the morphology and kinetics of
GaAs NWs grown on GaAs (111)B substrates in a GS-MBE system. Our observations
show that the diffusion of adatoms from the 2D surface (substrate) to the tip of the
wires is the main mechanism driving the axial growth of these structures for seed
particles having a diameter smaller than a certain critical value (in the 105-180 nm
range, depending on the growth conditions). For seed particles diameters larger
than this critical value, a second growth regime takes over, dominated by the direct
impingement of materials on the particle. The observation of this latter regime was
for the first time reported by us in the Journal of Crystal Growth [54]. In addition,
the change in sidewall facets with the variation of the growth conditions is discussed.
Note that the results reported in this section represent our very first attempts at NW
growth, and were obtained with a different GS-MBE system, now decommissioned,
than the one used for the remainder of this thesis. Therefore, the temperature values
quoted are to be taken within the context of this section only, as subsequent growths
performed with the SVT system now in use within the department (and for the
remainder of this thesis) suggest a discrepancy in temperatures on the order of 50°C
when comparing NW morphologies (e.g. a temperature of 550°C in the old system

corresponds to 600°C in the SVT system).
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3.1.1 Experimental Details

Substrates of GaAs (1 1 1)B were first submitted to a 20-minute UV-ozone treat-
ment in order to remove any contamination from hydrocarbons, and grow a sacrificial
layer of oxide. After etching in a 10% buffered HF solution for 30 seconds and rins-
ing with deionized water, the samples were transported in ambient air to an e-beam
evaporation system, where a 4.5 nm-thick film of Au was deposited, as measured by a
quartz crystal thickness monitor. The samples with Au deposit were then transferred
in ambient air to the GS-MBE growth chamber. Before the actual growth, the Au-
covered substrates were heated to a temperature of 600°C for 5 minutes under an As,
flux to form Au-Ga alloyed nanoparticles on the surface. Simultaneous desorption
of native oxide was enhanced by the use of a hydrogen electron cyclotron resonance
plasma source. After oxide removal and Au nanoparticle formation, the temperature
of the substrate was set to the desired value, and the Ga shutter opened to initiate
the NW growth. The dependence of the growth temperature on the morphology of
the NWs was investigated by three growths carried out at 500°C (Growth #4388),
550°C (Growth #4387), and 600°C (Growth #4386), with a constant V/III flux ratio
of 1.5 (referred to as growths A, B, and C, respectively). All growths were performed
at a nominal 2D rate of 1 monolayer/second (ML/s), i.e., 0.28 nm/s, for a duration

of 30 minutes.

After the growths, all samples were characterized by SEM in the secondary elec-
tron mode. The diameter of the seed particles, and the height of the NWs were
obtained by measuring ~150 particles and NWs for each growth directly on the SEM
images. The reported heights represent the visible part of the wires, above a 2D layer
that grew simultaneously on the non-activated surface (i.e., those areas not covered by
Au particles). The reported measurements for the wire height include any correction

necessary to account for sample tilt during the SEM imaging.
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Figure 3.1: 30° tilted (a — ¢) and top view (d — f) SEM images of Au-seeded GaAs
NWs grown at constant V/III flux ratio of 1.5 and temperature of: (a,d) 500°C, (b,e)
550°C, and (c,f) 600°C. The length bars indicate 500 nm; the axes indicating the
crystalline orientation in (d) are the same for (e, f), and correspond to the substrate
orientation as provided by the wafer supplier.

3.1.2 Results

Tilted and top views of the post-growth surfaces are shown in Figure 3.1. All the
wires grew normal to the surface, along the [1 1 1] direction, which is the energetically
favorable orientation for semiconductor NWs grown by the VLS mechanism [22]. The
presence of Au at the top of the NWs was confirmed by EDX, verifying that the wires

grew by the metal-assisted process described in Chapter 1.

SEM characterization further revealed that the wires are tapered when grown at
low temperature (500°C). This is most evident for wires with particle diameter below
~125 nm. Note that only the top part of the wire, close to the Au particle, was
tapered. The lower part, while wider than the top, appeared to be very uniform.

When the temperature was raised to 550°C or above, the tapering vanished, resulting
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Table 3.1: Critical diameters and diffusion lengths for the various growth conditions.

Sample Growth Temperature D2 Dojb A€ Asw®
S nm nm %103 nm x10% nm

A 500 125 50 4.5 7.0

B 550 180 70 7.5 10.0

C 600 105 Mixed, 4.5 7.0

or no facets

2 critical diameter for the transition in growth behavior shown in Figure 3.2.

b critical diameter for the transition in faceting as explained in the text.

¢ As and Ay, are the diffusion lengths on the substrate and sidewalls, respectively,
used to fit the experimental data (solid curves in Figure 3.2).

in wires that had a filamentary shape with nearly uniform diameter along their entire
length. Roughness of the surface surrounding each wire was observed, indicating that

2D growth occurred simultaneously with the Au-assisted process.

The height H,, of the NWs was measured, and plotted as a function of the seed
particle diameter D in Figure 3.2. Two distinct growth regimes can be identified
from the curves, depending on the size of the particle. For particles with diameter D
smaller than a certain critical value D,;, the average growth rate of the wires decreases
with increasing D. These D,;’s values are summarized in Table 3.1. A fitting on a log-
log plot of the data (not shown) in the D < D,; region of the curve clearly indicates
a 1/D dependence of the wire height H,. The solid curves in Figure 3.2 are fits
to the experimental data, and will be discussed in the next section. For D > D,;
the situation is reversed, and wires originating from the larger particles grow slightly

faster. This trend is emphasized by the dashed lines (guides to the eye) in Figure 3.2.

From the plan view images in Figure 3.1d — f, it is clear, especially in the case of
500°C, that the growth gives rise to different wire sidewall facets. The facets were
predominantly {1 1 0} for seed particle diameters below a certain critical diameter,

D,;, and predominantly {2 1 0} above this critical diameter. Table 3.1 gives this
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Figure 3.2: Height of GaAs NWs as a function of the seed particle diameter for a
V/III flux ratio of 1.5 and substrate temperature of (a) 500°C, (b) 550°C, and (c)
600°C. The solid curves are fits to the data as explained in the text. The dashed lines

are guides to the eye.
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critical diameter, D,;, at which the change in faceting occurred for each of the growth
conditions. As the growth temperature increased, the faceted wires were increasingly
intermixed with wires having sidewalls of both types ({1 1 0} and {2 1 0} planes), or

wires in which no facets at all could be discerned (cylinder-like wires).

3.1.3 Discussion

The growth of the wires may be sustained by adatoms supplied via three pathways,
as previously presented by Bhunia and co-workers in the case of MOVPE growth of
InP NWs [110], and shown in Figure 3.3. Pathways (a) and (b) result from the direct
impingement of the growth species on the seed particle. In (a), the species diffuse on
the surface of the Au particle in a “random walk” manner until they either desorb
or encounter the growth interface. At this point, the adatoms may incorporate into
the wire crystal via diffusion along the particle-wire interface. Pathway (b) consists
of the bulk diffusion through the Au particle. Finally, the third source of materials
(pathway (c)) consists of the growth species impinging on the substrate surface, which
may diffuse in a “random walk” manner to the base of the wires, then along the wire
sidewalls up to the growth interface. Once again, the adatoms will either incorporate
in the crystal by diffusing along the particle-wire interface, or continue their walk on
the surface to eventually desorb or diffuse in the Au particle. In this latter scenario,
it is assumed for simplicity that the beam of impinging atoms is perpendicular to
the substrate surface, which is sufficient for the purpose of the present discussion.
A more generic and realistic description, accounting for a beam impinging with a
certain angle (due to the geometry of an actual MBE system), will be considered in

Chapter 6 within the framework of an analytical model to describe the growth.
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Figure 3.3: Mass transport mechanisms of growth species to the Au-wire interface:
(a) direct impingement on the Au particle, followed by diffusion on its surface; (b)
direct impingement on the Au particle followed by bulk diffusion through the Au;
(c) diffusion on the 2D surface then along the wire sidewalls, in a “random walk”
manner.
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The dependence of the wire height with the diameter of the seed particle is now
discussed according to the three mass transport mechanisms presented above. For
Au particles with diameters D smaller than a certain critical value D,; (see Table 3.1
for numerical values), the wire height H,, varies as 1/D. This regime appears to have
been first observed experimentally by Schubert and co-workers for the MBE growth of
Si NWs [53], and was subsequently modeled by Dubrovskii and co-workers [56]. The
third mass transport mechanism (Figure 3.3c; diffusion from the substrate surface) is
predominant in this range of particle diameter. The idea of adatoms diffusing on the
sidewalls of the wire up to the tip, and yielding a 1/D behavior of wire height, has
been well established for over five decades now, and was first described by Sears [8].
Ruth and Hirth later elaborated a model that includes adatom exchange with the
substrate, and obtained an analytical expression relating the growth duration ¢, the

NW height H,, and its diameter D (Equation 35 from Reference [12]):

4\2 D V2 (4/\sw - ﬁD) V2
t= L In|cosh | —H, | + { —————— | sinh | —H,,
V21(16)2, — D?) [ (Asw ) 4050 + D Asw

D*H,,

~ I(16Asw? — D?)’ (3.1)

where I is the net impingement current on the the NW tip (in nm/s), Ay, is the
adatom diffusion length on the sidewalls (in nm), and £ is the parameter that accounts
for the above mentioned adatom exchange (As being the adatom diffusion length on

the substrate surface):

A K. (vV2D/2),)
7= (52) {m} - B3

Our data is well described by this latter model, as represented by the solid curves

in Figure 3.2. These fits used the diffusion length values from Table 3.1, which
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are consistent with typical adatom diffusion lengths measured elsewhere [111,112].
In addition, to successfully fit the model to the data, it was necessary to assume
that growth by bulk diffusion was negligible (as represented by the variable I in
Equation 3.1: I <2 x 1077 um/s for the fits in Figure 3.2). This latter condition
reinforces the assertion that growth of the wire by bulk diffusion (pathway (b)) is
negligible in the regime D < D,;. Indeed, Wang and Fischman [113] showed that

mass transport by bulk diffusion is negligible for sufficiently small particle diameters.

The D < D,; regime clearly bears the signature of diffusion from the 2D surface
then up to the wire tip with incorporation occurring at the Au-wire interface. The
absence of tapering, coupled with an optimum growth rate, at a temperature of 550°C
and V/III flux ratio of 1.5 indicates that adatoms impinging on the 2D surface under
these conditions may optimally diffuse up the wire to reach the growth interface. The
tapering (or radial growth) observed when lowering the growth temperature (500°C)
in the D < D,; range can be attributed to a lower diffusivity of the adatoms on the
substrate and sidewalls consistent with the diffusion lengths reported in Table 3.1.
Raising the substrate temperature to 600°C increases the probability of desorption
(lower mean surface residency time before desorption), again resulting in shorter
diffusion lengths and lower wire heights. Normally, as in the case of 2D film deposition,
the NW growth is assumed to be limited by the arrival rate of group III adatoms with
any excess group V species desorbing. But as will be further explored in Chapter 4,
both axial and radial growth can be controlled via the adjustment of the nominal

V/III flux, thus suggesting a group V stabilized mechanism.

Unlike the case of CBE where the diffusion of the group V species is considered
negligible [114], it appears necessary for the GS-MBE growths to take into account
the diffusion of both group III and V species. Examination of the data presented

in Figure 3.2 provides strong indication in favor of this argument. For instance, for
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the three growths presented here that were conducted with a V/III flux ratio of 1.5
and a nominal 2D growth rate of 0.28 nm/s (i.e., ~1 pm/h) for a duration of 1800
seconds (0.5 hour), this would mean that, neglecting desorption, direct impingement
would provide enough As for NWs up to 750 nm high at most. However, wires that
exceeded, and were even almost twice as tall as this limit were measured, leading us
to conclude that growth of the wires must arise from diffusion of both Ga and As,. A
complete model of the NW growth should therefore include a consideration of both

group III and V diffusion.

As the diameter of the Au precursor exceeds D,;, the contribution from the 2D
surface diffusion decays (solid curves in Figure 3.2), and a transition in the growth
process appears to take place. This particular transition had not been observed in
any MBE studies [53,56] published thus far, and was for the first time reported by us
in the Journal of Crystal Growth [54]. Due to the 1/D dependence of the wire height
in pathway (c), it is reasonable to assume that direct impingement on the particle
becomes the main source of materials to sustain the growth in the D > D,,; regime.
In this case, the growth of the wires by pathway (a) may be expressed as [53]:

2
(%) % == (2rD), (3.3)
where ~ is a constant independent of the diameter or growth time. Alternatively,

growth may occur by pathway (b) and be expressed as:

7D?\ dH, wD?
(N A
<4>dt 7(4)’ (34)

where 7/ is similarly independent of diameter or growth time.

Accordingly, one would expect a wire height, or growth rate dH,,/dt, that varies

inversely with D (Equation 3.3) or is independent of D (Equation 3.4). While not
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totally accurate, our measurements most closely resemble a growth law that obeys
Equation 3.4. Indeed, growth by bulk diffusion is expected to dominate with in-
creasing particle diameters [113]. However, as D increases, the wires appear to grow
slightly taller in our case (dashed lines). This could be attributed to multiple fac-
tors. For one, an increase of H,, with D is typical of wires grown by chemical vapor
deposition (CVD), and as such was first reported and modeled by Givargizov and
Chernov [17]. The authors then based their derivation on the Gibbs-Thomson effect,
caused by the finite curvature of the wire. A generalization of this model, which also
includes considerations on nucleation-mediated growth, was more recently proposed
by Dubrovskii and Sivirev [52]. It is then conceivable that the increase of H,, observed
in the D > D,; regime be associated with the transition from a mononuclear growth
mechanism to a polynuclear one under the Au particle as D increases, coupled to
the Gibbs-Thomson effect. Note that since our first report on this second regime,
Dubrovskii and co-workers elaborated a model predicting this behaviour [59], and

even succesfully fitted our 500 and 550°C data [60].

The observed differences in sidewall faceting were initially thought to have their
origin in the crystalline structure of the wires. For instance, Persson and co-workers
in their CBE growth study [114] identified the {1 1 0} facets with the zincblende
crystal structure. It was then believed, prior to any TEM analysis, that the observed
{2 1 0} facets were actually the {1 1 00} surfaces of the wurtzite structure. The
absence of facets, which prevailed in growth C could be the result of alternating
layers of the two crystal structures (i.e., zincblende and wurtzite intermixed due to a
rotating twin at a (1 1 1) plane of the zincblende structure, as proposed by Hiruma
and co-workers [115]). Subsequent time-dependence studies (as the ones discussed in

Sections 3.2 and 6.3.2) however revealed that facets form when the NW exceeds a
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certain height, and that initially it has a circular cross-section (as was also discussed

in Reference [90]).

Our analysis also indicated a possible dependence of the facet type with the diam-
eter of the NW. Table 3.1 presents the diameter at which the sidewall facets changed
from {1 1 0}-type (< D,;) to {2 1 0}-type (> D,;). Comparison of D,; with D,; in
Table 3.1 indicates that the facet transformations appear unrelated to the change in
growth pathway. D,; is always less than D,,;, meaning that the facet transition takes
place under conditions where growth by surface diffusion (pathway (c)) dominates.
As will be clarified in Section 3.2, and further emphasized in Chapter 4, the initial
assumption of sidewall facet types being associated with the crystal structure proved
to be wrong. Instead, the sidewall facet types are associated with radial growth on
the NW sidewalls. The absence of facets in growth C (Table 3.1) is related to an ab-
sence of radial growth due to the low height compared to the other two growths. To
further elaborate the radial growth of NWs, the NW height and radius were studied

for various growth durations, as elaborated in the next section.

3.2 Tapering, Sidewall Faceting and Crystal Struc-
ture

In this section we present the morphology evolution of GaAs NWs grown from
Au seed particles by GS-MBE. The crystalline structure, the onset of radial growth,
and tapering are discussed. In addition, we elaborate a qualitative growth model to
describe our results. The essential of the text was published in the Journal of Crystal

Growth [80].
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3.2.1 Experimental Details

Si-doped (carrier concentration 1.6-2.3 x 10 ¢cm™2) (1 1 1)B-oriented GaAs sub-
strates (AXT Inc. [91]) were first submitted to a UV-ozone cleaning treatment in order
to remove any hydrocarbon contamination. The resulting protective oxide layer was
etched by dipping the substrates in a commercial 10% buffered HF solution for 30
seconds, and subsequently rinsing under flowing deionized water for 10 minutes. Fol-
lowing the surface preparation, the substrates were then immediately transported in
ambient air to an e-beam evaporator system to deposit a 4 nm-thick film (as measured
by a quartz crystal monitor) of Au at room temperature. For the synthesis of Au
nanoparticles and growth of NWs, the substrates were transferred to the GS-MBE
system (SVT Associates Inc. [101]). The substrates were initially degassed for 15
minutes at a temperature of 300°C. In the growth chamber, oxides were desorbed by
heating the substrates to a temperature of 525°C while submitting them to a hydro-
gen plasma from an inductively coupled plasma source for 10 minutes under an As
flux. Growth of NWs was initiated by opening the Ga shutter (atom flux yielding
a 2D growth rate of 0.28 nm/s), with the As, flux set to a nominal V/III flux ratio
of ~1.5, and the substrate temperature kept at a constant value of 525°C. These
conditions were maintained for durations of 3 (Growth #311), 10 (Growth #312),
30 (Growth #264), and 40 (Growth #313) minutes in four separate growths, after
which the substrates were cooled under the As, flux, and brought back to ambient

conditions.

Characterization of the resulting NWs was performed using a JEOL JSM-7000F
field emission scanning electron microscope (FE-SEM) operated at 5 kV (for tilted
views) and 15 kV (for top views) in the secondary electron mode to obtain information
on surface density (number of NWs per unit area) and morphology (growth orienta-

tion on the substrate, height, faceting orientation). Crystal structure was investigated
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using a Philips CM12 conventional transmission electron microscope (CTEM) oper-
ated at 120 kV for bright field imaging and selected area electron diffraction (SAED),
while a JEOL JEM-2010F high resolution TEM (HR-TEM) operated at 200 kV was
used for lattice resolved imaging. For the TEM analysis, the NWs were broken off
the surface of the substrates by putting a specimen in a vial, adding acetone, and
sonicating for 1-2 minutes. A small volume (~20 pl) of the solution was then pipetted
onto a standard TEM copper carbon holey grid, resulting in NWs being dispersed

after solvent evaporation.

3.2.2 Results

The specimens were first characterizéd by SEM and CTEM to determine the mor-
phology of the NWs. Typical tilted views of the surfaces after a 3-, 10-, and 30-minute
growth are shown in Figures 3.4a — c, along with TEM images of representative NWs
from each specimen as insets. In the case of the 40-minute growth (not shown), the
NWs exhibited similar morphologies as the ones obtained after 30 minutes. Consistent
with the results presented in Section 3.1, the NWs grew predominantly perpendicular
to the substrate surface, along the [1 1 1]B direction. For the longer growths (30 and
40 minutes) a minority of NWs grew at tilted angles, but no preferential orientation
could be established. It is also evident that the conditions selected for the longer
growth durations favored a strong tapering, which was isolated near the NW tip.
This is illustrated in the inset of Figure 3.4c, and is most noticeable for the NWs that

were seeded from Au particles smaller than 50 nm in diameter.

The dependence of tapering on Au particle diameter is further emphasized by the
inset of Figure 3.4b for the 10-minute growth sample, where two types of structures,

rod and taper-shaped NWs, could clearly be identified. The tapering was quantified
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Figure 3.4: 45° tilted view of GaAs NWs grown on a GaAs (1 1 1)B substrate for
(a) 3, (b) 10, and (c) 30 minutes at a temperature of 525°C and V/III ratio of ~1.5.
The insets are TEM images illustrating the typical morphology of the NWs from each
specimen.

using a series of SEM images such as the ones in Figure 3.4, by introducing a “tapering
ratio”, defined here as the ratio of the NW diameter at its base to that at its tip.
Measurement of the wires was performed manually, directly on the tilted-view images,
without any discrimination of morphology (i.e., tapered and non-tapered). These
ratios are shown in Figure 3.5 as a function of the Au seed particle diameter D, where
each data point represents a NW. After only 3 minutes of growth some tapering can
already be observed. For the longer growths, note that the “tapered” characteristic
refers essentially exclusively to “pencil-shaped” NWs (referring to the fact that the
taper is isolated near the tip), as no other types of tapered structures were observed
(e.g cone-shaped). As is emphasized in Figure 3.5, and will be further discussed in
Chapter 5, there is a strong relation between tapering and the size of the particle. In
general, smaller seed particles mean stronger tapering, while larger ones yield more
rod-like structures. The observed range of tapering ratio for a given seed particle size
is attributed to the non-uniform particle distribution associated with the synthesis

method (annealing of Au thin film). While the relative position of the particle on
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the substrate has a direct influence on the axial growth rate of the NWs (the adatom
collection area is not constant for all wires), and thus indirectly on the radial growth

rate, the overall growth mechanism however remains the same.

Faceting of the NW sidewalls was characterized by top view SEM imaging (results
not shown here). In the case of the shorter growths (3 and 10 minutes) the type of
facets was not always clearly discernable, and in the majority of cases the NW-cross
section appeared circular. When facets were present (most notable for the 10-minute
growth), a predominance of {2 1 1}-oriented ones could be established by reference
to the substrate primary and secondary flats. On the other hand, for the 30- and 40-
minute growths, sidewalls with clear hexagonal facets were observed, predominantly
{11 0}-oriented for D < 200 nm, while the larger diameter wires (D > 200 nm) often
did not exhibit a clear orientation. Of particular interest is the case of strong tapering
where we limit the scope of the current study to NWs with tapering ratio greater than
5, and that exhibit the {1 1 0}-oriented facets. Figure 3.6 shows such a NW, with
Au seed particle of D =~ 8 nm and grown for 40 minutes. Similar morphology was
observed for the 30-minute growth. Two sets of facets can clearly be distinguished.
While the wire base (outer diameter) has the predominant {1 1 0} facets mentioned
above, a series of discrete layers can be distinguished in the tapered region as we move
toward the NW top, where the seed particle is positioned. These layers frequently

exhibited the {2 1 1}-oriented facets, as the image in Figure 3.6 shows.

From the same top view images used for faceting identification, we concluded the
SEM characterization by estimating the density of NWs on each sample. Once again,
the measurements were manually performed directly on the images, and accounting
for every seed particle that was visible, regardless of the underlying NW morphology.
The results are summarized in Figure 3.7, which shows the density plotted as a

function of the seed particle diameter for the 3-, 10-, and 40-minute growths. A shift
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Figure 3.5: Tapering ratio (defined as the ratio of NW diameter at the base to that at
the tip) as a function of the Au seed particle diameter D for various growth durations.
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Figure 3.6: Top view SEM of a 40-minute grown GaAs NW on a GaAs (1 1 1)B
substrate, revealing the transition in the sidewall faceting between the base and the
tip. The axes indicate the wafer orientation defined by the substrate flats, and the
dotted hexagons emphasize two of the inner facets.
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Figure 3.7: Size distribution of seed particles after 3, 10, and 40 minutes of growth.

in the distribution toward smaller particle diameter is observed as the growth evolves

over time. This will be further discussed in the next section.

To investigate the nature of the tapered structure of the NWs, and simultaneously
collect additional information toward an understanding of the NW growth mecha-
nisms, further characterization by TEM was performed. A HR-TEM image from the
30-minute growth is shown in Figure 3.8a for the tapered region of a NW having
a seed particle of D ~ 15 nm. SAED measurements performed in this region (not
shown) clearly indicated that the crystal has the wurtzite structure with growth di-
rection along [0 0 0 1]. The lines intersecting the diameter of the NW, indicated by
the arrows in Figure 3.8a, are stacking faults frequently observed in NW growth. In a

manner similar to what was observed in the case of GaP-GaAsP NWs (which will be
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discussed in Chapter 5), it appears that faults generally coincide with surface steps
on the sidewall surface. Furthermore, the characteristic ABAB atomic stacking of
the wurtzite crystal structure along the [0 0 0 1] direction (the NW growth direction)
can be distinguished in the regions separating each fault, as confirmed by performing
Fast Fourier Transform (FFT) analysis of the image (not shown). From the atomic
stacking observed in the image, the faults appeared to consist of only a few layers

(~3) of atoms.

Next we compare the situation described above for the NW tip to that at the
base of the NW. As previously observed in the inset of Figure 3.4c, the uniformity
of the diameter in the base region of the NW is notable. Also notable is the higher
density of stacking faults at the NW base as compared to the top, as illustrated by the
HR-TEM image of a 30-minute grown NW taken near the base in Figure 3.8b. The
linear density (number of faults per unit length) of stacking faults was on the order
of 0.2 nm™! in the base region, compared to ~0.04 nm~! in the vicinity of the tip.
The principal diffraction spots in the SAED pattern measured near the base, shown in
Figure 3.8¢c, confirmed that the dominant crystal structure of the NW base is wurtzite,
identical to the NW tip. However, significant streaking of the diffraction spots along
the growth direction is present due to the stacking faults. A series of satellite spots,
spread between consecutive principal diffraction spots, appears superimposed on the
basic wurtzite pattern, indicating a local periodicity in the stacking faults along the

growth direction.

3.2.3 Discussion

As emphasized by the SEM and TEM characterization shown in Figure 3.4, and

the measured tapering ratios plotted in Figure 3.5, the growth conditions favored
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. ,# Growth

¢ Direction.’

Figure 3.8: (a) Lattice-resolved HR-TEM image in the vicinity of two stacking faults
in the tapered part (near the seed particle) of a 30-minute grown GaAs NW. The solid
arrows indicate the location of surface steps, which appear to coincide with stacking
faults. (b) HR-TEM image near the base of a 30-minute grown NW, illustrating the
local pseudo-periodicity of stacking faults. (c) SAED pattern obtained near the base
of a NW, revealing its fine structure. The latter is representative of the wurtzite
crystal structure along the (1 1 2 0) zone axis.
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a tapered NW morphology. For the two longest growths reported in this study, it
is important to notice that the NW diameter is essentially constant up to a certain
height from the NW base, and then reduces rapidly near the tip. We previously
observed this characteristic morphology in GaP-GaAsP NWs (which will be discussed
in Chapter 5), and from these observations we proposed that radial growth occurs, at
some expense of axial growth, via the layer-by-layer and step-flow growth modes on
the NW sidewalls similar to that for conventional 2D film growth [116]; i.e., nucleation
on the sidewalls leads to island formation followed by the adsorption of adatoms at
atomic steps along the island perimeters, resulting in a layer-by-layer radial growth
of the NW. The observation of surface steps and ledges in the tapered region of the
NW in Figure 3.8a suggests that, once significant radial growth has been initiated,
a step-flow growth mode takes place in the tapered region. Adatoms diffusing along
the NW sidewalls that reach the tapered region will preferentially incorporate at the
step edges in a manner similar to vicinal film growth [116]. This process appears
to occur at a fairly early stage of the growth under the conditions that were set, as

observations made after only 3 minutes in Figures 3.4 and 3.5 suggest.

We focus now on the strongly tapered NWs obtained from the longer growths
(30 and 40 minutes), where a transition in the sidewall faceting near the NW tip is
clearly observed (Figure 3.6). Note that for the remainder of this discussion we shall
adopt the 4-digit indexing notation for hexagonal crystals, since our TEM and SAED
analysis showed that the NWs have the wurtzite crystal structure. The [0 1 1] and
[2 1 1] axes given in Figure 3.6, corresponding to the orientation of the wires relative
to the zincblende substrate, thus correspond to [1 2 1 0] and [1 0 1 0], respectively,
in the hexagonal lattice. Essentially all the NWs in the size range of interest (i.e.,
D ~< 40 nm) have {2 1 1 0}-oriented facets at their base. However, as the NW tip

is approached, a series of layers with different facet orientations appear. These are
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associated with the tapered part of the NW, and indicate that the latter evolves in
a “digital” manner. Furthermore, the radial boundary of each layer corresponded to
a step on the sidewall, which was confirmed by the TEM analysis, and shown for a
typical NW in Figure 3.8a. The sidewall facets of the layers closest to the Au particle
generally exhibited {I 1 0 0}-oriented sidewalls. These evolved toward the {2 1 1 0}
sidewalls of the NW base due to radial overgrowth. We previously speculated (as
was discussed in Section 3.1) that sidewall faceting could be linked to the crystal
structure. However, the SAED analysis that was performed suggests otherwise. The
identical crystal structure, namely the wurtzite phase of GaAs, was obtained for both
the base and tip region of the NW regardless of the different sidewall facet orientations
in these two regions, in agreement with other reported MBE-grown GaAs NWs [117,
118]. Instead, the transformation of the {1 1 0 0} planes into {2 1 1 0} planes as
the growth proceeds is believed to be the result of their instability, similar to the
transformation from {2 1 1} surfaces into {1 1 0} surfaces observed for planar MBE
growths [119,120]. Fabrication of heterostructures with core-shell geometry could then
require a better understanding of the global growth mechanisms, as a detailed study
performed by Skold and co-workers showed for the AllnP-GaAs materials system,
and where phase segregation occurred in certain areas of the NW cross-section [121].

These authors also observed a similar facet transformation.

NW tapering occurring in MBE growth was previously discussed by Harmand and
co-workers [122], and its origin was attributed by these authors solely to the size re-
duction of the seed particle arising from the lowered Ga supersaturation at the end of
the growth. Another tapering mechanism may occur via migration of Au on the NW
sidewalls and the substrate, giving rise to particle coarsening as was previously de-
scribed in the case of Si NWs grown by low-pressure chemical vapor deposition [123].

On the basis of the present work, we believe that the diffusion-limited layer-by-layer
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radial growth should also be considered, and moreover dominates under the growth
conditions used in this study. If lowered Ga supersaturation or Au coarsening were
the only factor contributing to tapering, then the tapering ratios reported in Fig-
ure 3.5 would suggest that the seed particle was significantly larger before the onset
of tapering. For example, Figure 3.5 indicates that a typical 40-minute grown NW
with D =~ 15 nm (after growth) would have had a seed particle that was initially 10
— 12 times larger, suggesting either a considerable amount of Ga in the particle at
the onset of the growth, or a significant depletion of the Au as the growth proceeds.
Contrary to this, Figure 3.7 revealed that the peak seed particle size distribution
shifted from D =~ 30 nm after 3 minutes of growth to D =~ 15 nm after 40 minutes,
which could account for a typical tapering ratio of only 2, not 10 — 12 as observed
in Figure 3.5. This suggests that Ga depletion or particle coarsening may indeed
take place, but not to the extent required to fully explain the measured tapering
ratio. Consequently, radial growth appears to be a major contribution in the NW

morphology evolution.

The pseudo-periodicity of stacking faults was revealed in the NWs by HR-TEM
(Figures 3.8b-c), where we can clearly distinguish the ABAB atomic stacking of the
wurtzite phase, briefly interrupted by a defect before it returns to the initial ABAB
sequence. The HR-TEM images allowed us to identify the ABCABC sequence corre-
sponding to the zincblende crystal structure. The fine structure (superlattice spots)
in the SAED results of Figure 3.8c indicates a pseudo-periodicity in the stacking
faults of the NW base, similar to that observed by Xiong and co-workers for I1I-V
NWs grown by pulsed laser vaporization [124]. Note that the pseudo-periodicity in
the stacking faults evolves (spatial period becomes longer), and seems for the most
part to disappear as the growth progresses, as the two images in Figure 3.8a-b taken

in two different areas of a NW show. The presence of steps on the sidewall surface as
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we approach the tip was discussed previously in light of radial growth, but in addition
we notice that the step coincides with a stacking fault. We thus speculate that the
stacking faults constitute a barrier to adatom diffusion on the sidewalls, and act as a

preferential site for nucleation during radial growth.

The above characterization of stacking faults in the NWs, coupled to the evolution
of their morphology over time, can lead to a significantly enhanced understanding
of the NW growth history. Based on these results, we thus propose a sequential
description of the events constituting the growth of a typical NW. Our approach
is similar to what was presented in recent work on periodically twinned NWs [124,
125]. The key element in the metal-assisted growth of nanostructures is the seed
particle itself, whose role is to act as a local collector of growth species that guides
the anisotropic growth [58]. Any variation in its size and/or shape should therefore
have an impact on the crystal growing underneath. It is well established that the seed
particle is fed with growth species via two sources: direct impingement on its surface
from the surrounding vapor, and migration of adatoms that reach the particle after
diffusing on the substrate surface and along the surface sidewalls (see Section 3.1). As
suggested by the higher density of faults near the base, the particle supersaturation
is most likely subjected to fairly rapid fluctuations in the early stage of the growth,
when this double income of material is at its peak (i.e., the NW is short enough
that the adatoms within the collection area reach the particle). A possible origin for
the faults could reside in the difference between the nucleation rate at the particle-
NW interface and the diffusion of growth species through the droplet. Following the
same argument as given in Reference [125], we assume here that crystallization at the
particle-NW interface is faster than the intra-particle diffusion of the group III and

V atoms. The following steady-state sequence is thus proposed:
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(i)

(iii)

(iv)

The NW initially grows with the wurtzite crystal structure, and has a circular
cross-section. Based on some analysis done by other groups, it appears that
the wire material and growth play a major role [22,58] in the crystal structure
adopted by the NW. More recently, a thermodynamic argument based on the
location of the nucleus under the particle was also presented by Glas and Har-

mand to explain the origin of the non-stable wurtzite phase in III-V NWs [126].

As material builds up due to diffusion of growth species through the seed parti-
cle, a change in shape and surface area of the particle is induced. Such a change

was notably observed in-situ during the growth of carbon nanofibre [127].

The total energy of the system consequently increases until a certain point,
where the stored energy is released by inducing a change in the crystal structure

of the growing wire to zincblende (the stacking fault).

This change is however only momentary, as after a few monolayers of zincblende
crystal structure constituting the fault, the seed particle returns to its previous
conformation and the wire returns to a wurtzite structure. Once the NW attain
a certain height, the circular cross-section becomes hexagonal as the {1 1 0 0}
sidewall facets form. A full understanding of the facet formation has not yet
been established, beyond the fact that it is assumed to be related to the ener-

getics of the system.

The above sequence is repeated as long as the supersaturation of the seed particle

is not affected by the limited diffusion of surface adatoms, thus inducing a local

pseudo-periodicity in the formation of faults. However, as the growth proceeds and

the NW gets longer, fewer adatoms from the substrate surface reach the particle to

the profit of radial growth, and the supersaturation of the particle changes. This is

most likely accompanied by a slight diameter reduction of the seed particle as shown
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in Figure 3.7. A new steady-state regime is reached, and a similar sequence of events
as the one described above takes place. However, since the material build-up in the
seed particle depends almost solely on direct impingement, the process is slower and
thus faults form less frequently. As layers form on the sidewalls, the facets transition
from {1100} to {211 0}. It is worth mentioning that the dangling bond density
of a {110 0} surface is on the order of 11 nm~? (average between A and B surfaces,
both present on a faceted NW), while it is close to 9 nm~=2 for {2 1 1 0} (same for A

and B surfaces). This could then be at the origin of the observed transition.

3.3 Chapter Summary

The Au-assisted growth of GaAs NWs on GaAs (1 1 1)B surfaces has been inves-
tigated as a function of the temperature, and the size of the Au seed particle. Two
distinct growth regimes with different growth rate dependencies were observed when
the diameter of the particle varied from ~20 nm to 800 nm. The critical size D,; at
which this transition occurred was found to be ~105 to 130 nm depending on the
growth conditions. The height H,, of the wires originating from particles that are
smaller than this critical diameter is driven by the diffusion of the growth species
from the surrounding 2D surface up to the tip of the wire, as exhibited by the typical
H,, o 1/D dependence of diffusion-induced growth. The wire growth rates exceeded
the limit expected by the V/III flux ratio, indicating the contribution of both group
III and V species in the diffusion process. For larger particle diameters (D > D,;),
growth by surface diffusion becomes negligible and direct impingement of the growth
species on the Au particle, followed by bulk diffusion through the particle, appears
to dominate. A transition from mononuclear- to polynuclear-mediated growth under
the Au particle could be at the origin of the observed height increase with increasing

particle size.
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The time evolution of the NW morphology was also studied. Radial growth was
identified as a major mechanism contributing to the tapering observed near the tip of
the NWs, thus complementing the Ga depletion in the seed particle that was previ-
ously assumed to solely explain this morphology [122]. SEM showed that the tapered
tip exhibits different facets than the base of the wire, resulting from the transfor-
mation of the {1 100} surface into the {2 1 1 0} surface during planar growth of
the NW sidewalls. These results further support a growth model that we previ-
ously proposed (Reference [82], which will also be covered in Chapter 5), and bring
to light important considerations for the practical realization of NW-based devices.
For instance, the fabrication of heterostructures with core-shell geometry requires a
thorough understanding of the global growth mechanisms taking place, including the

radial growth described in this study.

To complement the morphological information gained on GaAs NWs, the nature
and frequency of defects in the NWs were investigated. Pseudo-periodicity of stacking
faults was observed, especially in the vicinity of the NW base. Our observations on
the NW morphology after different growth durations, coupled to the change in the
fault linear density along the wire, provided information that allowed speculation of

a possible sequence of events taking place as the growth of a typical NW proceeds.

68



Ph.D. Thesis - M. C. Plante McMaster - Engineering Physics

Chapter 4

Control of Morphology and Crystal

Structure

4.1 Introduction

Much effort has been invested in recent years toward a better understanding of
the various mechanisms operating during the growth of NWs, which is essential if one
aspires to control their structures. These studies have notably highlighted the influ-
ence of growth parameters on the NW morphology [54, 77,128]. On the theoretical
side, analytical descriptions of the process, showing good correlation with experi-
ments, have been derived [60,129]. These clearly revealed that the self-assembly of
the crystal is primarily governed by the diffusion of growth species from the sidewalls

and the substrate surface toward the NW tip.

While the effects of growth temperature have been widely investigated, much
fewer studies have been done on the role of group V species in the NW growth
process. Building on recent observations on InAs NW growths by MOVPE [42], we
investigated the effects on GaAs NWs of varying the temperature, V/III flux ratio,
and Ga impingement rate during GS-MBE growth. This comprehensive investigation
on the effects of growth parameters focuses on the morphology and crystal structure
of the resulting NWs, providing new insights on the various growth mechanisms.

The essential (GaAs results, Section 4.2) of this chapter was previously published in

69



Ph.D. Thesis - M. C. Plante McMaster - Engineering Physics

Nanotechnology [81], while Section 4.3 reports on preliminary results (unpublished)

on the InAs material system.

4.2 GaAs

4.2.1 Experimental Details

The surfaces of n-type (111)B-oriented GaAs substrates were initially prepared
following the process described in Section 3.2.1. A 1-nm layer of Au was deposited
at room temperature in an electron-beam evaporator equipped with a quartz crys-
tal to monitor the thickness. Prior to the actual GS-MBE growth, each substrate
was submitted, under ultra-high vacuum conditions, to a 15-minute degas at a tem-
perature of 300°C, followed by annealing at 550°C for 10 minutes to activate the
formation of the seed particles on the surface. Oxide desorption was performed using
an inductively coupled hydrogen plasma source, while an As, flux ensured that the
surface stoichiometry was preserved. After setting the temperature and As, flux to
the desired values, the NW synthesis was initiated by opening the Ga effusion cell

shutter.

Multiple NW samples were fabricated, each under a specific set of three parame-
ters: growth temperature ranging between 400 and 600°C, Ga flux yielding equivalent
2D growth rates between 0.07 and 0.28 nm/s (as determined from previous thin film
calibrations on GaAs (1 0 0) substrates), and impinging V/III flux ratios between
1.1 and 4.6. In all cases the growth duration was determined such that the nominal
amount of material deposited was equivalent to a 500 nm-thick epilayer. The growth

conditions of the samples described in this chapter are summarized in Table 4.1.
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Table 4.1: Growth conditions for the samples discussed in this chapter.
Sample Temperature, T V/III Flux Ratio, ¢ 2D Growth Rate = Growth #

°C nm/s
A 400 1.1 0.28 504
B 400 2.3 0.28 505
C 500 1.7 0.28 506
D 500 2.3 0.28 516
E 600 11 0.28 507
F 600 1.7 0.28 S77
G 600 2.3 0.28 208
H 600 2.3 0.14 543
I 600 2.3 0.07 643
J 600 4.6 0.14 517

The morphology of the NWs on the as-grown samples was characterized using
a JEOL JSM-7000F FE-SEM, operated at an accelerating voltage between 3 and
15 kV. NW length, seed particle size, crystal structure and quantification of defects
were primarily investigated with a Philips CM12 CTEM operated at 120 kV in bright
field conditions. A more detailed description of the crystal structure required the use
of a JEOL JEM-2010F HR-TEM, which was equipped with an EDX spectrometer for
the compositional measurements of the Au seed particle. For the TEM analysis the
samples were prepared by a sonication method in the same manner as described in

Section 3.2.1.

4.2.2 Results

(Throughout this section the reader may refer to Table 4.2 on page 87 for a

summary of the results.)

For the first set of experiments, the nominal 2D growth rate was kept constant
at 0.28 nm/s and the V/III flux ratio ¢ between 1.1 and 2.3. Figure 4.1 shows SEM

cross-sectional views of samples grown at T = 400°C and 500°C for different ¢ values
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Figure 4.1: Cross-sectional SEM views of specimens after growth at a nominal 2D
rate of 0.28 nm/s and: (a) T = 400°C, ¢ = 1.1 (sample A); (b) T = 400°C, ¢ = 2.3
(sample B); (¢) T'= 500°C, ¢ = 1.7 (sample C); (d) T" = 500°C, ¢ = 2.3 (sample D).
The inset in (d) is a typical top view from sample D. Length bars indicate 500 nm.

(corresponding to samples A — D described in Table 4.1). Essentially all the NWs
under these conditions grew perpendicular to the substrate surface. First, we focus
on the results obtained at 400°C. The NW density on the substrate surface derived
from plan view SEM images, such as the inset in Figure 4.1d, was estimated to be on

the order of (8.0-10) x 10° cm~? for samples A and B (T = 400°C).

Due to the small size of the Au particle at the NW tip, TEM, rather than SEM,

was used to assess the relationship between NW height H,, and diameter D of the

12



Ph.D. Thesis - M. C. Plante McMaster - Engineering Physics

T P U UTI——. | T~
. > m A ¢ B x C O D|]
2800 T ——
[ 2
B ¢
2400 __’*
T | *%e° ]
= 1600 - s © o*o-
i | %0
N LT bk
= I u H i i O¥
> 12004 on
= ; " :
4001
0 5 10 15 20 25 30

Seed particle diameter D (nm)

Figure 4.2: NW height as a function of the seed particle diameter, measured at growth
temperatures of 400 and 500°C, and V/III flux ratio between 1.1 and 2.3 (nominal 2D
growth rate of 0.28 nm/s). The labels indicate the samples as described in Table 4.1.
Each data point represents a measurement made by TEM on a single NW.

seed particle, as shown in Figure 4.2 for the two temperatures of interest. Consistent
with the results discussed in Section 3.1, H,, decreased with increasing D, which is a
signature of growth by diffusion of adatoms [60,129]. At T = 400 °C, the growth rate
increased with the flux ratio, as is clearly revealed by comparing Figures 4.1a and b,
and the corresponding data points in Figure 4.2. For instance, in the case of NWs
originating from seed particles with D in the range of 4 to 6 nm, the estimated mean

growth rate increased from ~0.8 nm/s for sample A, up to ~1.2 nm/s for sample B.

In both cases the general NW morphology showed a decreasing diameter near the

NW tip (i.e., the NW was tapered). We previously referred to these morphologies as
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“pencil-shaped” (Section 3.2). As was then pointed out, the tapering occurs because
some of the species impinging on the substrate or directly on the NW sidewalls (since
the effusion cells of the MBE system make an angle of ~35° with the substrate
surface) do not reach the tip due to limited adatom diffusion. The NWs seeded from
the smallest particles typically exhibited not only a strong and long taper toward
the tip similar to the previous pencil morphology, but also what we refer to as a
“reversed taper”, i.e., a regular decrease in diameter toward the base (see Figure 4.3).
We believe this is a result of the very high surface density of the NWs where shadowing
from neighboring NWs could limit the direct impingement near each NW base [77].
Growth would thus be fed almost exclusively from the direct impingement flux near
the Au particle when a critical NW length is reached. The adatom diffusion toward
the base would then be limited, with adatoms finding nucleation sites on the sidewalls

before reaching the base.

Consistent with published results on MBE-grown GaAs NWs [117,126,130], and
also discussed in the previous chapter, SAED analysis on individual NWs confirmed
that the wurtzite phase was the dominant crystal structure in all the NWs that were
characterized (independent of 7', ¢, or growth rate). Contrast stripes intersecting
the NW as evident in the TEM images (for example, Figure 4.3) can be attributed
to the presence of stacking faults where the ABABAB... atomic stacking sequence
of the wurtzite crystal structure was periodically interrupted by a few monolayers of
the zincblende ABCABC... arrangement). At the current temperature of interest
(400°C), stacking faults occurred over the entire length of the NWs, although less

frequently (on the order of 0.05 nm™!) for ¢ = 1.1 than ¢ = 2.3 (> 0.2 nm™1).

Raising the growth temperature to 500°C slightly decreased the NW density to
~ 6.7 x 10° cm~? (samples C and D). Density variations are partly associated with

the temperature-dependent coalescence of Au, and will be further elaborated in the
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Figure 4.3: Typical morphology exhibited by NWs grown at a temperature of 400°C,
and a nominal 2D growth rate of 0.28 nm/s. Two opposing tapering effects can
be distinguished: toward the tip, and toward the base. The inset shows a higher
magnification of a NW segment containing stacking faults, characterized by contrast
stripes.
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next section. The NW morphology was similar to the one observed at 400°C; that
is, both the tip and base exhibited the tapering presented above. As in the previous
case, these two tapering modes were typically more dominant in NWs seeded from
the smallest particles (D < 20 nm). Height measurements in Figure 4.2 revealed that
the growth rates for both samples C and D were essentially the same over a range of
D between 4 and 30 nm. For a direct comparison with samples A and B previously
discussed, NWs with D = 4-6 nm grew at a mean rate of ~1.2 nm/s for samples C
and D, similar to sample B. In addition, for Au seed particles with diameters in the 4
— 6 nm range, the resulting NW diameters (the largest diameter measured along the
length) were on average 12 nm greater for sample D compared to sample C. Comparing
the NW lengths and diameters at 500°C, it therefore appears that higher V/III flux
ratios result in greater radial growth of the NWs at the expense of axial growth and
growth on the substrate surface due to the reduced mobility of the adatoms on the
sidewalls. Note that this is opposite of what is observed at 400°C, where increasing
the V/III flux ratio resulted in greater NW axial growth rates. These trends will be
discussed further below. Stacking faults at 500°C occurred over the entire length of

the NWs, with an estimated frequency as low as 0.03 nm~!, and exceeding 0.3 nm~!

1

in the most extreme cases (~0.1 nm™" on average), independent of the flux ratio.

For the two temperatures presented so far, NW growth occurred over the entire
range of flux ratio, resulting more or less in a similar morphology (where sidewall
growth is important with significant tapering), and a crystal structure with compara-
ble defect densities. Upon raising the growth temperature to 600°C, with the nominal
2D growth rate set to the same value as for the previous scenarios (0.28 nm/s), the
results became more sensitive to the V/III flux ratio, as illustrated in Figures 4.4a-c.
Firstly, the NW density increased with flux ratio ¢. At ¢ = 1.1 (sample E), the NWs

were not uniformly distributed, leaving large bare areas on the substrate, which on
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average resulted in a NW density of ~ 0.2 x 10° cm~2. The NW density increased
to ~ 0.6 x 10° cm~2 as the flux ratio was raised to 1.7 (sample F), but again the
distribution did not appear very uniform, with a noticeable fraction of NWs growing
non-orthogonally (tilted) with respect to the substrate surface, and some NWs even
showing a kinked morphology. Raising the flux ratio to 2.3 (sample G) resulted in a
more uniform NW distribution of ~ 3.8 x 10° cm™2 (a six-fold increase compared to

sample F), essentially all growing perpendicular to the surface.

Cross-sectional SEM imaging clearly indicated an evolution in the NW morphology
with flux ratio. At the lower end of the spectrum (¢ = 1.1, sample E), the small
number of NWs predominantly exhibited a short conical shape. Increasing the group
V flux to give ¢ = 1.7 (sample F') generally improved the morphology for the NWs that
grew perpendicular to the substrate surface. Tapering, when occurring, was localized
near the tip (typically not further than 100 nm from the Au particle, but extended
in the most extreme cases to ~300 nm), resulting in the pencil-shaped morphology.
Rod-shaped NWs (with a uniform diameter throughout the entire length) were also
observed with roughly equal abundance as the tapered NWs. It is interesting to note
that in the rod-shaped NWs, stacking faults were mostly found in the bottom third
part of the NWs, with a fault density ranging from 0.06 to 0.2 nm~! (0.1 nm~" on
average), making the NWs defect-free over several hundreds of nanometers. Tapered
NWs, on the other hand, had faults occurring over the entire length, with an estimated

average density of ~0.14 nm™*.

Upon raising the group V flux so ¢ reaches its maximum value of 2.3 at the same
0.28 nm/s growth rate (sample G), a more regular reaction at the seed particles
appeared to be established, where essentially all the NWs grew perpendicular to the
substrate surface. As was the case for sample F, both pencil- and rod-shaped NWs

could be identified. The latter morphology yielded an improved crystal structure
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sample E

sample G

Figure 4.4: Evolution of the NW density and morphology for a growth temperature
of T = 600°C, as a function of the V/III flux ratio and the nominal growth rate (as
indicated in Table 4.1 for each sample). The axes in (a) represent the orientation
of the substrate surface and apply to all cases. All length bars indicate 500 nm.
(continued on next page)
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sample |

Figure 4.4: (cont.) Evolution of the NW density and morphology for a growth tem-
perature of 7' = 600°C, as a function of the V/III flux ratio and the nominal growth
rate (as indicated in Table 4.1 for each sample). All length bars indicate 500 nm.
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(mean fault density < 0.02 nm™!), and even in the case of tapered NWs the faults

1

occurred at a rate of ~0.03 nm™", more than a 4-fold improvement compared to

similar structures from sample F.

The length measurements for samples E, F, and G obtained directly from TEM
analysis are summarized in Figure 4.4a. Note that, due to the nature of the NW
morphologies discussed above, the expected dependence of H,, with D (i.e., H, de-
creasing with increasing D) was only clearly established when ¢ was increased to 2.3

(sample G), which also makes the NWs grow faster.

Plan view SEM images as in Figures 4.1d (inset) and 4.4 revealed predominantly
the {2 1 1 0} family of sidewall facet planes for all NW samples considered thus far.
Our previous studies indicated that this is a marker of significant sidewall growth,

consistent with the tapered morphology (Section 3.2).

Next, keeping the substrate temperature at 600°C, the temperature of the Ga
effusion cell was set to yield a 2D nominal growth rate of 0.14 nm/s (half the value
of all samples discussed thus far), while the As; flux was adjusted accordingly to
maintain ¢ = 2.3 (sample H). In this case, the same total amount of material was
deposited as for the previous growths (i.e., equivalent to a 500 nm epilayer). Typ-
ical top and cross-sectional views are shown in Figure 4.4d. The NW density was
~ 1.5 x 10° cm™2, more than a factor 2 lower than sample G (grown under the same
T and ¢ conditions). Interestingly, the length of the NWs does not seem to be sig-
nificantly affected by the difference in Ga flux (see Figure 4.4). However, looking
more closely at NWs with a given diameter, a shape change from pencil (sample G)
to rod (sample H) morphologies can be observed. This phenomenon is illustrated in
Figure 4.6a for samples G and H for the case of D = 32 + 2 nm. For this value of
D, the NW diameter was estimated by TEM to be ~68 nm on average for sample

G, and ~54 nm for sample H, indicating more sidewall growth for the former sam-
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Figure 4.5: NW height as a function of the seed particle diameter, measured at
a growth temperature of 600°C, and various combinations of V/III flux ratio and
nominal 2D growth rate. The labels indicate the samples as described in Table 4.1.
Each data point represents a measurement made by TEM on a single NW.
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@

“Cooling”
neck

Figure 4.6: (a) Effect of Ga flux on NW morphology at 7' = 600°C and ¢ = 2.3. For
NWs with D =~ 32 nm, a nominal 2D growth rate of 0.28 nm/s (sample G) yields
a pencil shape morphology, while a rod is obtained at 0.14 nm/s (sample H). (b,c)
HR-TEM images taken in the vicinity of the particle when the specimen is: (b) slowly
cooled off under an As, overpressure (sample H); (c¢) quenched, and the As, flux is
terminated simultaneously with the Ga flux (same growth conditions as sample G).

ple. Moreover, while the dominant sidewall facet type was {2 1 1 0} for sample G,
the facets were {1100} for sample H. As was indicated in Section 3.2, the latter

indicates limited sidewall growth, consistent with the rod morphology of sample H.

Closer inspection by TEM of samples G and H revealed a subtlety in morphology
near the NW tip. While sample H was mostly rod-shaped with virtually no tapering,
the tip of the NW directly beneath the Au particle revealed a sharp “neck” typically
observed in GaAs NWs [34]. This can be attributed to the cooling period after the

growth is interrupted by terminating the Ga flux while still maintaining the As,
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overpressure (Figure 4.6b). The Ga is purged out of the seed particle by crystallizing
with the arsenic from the applied As; overpressure. EDX performed on the particle
confirmed that no measurable amount of Ga or As could be detected in the Au
particle after the growth. Furthermore, FFT analysis on HR-TEM images of the
neck region indicated a zincblende crystal structure as compared to the wurtzite
body of the NW, consistent with previous observations of the “cooling neck” [34].
For sample G, the cooling neck was also visible along with the more gradual tapering
associated with the sidewall growth present at the higher growth rate. In contrast,
quenching the specimen after growth (growth #633, with the same conditions as
sample G but for a shorter duration), while terminating both the As, and Ga fluxes
simultaneously, essentially resulted in the disappearance of the cooling neck (thus
confirming its origin), and a more hemispherical shape of the particle (Figure 4.6c¢).
Furthermore, EDX measurements revealed that the Au particle contained on the order
of ~40 — 45 at. % of Ga in this case. Characterization of the NW morphology from
this sample (not shown here) however revealed roughening of the sidewall surfaces

due to desorption of As during cooling.

Remarkably, a very low density of defects was also achieved in sample H com-
pared to all the growths presented thus far. For the body of these rod-shaped NWs

the stacking fault density was estimated at ~0.008 nm™!

on average (range was
0.0001 — 0.03 nm~!). With further lowering of the nominal growth rate to 0.07 nm/s
(sample I), the rod-shaped morphology was maintained, consistent once again with
the {1 1 0 0} dominant sidewall facets (Figure 4.4e). The NW density on the surface
in this scenario was ~ 1.7 x 10° cm~2, similar to sample H. While the average fault

density was estimated to be on the same order of magnitude as the latter sample,

defect-free NWs could be observed, unlike NWs grown under the other conditions.
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Figure 4.7: Typical NWs from sample J for (a) D~ 29 nm and (b) D =~ 64 nm.
Dashed lines indicate radial growth of the NW.

Using the combination of high temperature and moderate growth rate (0.14 nm/s),
the flux ratio was doubled to a value of 4.6 (sample J). Under these conditions, the
NW surface density was measured at ~ 2.2 x 10° cm~2 (Figure 4.4f). The higher
density of As, on the surface will limit the migration of Ga adatoms. The experi-
mental observations clearly revealed that the NWs grew axially in a diffusion-induced
manner as the H,, vs. D relationship plotted in Figure 4.4b suggests. The resulting
morphology (Figure 4.7) exhibited a uniform diameter that was slightly greater than
the Au seed particle, indicating uniform radial growth. Note that the same “cool-
ing neck” as described above was also observed. Compared to samples H and I, the
dominant facet type was {2 1 1 0} indicative of the uniform sidewall growth, and the

average defect density was on the order of ~0.01 nm™!.

As a mean to recapitulate the evolution of NW desnity, stacking fault density, mor-
phology, and facet type as a function of the growth conditions, the results presented

above are summarized in Table 4.2.
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Table 4.2: Summary of SEM and TEM observations

Sample  NW density  Fault density Morphology Dominant facets
x10° cm—2 nm~!

A 10 0.05 long tapered tip {2110}
+ reverse taper

B 8.0 > 0.2 long tapered tip {2110}
+ reverse taper

C 6.8 0.1 long tapered tip {2110}
+ reverse taper

D 6.6 0.1 long tapered tip {2110}
+ reverse taper

E 0.2 0.02-0.1 short, conical, {2110}

low surface coverage
F 0.6 0.14 tilted, kinked, {2110}

“pencil”, or rod,
low surface coverage

G 3.8 0.06 — 0.2 “pencil”, or rod {2110}
H 15 0.008 rod (1100
I 1.7 0.01 rod {1100}
J 2.2 0.01 rod, with uniform {2110}

radial growth

4.2.3 Discussion

The large variation in the NW surface density that was observed among the differ-
ent samples is first discussed. It is clear that, despite the same pre-growth annealing
conditions, the setting of the growth conditions modified the seed particle size distri-
bution. Previous studies indicated that, with increasing temperature, the mobility of
Au on the GaAs (1 1 1)B surface increases, resulting in coalescence and thus larger
particles on average as well as a smaller density [79]. This is consistent with our obser-
vations that the NW density was essentially constant for a given growth temperature

in the case of T'= 400°C (samples A and B) and 7' = 500°C (samples C and D),
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and with the lowering of density With increasing temperature. In the case of 600°C
(samples E — G), the NW growth appeared to be inhibited except at the highest V /III
flux ratio. This is almost certainly due to the desorption of group V species at the
elevated temperature, which could be corrected by supplying more group V flux. This
point is discussed further below. The lower growth rate samples (H — J) showed a
lower surface density compared to sample G. This difference cannot be attributed to
temperature, as these samples were all grown at 600°C. In addition, the temperature
ramp rate and delay time before opening the Ga shutter were nominally identical in
all of these samples; therefore, the different surface densities are not likely attributed
to different pre-growth annealing conditions of the Au. Although not entirely under-
stood at present, the initial phase of NW growth could be one contributing factor
in the growth rate dependence of the NW surface densities. NW growth is initiated
upon supersaturation of the Au particle with Ga adatoms. When the Ga shutter is
opened, the Au particle accumulates Ga adatoms and eventually becomes supersat-
urated. Upon supersaturation, nucleation occurs at the Au-semiconductor interface,
initiating the growth of the NW. The reduced flux of Ga adatoms at a lower growth
rate implies a longer time to reach the supersaturation concentration and a longer
delay before the onset of NW growth. A similar phenomenon was previously observed
in the case of Si NWs [131]. During this delay time, further coalescence of the Au

seeds may occur resulting in the observed lowering of NW density.

Focusing now on the morphology and crystal structure of the NWs obtained under
the various growth conditions, we first turn our attention to the results obtained at the
lowest temperatures. Starting with 7" = 400°C, Figure 4.2 indicated that despite the
reduction in the Ga adatom diffusion length expected from the increase in the arsenic
pressure [132], the NWs grew axially faster for sample B compared to A by a factor

of 1.5. Due to the accumulation of Ga in the Au particle in the VLS mechanism, it is
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probable that the effective V/III flux ratio at the particle-NW interface is lower than
unity, thus limiting the axial growth rate of NWs by the supply of As,. Increasing
the V/III impingement flux ratio (sample B) would therefore increase the NW axial
growth rate as observed. Similar dependence of growth rate with group V pressure
was also observed for Ga-assisted MBE growth of GaAs NWs [133], and a similar
model has been proposed for GaN NWs [134]. The group V-limited aspect of the
growth has also been observed for GaSb NWs synthesized by MOVPE [135].

Interestingly, raising the growth temperature to 500°C did not result in longer
NWs. Moreover, the average growth rate appeared to be independent of the flux
ratio (see series C and D in Figure 4.2) for the two values investigated (¢ = 1.7, 2.3).
This is most likely due to an increase in radial growth at the highest ¢ (at the expense
of axial and film growth), as direct measurements of NW diameters (for identical Au

particle sizes) on the TEM images confirmed.

For T'= 600°C and nominal growth rate of 0.28 nm/s (samples E — G, Fig-
ures 4.4a-c), the surface density increased with V/III flux ratio. Note that NW
growth was never completely inhibited, but the low density of NWs resulting from
high temperature and low V/III ratio (sample E) are certainly indications that a
large fraction of the seed particles did not result in NW growth and probably became
buried under the 2D film growing simultaneously between the NWs. Although the
incident V/III flux ratios exceeded unity in all cases, the actual ratio at the NW tip
likely differs from the impinging flux due, as pointed out above, to the accumulation
of Ga in the particle, and the differences in desorption rates of Ga compared to Ass
at 600°C (see for instance Figure 2.6 in reference [136]). Thus for ¢ = 1.1 and 1.7,

the effective flux ratio at the particle-substrate interface was severely limited by As,

supply.
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Under the conditions of 600°C and flux ratio of 2.3, a better control of morphology
and crystal structure can be achieved when the effective 2D growth rate (i.e., the group
[T flux) is lowered to 0.14 nm/s (half the previous value). The shape change from
pencil to rod (see Figure 4.6) between samples G and H, coupled to the transition in
dominant sidewall facets from {2 1 1 0} to {1 1 0 0}, are strong indications of more
radial growth occurring in the case of higher group III flux (Section 3.2). On the
previously established basis that the VLS growth is limited by group V species, the
higher Ga flux (sample G) has little or no effect on axial growth above a certain
level, as the V/III flux ratio in the particle is lower than unity, and instead growth
on the sidewalls sets in [134]. Furthermore, the improvement by more than an order
of magnitude in stacking fault density when the nominal growth rate is lowered (even
to the point that defect-free wires could be obtained in sample I) suggests that either
low group III supersaturation (and possibly high group V supersaturation) at the

particle is required for the crystallization in the wurtzite structure [126].

In the cases where uniform radial growth is desirable, such as for the fabrication
of core-shell structures, our study suggests that the most efficient strategy (in terms
of final morphology and crystal structure) lies in using the conditions of sample J.
Under these conditions, a uniform shell that extends close to the tip (as shown in
Figure 4.7) can be deposited. Optimization of the V/III flux ratio to a value between
2.3 and 4.6 could enable fine tuning of the NW geometry between axial and sidewall

growth.

4.3 Comparison with InAs

To finalize this chapter, some (unpublished) results on the InAs system are pre-

sented. Since the cost of InAs (1 1 1)B substrates is significantly higher than their
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GaAs equivalents (by more than 5 times), a more cost-effective alternative was to
use the efficient stress relaxation property of the NWs with respect to the under-
lying substrate (due their small lateral dimension). The InAs NWs were therefore
grown on GaAs (1 1 1)B substrates. While time restriction prevented a more sys-
tematic study, it will already be noticed that, in light of this preliminary analysis,
the generic concepts that were derived from the GaAs studies can be applied to this

binary compound. Recommendations for future investigations can also be made.

4.3.1 Experimental Details

The surface of n-type GaAs (1 1 1)B substrates were first prepared in the same
manner as described in Section 3.2.1. A 1-nm layer of Au was deposited at room
temperature in an electron-beam evaporator equipped with a quartz crystal to mon-
itor the thickness. After transferring the substrates (in ambient air) to the GS-MBE
system, they were submitted to the following pre-growth cleaning process: degas at
300°C for 15 minutes in the preparation chamber, followed by plasma-enhanced oxide
desorption/annealing in the growth chamber at 550°C, under an As, overpressure,
for 10 minutes. After setting the temperature and As, flux to the desired values, the

NW synthesis was initiated by opening the In effusion cell shutter.

Three samples were grown, all at a nominal 2D growth rate of 0.28 nm/s, with the
temperature ranging between 400 and 460°C, and the As, flux set to yield a nominal
V/III flux ratio of either ~1.5 or ~2.0. Post-growth characterization was carried
out using SEM (JEOL JSM-7000F), CTEM (Philips CM12), and HR-TEM (JEOL
JEM-2010F).
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4.3.2 Results and Discussion

The first growth was performed at a temperature of 460°C and a nominal V/III
flux ratio of ~1.5 (Growth #381), for a duration of 600 s. This temperature was first
selected to be on the “hot-side” for the successful epitaxial growth of InAs epilayers
by GS-MBE (based on previous experiences), because the initial plan was then to
eventually fabricate InAs/GaAs heterostructures (to be discussed in Section 5.2). It
was therefore desired to use a temperature as hot as possible to accommodate both
materials. As is illustrated in Figure 4.8a, this combination of conditions did however
not result in any NW on the surface. While the exact reasons for this result were
not fully understood at the time this specimen was grown (it was obtained prior to
the GaAs study presented in Section 4.2), the previous findings helped to shed some
light on the possible origins. The hot temperature, yielding diffusion lengths for In
adatoms that are greater than Ga [137,138], combined with the low nominal V/III
flux ratio, most likely resulted in an effective V/III flux ratio at the NW growth
interface (particle — substrate) that is less than unity, and prevented the axial growth
to take place under the particles. The latter thus most likely became buried under

the 2D growth.

In order to increase this effective V/III flux ratio, the incoming flux of group III
adatoms reaching the particle must be reduced, and/or the group V flux increased.
The first strategy attempted consisted in keeping the same nominal V/III flux ratio
as in the previous case (i.e., ~1.5), but decrease the substrate temperature to 430°C
to reduce the diffusion length (Growth #387). As shown in Figures 4.8b and c
for a 10-minute growth, these conditions yielded some NWs growing perpendicular
to the surface. Notice however the small density (on the order of 0.3 x 10° cm™2)
compared to the GaAs NWs grown under similar conditions (see Table 4.2), something

that had already been observed during the growth of InP NWs on InP (11 1)B
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Figure 4.8: SEM images of InAs NWs grown on GaAs (1 1 1)B substrates under
various temperature and V/III flux ratio conditions, and at a nominal 2D growth
rate of 0.28 nm/s. (a) Tilted-view from a specimen grown at 460°C, and a V/III
flux ratio of ~1.5. Top- (b) and tilted- (c) views of a specimen grown at 430°C, and
V/III flux ratio of ~1.5. Top- (d) and tilted- (e) views of a specimen grown at 400°C,
and V/III flux ration of ~2.0. All length bars indicate 1um. The axes indicating the
crystalline orientation in (d) are the same for (b).
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substrates [139]. Decreasing the growth temperature to 400°C, and increasing the
Asy flux so as to yield a nominal V/III flux ratio of ~2.0 (Growth #551), resulted in
the surface shown in Figures 4.8d and e (after 30 minutes of growth). The net increase
in NW surface density under this set of conditions provides a good indication that the
group V-limited aspect of the growth can explain the trend observed. While in this
scenario a significant number of NWs grew perpendicular to the substrate surface,
a non-negligible fraction were tilted, with various angles. This result is somewhat
similar to the GaAs Sample F (see Figure 4.4b). The origin of these structures is not
fully understood at the moment; additional characterization (e.g. cross-sectional HR-
TEM analysis) would therefore be necessary in order to determine their crystalline
orientation, and possibly isolate the location where tilting initiates (often at the NW
base, but not in all instances). The structural information thus gained could certainly
clarify the nature of such a behaviour. In analogy with the GaAs study, one can
speculate that increasing the V/III flux ratio, while maintaining the temperature and
growth rate, could result in vertical NWs, as observed in the transition from GaAs

Sample F to G (Figures 4.4b and c, respectively).

TEM analysis confirmed that the InAs NWs grew with the wurtzite crystal struc-
ture under the latter conditions. Rod-shaped wires clearly dominated (consistent
with the {1 1 0 0} facets observed in Figure 4.8d), with tapering occurring for some
of the tilted wires. While further analysis would be necessary to quantify any trend,
already the few NWs observed showed a very low number of stacking faults (linear
density on the order of ~0.001 nm~1), concentrated in the lower segment of the NWs,
making the structures defect free over lengths exceeding 2 pm. The “cooling neck”
previously described (see Section 4.2) was still present, but point EDX measurements
done on one particle indicated an incomplete purge of the In (about 70 at.% In after

the growth). This suggests that even a greater amount may be present during the
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growth. Already this result diverges from previous observations done on MOVPE-
grown InAs NWs, where typically 25 — 30 at.% In [41] and ~21 at.% In [140] were

measured.

More work is undoubtedly necessary to fully understand this material system and
optimize the growth conditions. However, it is already clear that the principles that
followed from the GaAs study still apply, and therefore further generalize the proposed

description.

4.4 Chapter Summary

In summary, an exhaustive study on the influence of growth conditions on GaAs
NWs was conducted. It was shown that a good control of the NW morphology and its
crystal structure can be achieved via the right combination of temperature, V/III flux
ratio, and Ga flux. While growth can occur over a very wide temperature window, it
appears that a high temperature (~600°C) may be of the greatest practical interest for
device fabrication. Moreover, a relatively large amount of group V species (flux ratio
~2.3) and low group III flux (0.07 — 0.14 nm/s) is necessary for uniform diameter
NWs with minimized tapering. These conditions also result in a significant decrease
in, and even for some cases in complete elimination of, stacking fault occurrence.
They are thus suited for the fabrication of rod-shaped NWs intended, for example, for
axial homojunctions (pn-junctions) or heterostructures. On the other hand, further
increase in the V/III flux ratio to 4.6 limits the adatom mobility on the surface, and
consequently triggers uniform sidewall growth. This strategy could thus enable a

good control in the fabrication of core-shell structures.

In addition to the practical implications of these results, this study provided ad-

ditional evidence on the mechanisms operating during the growth. For one, increas-
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ing coalescence of Au with increasing temperature was observed. Additionally, the
measured differences in NW densities on the specimen surfaces (at a fixed substrate
temperature of 600°C) when the group III flux was altered suggested a possible incu-
bation period between the time the growth is initiated by opening the shutter, and the
time NW nucleation occurs. At the lower nominal growth rates of 0.07 and 0.14 nm/s,
the seed particle supersaturation necessary for NW growth initiation would thus take
a longer time to be reached (due to the lower flux of group III atoms), time during

which the particles could still move on the surface and coalesce.

Consistent with MOVPE observations [42], the V/III flux ratio appeared to modify
the temperature window for NW growth. At low temperature, NW growth appeared
to be limited due to diffusion of group V species. At high temperatures, NW growth
appeared to be limited due to desorption of Ass. In both cases, higher nominal V/II1
flux ratios could address this deficit. Our results suggest that axial growth of NWs
was limited by As supply, and that the V/III flux ratio at the Au-NW interface is

less than the nominal value.

Minimization of defects was achieved via the control of both group III and group
V species. Although a detailed model was beyond the scope of the present chapter,
it appears that in light of these experimental observations, mass transport of group
V species and the influence of the Ga flux rates need to be included in future NW

growth models under certain MBE conditions.

The principles that were drawn from this exhaustive study on the GaAs system
appeared to be validated by some preliminary results obtained on InAs NWs that were
grown on GaAs (1 1 1)B substrates. Notably, the group V-limited aspect of the axial
growth was clearly established, and is even more obvious due to the longer diffusion
length of In adatoms compared to Ga. The conditions to suppress tilted NWs, as

well as to trigger radial growth in a controlled manner, remain to be investigated.
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Chapter 5

Heterostructure Nanowires

While the bulk of our studies focused on single binary compound NWs (more
especially GaAs, as was presented in Chapters 3 and 4), some efforts have been
invested in more complex material systems involving the fabrication of heterostruc-
tures. In the first section of this chapter we therefore discuss some of the work that
was done in collaboration with Chen Chen, then a postdoctoral researcher within
the LaPierre group, on GaP/GaAsP heterostructure NWs. The observations that
were made on this material system were pivotal in the subsequent elaboration of a
quantitative model (which will be reviewed in Chapter 6). Some unpublished re-
sults on InAs/GaAs structures are also presented, focusing on possible strategies for

improving the fabrication in future attempts.

5.1 GaP/GaAsP Core-Shell and Axial Heterostruc-
tures

Device applications require rational control of the NW morphology, which may be
achieved by alternating between conditions that promote non-metal-assisted radial
growth on the NW sidewalls as compared to VLS-type axial growth [141,142]. In this
way, a variety of NW shapes may be produced (intentionally or otherwise) including
straight rods, tapered rods, and conical structures. In addition to controlling the
morphology of NWs, one-dimensional quantum electronic devices require the imple-

mentation of heterostructures whereby the distribution of chemical elements change
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abruptly along the axis or radius of the NW. Device applications requiring p-n junc-
tions, heterostructures, and compositionally modulated superlattices are achieved by

gas phase switching of the precursor source material during VLS growth.

Within the framework of this present study, our goal was to further elucidate
the VLS growth mechanisms operative during GS-MBE. We focused our efforts on
GaP-GaAsP segmented NWs, which are a model system for studying group V het-
erointerfaces (i.e., a system exhibiting a change in group V composition along the
NW axis). The essentials of this section were published in an issue of the Journal of

Materials Research dedicated to NWs and nanotubes [82].

5.1.1 Experimental Details

Substrates of GaAs (1 1 1)B were prepared following the same process as outlined
in Section 3.2.1. In the GS-MBE system, group III species were supplied as monomers
from a heated solid elemental source, and the group V species were supplied as dimers
(Asy and Py) from a dual-filament hydride (AsH3 and PHj) gas cracker operating
at 950°C. Before the actual growth, the Au-covered substrates were heated to a
temperature of 550°C for 10 minutes under an As, flux to form Au nanoparticles on
the surface. Simultaneous desorption of native oxide was enhanced by the use of an

inductively coupled H, plasma source.

The growth consisted of GaP-GaAsP-GaP heterostructures (Growth #103). After
oxide removal and Au nanoparticle formation, growth of NWs occurred by initiating
PH; flow, terminating AsHj flow, waiting 30 seconds, then opening the Ga shutter for
growth of the first GaP segment. Switching of the molecular beams at the GaAsP-
on-GaP interface occurred by first shuttering the Ga beam to terminate growth of

the GaP layer, initiating AsHj flow, setting PH3 flow, waiting 30 seconds, and then
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opening the Ga shutter to initiate growth of the GaAsP layer. The As/P gas flow ratio
corresponded to a two-dimensional film composition of GaAsg Py 4 as determined by
earlier thin film calibration growths. After growth of the GaAsP segment, growth
of a second GaP segment was initiated. Molecular beam switching at the GaP-on-
GaAsP interface occurred by first shuttering the Ga beam to terminate growth of
the GaAsP layer, setting PH3 flow, terminating AsHj flow, waiting 30 seconds, then
reopening the Ga shutter for growth of the final GaP segment. Growth times were 3
minutes for each GaP segment, and 24 minutes for the GaAsP segment, giving a total
growth time of 30 minutes. Throughout growth, the Ga flux rate remained constant
(corresponding to a 2D growth rate of 0.28 nm/s). The group V fluxes were set for a
V/III flux ratio of 2.0.

After growth, the morphology of the resulting NWs was first observed with a
LEO/Zeiss 1540XB SEM (in the secondary electron mode) at the university of West-
ern Ontario (operated by Dr. Todd Simpson), before the establishment of the Mec-
Master system. In situ cross sectioning of the deposited material was achieved by
milling with a Ga focused ion beam (FIB). EDX then provided compositional analysis
of the deposition. An incident electron beam energy of 5 keV and probe size less than
3 nm was used during EDX. Under these conditions, the electron beam is expected to

be confined to the NW, thus yielding negligible background X-ray fluorescence [143].

After SEM, NWs were prepared for further analysis by TEM. NWs were removed
from the GaAs substrate by sonicating in ethanol solution for 1-2 minutes. A small
volume (~50 ul) of the ethanol solution was placed onto a holey carbon TEM support
grid. After ethanol evaporation, NWs were found to be dispersed onto the grid as
observed with a JEOL 2010F HR-TEM. EDX in the TEM provided further compo-

sitional analysis around the NW heterostructure with a probe size less than 1 nm.
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5.1.2 Results

A typical top SEM view of the post-growth surface is shown in Figure 5.1. Bright
dots in Figure 5.1 indicated Au at the top of NWs, which grew preferentially in the
[1 1 1]B direction, normal to the substrate surface. The presence of Au at the top
of the NWs was confirmed by EDX, which verified that the wires grew by a metal-
assisted process. As shown in previous work (Section 3.1), and confirmed in the SEM
image of Figure 5.1, the annealing process used in this study resulted in Au particles
with diameters ranging between about 20 nm and 500 nm. Wire lengths, measured
directly from the SEM images, were between 0.5 and 2 ym above the two-dimensional
surface. It is also evident in Figure 5.1 that although the majority of NWs grew in the
[1 1 1)B direction, some grew at tilted angles from the substrate. A preferred growth
direction for these tilted NWs was not evident. Finally, a close examination of top
SEM images revealed that the growth gave rise to NW sidewalls with six-sided faceted
structures as observed previously for GaAs NWs (Chapters 3 and 4). Inspection of
other SEM images (not shown) indicated that the facets were predominantly {1 1 0}
for particle diameters below about 200 nm (see, for example, the NW labeled A in
Figure 5.1), and predominantly {2 1 1} above this critical diameter (labeled B in

Figure 5.1).

SEM images such as that in Figure 5.1, and the TEM analysis discussed below,
allowed the morphology of the NWs to be classified. Some of the NWs (such as that
labeled C in Figure 5.1) were strongly tapered near the tip forming a pencil-shaped
morphology, while others (such as D) appeared as rods with nearly uniform diameters
along their entire length. In addition to the pencil- and rod-shaped NWs, unusual
kink geometries were occasionally observed such as that shown by the tilted SEM
view in Figure 5.2a. EDX compositional mapping of arsenic was performed in order

to locate the GaAsP-GaP heterointerfaces relative to the kink. The resulting EDX
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Figure 5.1: SEM top view of GaP/GaAsP NWs. NWs labeled A through D are
discussed in the text.
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Figure 5.2: (a) Tilted SEM image of a kinked NW. (b) EDX compositional map of
arsenic for the boxed area in (a). The portion of the NW above the kink (the GaP
segment) has been outlined for clarity.

map of As, shown in Figure 5.2b for the boxed area in Figure 5.2a, revealed a dark
region (outlined for clarity) corresponding to the GaP segment at the top of the NW.
The kink is evidently co-located with the GaP-on-GaAsP heterointerface near the top
of the NWs. The first heterointerface (GaAsP-on-GaP) expected near the bottom of
the NWs was not evident in Figure 5.2b, due to burial in the two-dimensional film
that grew non-catalytically between the NWs. Therefore, only the GaP-on-GaAsP
interface, which lies near the top of the NWs and above the two-dimensional film

growth, will be discussed further in this chapter.

After the SEM analysis presented above, the NWs were studied by TEM, which
allowed detailed observations of the pencil- and rod-shaped NW heterostructures.
First, we will consider the pencil NWs. A typical bright-field TEM image of such
a structure is shown in Figure 5.3. A series of wide terraces separated by surface
steps (indicated by arrows) were evident in the tapered region at the tip of the NW.

The vertical lines intersecting the NWs (at the far left and right arrow) are stacking
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Figure 5.3: Bright-field TEM image of a pencil NW. EDX linescans of Ga (green),
As (blue), P (red), and Au (purple) along the center of the NW are superimposed on
the image. Arrows indicate the location of surface steps.

faults, commonly found in [1 1 1|B oriented NWs [115,144]. The stacking faults in the
tapered region of our NWs appeared to coincide with the step edges, as previously

established with GaAs (Section 3.2).

Next, EDX measurements were used to characterize the GaAsP-GaP heterointer-
face in the pencil NWs. An EDX linescan along the center of the NW is superimposed
on the TEM image of Figure 5.3. Assuming the usual stoichiometric growth for Group
III-V compounds, the Ga atomic percent is expected to be constant (50%) through-
out the NW. A constant Ga signal (green curve) was therefore observed in the EDX
linescan until the tapered region at the end of the NW was entered. At this point,
the Ga signal started to decay due to the gradual reduction in material volume as-
sociated with the tapered geometry. The decrease in As (blue curve) and increase in
P (red curve) along the growth direction (right to left in Figure 5.3) indicated the
transition from the GaAsP to the GaP segment. A tapered contrast gradient was

also evident inside the NW in Figure 5.3, indicating a core-shell structure associated
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with the GaAsP-GaP heterointerface. The gradual changes in As and P signals were

consistent with the presence of this tapered core-shell structure.

The tapered shape of the core-shell structure in the NW of Figure 5.3 closely
matched the shape of the external taper at the tip of the NW, suggesting that the tip
geometry evolved only slowly during growth, at least during the top portion of the NW
visible in Figure 5.3. Further evidence to support this claim was provided by the TEM
and EDX analysis of other NWs with unusual morphologies. Figure 5.4, for example,
shows a TEM image and corresponding EDX composition map of As for another
pencil NW. The tapered morphology at the end (right side) of the NW appeared to
be asymmetric; that is, skewed toward one side of the NW. The identical asymmetry
was evident from the contrast (emphasized by the white short-dashed line) in the
core-shell structure of the GaAsP-GaP heterointerface (Figure 5.4b and magnified
view in Figure 5.4c) and the accompanying EDX composition map (Figure 5.4a).
The origin of this asymmetric morphology is not clear at present, although it may
arise from anisotropic mass transport, as might occur for a tilted NW. The important
point is that radial growth appeared to evolve slowly in comparison to axial growth,
such that the core-shell structure of the heterointerface was similar to the morphology

of the NW tip.

We now turn our attention to the rod-shaped NWs, where similar TEM and EDX
analysis was performed as presented in Figure 5.5. Au particles with diameter larger
than 30 nm typically resulted in this type of structure, while smaller Au catalysts
produced the tapered pencil NWs. In contrast with the latter (previously discussed),
the EDX line scans for the rod-shaped NWs presented a Ga signal that was constant
along the entire NW length until the Au catalyst was entered. The transition in As
(yellow curve) and P (green curve) occurred over a length less than 7 nm, signifying

an abrupt and planar GaAsP-GaP heterointerface. A close examination of Figure 5.5
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Figure 5.4: (a) EDX composition map of As and (b, c) bright-field TEM images for
a pencil NW.
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Figure 5.5: Bright-field TEM image of a rod-shaped NW. EDX linescans of Ga (red),
As (yellow), P (green), and Au (purple) along the center of the NW are superimposed
on the image.

revealed a circular strain field near the heterointerface, which may be attributed
to the lattice mismatch strain between GaP and GaAsP, as observed previously for

InAs-GaAs heterostructures [145].

Also of interest is the “mushroom” shaped facets of the Au catalyst in Figure 5.5,
which to our knowledge have not been previously observed. SEM analysis indicated
that the cap of the mushroom near the top of the NW exhibited a truncated octahe-
dral shape, commonly found in Au particles [146]. More frequently, the Au particle
exhibited the shape evident in Figure 5.6, also a truncated octahedron but without
the base of the “mushroom”. The geometry of the Au particle did not appear to
influence the interface abruptness, as evident in Figure 5.5. If the Au catalyst had
maintained the “mushroom” shape during growth, we might have expected a similarly

shaped heterointerface. The fact that the latter was planar suggested that the Au
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Figure 5.6: Bright-field TEM image of a rod-shaped NW showing stacking faults in
GaAsP section (left portion of wire). EDX linescans for Ga (purple), As (green), P
(red), and Au (blue) are superimposed on the image.

was instead liquid during growth, and the facetted structure of the Au particle was
formed at lower temperatures upon cool down of a liquid Au drop. Further evidence
to support this view was provided by compositional analysis of the Au catalyst, as

will be discussed below.

To further examine the abruptness of the heterointerfaces in rod-shaped wires, a
lattice-resolved HR-TEM image was acquired around the GaP-on-GaAsP heteroin-
terface as shown in Figure 5.7. Further HR-TEM images across the entire width
of the NW (not shown here) indicated abruptness of the interface to within several

monolayers, consistent with the EDX linescans in Figure 5.5.

Our TEM observations also allowed us to observe the relative number of stacking
faults in the GaAsP and GaP segments. TEM images, such as Figure 5.6, typically
indicated a large number of stacking faults (dark vertical lines) in the bottom portion
of the NW, while the top portion near the Au catalyst showed relatively few. The

superimposed EDX linescan in Figure 5.6 indicated the location of the GaP-on-GaAsP
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Figure 5.7: HR-TEM image of the GaP-on-GaAsP interface for the NW in Figure 5.5.
The GaP section is on the left, and the GaAsP section is on the right.
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heterointerface evident from the changes in As (green curve) and P signal (red curve).
Hence, it can be seen that the change in stacking fault density coincided with the
heterointerface, with GaAsP containing more stacking faults than GaP. On the other
hand, TEM images (not shown here) of NWs with diameter less than 30 nm typically

exhibited fewer stacking faults compared to larger diameter NWs.

Finally, it is interesting to note the increase in P signal in the vicinity of the Au
catalyst at the end of the NWs as evident in the EDX linescans of Figures 5.5 and
5.6. This is noteworthy because all previous studies of NWs have shown that the
solubility of Group V elements in Au is negligible in agreement with the Au-As and
Au-P phase diagrams [147]. The P Kal and Au Mal X-rays used in these EDX
linescans overlap closely in energy (2.014 and 2.123 keV, respectively). Since Au
background subtraction was not performed in the raw X-ray spectra, the observed P
yields near Au were anomalously high. Nevertheless, P (and some As) were clearly
observed in the vicinity of Au. To precisely locate the group V elements, a NW was
cross-sectioned by an in situ FIB in the SEM. A tilted view SEM image of a cross-
sectioned wire is shown in Figure 5.8. The negligible solubility of group V elements
in Au was confirmed by EDX point measurements in the cross-sectioned Au particle,
where no group V elements were detected. However, the SEM image also revealed an
“overcoat” on the Au catalyst. EDX point measurements of the overcoat revealed the
presence of Ga and P but no Au. It is therefore apparent that P, (and some residual
As,), that are present during cool down after growth, reacted with the Au-Ga alloy to
form a Ga-P compound overcoat. It is believed this could, at least partially, explain

the origin of the P signal near Au in TEM.
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Figure 5.8: Tilted view SEM image of a cross-sectioned NW, showing an overcoat
covering the Au surface.

5.1.3 Discussion

In some of our previous work (e.g. Chapter 3), GaAs NWs grew exclusively along
the [1 1 1|]B direction, orthogonal to the substrate surface, which is the energetically
favorable orientation for GaAs NWs due to the (1 1 1)B surface having the lowest free
energy. However, in the present study, it appeared that the substitution of As with
P for the GaP-GaAsP segmented NWs resulted in some instability in the [1 1 1]B
growth direction, as illustrated by the variable growth directions in Figure 5.1. These
differences cannot be attributed to the Au catalyst preparation method, as discussed
elsewhere [148], since the Au catalysts in this study were prepared in a manner
identical to that used in our prior work to grow exclusively [1 1 1|B oriented GaAs

NWs (Section 3.1). Instead, the instability in NW growth direction could partially be
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due to an insufficient supply of group V species, as was observed for the case of GaAs
(sample F, Section 4.2) and InAs (Section 4.3) NWs. Additionally, the influence of
elastic strain energy introduced by the lattice mismatch among GaP, GaAsP and
GaAs could also play a role. For example, GaAs NWs have been observed to grow
along the [1 1 0] direction due to the strain energy induced by proximity effects of
neighboring NWs [149]. For similar reasons, compressively strained InAs NWs on
GaAs substrates have been observed to grow along the [1 0 0] direction [150]. In
the present study, it appears that the elastic strain energy induced by the GaP-GaAs
substrate interface, or by the GaP—GaAsP heterointerfaces, had a similar influence on
the NW growth direction. This is most evident in Figure 5.2 where EDX composition

mapping revealed that kinks in NWs coincided with the GaAsP-GaP heterointerface.

We now turn our attention to the two different types of morphology observed in our
NWs: pencil- and rod-shaped. Previously, we explained these different morphologies
observed in GaAs NWs in terms of the growth mechanisms. It is well known that
the dominant mechanism for NW growth consists of diffusion of adatoms from the
base and the side of the NW, along its sidewalls, and then into the Au particle
at the top of the NW (see Section 3.1). On this basis, we explained the different
NW morphologies in terms of the adatom diffusion lengths in comparison to the
length of NWs, which resulted in competition between metal-assisted axial growth
at the tip of the NW| versus non-metal-assisted radial growth on the NW sidewalls.
As was further emphasized in Chapter 4, a tapered pencil morphology occurred at
low growth temperatures or high V/III flux ratios where the lower diffusivity of the
group III adatoms on the substrate and sidewalls resulted in radial growth of the
NWs. Conversely, at higher temperatures and intermediate V/III flux ratios, adatoms

optimally diffused to the top of NWs, resulting predominantly in axial growth and
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rod-shaped NWs. This latter work highlighted the importance of the V/III flux ratio

in determining the growth rate and morphology of NWs.

Unlike the GaAs NW growths just described, the GaAsP-GaP NWs in the present
study exhibited both pencil and rod-shaped morphology under fixed conditions (tem-
perature and V/III flux ratio) in a single growth. This instability is believed to arise
from the competing effects of As and P at the top of NWs. The diffusive transport of
adatoms to the Au — NW interface is known to be dependent upon the diameter and
separation of NWs [113,151]. Therefore, the different adatom diffusion lengths for
Asy and Py [152], coupled with the broad size distribution and spacing of Au parti-
cles, is expected to introduce a variability in V/III flux ratio, As/P ratio, and growth
rate at the top of NWs. It is not surprising that the morphology of NWs would be
influenced under such conditions. To further elucidate the VLS growth mechanisms,
future studies require a systematic variation in Au particle size and separation as

performed previously for growth of InAs NWs by CBE [151].

It was apparent from Figures 5.5 and 5.6 that rod-shaped NWs consistently yielded
abrupt GaAsP-GaP interfaces. On the other hand, pencil-shaped NWs yielded ta-
pered core-shell heterostructures that matched the morphology at the tip of the NW.
From this observation, it was concluded that the NW morphology evolved slowly in
the last stages of growth. Furthermore, it was noted that for the pencil NWs, only
the top part of the NW that is close to the Au particle was tapered. The lower part
below the tapering appeared to be very uniform in diameter. Figure 5.3 also revealed
a series of steps (indicated by arrows) and terraces along the tapered region. Finally,
it was observed that tapered pencil NWs typically resulted from the smallest Au

particles (diameter < 30 nm), while larger Au particles resulted in rod-shaped NWs.

Using the latter observations, a feasible model for growth of the NWs is now elab-

orated. It is well known that the axial growth rate of a NW is inversely proportional
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to the Au particle diameter (Section 3.1). We suggest that NWs seeded by relatively
large Au particles (> 30 nm in the present case) grow slowly in comparison to the
smaller ones (see Figure 3.2) and maintain a length throughout growth that is shorter
than the adatom diffusion length. Under these conditions, adatoms may optimally
diffuse to the top of the NW and catalytic axial growth is dominant in comparison
to radial growth, resulting in rod-shaped NWs (see Figure 5.9a). On the other hand,
pencil-shaped NWs, produced from our smallest Au particles (< 30 nm in the present
case), grow relatively fast such that their length exceeds the adatom diffusion length
in the early stages of growth (Figure 5.9b and c¢). Subsequently, the probability to
nucleate islands at the sidewalls is increased at the expense of metal-assisted ax-
ial growth, resulting in significant radial growth (Figure 5.9¢c). Equivalently, if the
adatom diffusivity is kinetically limited (e.g., by lowering temperature or increasing
V/III flux ratio), then the probability to nucleate islands on the sidewalls is also

increased.

The fact that only the top portion of the pencil NWs were tapered, while the
bottom part had uniform diameter, suggests that the radial sidewall growth occurs
in a layer-by-layer fashion similar to that for conventional 2D film growth [153]; i.e.,
island nucleation continues until the sticking of adatoms to the atomic steps of the
islands dominates over the creation of new islands (Figure 5.9d). The stable islands
then grow by absorbing adatoms at atomic steps along their perimeter, resulting in
the completion of a monolayer and return of the sidewall to an atomically flat surface

as observed in this work (Figure 5.9¢).

The observation of surface steps and ledges in the tapered region of the NW
suggest that, once significant radial growth has been initiated, a transition takes
place from an island-dominated growth mode in the sidewall region to a step-flow-

dominated growth mode in the tapered region. The role of surface steps has been well
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Figure 5.9: Two-dimensional representation of NW growth model. (a) NW produced
by large diameter catalyst. (b) NW produced by small diameter catalyst for same
growth time as depicted in (a). The NW height is approaching the adatom diffusion
length, L. (¢) With continued growth, the NW length exceeds L and nucleation on
sidewalls (solid arrow) is more probable than catalytic growth (dashed arrow). (d)
As nuclei density increases, incorporation at island edges (solid arrow) becomes more
probable than the formation of new nuclei (bottom dashed arrow) or catalytic growth
(top dashed arrow). (e) Upon completion of a monolayer, the nucleation process
depicted in (c¢) begins anew (solid arrow), while step-flow growth (bottom dashed
arrow) and catalytic growth (top dashed arrow) proceed slowly. A tapered geometry
is formed with subsequent sidewall deposition, step-flow growth, and slow catalytic
growth.
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known for decades in the context of film growth on vicinal surfaces [116]. In a like
manner to vicinal film growth, adatoms diffusing along the {1 1 0} or {2 1 1} planes
of the NW sidewalls that reach the tapered region will preferentially incorporate at
the step edges (Figure 5.9¢). Consequently, non-VLS growth occurs as each step
edge advances, so that the tapered morphology changes only slowly with time as
observed in this study. The possible existence of an Ehrlich-Schwoebel barrier at
the step ledges is likely an important consideration in understanding the evolution
of the tapered geometry. Adatoms reflected from existing steps due to the barrier
would lead to the preservation of existing steps, and to the possible creation of new
steps [154]. This will be further considered in the elaboration of a quantitative growth

model presented in Chapter 6.

Finally, we turn our attention to the stacking faults observed in Figure 5.6. TEM
observations of our NWs revealed that the GaAsP segment contained a large density
of stacking faults, while the GaP segment showed very few or no stacking faults. The
origin of the stacking faults has been previously attributed to an alternation between
zincblende and wurtzite crystal structures due to a rotational twin [144,148]. It is
interesting to note that in the case of GaAs/GaP growth by MOVPE, a trend op-
posite to ours has been observed [155]; that is, GaP exhibited a large stacking fault
density while GaAs showed none. Hiruma and co-workers [115] showed in their early
work on GaAs NWs grown by MOVPE that either the zincblende or wurtzite crys-
tal structure could be favored, depending on growth conditions. Previous studies of
II-VI nanocrystals grown by colloidal methods [156] showed that the polytypism of
zincblende and wurtzite was related to the level of supersaturation, with low levels
of supersaturation favoring zincblende and high levels favoring wurtzite. It has been
suggested that crystal structure changes during VLS may ensue from structural trans-

formations in the Au particle due to quasi-periodic changes in supersaturation [157].
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Although the mechanism of forming zincblende or wurtzite structures has not yet
been completely clarified, the changes in stacking fault density observed in our NWs
may be driven by a change in group V supersaturation of the Au particle that results
from the gas switching at the GaAsP/GaP heterointerface. Furthermore, unlike the
case of MOVPE, the comparatively low V/III flux ratio operative during GS-MBE
means that the supersaturation of our smallest diameter NWs (< 30 nm) may be

influenced by the Gibbs-Thompson effect [57].

5.2 InAs/GaAs Heterostructures

The study of group III heterointerfaces (i.e., a system exhibiting a change in group
IIT composition along the NW axis) was initiated using the InAs/GaAs system. Note
that it was done simultaneously to the first two InAs samples that were attempted,
and that were described in Section 4.3. Chronologically preceding the systematic
study on growth conditions performed on GaAs NWs (Section 4.2) that clarified some
growth mechanisms, the results presented here are therefore not optimum. They are
included within the framework of this thesis for information purposes only, as they
still provide the basis for interesting analysis. The knowledge acquired since then,
coupled to what has been published on this specific material system by other groups,

allows us to speculate on possible avenues to explore in future work.

5.2.1 Experimental Details

Following the same surface preparation, Au deposition, degas, and annealing pro-
cedure as outlined in Section 4.3.1 for the InAs NWs, GaAs NWs were first grown
on the GaAs (1 1 1)B substrate at 460°C for 20 minutes (nominal 2D growth rate of

0.28 nm/s, V/III flux ratio ~1.5). Keeping the temperature and AsHjz flow constant,
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the shutter was then applied in front of the Ga effusion cell, and the In shutter re-
moved to initiate the InAs growth for 10 minutes. The In atom flux was set to be
the same as Ga, which translates to a nominal 2D growth rate of ~0.33 nm/s for this
material. Post-growth characterization of this sample (Growth #385) was carried out
using SEM (JEOL JSM-7000F), as well as TEM (JEOL JEM-2010F) in bright field,

scanning, and HAADF modes.

5.2.2 Results and Discussion

Figure 5.10 shows the typical morphology of the specimen after the growth. A
large variety of structures are visible, with the majority of them perpendicular to the
substrate surface. Irregular morphologies are however noticed, including some kinking
(e.g. feature A in Figure 5.10), a non-negligible occurrence of “bridging”, i.e., crystal
joining two (or, in some instances, more than two) perpendicular standing NWs (e.g.
feature B in Figure 5.10), and thin “antenna-like” structures on top of wider bases
(e.g. feature C in Figure 5.10). Unlike the other growths discussed in this thesis, the
presence of a hemispherical particle at the tip of the wires (e.g., as can be seen in
Figures 3.1, 4.8, and 4.4) is not obvious in all the structures, particularly the ones
with the largest diameters. This will be further discussed below, in light of the TEM

results.

Some of the morphologies listed above were further investigated by TEM, in order
to get information on the crystal structure and chemical composition. The HAADF
image in Figure 5.11a illustrates the case of two NWs, one of them with an antenna
(which is terminated by a Au particle), “fused” together with a short bridge. A closer
examination of some of the areas, coupled to elemental mapping of short segments

(labeled directly on Figure 5.11a), allowed us to clarify some aspects of the growth.
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Figure 5.10: (a) Top, and (b) 45° tilted SEM views of the InAs/GaAs NWs. The
different labels in (b) refer to the morphologies discussed in the text. Length bars
represent 500 nm.

In Figure 5.11b the lower part of the wires (section I) is shown, with the EDX
linescan confirming that it consists solely of GaAs. Performing a similar measurement
slightly higher in the structure, where the image is brighter and some striped contrast
begin to be visible (Figure 5.11c), the two wires are now clearly revealed from the
shape of the Ga line (red), and the presence of In mostly in-between the wires suggests
the “bridge” consists of InAs. This is even more clear higher up in the structures,
where the GaAs NWs become narrower due to tapering (as should be expected under
the current growth conditions, see Section 4.2). This scenario (section III) is shown
in Figure 5.11d, where a wider InAs lbridge can be distinguished between the two
wires, which now each consists of a GaAs core and an InAs shell. Notice the bridge
does not display any of the striped contrast, which will be discussed later in this
section, that is visible on the wires. The nature of the antenna was also investigated
(section IV), and as the EDX linescan in Figure 5.11e shows it consists of a pure InAs
crystal. It is interesting to note that it was typically defect free, with the wurtzite
crystal structure, as was observed on multiple NWs of that type (not shown here).

In contrast, the second NW terminates abruptly, without any antenna, and no trace
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Growth
direction

Figure 5.11: (a) HAADF TEM image of two InAs/GaAs NWs illustrating bridging
and the growth of an antenna. (b) — (e) EDX linescans for sections I — IV identified
n (a). Red: Ga; Purple:In; Green: As.
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of Au could be detected in the tip vicinity. This could be the result of a thin antenna
that was there initially, and broke off from its base during sonication, or, alternatively,
the particle could have been buried due to unfavorable axial growth of the InAs NW

segment under the current conditions (as was described in Section 4.3).

The tip area from a single NW of this latter type (“particle-free”) is shown under
bright field condition (and (2 1 1 0) zone axis) in Figure 5.12b. While no clear sign of
a break is visible, the presence of a particle could not be established either, even using
HAADF or EDX spectrometry. The GaAs core of the structure can however be clearly
identified from the Moiré interference pattern in the centre of the structure, which
results from the difference in lattice parameter between the core (GaAs, a = 0.565 nm
at 300 K) and the shell (InAs, a = 0.606 nm at 300 K). Some strain contrast in the
InAs shell surrounding the core can also be seen. Such features were reported in the
literature for the same material system by Paladugu and co-workers [158]. Similarly,
the striped contrast observed in the HAADF images of Figure 5.11 is most likely
of the same nature (i.e., strain). A more detailed characterization, involving strain
mapping from HR-TEM images via the use of the Strain Determination [159] and /or
GPA [160] software tools, could therefore be in order to supplement this preliminary

analysis.

As can be seen from the high resolution image in Figure 5.12¢, the dominant
crystal structure is wurtzite ((0 0 0 1) growth direction), with zincblende stacking
faults. Interestingly, the very tip of the wire (emphasized on the image with the
arrow) clearly reveals the ABCABC atom arrangement of the zincblende structure.
Since the few antennas that were observed were wurtzite, it is thus reasonable to
think that this zincblende segment formed at the very end of the growth, analogous
to the cooling neck previously discussed (see Section 4.2), and that no antenna NW

growth occurred at all. In this case though, this final zincblende segment could not be
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Figure 5.12: (a) Bright field TEM image of a “particle-free” InAs/GaAs NW. (b) A
closer look at the tip, where the GaAs core can be identified from the Moiré fringes in
the centre of the structure. (¢) HR-TEM images in the tip vicinity, highlighting the
zincblende nature of the upper part. (d) Bright field and TEM image taken where
the InAs shell stops.
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the result of the particle purging, and further study may be necessary to clarify the
nature of this occurrence. Reduced supersaturation conditions are however probably
at its origin. Particle burial when InAs growth was initiated (and GaAs terminated)
appears more plausible (albeit un-verified at this point) in this scenario, due to growth
conditions yielding a low effective V/III flux ratio at the particle — NW interface, thus

inhibiting the Au-assisted axial growth (see Section 4.3 on InAs growth).

Looking now at what happens lower in the structure, the focus is placed on the area
where the InAs coating stops. Figure 5.12d is a bright field TEM image illustrating the
transition from the coated upper part (striped contrast) to the bare GaAs base. EDX
mapping (not shown here) confirmed the chemical composition of each portion of the
segment. Acknowledging from a previous study (Section 4.2) that GaAs NWs grown
under the current conditions would exhibit strong tapering with (2 1 1 0) facets in
the lower part (i.e., one side of the hexagonal NW is perpendicular to the zone axis),
then the “teeth pattern” exhibited by the InAs shell in this area is most likely linked
to the wetting of this material on the NW core facets. The schematic in Figure 5.13
describes this proposed situation from three points of view. It thus appears that In
adatoms coming from the upper part of the NW do not reach the base, resulting only

in partial covering of the GaAs core.

In light of the preliminary analysis presented above, and using some of the knowl-
edge acquired on the individual GaAs (Chapter 3 and Section 4.2) and InAs (Sec-
tion 4.3) material systems, the following generic sequence of events is proposed to

describe the dominant InAs/GaAs structures obtained under the current conditions:

(i) Following the initial GaAs growth, the surface of the specimen is similar to the
one shown in Figure 4.1c. After 20 minutes growth, the high density of NWs

most definitely yield shadowing effects between NWs.
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Figure 5.13: Schematic illustrating the transition between the coated and not-coated
area of a InAs/GaAs NW from three different views: top view, cross-sectional cut,
and side view. The “teeth pattern” observed experimentally would therefore be a
result of partial wetting of the InAs coating on the hexagonal facets of the GaAs
core.

(ii) InAs growth is then initiated, but the current combination of temperature
(460°C), nominal V/III flux ratio (~1.5), and nominal 2D growth rate (~0.33 nm/s)
most likely results in an effective V/III flux ratio at the particle — NW inter-
face lower than unity, thus inhibiting axial growth via the VLS mechanism (see

Section 4.3 for the growth of InAs NWs under similar conditions).

(iii) Instead, InAs growth takes place on the sidewalls of the NWs, thus coating the
latter, and probably burying the seed particle. The stacking faults that are
present in the GaAs core are propagated throughout the InAs shell, suggesting
that the atoms of the shell mimic the arrangement of the sidewall surface (the

substrate), i.e., the shell grows in an epitaxial manner.

(iv) Because of shadowing, the lower part of the GaAs NWs is not exposed to the

In flux. In addition, the strong GaAs NW tapering expected from the growth
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conditions, resulting in steps on the NW surface, most likely limit the diffusion
toward the base of the In adatoms that landed on the upper part of the NW.

Therefore, only partial coating is achieved, thus leaving the base as bare GaAs.

In some instances, metal-assisted growth of the InAs segment can occur in parallel
to the coating process described above, resulting in a defect-free antenna. In those
situations, it is believed that the local morphology limited the diffusion of group III
adatoms, yielding an effective V/III flux ratio at the particle — NW interface. While
further characterization would be necessary to definitely conclude on the nature of
the kinked structures, some indications on the possible mechanisms operating could
be found from the evolution of InAs branches during the MOVPE growth of InAs
on GaAs NWs described by Paladugu and co-workers [158]. Following the model
proposed by these authors, an antenna growing downward as a result of an unbalance
of the seed particle with the underlying GaAs NW [161] would be affected by the radial
growth of InAs on the GaAs core (the downward movement would be terminated),
and axial growth in a (1 1 1)B direction (or (0 0 0 1) in the present wurtzite scenario)

would be initiated.

Clearly, the initial goal of fabricating axial InAs/GaAs heterostructures was not
achieved, while the core-shell structure geometry would require refinement in the
process to at least achieve uniform coating of the core. For future attempts at the
growth of this material system, it would therefore be first recommended to follow a
procedure in which each segment is grown under its optimum condition. Therefore, in
line with the results presented in Section 4.2, the initial GaAs NWs should be grown
at a fairly high temperature (~600°C), moderate V/III flux ratio (~2.3), and nominal
2D growth rate of 0.14 nm/s. Such conditions will significantly reduce the NW density,
and therefore, in addition to an improved morphology and crystal integrity, limit the

shadowing effects. With the shutter applied in front of both the Ga and In effusion
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cells, the temperature should be lowered to ~400°C under the As, overpressure.
Then the In shutter could be removed, with a flux similar to the Ga. As pointed
out in Section 4.3, more work would be required to optimize the nominal flux ratio,
but we know from these preliminary results that a value greater than 2.0 should
be established if an axial heterostructure is desired. In the case where a core-shell
structure is targeted, it is suggested to adopt a strategy with a low nominal V/III
flux ratio (e.g. 1.5 or lower), which will inhibit the axial VLS growth, and simply
coat the GaAs cores. A better understanding and control of the particle instability
that could trigger downward growth [161] may be necessary for the elaboration of a

successful procedure.

5.3 Chapter Summary

The results obtained when studying the GaP/GaAsP NWs are of fundamental
importance for understanding the growth conditions that are necessary to achieve
abrupt, defect-free heterostructures in semiconductor NWs grown by gas source molec-
ular beam epitaxy. We have proposed that sidewall growth of NWs occurs in a
layer-by-layer fashion, as the result of an adatom diffusion length that is limited in
comparison to the NW length. Once radial growth is initiated, a tapered geometry
is formed that is maintained by a step-flow growth mode. As a result, core-shell
heterostructures are formed that mirror the NW pencil geometry. Under conditions
that promote longer diffusion lengths in comparison to the NW length (higher tem-
peratures, lower V/III flux ratios, large Au catalysts), adatoms may optimally diffuse
to the top of the NW forming a rod-shaped NW morphology. Under these condi-
tions, planar and abrupt interfaces are formed. EDX composition measurements of
the Au particle, and the faceted structure of the Au, suggested that the Au-Ga al-

loy was liquid at the growth temperature. This confirmed that the NWs grew by a
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vapor-liquid-solid process. Supersaturation conditions of the Au drop appeared to
influence the crystal structure of the NWs, with GaP having fewer stacking fault
defects compared to GaAsP. Consistent with the results presented in Chapter 4, our
work indicated that single-crystal NWs, free of stacking faults, might be obtained in

GS-MBE under appropriate supersaturation conditions.

Preliminary results on the InAs/GaAs material system were discussed to conclude
this chapter. The desired axial heterostructure that was initially targeted resulted
instead in GaAs NWs with a partial InAs cladding. Metal-assisted axial growth of
the InAs segment was most likely inhibited by the growth conditions that induced a
low effective V/III flux ratio at the particle — NW interface. Various resulting mor-
phologies were shown and discussed, and a possible growth sequence was proposed.
A strategy toward the successful fabrication of such heterostructures in the future

was presented, involving a two-temperature and two-V/III flux ratio procedure.
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Chapter 6

Analytical Growth Model

6.1 Introduction

Much effort has been devoted to the modeling of the axial growth of NWs. Pi-
oneering work by Givargizov [17, 18], which described the growth of micron-size
Si whiskers by CVD, revealed that thicker whiskers grew faster compared to thin
whiskers. This behavior resulted from the low supersaturation conditions, whereby
the Gibbs-Thomson effect associated with the finite curvature of the whisker surface,
dominated in this regime [57]. Under the higher supersaturation taking place during
growth by MOVPE [57,141], CBE [151], and MBE [53,54], the Gibbs-Thomson effect
becomes negligible, and typically thin NWs grow faster than thicker ones. Conse-
quently, the H, « 1/D behavior experimentally observed (with H,, and D being the
NW height and diameter, respectively, as defined in previous chapters) indicates the
diffusion-induced nature of the growth [12,53,56,57]. Recent work by Dubrovskii and
co-workers suggested that a 1/D? dependence would apply under certain growth con-
ditions [129]. On the other hand, very little has been reported thus far to describe the
radial growth of NWs. A model for the latter, based on the vapor-solid (VS) process
(while the NW continues to grow axially via the VLS mechanism), was first proposed
by Chen and co-workers [162]. The equation obtained for the radial growth rate sug-
gests the existence of a critical NW radius above which the structure will thicken.

More recently, the problem of sidewall nucleation was addressed by Dubrovskii and
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co-workers [163], where the authors developed a relationship for the NW diameter
as a function of the distance from the substrate surface and the total NW height,
which applies for conically-shaped NWs that can be obtained under lower growth
temperatures. The development does not, however, address abrupt radius changes,
such as the “pencil-shaped” structures often observed experimentally [54,77,80], and

described in Chapters 3, 4, and 5 of this thesis.

In this chapter we present a simple model describing in an analytical manner the
metal-assisted growth of NWs. The model constitutes an extension of the qualitative
description that was put forward in Section 5.1.3, based on a step-flow mediated
growth mechanism. For this purpose, we elaborate on a model that was initiated by
Tchernycheva and co-workers [77]. Like these authors, an isolated NW is considered,
thus neglecting the effects of neighbouring NWs, such as competition for adatoms and
shadowing. Note that most of the text presented here has been taken from a journal
article that was submitted for publication to the Journal of Applied Physics [83].
Additional steps in the derivation of the equations were included, and the figures

were adapted to the format of the thesis.

6.2 Model

We aim to describe the evolution of the NW morphology over time, as observed in
previous (Section 3.2) and recent (to be discussed in Section 6.3) experimental results
on various III-V materials systems. Notably, the abrupt radius change yielding a
pencil-shaped morphology is translated in terms of the initiation of radial growth,
with a progression in a layer-by-layer fashion. We already suggested in Section 5.1.3
this mechanism to operate based on the observation of steps on the NW sidewall

surfaces. Complementing this latter qualitative description, a set of equations is
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elaborated based on material conservation. The axial progression of the radial shell,
consistent with our previous proposal, is included in the present model via a step-
mediated growth. Similar to the treatment proposed by Tchernycheva et al. [77],
the growth duration is divided into two main regimes. The NW initially grows in a
purely axial manner (Regime A). Once a certain critical height is reached, nucleation

is initiated on the sidewalls while the NW continues growing axially (Regime B).

Within the framework of this development, the NW will be approximated as a
rod, and the shape of the Au seed particle will be treated as a perfect hemisphere.
The geometry of an actual growth system such as MBE is also considered, with the

incident atom flux making an angle o with the substrate surface normal.

6.2.1 Pure Axial Growth (Regime A)

Figure 6.1 illustrates the various parameters of the model in Regime A, where
the NW growth occurs only along its axis without any radial growth, provided it is
shorter than a critical height H. achieved at a growth duration ¢. (Figure 6.1c). A
flux, J (# atoms/nm?/s), of group III atoms (equivalent to a nominal 2D growth
rate of V nm/s) is impinging directly on the Au seed particle, on the sidewalls of the
NW, and on the substrate surface. It thus contributes to either the axial growth of
the NW, or the growth of the 2D film on the areas of the substrate not activated by
a metal particle. In this regime, the NW maintains a constant radius R, throughout
its entire length, which is identical to the particle radius. A circular area of radius
R, + r, surrounding the NW represents the collection area of adatoms, as shown in
Figure 6.1b. Atoms impinging in this area can reach the Au-NW interface by diffusion
and contribute to axial growth. The goal is thus to elaborate an expression for the

height of the NW as measured from the surface of the 2D layer, i.e., H,(t).
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Figure 6.1: Schematic illustrating the various parameters used in developing the
model in Regime A, i.e., pure axial growth. The dark squares represent adatoms that
impinge directly on the various surfaces: (1) on the seed particle; (2) on the sidewall
surface; (3) on the substrate surface. The dotted line arrows represent the path of
the adatoms for incorporation at the axial growth interface.
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Under the above considerations, the variation of the NW total volume per unit

time is simply given by:

d(Vol) o (dHrp o [(d[Hy(t) + Hap(t)]
- - 1
@ - ( 38 Bty dt ’ (6.1)
where Hyp is the total NW height, H,, is the NW height above the 2D film, and Hsp
is the 2D film thickness. This growth is sustained by three main sources of incoming

material as described below.

6.2.1.1 Direct Impingement on the Surface of the Seed Particle

We consider a steady-state scenario where the supersaturation of the particle is
reached and maintained, so the precipitation rate is constant. A fraction x4 of the
atoms adsorbed on the Au particle (adatom (1) in Figure 6.1b) will contribute to the
axial growth of the NW. No difference is made at this point whether the adatoms will
diffuse on or through the particle to reach the growth interface, since the end result
is identical regardless of the path followed (i.e., there is a direct contribution to the
axial growth of the NW). An incident group III flux, J, on the Au particle of radius
R, at an angle o thus corresponds to mR2.J cos & atoms per second impinging on the
particle. To obtain the volume variation, the latter expression is simply divided by
the group III atom density in the crystal p. Since J/p = V (i.e., the nominal 2D

growth rate), the contribution to the NW volume variation is given by:

d(Vol),
dt

= xam™R2V cos a. (6.2)
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6.2.1.2 Direct Impingement on the Sidewalls

Of all the atoms impinging directly on the NW sidewall surfaces, it is assumed
that only a fraction £4 will adsorb, migrate in the direction of the seed particle,
and finally be incorporated in the growing NW crystal (adatom (2) in Figure 6.1b).
As no radial growth occurs in this regime, all adatoms either contribute to axial
growth, diffuse toward the base to contribute to the growth of the 2D layer, or simply
desorb. Although the substrate is rotated during growth to ensure a more uniform

¢

flux distribution on the surface, the flux “sees” a rectangle of height H,(t) sina and
width 2R,. The number of atoms per unit time contributing to the axial growth is

simply 2§ 4JR,H,(t) sin a, which translates to a volume variation rate of:

d(Vol),
dt

= 264V R,H,(t)sina. (6.3)

6.2.1.83 Impingement on the Substrate Surface

It is assumed that only a fraction ¢4 of the atoms adsorbed within a circular ring
of thickness r, surrounding the NW will migrate toward the wire, diffuse along the
NW sidewalls to reach the particle, and contribute to the axial growth (adatom (3)
in Figure 6.1b). The remaining fraction of adatoms, 1 — ¢4, contributes to 2D film
growth or desorb. The projection of the collection area along the flux direction is
given by 7 [(Ro + r0)2 - Rg] cos «, thus giving a change in NW volume per unit time

of:

d(Vol),
dt

= parV [(Ro + ro)’ — R?] cosa. (6.4)
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Combining the above three contributions (Equations 6.2, 6.3, and 6.4) with Equa-

tion 6.1 to obtain the balance equation results in the following differential equation:

dH,(t) 2§4Vsina
dt TR,

©a [(Ro+ r.)’ — RZ
k3
_ dH;p(t)
dt

Hw(t) =

+xa| Vcosa

(6.5)

Within the framework of this analysis, where any irregularity of the surface mor-
phology of the 2D film is neglected, it is reasonable to assume that the growth rate
of the non-activated surface is constant, and is a fraction of the nominal growth rate,
i.e., dHyp(t)/dt = nV. Equation 6.5 then becomes a simple linear differential equa-
tion with the boundary condition H,,(0) = 0. It is solved by adding the homogeneous

and particular solutions.

(i) Homogeneous Solution

The characteristic equation (A — (2§4V sina/7R,) = 0) yields the following

homogenous solution:

Hyn(t) = K, exp [mt] ;

TR,

where K is a constant.

(ii) Particular Solution

Given the nature of the term on the right-hand side of Equation (6.5), we set the

particular solution as H,,(t) = K, = const., so its derivative dH,,(t)/dt = 0.

cosa — n}

Replacing these in Equation (6.5):

PA [(Ro + To)2 = R?;]
R;

+ XA

_25,4VsinaK2 _ V{
TR,
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thus yields

Hoplt) = e {

- 2€ 4sin a

R, +7,)* — R2
el [( RZ ) ] "'XA} cosa — n} ) (6.7)

Adding (6.6) to (6.7), and applying the boundary condition to determine the

constant K, an analytical expression is obtained for H,(t) in Regime A:
wa [(Ro+15)* — R?]

Iz cosa — 77}
X {exp (Mt> - 1} : (6.8)

It
H,(t) = — { + X4

- 2€ 4 sin

TR,

6.2.2 Radial and Axial Growths (Regime B)

When the NW reaches a height H. (Figure 6.1c), which is obtained by setting
t = t. in Equation 6.8, species impinging on the 2D film and subsequently migrating
toward the NW can no longer reach the Au-NW interface (¢4 = 0) to contribute to
axial growth. Instead, the adatoms nucleate on the NW sidewalls and contribute to
radial growth. Only adatoms within a diffusion length of the Au-NW interface can
contribute to axial growth; i.e., adatoms directly impinging on the Au seed particle or
on the sidewalls near the top of the NW. We previously speculated the radial growth
to operate in a step-flow mode around the core of the NW (Section 5.1.3. Therefore,
the height of the radial shell, h4(t) (Figure 6.2), will be treated in terms of step-
mediated growth as originally proposed by Burton et al. [7] in their theory of thin
film crystal growth. The diagram in Figure 6.2 illustrates the possible paths for an
adatom that has impinged in the upper part of the NW (segment L(t)). Once formed,

the short segment L(¢) is maintained by the step and the Au particle acting as strong
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Figure 6.2: Evolution of the shell height h,(t) as a result of step-mediated growth.
Adatoms from the upper layers do not contribute, and are reflected at the step edge
(E-S barrier).

sinks for adatom incorporation. Therefore, the adatoms contribute either to the axial
growth of the nanowire, or the axial growth of the shell by attaching to the step, with
less probability of nucleation on the sidewall of the segment L(t). Equivalently, the
step velocity, v,, does not deviate significantly from the axial growth rate dH,(t)/dt,
as will be seen in Section 6.3. As in Regime A, we assume the top of the NW and the
Au particle will maintain the same radius R,. As a first approximation, it is assumed
that adatoms moving toward the step from upper layers will be reflected, as shown

in Figure 6.2, due to an Ehrlich-Schwoebel (E-S) barrier [164-166].

The rate at which the height of the shell h,(t) progresses is thus equal to the veloc-
ity of the step due to adatom attachment, i.e., dhs(t)/dt = vs. This constant velocity
is the result of atoms impinging on the surface at a constant rate, and attaching to
a single step, as derived by Tu and co-workers [167]. Assuming that the first shell
monolayer that formed around the NW at ¢ &~ t. has an initial height h,;, a simple

expression for h4(t) is obtained:
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hs(t) = U (t - tc) + hsia (69)

6.2.2.1 NW Azial Growth H,(t)

In Regime B the same three mechanisms described above for Regime A still prevail
as described by the parameters x 4, €4, and p4. Due to the presence of steps, it must
be recognized that the analogous parameters for Regime B may be modified and are
therefore described by the parameters x5, £, and ¢p. Notably, since in this regime
the NW height exceeds the diffusion length for the adatoms coming from the substrate
surface, pp now refers to the fraction of adatom that contribute to the NW radial

growth, and not the NW axial growth as was the case in Regime A.

Beyond ¢t = t. the NW starts growing radially, while axial growth is sustained
by the direct impingement on the seed particle (xypmR2V cosa) and the diffusion of
the adatoms from the upper segment L(¢) to the particle (26 R,L(t)V sin ). In the
latter case, the fraction of the adatoms reaching the particle (£g) will be affected by
the growing shell due to step sites which constitutes a sink for the adatoms. Similar to
Regime A, the variation of the NW volume with time 7 R2 (dHr/dt) may be derived

with the assumption of the same constant growth rate of the 2D layer dH,p/dt, so:

dH,(t) 2V sina —2¢pvsVsin o
— H, () = ————¢
dt ﬂ'Ro ( ) ﬂ-Ro
26g (hg; — Vst si
+V |xpcosa — £ (hoi = v )sma_n , (6.10)

TR,

with the boundary condition H,(t.) = H, (see Figure 6.1c). Using the same approach
to solve Equation 6.10 as was used for Regime A (i.e., adding the homogeneous and

particular solutions), the final expression for H,(t) for ¢t > ¢, is therefore given by
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26gV sina

H,(t) = (H, — vst. — K) exp [ =

(t— tc)] + vt + K, (6.11)

where

K

mR, [ (1 2¢pt.sina

B 2§Bh3isina+
~ 2%psina t 173 TR, 3 -

)—XBcosa—i— =53

Both an exponential and a linear time dependence for the NW height appear in
Regime B, whereas only the exponential behavior resulted from the derivation for
Regime A (Equation 6.8). It is interesting to note that Sears, in the mid-1950’s, had
already made some predictions for the growth of whiskers [8]. An exponential trend
was then obtained in the early stage of the growth (analogous to our Regime A), but
an essentially linear dependence was established when the whisker exceeded a certain
length /height (condition analogous to our Regime B), due to adatoms desorbing be-
fore reaching the tip via diffusion. As will be further discussed in Section 6.3, the
mechanism proposed here, with two exponential regimes, is more representative of

the trend observed in the VLS growth of NWs.

6.2.2.2 Radial Growth, R(t)

Having determined how the height of the shell that forms around the NW core
varies with time (Equation 6.9), the description of the morphology is now completed
by elaborating a relationship for the evolution of its radius R(t). For that purpose,
the approach of material conservation is used in the same manner as above. It is
assumed that the shell forms a hollow cylinder of inner radius R,, outer radius R(t),
and height h4(t), which means that the layers subsequently depositing on the first

monolayer reach the same height as the latter. The taper experimentally observed
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in the vicinity of the shell edge is therefore neglected in this first approximation.
Moreover, all atoms adsorbed on the shell surface contribute to the radial growth,
meaning that desorption is neglected. The volume variation of the NW associated

with the segment where the shell develops is simply given by

d(Vol) _ d{[R*(t) — R2]hs(t)} _
= — = 27 R(t)hs(t)

dR(t)
dt

v [B2(r) - By 28,

(6.12)

Direct impingement on the shell surface amounts to a volume variation rate of the
shell equal to 2R(t)hs(t)V sina. As previously postulated, an E-S barrier prevents
atoms from attaching at the lower level, or migrating to the particle to take part in
the axial growth of the NW. Similar to the mechanism considered for the axial growth
described in both Regime A and Regime B, a fraction ¢p of the atoms adsorbed in
the collection area will migrate toward the NW and will contribute to the shell volume
(through an increase of its thickness) by ¢V [(R(t) + ro)? — R? (t)] cosa. Note that
this latter contribution was neglected by Tchernycheva et al. [77] on the basis of a very
short (25 nm) diffusion length of the adatoms on the surface of the 2D layer. This
latter value was determined by fitting of experimental data to a model developed
by Dubrovskii and co-workers [168]. In the present analysis, the contribution will
be maintained for the sake of completeness. The following non-linear differential

equation thus governs the radial growth:

dR(t) v, [R*(t) — R2 — ppVricosa v sin o QBT COS
dt 2R(t) [vs (t — to) + hei] m [vs (t —tc) + hsi] |’

(6.13)

which is valid for ¢ > t., with the boundary condition R(t.) = R,. The solution
to Equation 6.13 is obtained via a standard adaptive Runge-Kutta-Fehlberg algo-
rithm [169].
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6.3 Comparison with Experiment

To assess the above model, its numerical behavior is compared to actual measure-
ments obtained from a series of growths done on two material systems, GaAs and
InAs. While the experimental details concerning the former are presented below, the
results for the latter were directly extracted from Reference [77], where the fabrication

procedure can also be found.

6.3.1 Fabrication and Characterization Details for GaAs NWs

Surfaces of n-type (111)B-oriented GaAs substrates were prepared as per the pro-
cedure described in Section 3.2.1, and a 1 nm (as measured by a quartz crystal moni-
tor) layer of Au was deposited at room temperature in an electron-beam evaporator.
Each substrate was then transported, in ambient air, to a gas source MBE (GS-MBE)
system, where they were first degassed at a temperature of 300°C for 15 minutes. A
subsequent 10-minute anneal at 550°C in the growth chamber was performed under
an As, overpressure and a hydrogen plasma to activate the nanoparticle formation,
and desorb any native oxide that could have formed in a previous step. The tem-
perature and As, flux were then set to the desired values, and the NW growth was

initiated by opening the Ga effusion cell shutter.

All the specimens were grown at a substrate temperature of 600°C, a V/III flux
ratio of ~2.3 and a Ga atom flux yielding a nominal 2D growth rate of 0.28 nm/s (as
determined from previous growth calibrations done on GaAs (1 0 0) surfaces). These
conditions were maintained for durations of 180 (Growth #519), 600 (Growth #521),
1200 (Growth #633), 1800 (Growth #508), and 3600 (Growth #520) seconds in five
separate growths, after which the substrates were cooled under the As, flux, and

slowly brought back to ambient conditions (except for the 1200-second sample, which
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was quenched, and the As, flux terminated simultaneously with the Ga flux, for the

purpose of experiments described in Section 4.2).

Post-growth characterization was primarily done using a JEOL JSM-7000F field
emission scanning electron microscope (FE-SEM) operated in the secondary electron
mode, with accelerating voltages of 3 and 4 kV. For the 3600-second sample, most of
the analysis was done with a Philips CM12 conventional transmission electron micro-
scope (CTEM) operated at 120 kV for bright-field imaging. The various dimensions

(shell height, NW height and diameter) were measured directly on the micrographs.

6.3.2 Results and Discussion

6.3.2.1 GaAs

SEM images in Figure 6.3 show the evolution in morphology of GaAs NWs for
growth durations between 180 and 3600 seconds. Up to 1200 seconds (Figures 6.3a
to c), the NWs maintained a uniform diameter over their entire length. For growth
durations exceeding 1200 seconds, a “pencil shape” due to radial growth could be
distinguished for a variety of wires (as shown in Figures 6.3d and e). This latter
morphology continues to evolve, and after 3600 seconds the NWs were not only longer,
but their diameter also increased due to the radial growth. It thus appears that the
transition from Regime A to Regime B occurs sometime between 1200 and 1800

seconds of growth (i.e., 1200 < ¢, < 1800).

Focusing first on Regime A, the data points in Figure 6.4a show the NW height
evolution (i.e., H, as a function of the growth duration) for the case D, = 2R, =
(40+4) nm, while the ones in Figure 6.4b show the NW height versus its diameter (for

t = 1200 s), as measured directly on the SEM images. For the purpose of comparison
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Figure 6.3: Cross-sectional SEM micrographs illustrating the morphology and size of

GaAs NWs after (a) 180, (b) 600, (c) 1200, (d) 1800, and (e) 3600 seconds of growth.
The growth temperature was 600°C, the V/III flux ratio ~2.3, and the nominal 2D
growth rate 0.28 nm/s.
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with Equation 6.8, various parameters need to be established. The physical design
of the MBE system provides us with a value for the impingement angle, o, of 35°,
while the growth rate, V, was set by the incident Ga flux (0.28 nm/s). The size
of the collection area r, surrounding the NW was fixed to 25 nm, a value based
on the work done by Dubrovskii and co-workers [168]. For n (i.e., the fraction of
incident flux contributing to the growth of the 2D film), estimation from film thickness
measurements by cross-sectional TEM, coupled to calculations based on NW density
and average NW height, yielded a value of 0.8, which is consistent with the value of
0.77 obtained by Dubrovskii and co-workers [168].

Under normal MBE growth conditions such as the ones that prevailed in the
present experiment, desorption of impinging group III atoms is usually assumed to be
negligible. This was verified in work by Dubrovskii et al. [168], whereby a numerical
model was fit to experimental data, resulting in an estimated desorption rate of
the Ga atoms from the Au droplet that was only 12% of the deposition rate under
similar MBE growth conditions as employed in our study. Tchernycheva et al. [77]
also assumed in their model of InAs nanowires that In desorption was negligible.
Similar to these authors, and in the same manner as was first modeled by Wagner
and Ellis [16], the Au particle is treated as an essentially perfect sink for impinging
adatoms. Therefore, all adatoms impinging on the Au surface will directly contribute
to the axial growth of the NW; i.e., x4 = 1. Furthermore, we expect £4 > @a
(i.e., the fraction of adatoms impinging on the NW sidewalls that contribute to axial
growth will be greater than the corresponding fraction impinging on the 2D surface
between NWs) due to the closer proximity of the sidewalls to the Au particle, as
well as to the presence of strongly adsorbing kink sites at the intersection of the NW
with the 2D film. Finally, values must be chosen that will not only reasonably fit

the data in Regime A, but also ensure a realistic transition to Regime B (i.e., the

140



Ph.D. Thesis - M. C. Plante

McMaster - Engineering Physics

1200 11—
| (a) | ® Experiment 'y /I
| —— 2=, 0,71, 1,=1 ' |
10003 | ——8,7027,,20.27, 1,1 xt -_
H - 'E_A=0.3, ¢A=0.28, xA=1 .', i
—~ 800 1 --§‘=,0'4' (,P‘=,OE',§5=1 ,, ]
E ]
5 v 1
e / -
T 00+ 3 -
g o '/' g
T / 1
= b P .
400 + - -
% - i / -
g 7 L
4 g 4
200 + P -
- i 1
- l ] : 4
0 e vy vy e sty
0 200 400 600 800 1000 1200 1400 1600
Growth duration (s)
1400 ————r———
1 (b)
1200 +
1000 +
g
"; 800 +
T ;
-
o ot -
D 600+
[} r
= |
2 ol
200 +
0 ———t —t t t y
0 20 40 60 80 100 120

Figure 6.4: Evolution of the GaAs NW height H,, as a function of: (a) the growth
duration (for the case D, = 2R, = 40 nm), and (b) the NW diameter D, in Regime A
for x4 = 1 and various values of {4 and 4. The data points in (a) are experimental
measurements for NWs having a diameter D, = (40 £+ 4) nm, with the error bars
corresponding to one standard deviation. Each point in (b) corresponds to a single

NW measurement.

NW diameter D_ (nm)

141




Ph.D. Thesis - M. C. Plante McMaster - Engineering Physics

exponential behavior in Regime A is not too strong such that H, near ¢, does not

exceed measurements made in Regime B).

With the above provisions, the remaining parameters, £4 and ¢4, may be system-
atically varied for comparison with the data in Figures 6.4a and b. The scenario where
all values are set to unity, x4 = €4 = @4 = 1 (short dotted curves in Figure 6.4),
is first discussed, which corresponds to the case where all adatoms contribute to
the axial growth of the NW. This is equivalent to the model initially proposed by
Tchernycheva and co-workers [77]. As can be seen, this significantly overestimates
the actual growth rate. While this was already acknowledged in Reference [77], it
constitutes an argument in favor of the present model. The other curves shown in
Figure 6.4 illustrate the sensitivity of the two parameters £4 and ¢ 4. Reasonable and
physically meaningful fits to the experimental data were obtained with &4 between
~0.27 and ~0.4 (¢ between ~0.2 and ~0.3), with best fit values of £4 = 0.3 and
w4 = 0.28 . Note that this choice of parameters is able to fit simultaneously the data

of Figure 6.4a and b.

Moving to Regime B, Figures 6.5a and b show the NW height and diameter,
respectively, versus the growth duration, which includes the subset of data from
Figure 6.4 for Regime A. The solid line in Figure 6.5a is the model fit to Regime A
using £4 = 0.3 and ¢4 = 0.28 as just described. Note that since no radial growth
occurs in this regime, a straight line was plotted for the evolution of the NW diameter
as a function of the growth duration in Figure 6.5b, i.e., at the average measured
value, so D =~ D,. For comparison of the data with Equations 6.11 and 6.13, the
identical parameter values as established for Regime A were chosen; i.e., o = 35°,
V = 0.28 nm/s, 7, = 25 nm, and n = 0.8. Note that the composition of the Au
particle may change with evolution of the NW height due to changes in supply of

adatoms diffusing from the 2-D surface or from the NW sidewalls. However, as was
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assumed for Regime A, we set xp = 1, meaning that all atoms impinging on the Au
particle contribute to axial growth. In addition, it will be assumed that ¢p = @4,
since between the two regimes the only difference with regards to the contribution
from the substrate is that in the latter case the adatoms reach the particle (Regime
A), while in the former case they do not, contributing solely to radial growth instead

(Regime B).

Using direct measurements on the NWs, the step velocity vs can be estimated by
measuring the height of the shell between the growth durations of 1800 and 3600 s.
A value of 0.56 nm/s is obtained, and is therefore fixed in Equations 6.11 and 6.13.
Note that H. is not considered a free parameter, as it is determined by replacing the
value of £, in Equation 6.8. Performing additional growths with durations between
1200 and 1800 s would enable a more precise evaluation of ¢., but for the present
exercise an intermediate value of 1450 s was chosen (yielding H. ~ 1430 nm). With
only two data points available for this regime, and two parameters remaining (h,; and
&B), no unique values for the latter could be identified. The curves in Figure 6.5a
therefore provide the range of possible values to fit the H,(t) data. For {g values
less than ~0.08, the expected increasing exponential behavior (which will be more
evident in the following section on InAs NWs) numerically disappeared for any value
of hs;. The overestimation of the model compared to the measured radial growth,
shown in Figure 6.5b, may be explained by the very dense population of NWs on the
surface, inducing shadowing effects and/or competition for adatoms between neigh-
boring NWs [77], which is not included in the model. This aspect will be further

discussed below.
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6.3.2.2 InAs

To further assess the model, a similar analysis as the one for GaAs was performed
on a series of experimental data obtained by Tchernycheva and co-workers for MBE-
grown InAs NWs [77]. The experimental conditions provided by the authors (D, =
30 nm, a = 33°, V = 0.2 nm/s) were used as model parameters. Information on 2D
growth was not available, so n was assumed to be on the same order of magnitude as
our GaAs NWs (i.e., n = 0.8). x4 was assumed to be unity as previously discussed.
The size of the collection area was set to 7, = 25 nm, following Reference [168]. An
analysis was performed by varying the two remaining parameters (4 and ¢4). Note
that results on H,, vs D, were not available in this case, so the values were assessed

only on the basis of time evolution.

As illustrated in Figure 6.6, the scenario {4 = w4 = xa = 1 greatly overestimates
the measurements, as was also the case for GaAs. A fit to the data could be obtained
with £4 between ~0.35 and ~0.65 (¢4 between ~0.1 and ~0.33). More experimental
information on radial growth rate and initiation time ¢. would allow more precise
fitting. However, selecting an intermediate value for ¢, of 1625 s based on the data
of Reference [77], the best fit is obtained with £4 = 0.37 and ¢4 = 0.35 (solid
curve in Figure 6.7a). These higher incorporation factors obtained for the InAs NWs,
as compared to the previous case of GaAs, could have their origin in the typical
longer diffusion length of In adatoms relative to Ga. Additionally, the experimental
conditions could have played a role; for instance, the InAs growths were done at a
nominally higher V/III flux ratio of 3 (compared to 2.3 for GaAs) and relatively low
temperature (410°C). The greater availability of group V species at the seed particle

may thus allow for more group III atoms to contribute to the NW axial growth.

The experimental behavior of the H,, data for t > 1800 s (Regime B), displayed in

Figure 6.7a, indicates a non-linear progression, contrary to some of the initial models
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proposed for whisker and NW growth [8,11,77]. The shortcomings of these previous
approaches are addressed in the present model by accounting for the diffusion of
species landing in the upper part of the NW, the time dependence variation of the
segment L(t) via the step-mediated growth, and the non-unity probability of adatom
contribution to the NW axial growth. Due to the lack of data, notably to quantify the
step velocity, unique values for the parameters could not be identified. Figure 6.7a
therefore illustrates possible fits for the three sets of values, g, hs; (in nm), and v,
(in nm/s). In all cases t. was set at 1625 s. Note that an increase in {p is associated
with a decrease in the step velocity vs, thus necessitating a lower initial shell height
hs;. The effect on the radial growth is shown in Figure 6.7b. In all three cases a
reasonable fit was also achieved for D(t), which may be related to the lower NW
density on the surface in the case of InAs (between 0.5 and 2.5 x10% cm™2, more
than an order of magnitude lower than for the GaAs specimens), thus making the

actual situation closer to the “isolated NW” scenario assumed in the development of

the model.

6.4 Chapter Summary

In summary, a model describing the axial and radial growth of III-V NWs from
metal seed particles was presented. While a diffusion-controlled mechanism was as-
sumed (as suggested by experimental results), no explicit derivation of diffusion equa-
tions was required, and instead only simple material balance relations were developed
to obtain the time evolution of the NW height and radius. Two distinct regimes
were identified and analyzed, differentiated by the amount of adatoms diffusing to
the axial growth interface and the triggering of radial growth. In the first regime, the
NWs grow exclusively in an axial manner, with the growth sustained by three sources

of materials: direct impingement on the seed particle, impingement on the sidewalls
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followed by diffusion to the particle, and impingement on the substrate surface (in a
collection area surrounding the NW) followed by diffusion to the particle. Once the
NW height exceeds the adatom diffusion length on the sidewalls, the growth transi-
tions to a second regime in which radial growth is initiated in the lower part of the
NW, while axial growth is maintained at a lower rate (as the substrate adatoms no
longer contribute). Due to the diffusive nature of adatom transport, not all atoms
impinging on the substrate or NW sidewalls were assumed to contribute to the axial
growth. Furthermore, due to the complexity of the growth processes, a phenomeno-
logical treatment was adopted using model parameters to describe the relative fraction
of impinging adatoms that contribute to axial growth. This approach is reminiscent

of atom incorporation models to describe epitaxial growth of III-V films [170].

The axial growth of the NW was assumed to depend on the flux of the group
I1I species reaching the growth interface, with group V species supplied in excess,
which is the usual case in thin film growth by MBE (see for instance Section 7.6.1 in
Reference [171]). However, the model does not exclude the possible group V-limited
aspect of NW growth as discussed previously [81] where the model parameters may

depend on group V flux.

The general trends established by the model in terms of the time evolution of
the axial and radial growths were assessed by comparing them to MBE-grown GaAs
and InAs NWs. Although the model has a large number of free parameters and the
data set is limited, we hope the phenomenological model presented here will lay the
foundations toward a better understanding of the various NW growth mechanisms.
In particular, the primary contribution of the model is the inclusion of the step-
mediated axial growth of the shell and the fractional contribution of adatoms toward

axial growth.
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Chapter 7

Conclusion and Future Work

7.1 Thesis Summary

Through a series of growths performed on GaAs (1 1 1)B substrates under various
conditions, the mechanisms operating during the metal-assisted growth of vertical I11-
V NWs by GS-MBE were investigated. Three major aspects could be established,
resulting from the careful characterization of the as-grown structures by electron

microscopy.

(i) The axial growth is sustained by three sources of materials; i.e., direct impinge-
ment of growth species on: the seed particle, the substrate surface (followed
by diffusion to the seed particle), and the sidewalls of the growing NW (also
followed by diffusion to the seed particle). From the measurement of the NW
height H,, as a function of the seed particle diameter D, a clear dominance of
the latter two processes is visible for the smallest values of D, characterized by
a H, x 1/D behaviour. Beyond a certain critical diameter, a different regime
sets in (first experimentally observed by the author) where thicker NWs grow
faster. Transition from mononuclear- to polynuclear-mediated growth under
the particle, coupled to the Gibbs-Thomson effect being more dominant in this
size range, is probably at the origin of this observed trend, as was subsequently

modeled by a different group [52].
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(i)

(iii)

When the NW height exceeds the diffusion length of adatoms coming from
the substrate surface, and also the ones coming from the lower part of the
NW, radial growth is triggered. A characteristic “pencil shape” morphology
results from the latter, where the NW remarkably conserves a uniform diameter
throughout most of its length, except near the tip, where a taper can often be
observed. We postulated that this uniformity was due to the radial growth
operating in a layer-by-layer fashion on the sidewalls, similar to the epitaxial
growth of a film on the surface of a substrate. An observed evolution of the
sidewall facets orientation from {1100} to {2 110} is consistent with the
previous postulate. Moreover, the presence of steps on the sidewalls in the
tapered part suggest that the radially growing shell also progresses axially in a

step-flow mode.

The axial growth and single-crystalline nature of the NWs strongly depend
on a larger V/III flux ratio than is typically required for the growth of 2D
layers. This suggests that the local flux ratio at the growth interface (under
the particle) is effectively lower than the nominal value, possibly due to the
significantly lower solubility of group V species in the metal particle. A more
regulated supersaturation of the particle provided by an increase in the group
V flux, accompanied by a lowered group III flux, resulted in the most regular
structures with a minimized defect (stacking fault) occurrence, suggesting that
the NW axial growth is group V stabilized. This latter aspect is of primary
importance for future device fabrication, as it differs from the usual group III

stabilized character of epitaxial layers.

From a practical point of view, generic fabrication guidelines could be established

based on a systematic investigation of the effects of growth parameters (temperature,

V/III flux ratio, and group III flux) on the morphology and crystal structure. In the
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case of GaAs, NWs with uniform diameter and minimized stacking fault frequency
(and even in some instances complete absence of any stacking fault) were achieved at
a temperature of 600°C, a V/III flux ratio of 2.3, and a Ga impingement rate on the
surface of 0.07 nm/s. An increase of the flux ratio favored uniform sidewall growth
(by limiting the diffusion of group III adatoms), thus making the process suitable
for the fabrication of core-shell structures. Another possible strategy to achieve such
a structure could be through the lowering of the effective V/III ratio at the axial
growth interface (item (iii) above). After growing a core under the conditions just
described, the group V flux could be lowered so to yield a nominal V/III flux ratio just
above unity (e.g. ~1.1). The NW axial growth thus becomes significantly lowered, if
not completely inhibited, while the conditions are still favorable to 2D growth, and

consequently also to NW radial growth.

Using all the information acquired from the experimental observations, an ana-
lytical description of the growth was finally elaborated, based on a simple material
conservation model. Direct impingement of growth species on the particle, coupled
to their diffusion from the sidewall and the substrate surface, were considered in the
derivation of expressions for the time evolution of both axial and radial growths. Fac-
tors that take into account the non-unity probability of inclusion of group III adatoms
in the axially growing crystal were introduced, and constitute one of the most original
feature of the model. Additionally, a step-mediated growth was included to describe

the axial evolution of the shell.
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7.2 Future Work

While the purpose of this thesis was to establish the bases toward the controlled
fabrication of NWs, more work is undoubtedly necessary toward a full understanding

of all aspects of the growth, and, in the longer term, device consistency.

One process we think deserves more in-depth studying is the self-assembly of
the seed metal particles on the substrate surface. The brief discussion on this topic
that was presented in Section 2.1, while certainly providing a generic description
of the mechanisms involved, still leaves some unanswered questions. Moreover, large
differences in particle size and density following a similar heat treatment but different
NW growth conditions, as reported in Chapter 4, would suggest that annealing be
done at the desired growth temperature in order to avoid any additional surface
migration between the time annealing is completed and growth is initiated. A more
systematic Au-film annealing study, done with the MBE system instead of the RTA
furnace in order to reproduce the exact conditions preceding the NW growth, could
make the overall process more robust by optimizing the spatial and size distributions
of particles. Notably, if the annealing and growth temperature are the same, effects
of shadowing from neighbouring NWs could be minimized by establishing the proper
initial film thickness and annealing duration. Additionally, the possible incubation
time alluded to in Chapter 4 could be clarified. This study should even be extended
to other substrates than GaAs (1 1 1)B, such as InP (11 1)B.

The generic guidelines for growth conditions, derived using the GaAs NWs, could
also be extended to other materials systems. Preliminary results on In-based binary
compounds like InAs (Section 4.3 of the present thesis) and InP (Chapter 4 of ref-
erence [139]) already provide a basis for further study. A more systematic analysis
similar to the one presented in Chapter 4 could be in order to determine optimum con-

ditions adapted for the type of structures, especially to trigger uniform radial growth
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for core-shell applications. In the longer term, a complete understanding of how the
various growth species incorporate in ternary and quaternary alloyed NWs will further
expand the range of applications. We believe that this will only be achieved though

systematic studies of the various material systems of interest and their substrates.

To complement the electron microscopy characterization, important structural
information could be gained with photoluminescence (PL) measurements. While these
fell outside the scope of the current work, some preliminary results obtained using the
micro-PL set-up at the Institute of Quantum Computing (University of Waterloo) are
shown in Figure 7.1, clearly validating the importance of minimizing stacking faults.
Extending the study to room temperature performances, and investigating possible
ways to passivate the NWs, are all important aspects toward device development. X-
ray diffraction (as was performed on CdTe nanorods [172]) could additionally provide

a means to measure accurately the lattice parameters.

From a theoretical point of view, the validity of the proposed model was already
successfully demonstrated, at least semi-quantitatively. Further refinements, notably
with regards to the axial progression of the shell via the step-mediated growth process
(e.g. a reduction in the assumed “perfectly reflecting” E-S barrier), would enhance
the description of the growth. A more precise assessment of the &, ¢,, Xz, and t.
parameters could be established by increasing the number of data points (i.e., do

additional growths at different durations, maintaining the same growth conditions).
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Figure 7.1: Low-temperature (7.3 K) photoluminescence from two sets of GaAs NWs
having significantly different stacking fault density: sample #543 (solid line), with an
average fault density of 0.008 nm~!, and sample #505 (dashed line), with an average
fault density > 0.2 nm~!. Inset SEM images represent the NWs onto which the

excitation laser was focused (scale bars represent 2 pym).
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