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ABSTRACT

The thesis is concerned with study of GaAs nanowires fabricated on Si substrate.
The possibility of growing I11-V semiconductor materials directly on silicon in the
form of nanowires is an attractive route to the integration of microelectronic,
photonic and optoelectronic technologies. To this end, development of functional
heterostructure require effective and controllable doping but the dopant
incorporation mechanisms involved in nanowire growth can be quite different from
the well-established semiconductors thin film technology. The interplay of the
different dopant incorporation mechanisms and the competition between axial and

radial growth can result in dopant concentration gradients in the nanowires.

As a key technology development enabling the study of transport properties in
nanowires, a method for fabricating electrical contacts on single NWs using electron-
beam lithography is reported. On the other hand, the reduced dimensions and the
quasi one-dimensional nanowire geometry are challenging factors for the fabrication
of electrical contacts in the correct geometry for Hall effect measurement, which is
traditionally used in planar film to determine the dopant concentration and carriers
mobility. Therefore, alternative techniques were employed to gain an understanding
of the dopant incorporation mechanisms. To this end, Raman spectroscopy and
current-voltage analysis on single-nanowire were used to estimate the spatial
distribution of the Be and Te dopants along the axial direction of GaAs nanowires.
The study reveals that the dopant incorporation mechanisms are strongly affected
by the growth conditions for both p-type and #-type GaAs nanowires, resulting in
gradients of dopant concentration along the nanowires.

Besides the carrier transport properties, the waveguide properties of semiconductor
nanowires were explored in the area of chiral sensing and emission of circularly
polarized light. By fabricating asymmetric gold layers deposited on the nanowires
sidewalls and under the adequate experimental conditions an extrinsic optical
chirality configuration is achieved. The results show a strong chiral behavior in both
absorption and emission of the partially Au-coated nanowires, and paves the way for

applications such as chiral sensing and emitting devices.
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RESUMO

Neste trabalho, realizamos um estudo sistematico das propriedades oticas, elétricas
e estruturais de nanofios de GaAs dopados crescidos por epitaxia por feixes
moleculares em substratos de Si. A possibilidade de crescer materiais
semiconductores I1I-V na forma de nanofiosdiretamente sobre silicio é uma rota
de significativo interesse para a integragao tecnologica nas areas da microeletronica,
fotonica e optoeletronica. Além disso, o desenvolvimento de heteroestruturas
funcionais requer um processo de dopagem efetivo e controlavel. No entanto, os
mecanismos de incorpora¢iao de dopantes envolvidos no crescimento de nanofios
podem ser diferentes dos mecanismos ja conhecidos para filmes finos
semicondutores. De forma geral, a combinacio dos diferentes mecanismos de
incorporagao de dopantes e a competi¢ao entre crescimento axial e radial podem

resultar em um gradiente de concentragdo de dopantes nesses nanofios.

O desenvolvimento de uma metodologia para fabricacao de contatos elétricos em
um unico nanofio, utilizando litografia por feixe de elétrons, ¢ um elemento chave
para a investigacdo das propriedades de transporte eletrénico em nanofios. Por outro
lado, as dimensdes reduzidas e a quase uni-dimensionalidade dos nanofios sio
fatores desafiadores para a fabricacido de contatos elétricos na geometria adequada
para medidas de efeito Hall, tradicionalmente utilizada em filmes finos para
determinar a concentracio de dopantes e a mobilidade dos portadores de carga.
Desta forma, nesta tese foram aplicadas técnicas experimentais alternativas para
investigar os diversos mecanismos de incorporacio de dopantes nesses sistemas.
Dentre elas, utilizamos espectroscopia Raman e medidas de corrente elétrica em
funcao da voltagem aplicada em nanofios individuais para estimar a distribui¢do
espacial dos dopantes Be e Te ao longo da diregiao axial de nanofios de GaAs.
Observamos que os mecanismos de incorporacio de dopantes nesses sistemas sio
fortemente afetados pelas condi¢oes de crescimentos para ambos nanofios de GaAs,
tipo-p e tip-#, levando a presenca de um gradiente na concentragao de dopantes ao
longo do comprimento dos nanofios.



Além das propriedades de transporte eletronico, as propriedades de guia-de-onda de
nanofios semicondutores também foram exploradas para deteccdo quiral e emissao
de luz circularmente polarizada nesses sistemas. Para isso, utilizamos camadas de Au
assimétricas depositadas na superficie lateral dos nanofios, resultando na observagao
de quiralidade 6ptica extrinseca. Os resultados evidenciam um forte comportamento
quiral tanto na absor¢ao como na emissao de luz de nanofios parcialmente cobertos
com Au, criando novas possibilidades para aplicagbes na area de dispositivos

baseados em deteccao e emissao quiral.
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1 INTRODUCTION

1.1 1I-V semiconductor nanowires and Si integration

Semiconductor nanowires (NWs) are a promising class of materials as building
blocks for the next generation of electronic and optoelectronic devices [1]. The
advanced growth techniques available for manufacturing semiconductor
heterostructures and the diversity of device processing techniques are the key
ingredients for obtaining novel sophisticated device nanostructures. Vigorous
development in the various sub-field of nanotechnology led to development of
several classes of nanostructures. In relation to the confinement type of the charge-
carriers, semiconductor heterostructures can be classified as bulk (3D), quantum-
wells (2D), quantum-wires (1D) and quantum dots (0D). In relation to their
geometry, majority of the structure have a planar 2D geometry while NWs are
classified as one-dimensional structures due to their high aspect ratio, i.e., the length
of the NW's can be a few orders of magnitude larger than their diameter. However,
the type of confinement will be dictated by the relation between the NW diameter
and the exciton Bohr diameter. Therefore, it is possible to obtain one-dimensional
NW structures while still keeping the bulk-like confinement behavior by growing
NWs with a sufficiently large diameters.

Semiconductor NWs can offer a number of advantages over their bulk
counterparts, for example the reduced dimensionality provides some mechanical
flexibility for future devices applications [2]. In addition, the increased surface-to-
volume ratio makes NWs attractive for sensing applications, while indeed bringing
more challenges in terms of surface passivation required to avoid the loss of carrier
at outside interface. Recently, NW-based optoelectronic devices have been exploited
in applications such as LEDs [3, 4], solar cells |5, 6] and photodetectors [7].

The integration of III-V semiconductor materials with the Si-based technology
platform dominating microelectronics and passive photonic integrated circuits
(PICs) is a major trend aiming at exploiting the benefits of photonics by increasing
the functionality of PICs. As an example of such integration, the work of Giuntoni

19



et al [8] proposed a direct interface of semiconductor nanowires and planar Si

waveguides as show in Figure 1.1.

Figure 1.1: Periodic array of free-standing semiconductor nanowires on a planar Si waveguide.
Reprinted with permission from [8]. © The Optical Society.

The main obstacle for effective integration of I11I-V and Si-based technologies is the

lattice mismatch between Si and most typical III-V semiconductors, such as gallium
arsenide (GaAs). The crystalline defects arising from the different lattice constants
are highly detrimental for the optical and electronic transport of the resulting
heterostructures. The difference in the coefficients of thermal expansion between
the semiconductor materials also plays a detrimental role in the direct integration of
Si and III-V semiconductor materials.

Owing to their reduced dimensionality, III-V NWs are able to overcome the
lattice and thermal mismatches issues due to the strain relaxation in the first atomic
layers at the interface between the growth substrate and the NW structure.
Therefore, significantly progress has been made on the growth of III-V
semiconductor NWs directly on Si substrate. Specifically to GaAs NWs, advances in
the NW distribution and control of the length and diameter of the final structures
have been reported [9—12]. Most electronic and optoelectronic applications require
modifications of the semiconductor conductivity properties by incorporation of
additional elements referred as dopants, as will be discussed in details later in this

thesis. For example, a solar cell is based on a pn-junction formed by doping part of
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the structure with p-type dopants and another part with n-type dopants. The device
performance is largely defined by the charge carrier concentrations, mobilities and
lifetimes in the pn-junction.

Therefore, one of the prior concerns regarding NW-based devices performance
is a reliable doping procedure without compromising the material quality of the
NWs. A handful of scientific publications involving several experimental techniques
and approaches have emerged during the past years [13—18] with the common goal
of estimating the dopant concentration and incorporation pathways of dopants into
semiconductor NWs, but the results are usually highly-dependent on the growth
method and dopant being used. It should be emphasized that the research
methodology and knowledge of the dopant incorporation from traditional thin film
epitaxy cannot be directly transferred to NWs. For example, Si is a common #-type
dopant in MBE growth of GaAs(100) thin films but has a strong amphoteric
behavior in NW growth [16]. From this general perspective, this thesis contributes
to a systematic build-up of knowledge of dopant incorporation mechanisms during

nanowire growth.

1.2 Research questions and structure of the Thesis

In terms of specific problems addressed, this thesis work is addressing the following
fundamental research questions (RQ):

RQ1: How are the structural, optical and carrier transport properties of the NWs
linked?

RQ2: How are the NW growth conditions linked to the incorporation
mechanisms and efficiency of Te (#-type) and Be (p-type) dopants in self-
catalyzed MBE GaAs NWs?

RQ3: How does the incorporation of Te and Be dopants affect the structural,
optical and electrical properties of the NWs?

RQ4: To which extent can the traditional III-V semiconductor device processes
be applied to the NW device fabrication and what kind of new challenges
and possibilities result from the NW geometry?

The planning of the experiments used in the investigation of the Be and Te dopants

incorporation in the self-catalyzed GaAs nanowires used in this thesis is based on

the RQs 1-4. The main aspects of the changes in the structural properties due to
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dopant incorporation were analyzed by scanning electron microscopy, transmission
electron microscopy and Raman spectroscopy. In addition, Raman spectroscopy
data were used to estimate the dopant concentration and carrier mobility via analysis
of the coupling of the plasma associated to the free charge carriers and the phonons
of the NW lattice. The charge carriers transport properties of Be and Te-doped NW's
were investigating by fabricating electrical contacts on single NWs using electron-
beam lithography (EBL). The main transport mechanisms were identified by
analyzing the current-voltage (IV)characteristics of the NWs and correlating with the
results obtained from Raman spectroscopy. Prior to transport characterization, the
optimization of the steps involved in contacts manufacturing was a key research
point (RQ4), enabling to obtain a repeatable process ensuring low contact resistance
of the metal-semiconductor interface.

In terms of new applications exploiting the unique properties of the NW
geometry, we have investigated the extrinsic optical chirality of the absorption and
emission of semiconductor-metal hybrid nanostructures. To this end,
GaAs/AlGaAs core-shell NWs had their sidewalls partially covered with gold by
properly designing the tilt angle of the NWs axis and the metal flux direction during
metal evaporation. This design and fabrication approach opens the way for chiral
sensing and biochemistry applications.
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2 GENERAL BACKGROUND

In this chapter, the main theoretical concepts underpinning the experimental work
are presented. A brief section of III-V semiconductor materials is given at the start
focusing on GaAs properties. The doping effects on the energy bands of intrinsic
semiconductors is also presented in order to discuss the fabrication of electrical
contacts onto semiconductor materials. The main aspects of metal-semiconductor
junctions are presented to support the discussion of electronic transport properties
of the nanowires. Then, a presentation of the main theoretical aspects of Raman
spectroscopy applied to semiconductor materials is presented, including the Raman
scattering phenomenon, selection rules for bulk and nanowires, surface optical
modes as well as the coupling of the phonon modes to the plasma due to the
presence of free carriers. The latter has been of great importance when evaluating
the dopant concentration and carrier mobility of the » and p-type nanowires
investigated in this thesis. At last, a brief description of extrinsic optical chirality of
the Au-coated nanowires is presented.

2.1 lll-V semiconductor compounds and GaAs

The III-V semiconductor compound gallium arsenide (GaAs) is one of the most
investigated material of its class, present in a wide range of applications in electronics
and optoelectronic devices. In particular, the direct nature of GaAs band-gap, which
is a common feature among several I1I-V compounds, is essential for light emitters.
At room temperature, undoped GaAs has an energy gap of 1.42 eV (~870 nm in
wavelength) and therefore is widely used in near-infrared optoelectronic
applications. Besides the direct nature of the bandgap of the most III-V compounds,
another important benefit compared to indirect bandgap Si dominating
microelectronics and photovoltaics, is the possibility to form alloys covering a broad
spectrum region. For example, as it can be seen in Fig. 2.2, formation of ternary
alloys such as GaAsP and GalnP makes the Si-III-V integration even more attractive.
On the other hand, the difference in lattice constants between Si and III-V materials

results in difficult to overcame challenges when aiming at monolithic integration
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between these materials; lattice difference results in defects and dislocations, which
results in degradation of device performance.
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Figure 2.2: Bandgap vs lattice constants at room temperature of most important elemental and binary
semiconductors. Adapted from [pending]

Most commonly, semiconductor materials exhibit diamond (in case of group IV
semiconductors) or zincblende (compound materials) crystalline structures. The
zincblende (ZB) crystalline structure can be seen as two interpenetrating face-
centered cubic lattices [19]. In case of GaAs, one sub lattice is composed of Ga
atoms and the other of As atoms. Another common crystalline structure for I1I-V
semiconductor compounds is the wurtzite (WZ), which has hexagonal symmetry.
The WZ structure can be seen as two interpenetrating hexagonal close-lacked
lattices. Even though the WZ structure presents hexagonal symmetry, the four
nearest neighboring atoms are arranged in a tetrahedral way similarly to the ZB
structure. Some I1I-V semiconductors that are commonly observed in ZB structure
can go through a phase transition to WZ structure, as for example GaAs under
higher pressures and temperatures [20]. As it will be later discussed in this thesis, the
possibility of growing I1I-V semiconductor materials in the NW form allows forming
a metastable WZ phase of compounds which are naturally ZB.

Intrinsic semiconductor materials are grown without the presence of additional
elements (or at least with a negligible amount of impurities), i.e. referred as dopants.
In this case, for each electron that is excited from the valence to the conduction band
there will a corresponding hole at the valance band, forming a so-called
electron-hole pair. Each electron and hole generated this way are also referred as

charge carriers. Therefore, the concentration 7 of electrons thermally excited in the
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conduction band is equal to the concentration p of holes in the valence band which
are equal to the intrinsic carrier concentration 7. The energy distribution of the
electrons in a semiconductor obeys the Fermi-Dirac statics, accounting for the
indistinguishable nature of the electrons and the Pauli exclusion principle [21]. At
equilibrium and finite temperatures, the carrier concentration in the conduction band
(electrons) is equal to the carrier concentration in the valence band (holes), and the
Fermi level of an intrinsic semiconductor lies very close to the middle of the
bandgap.

For most practical applications in electronics and optoelectronics, it is usually
required from the semiconductor material to have an excess of one type of charge
carrier (electrons or holes) in order to change the semiconductor conductivity
significantly. To this end, external impurities are introduced in such controlled way
that will add or remove electrons from the semiconductor crystal — but still
preserving the charge neutrality of the whole crystal. This procedure is known as
doping of the semiconductor, and the dopants concentrations are usually 10'¢-
109 atoms/cm3. For example, beryllium (Be) imputities introduced in GaAs crystal
will substitute Ga atoms which leaves a deficit of one electron per Be atom
incorporated this way. In other words, each Be atom incorporated will contribute
with one hole to the GaAs and the material is referred as p-type doped. Similarly, the
introduction of tellurium (Te) in GaAs crystal will result in Te atoms occupying the
some fraction of the As sites, thus leaving with one extra electrons per Te atom
incorporated this way. Therefore, the material is referred as #-type doped. It is worth
mentioning that the holes and electrons contributions by p-type and #-type
impurities, respectively, are based for a crystal at room temperature. Some dopant
atoms are known to have an amphoteric behavior, i.e., with probability of occupy
lattice sites that would result in p-type or #-type doping. For example, Si is knows to
have an amphoteric behavior in GaAs, which depends on the growth conditions and
the crystal orientation of the growth surface orientation from which the dopants are
being incorporated [22]. A semiconductor material with dopants intentionally
incorporated is referred as extrinsic.

An extrinsic semiconductor material exhibits additional energy levels in the
bandgap region: the acceptor levels are closer to the valence band, which can get
filled by thermally-activated dopants. The donor levels are closer to the conduction
band and thermally activated dopants will contribute to empty donor levels. The fact
that the acceptor/donor levels are close to the valence/conduction bands facilitates
the generation of free charge carriers when compared to the thermal excitation of

electrons across the bandgap of the semiconductor material. [19, 21]. This concept
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will be of importance when discussing the properties of metal-semiconductor

junctions used for current-voltage (IV) analysis in the upcoming chapters.

2.2 Nanowire background

2.2.1  Vapor-liquid-solid growth

The usual growth mode of semiconductor nanowires is based on the vapor-liquid-
solid (VLS) mechanism, which was first proposed already in 1964 by Wagner and
Ellis [23] on the growth of Si structures assisted by metallic Au particles. In this
method, a metal droplet is used as catalyst for the NW growth [24, 25]. In epitaxial
growth, the substrate determines the crystal orientation of the growing structure
(layers, NW, etc). In VLS growth, the catalyst can be either a foreign element (other
than the constituent elements of the semiconductor) such as Au, Al, Ni or Ti [25] ot
a native element such as Ga in case of GaAs growth. In the latter case the VLS
process is said to be self-catalyzed.

The main requirement for VLS growth of III-V semiconductor NWs is that the
droplet can reach a supersaturation condition between the group III and group V
elements used during NW growth regardless of the metal used as catalyst. The source
material from the vapor phase is dissolved into the droplet. Once the supersaturation
condition is reached in the liquid droplet, precipitation takes place at the liquid-solid
interface of the catalyst droplet and NW body.

The NW growth takes place in a highly anisotropic fashion in a bottom-up form,
and the catalyst droplet usually stays at the NW tip throughout the growth process.
In self-catalyzed GaAs NW growth, the growth rate can be adjusted by the group V
flux, but the control of the group III fluxes is important to keep the saturation
conditions for VLS growth. If the V/III ratio is set too high, the catalyst droplet will
shrink in size causing the liquid phase to disappear and thus terminating the VLS
process. On the other hand, if the V/III ratio is not high enough, the increase in
droplet size can result in formation of unwanted lattice defects along the NW axis
such as twin planes. While the VLS mechanism is responsible for the axial growth
of the NW, there can be also growth happening at the NW sidewalls through a
mechanism known as vapor-solid (VS). This increase in the diameter is usually
referred as radial growth and can be adjusted by the V/III ratio and temperature
[25]. The VLS and VS growth modes will be important concepts when dopant
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incorporation is discussed. In addition to NWs, parasitic growth structures and tilted
NWs are observed to form during the NW growth. The parasitic structures often
originate from failed NW nucleation, or parasitic nucleation in pinholes formed to
the oxide during the NW growth. The main growth mechanisms during catalyst-
assisted NW growth are illustrated in Figure 2.3.
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Figure 2.3: Schematics of the main mechanisms in catalyst-assisted NW growth.

2.2.2 Self-catalyzed growth mechanisms

The use of Au nanoparticles as catalyst for the growth of III-V semiconductor
nanowires has been widely reported using both MBE and MOCVD fabrication
techniques [1, 26]. However, it is usually preferred to avoid the use of Au due to its
high diffusion coefficient in semiconductor materials and the tendency to induce
deep level traps in the semiconductor bandgap, which will drastically decrease the

performance of NW-based optoelectronic devices [24].
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A straightforward solution to the harmful effects of Au diffusion (or any other
foreign elements) into the semiconductor NW is to use a catalyst droplet of the same
components of the NW composition. This approach is commonly referred as self-
catalyzed growth, and the VLS growth kinetics are very similar to the Au-catalyzed
in terms of droplet supersaturation requirements and axial/radial growth [25]. There
is need of better control of the growth conditions in self-catalyzed NW growth when
compared to Au-catalyzed, since the catalyst dimensions are more sensitive to
temperature and V/III flux.

The self-catalyzed method is particularly successful for MBE growth of III-V
NWs, owing to the high purity materials used and resulting in good crystal quality
[10, 24]. The growth conditions can be tuned to crystallize the catalyst droplet and
promote the VS growth, creating core-shell structures [9, 10]. In addition, the MBE
technique allows the growth of complex heterostructures and obtaining abrupt
doping interfaces in the semiconductor materials, which are essential, for example,
for obtaining high-quality pr-junctions used in optoelectronic applications.

2.2.3 Dopant incorporation mechanisms

In order to have semiconductor NWs as competing nanostructures for practical
applications in electronics and optoelectronics, it is essential to have an effective and
controllable doping procedure without compromising the structural quality of the
NWs. Owing to the unique growth mechanisms of III-V NWs discussed before, the
dopants will also have a number of incorporation paths into the NWs and those can
be quite different from the well-established dopant incorporation mechanisms in
thin film (TF) planar epitaxy. Therefore, a large amount of efforts have been put to
understand the dopant incorporation pathways and how it can be affected by the
growth conditions [27, 28].

During NW growth, the dopants can incorporate by the VLS mechanisms
(through the catalyst droplet), by the VS mechanism during radial growth of the NW,
and also by diffusion from the surface [29, 30]. Even though the dopant
incorporation mechanisms have been extensively investigated for Au-catalyzed NW
growth, the conditions for the self-catalyzed growth can be significantly different.
For instance, the growth temperature of self-catalyzed growth is significantly higher
than Au-catalyzed and therefore affects the material deposition and incorporation
kinetics [29]. The dopant incorporation mechanism can influence the atomic sites
which the impurities will occupy, which can lead to amphoteric behavior. For
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example, Si dopant is widely used as #-type dopant in VS growth of planar GaAs but
it was observed that it can result in p-type doping when incorporated via the VLS
mechanism in GaAs NWs [22, 31]. The dopant incorporation follow similar
mechanisms that are presented in Figure 2.3 for catalyst-assisted NW growth.

In the case of #-type doping, Te is a promising alternative to the amphoteric
behavior of Si in planar GaAs [32] and has been successtully used in the self-
catalyzed growth of GaAs NWs [14, 16-18, 33]. In Publication II we showed that
Te incorporates mainly by the VLS mechanism in self-catalyzed growth of GaAs
NWs, but axial and radial dopant gradients were observed due to radial VS growth
and possibly dopant diffusion from the VLS grown core to the VS-grown shell.
Moreover, p-type doping during self-catalyzed growth has been successfully achieved
using Be dopant and several incorporation mechanisms have been reported.
Preferential VS incorporation of Be in the NWs sidewalls was observed by Casadei
et al [15]. Preferential VLS incorporation of Be into GaAs NWs was proposed by
Zhang et al [29] and Dastjerdi ¢ a/ observed the Be dopants are predominantly
incorporated via truncated facets at the NW-droplet interface and followed by
diffusion into the NW core [30]. The dopant gradients could be avoided by carefully
controlling the NW growth conditions.

2.3  Metal-semiconductor junction

Electronic transport characterization is a common way to obtain information of the
dopant concentration and incorporation dynamics in semiconductor materials. For
example, Hall Effect is a standard characterization method to obtain the dopant
concentration and charge carrier mobility of doped semiconductor materials [21].
The fabrication of electrical contacts is an essential step in the transport
characterization techniques, enabling to apply a voltage difference or to inject
electrical current between two regions of a semiconductor sample. When a metal is
put into contact with a semiconductor, the tendency to align the Fermi level of metal
and semiconductor results in charge transfer between both materials [21]. This
results in a depletion layer W and a contact potential V; formed at the junction region
when equilibrium is established. In addition, the phenomenon of band bending |21]
will occur in the region of the depletion layer. The band bending is influenced by the
depletion layer width and is dependent on the dopant concentration. As will be later
discussed, this will be an important factor determining the current transport

mechanisms in semiconductors at the nanoscale regime.
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The amount in energy that the Fermi levels are shifted when creating a junction
will depend on the work functions of the metal (q¢,,) and the semiconductor (q¢s),
which are defined as the energy required to remove an electron at the Fermi level to
the vacuum level [21]. The work function of a semiconductor material depends on
the electron affinity ¥ (measured from the bottom of the conduction band to the
vacuum level) and energy difference between the conduction band and the Fermi
level, denoted by V;,. Therefore, the semiconductor work function can be written as
qps = q(x +V,,) and the contact potental is given by qVy = q¢,, — qds [19]. In
general, the current transport mechanisms will depend on the properties of the
metal-semiconductor junction, which are by their turn mostly dependent on the
semiconductor properties such as doping levels and surface states [19].

The change in the work function of a semiconductor in contact to a metal is a
result of the image forces induced at junction boundaries, and this phenomena is
called the Schottky effect [21]. The minimum energy that the charge carriers (electrons
or holes) must have to flow between the metal and semiconductors is usually referred
as Schottkey barrier (), and can be further lowered or increase by the presence of an
external electric field [19]. For an #-type semiconductor, the Schottky barrier is the

difference between the metal work function and the semiconductor electron affinity:

qPen = q(dm — X) 2.1)

And the Schottky barrier for a p-type semiconductor is:

q¢Bp = Eg = q(Dm — X), 2.2)

where Ej is the semiconductor bandgap. The energy diagrams of Schottky barrier
formation of metal-semiconductor junction for #-type and p-type semiconductors
are shown in Figure 2.4. The formulation presented by equations (2.1) and (2.2)
describes an ideal metal-semiconductor junction where the presence of surface states
are not considered. The surface of a semiconductor is composed by incomplete
bonds that leads to charges at the contact interface [19, 21]. In addition, a thin native
oxide layer is often present at the semiconductor surface, which further contributes
to the Schottky barrier formulation. The presence of interfacial layers in compound
semiconductors leads to the formation of additional surface states localized at the
semiconductor bandgap and causes the Fermi level to be pinned at a fixed energy.
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Therefore, the Schottky barrier height ¢ will depend on the properties of the

semiconductor surface and not only on the metal work function.
n-type p-type

Figure 2.4: Band diagram at equilibrium for metal-semiconductor interface for n-type and p-type
doping. Adapted from [21]

For a moderate dopant concentration, the current flow through a Schottky barrier
under reversed bias is described by a diode equation based on the #hermionic emission
model [21]:

I = ABT?e~9%8/KT gaV/nkT (2.3)

Where A is device cross-sectional area, B is a parameter depending on the junction
properties and n is an analogue of a diode’s ideality factor. Devices described by
equation (2.3) are known as Schottky diodes and have rectifying characteristics for
either 7 or p-type semiconductor materials. Usually, it may be preferred to have
metal-semiconductor contacts with a linear IV behavior regardless the bias voltage
polarity and with minimal electrical resistance associated to the contacts as possible.
Such metal-semiconductor interfaces are called Obwic contacts.

Ohmic contacts to semiconductor materials will often exhibit linear IV behavior
at small voltages. However, at higher voltages the IV can become non-linear due to
the existence of a depletion layer [34]. Therefore, a practical rule is that a contact can
be considered Ohmic if it can provide an electrical current with a sufficiently small
voltage drop when compared to the region across the device — even if the IV
behavior of the contact is not strictly linear [34]|. In Ohmic contact formation, the
Fermi levels of the metal and semiconductor tend to align in such way that the charge

carriers can flow through the contacts for any small external bias applied. In other
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words, this means that there is virtually no barrier at the metal-semiconductor
interface. For #-type semiconductors, the raise in the Fermi level relative to the metal
results in an easier flow of electrons from the metal to the semiconductor, which is
valid for metals with work function ¢,, < ¢s. In the case of ¢, > ¢s for p-type
semiconductors, the lowering of the Fermi level in relation to the metal leads to a
facilitated flow of holes across the junction. Figure 2.5 illustrates the band diagrams
at equilibrium of a metal-semiconductor junction for #-type and p-type doping [21].

n-type p-type

E,
Ep,

Figure 2.5: Equilibrium band diagram for Ohmic metal-semiconductor contacts to n-type and p-type
semiconductor. Adapted from [21].

The Fermi level pinning is a well-known phenomenon in semiconductor
materials with high number of surface states, such as GaAs and InAs [19, 21] and
the mechanism of current transport will depend on the doping level of the
semiconductor. At low to moderate doping concentrations, the current transport is
due to thermionic emission (TE) over the barrier, resulting in typical Schottky diode
behavior with saturation of the reverse current. Linear IV characteristics and low
contact resistance are associated to Ohmic contacts and are obtained at high doping
concentration, when the barrier width (depletion layer) is reduced. At high doping
levels, an increase in the tunneling probability of electrons with energy close to the
Fermi level of the semiconductor is ascribed to field emission (FE) mechanisms. In
an intermediate doping level, where the barrier is still too wide for tunneling of the
charge carriers at the Fermi level, the dominant current transport mechanism is
known as thermionic field emission (TFE). The TFE involves tunneling of thermally
excited electrons through the upper part of the barrier [35, 36].

32



2.4 Raman spectroscopy

Light traveling through a medium can be transmitted, absorbed and/or scattered.
The first two phenomena follow the standard laws of reflection and refraction. The
scattering of light due to inhomogeneities of a medium can be elastic (without change
in frequency) due to static scattering centers, such as dislocations in a crystal, or
inelastic, where there can be an increase or decrease of the scattered light frequency
(i.e., energy) in respect to the incident radiation. Inelastic scattering of light is usually
associated to dynamic changes of the medium, such as atomic vibrations (phonons),
fluctuations of the electrical charge or spin density. Macroscopically speaking, the
inelastic scattering of light is caused by an oscillation in the electric susceptibility ¥
of the medium induced by the atomic displacements caused by the incidence of the
sinusoidal plane electromagnetic wave. This induces a polarization wave, or changes
in the medium polarizability, which produces radiation from two components: a
Stokes shifted wave (with energy swaller than the incident wave) and an anti-Stokes
shifted wave (with energy /arger than the incident wave). The difference between the
frequencies of the incident and scattered radiations are equal to the phonon
frequency associated to the lattice vibrations, and is usually referred as Raman shift
[37]. Therefore, the measurement of the intensity of scattering radiation versus the
Raman shift values is called Raman spectroscopy.

Owing to its versatility, Raman spectroscopy is a widely-used characterization
tool for minerals, organic, ceramic, semiconductor materials etc. It can be used to
obtain information on the crystalline structure, composition, phonon dispersion and
electronic states of the investigated material. In particular for semiconductor
materials, Raman spectroscopy can be applied to investigate the composition,
crystalline and electronic structure, defects, strain and electron-phonon interaction,
for example providing information on lattice dynamics and phonon dispersion in
GaAs [38].

GaAs usually crystallizes in cubic ZB structure in its bulk form, but can also be
intentionally obtained in hexagonal WZ phase when in NW form [39, 40]. In its ZB
phase, GaAs has a T (F43m) symmetry and therefore presents a two-atom based
face-centered cubic Bravais lattice [21, 37]. The phonon branches in ZB GaAs are
divided into three acoustic and three optical, where the optical phonons at the I’
point are split into a transverse optical (TO) and longitudinal optical (LO) mode [41]
at ~269 cm! and ~291 cm! respectively, as illustrated in Figure 2.6 adapted from
Refs [39, 41]. The phonon dispersion of WZ GaAs can be obtained from the ZB
GaAs phonon dispersion by considering the crystallographic relation between both
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structures. The difference between ZB and WZ is only at the stacking of the Ga-As
layers to the (111)z8/(0001)wz planes [39], therefore the phonon dispersion of WZ
can be interpreted as folding the ZB phonon dispersion curve along the [111]
direction [39], as illustrated in Figure 2.6 [42]. The TO and LO modes from ZB and
WZ have the same frequencies and an additional WZ-related EX' mode at ~259 cm'!
is usually used to identify the presence of WZ phase in GaAs NWs. This
crystallographic similarities between ZB and WZ phases will be very useful when
analyzing the Raman spectra of ZB NWs with high density of twin planes along the
growth direction. A twin plane in ZB phase can be seen as a mirror plane with the
stacking of the ZB planes (ABCABC) is changed to ABCACBA, and a periodic array
of twin planes can result in hexagonal symmetry to the NW [43]. Therefore, it is
important to have additional knowledge of the crystalline structure of the material

under investigation to avoid misinterpretation of the Raman spectra.
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Figure 2.6: Optical phonons dispersion of ZB GaAs (solid lines) and schematic representation of the
optical phonons dispersion of WZ GaAs (dashed lines) that results from folding the ZB
dispersion along the I' — L crystallographic directions. Adapted from [39]
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241 Raman selection rules

The atomic displacements (QQ) during the inelastic scattering of light causes a change
in the electric susceptibility y of the medium. A Raman tensor (R) can be defined as
the derivative of the susceptibility in respect to the atomic displacements Q, in the
form [37]:

R= (%) 0(w,) (2.4)

As an example, a crystal with ZB crystalline structure have the following Raman
tensors in the main crystal axis system (x = [100], y = [010] and z = [001]) [44]:

0 0 O 0 0 d
R(x) = [0 0 d|; Ry)=1|0 0 0];
0 d O d 0 O

2.5)

R(z) = [

o QU o
o O
o O O

Where 4 is the only non-zero, linearly independent component of the derivative
0x/0Q. The intensity of the Raman scattering will depend on the polarization of
the incident (e;) and scattered (es) radiation in the form [37]

I «|e;-R-eg|? (2.6)

The symmetries of the medium and the allowed vibrational modes involved in the
scattering process implies that the scattered radiation intensity might be zero for
certain combinations of the polarization of incident and scattered radiation, as well
as the scattered geometries involved. These combinations are known as the Rawan
selections rules for a determined crystalline structure. In semiconductors with ZB
crystalline structure, such as GaAs, the optical phonons at the I' point of the Brillouin
zone are split in a transverse optical (TO) and longitudinal optical (LO) modes and
may or may not be allowed by the Raman selection rules depending on the scattering
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geometry. Therefore, it is important to have the Raman scattering geometry well
defined and planned according to the selection rules and optical phonon modes that
are of interest. Usually, the Raman scattering geometry is defined by four vectors:
two are the direction of the incident and scattered photons (k; and ks respectively)
and the other two are the polarization of the incident and scattered photons (e; and
es respectively). In the Porto notation, the scattering geometry is written as
k;(e; es)ks.

The most common and simple scattering geometry used in semiconductors
characterization is the backscattering, where the k; and kg are antiparallel to each
other. The Raman tensors in Equation (2.5) can be used to describe the selection
rules for backscattering from GaAs (100) surface, with the consideration that the LO
and TO modes have different, non-zero, Raman polarizability elements [44], so that
dyo # dro. In backscattering of ZB GaAs (100), the LO is the only mode allowed
by the Raman selection rules [37] and the observance of TO mode is usually
associated to disorder effects, such as the presence of dopants or other defects
causing the break of the crystalline periodicity.

Self-catalyzed GaAs NWs grow usually on the [111] direction and exhibit
hexagonal cross-section with {110} -orientation sidewalls [12, 29, 30, 45]. The Raman
tensors and selection rules for backscattering of high crystalline indexes surfaces of
ZB semiconductors have been previously reported [44] and it was shown that in
backscattering of (110) surfaces the LO mode is forbidden and TO mode is an
allowed mode, in the case of plane waves incidence. Usually the NWs are harvested
from the growth substrate and transferred to other substrate for micro-Raman
experiments and measured in the backscattering geometry. This means that 2 out of
6 facets will be measured in backscattering of the {110} facets while the remaining
facets will contribute to the Raman spectrum with different scattering geometry
configuration [39]. It was previously reported that the remaining four NW sidewalls
that are not perpendicular to the laser excitation will contribute to the LO spectra
and that the remaining two facets will contribute to the TO spectra observed in
GaAs NWs [46]. This partial relaxation of the Raman selection rules for NW
geometry are from the fact that in micro-Raman experiments the scattered light is
collected with a high NA objective. In this case, there are different propagation
directions in the tightly focused beam, which is composed from several components
of plane waves.

As an example, Figure 2.7 shows normalized Raman spectra measured in the
backscattering geometry of GaAs (100) and (110) thin films. In addition, the Raman
spectrum of a GaAs NW transferred to a SiOz substrate is shown. In this
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configuration, the (110) NW sidewalls are measured in backscattering geometry as
previously discussed. As is predicted by the Raman selection rules of backscattering
of ZB crystals, only the LO mode is observed in the Raman spectrum of the
GaAs (100) thin film while only the TO mode is observed for the GaAs (110) thin
film. As a result of the NW sidewalls geometry, both TO and LO modes are
observed in the Raman spectra of the GaAs NW. In addition, a surface optical (SO)
mode is also observed as result of the increased sutface-to-volume ratio of the NWs;

this will be further discussed in the next section.
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Figure 2.7: Raman spectra of GaAs thin film samples with (100) (black line) and (110) (red line)
surface orientations and GaAs nanowire sample grown on Si substrate (blue line). The
spectra were obtained at room temperature using a 532 nm laser. The backscattering
geometry was used and the linear polarization of the excitation and scattered light were
set with similar configuration for each surface orientation. The Raman spectra were
measured by the Author (not published).

2.4.2 Surface optical phonons in nanowires

Low-dimensional structures such as NWs enables the investigation of a handful of
new phenomena related to confinement effects that would not be possible in their
bulk form. For example, in addition to Raman spectroscopy, the high surface-to-

volume ratio favors the measurement of surface optical (SO) phonon modes. The
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SO modes arise from interfaces between different dielectric functions, and their
frequency lies between the TO and LO phonons [47]. Besides the dimensions and
properties of the surrounding medium [46], the SO frequency can also depend on
the density of defects such as twin planes [48].

In addition, the geometry of the system can also affect the SO properties since at
the nanoscale, the boundary conditions can give rise to different electric and
polarization properties [47]. In the case of an infinite semiconductor with flat
surface, the SO frequency is given by [47]:

€ot+ Em
Wso = Wro ﬁ (2.7)
oo m

Where €y and €, are the static and high-frequency dielectric constants and €, is the
hard dielectric constant for GaAs . For a cylindrical shaped semiconductor the SO
is given by [47]:

2 2 (BZ 2.8
wso:wro+€w+€mf(x),xzqr (2.8)
With
(K, (x)
09 = L ko 29)

where I (x) and K (x) are Bessel functions, 1 is the cylinder radius, (1’)\2 is the screened
ion plasma frequency given by w?, = w, + @2 /e,,. Therefore, Equation (2.8) relates
the SO frequency to the surrounding medium dielectric constant and to the NW
diameter. Although a cylindrical shape is used for the calculations in Equation (2.8)
and the NWs usually have hexagonal shape, it was previously reported a good
agreement between experimental points and theoretical data [46]. As illustrated in
Figure 2.7, the SO mode centered at 289 cm'! is only present in the Raman spectra
of the ~100 nm diameter GaAs NWs analyzed, which is in good agreement with
Equation (2.8) as reported in [46].
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2.4.3 Coupled Phonon-Plasmon Modes

In doped polar semiconductors, the LO mode couples to the oscillations of the free-
carriers producing a coupled phonon-plasmon mode (CPPM) [49-55]. The
line-shape analysis of the CPPM provides information on the free-carriers
concentration and mobility for p- and #-type semiconductor materials. In the long-

wavelength limit, the total dielectric function of the coupled system is given by [53]

w? — w2 wh

e(w) =€, |1+ (2.10)
w

2 2 _ ivey 2+
r—w*—lyo w*+ilw

where w, = 4mne?/m’e,, is the plasma oscillation frequency of the free-cartiers
(electrons or holes) with concentration 7 and effective mass m*. The fit parameter
I'=e/um” is the damping constant of the plasma oscillation and is related to the
relaxation time of the free charge-carriers averaged over all scattering mechanisms.
Therefore, the carrier mobility can be calculated from the parameter I' providing a
careful analysis of the CPPM lineshape, as will be later described. The Raman
scattering intensity of the CPPM mode can be described by [53]:

I(w) = Awlpw,[w?o(1+ C) — w?]*/D 2.11)

with:

D = [w?(w}y — 0?) — wi(w}, — w?) + pra)z]z
2.12)

+ [pr(wﬁo —w?)+ yw(wg - wz)]z

where wrg and w; g are respectively the TO and LO wavenumbers of an undoped
reference sample, A is a frequency independent parameter, C' is the Faust-Henry
coefficient which depends on the material and excitation wavelength [56] and y is
the natural LO mode damping constant. The position and linewidth of the CPPM is
strongly influenced by the free-carriers concentration (given by the plasma oscillation
frequency) and by the carriers mobility (given by the plasma damping constant).
Figure 2.8 (a) and (b) show the peak positions of the CPPM for #»-GaAs and
Pp-GaAs respectively, calculated using Equations (2.11) and (2.12). The CPPM peak
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positions were calculated as a function of the free-carrier concentration (plasma
frequency) and obtained for several values of carrier mobility. Two branches of the
CPPM are usually observed in #-type GaAs: an L+ peak with wavenumber above
the LO mode and an L- peak with wavenumber smaller than the TO mode [51, 52].
With increasing free-carrier concentration, the L- branch shifts towards the TO
mode while the L.+ branch shifts to higher wavenumbers. In p-type semiconductors
additional features have to be considered on the CPPM analysis and interpretation
due to the different nature of the charge carriers. For example, the values of the
plasma oscillation frequency in p-GaAs is affected by both heavy and light holes
which have a combined effective hole mass given by [53]:

«3/2 «3/2
L My Moy 213
mp = L1/2 W1/2 (2.13)

m*y +mi

The different effective masses of the free-carriers contributing to the plasma
oscillation in 7 and p-type GaAs (m; = 0.079m, for »-GaAs and m}, = 0.385m, for
p-GaAs) are the main responsible for the changes of the dependence of the CPPM
branches with the plasma frequency observed in Figure 2.8. In p-type
semiconductors, only one overdamped branch of the CPPM is observed with its
frequency being in between the TO and LO modes. The way the CPPM shifts from
TO to LO with increasing free-hole concentration strongly depends on the hole
mobility [50], which is associated to the coupling strength of the free-carrier plasma
and the LO mode. In #-type GaAs, the effects of the electrons have not been deeply
investigated or reported, and a short discussion will be presented later in the Results
chapter.

It is clear from the results shown in Figure 2.8 that the peak position of the
CPPM is more influenced in the case of p-type doping than for n-type
semiconductors. It is important to note that for small values of T' (high hole mobility)
the CPPM also exhibits two branches L+ and L- but becomes one single branch that
shifts from LO to TO mode with increasing free-carrier concentration for higher
damping constant values (i.e. smaller mobility). This point will be of high importance
when interpreting the fit results of the Raman spectra measured from the # and p-
type GaAs NWs.
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Figure 2.8: Calculated CPPM peak position as a function of the free-carrier concentration and
obtained for several values of carrier mobility for (a) n-GaAs and (b) p-GaAs. The gray
dashed lines represent the plasma oscillation frequency and the horizontal dashed lines
represent the peak position of the LO and TO modes of ZB GaAs.

2.5  Extrinsic optical chirality and circular dichroism

The research carried out in this thesis work involved also the fabrications of new
photonic structures based on partially Au-coated NWs, which exhibit extrinsic
chirality of optical response. A structure is called to be chiral when it cannot be
superimposed with its mirror image. The chiral properties of structures are observed
in several natural-occurring systems such as molecules (DNA, proteins, biological
organisms) [57]. The geometry of a chiral molecule can determine its physical,
chemical and biological properties since it affects the molecular symmetry, length
and bond formation. In particular to the optical properties, chiral molecules will
exhibit different responses depending on the circular polarization of light [57], which
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opens opportunity for the development of applications in the chiral sensing areas.
Generally speaking, the figure of merit to quantify the different interaction of a chiral
system with left and right-handed circular polarization of light (LCP and RCP,
respectively) is called circular dichroism (CD) and can be represented by [57]:

Arcp — A
CD[%] = LCP RCP

“LeP T RCP %100 (2.14)
ALCP + ARCP

where Arce and Arcp in Equation (2.14) are the optical signals measured in the
experiment arising from LCP and RCP light respectively, such as absorption or
emission spectra. Often artificial nanostructures are used to replicate the chiral
response of natural molecules, but their fabrication might involve rather complex
techniques to obtain chiral structures at the nanoscale [57]. However, an overall
break of the mirror symmetry can be achieved under the specific experiment
geometry, providing a valuable freedom of design for nanoscale structures. This
particular concept is known as extrinsic optical chirality. It is important to stress out
the fact that extrinsic chiral systems do not have an intrinsic break of symmetry from
the material but rather a combined effect of the experiment and the sample
geometries.

III-V semiconductor NWs offer waveguide properties with good confinement
and manipulation possibilities of electromagnetic fields in the visible and infra-red
range. The resonant absorption of NWs is enhanced due to the coupling of incident
light to the discrete waveguide modes above the bandgap. In this thesis, the extrinsic
chiral properties in the absorption [Publication IV] and photoluminescence emission

[Publication V] of GaAs NW's partially covered with Au are discussed.
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3 MATERIALS AND METHODS

In this chapter the main experimental techniques used in the thesis are described. A
brief introduction of the nanowires growth method used is presented, followed by a
description of the nanowire samples investigated. The main aspects of the Raman
scattering experiments are presented, such as scattering geometry, excitation
wavelength and sample preparation. A description of the main steps for
manufacturing of electrical contacts by electron beam lithography is provided. At
last, the design and fabrication of the Au-coated NWs samples for extrinsic optical

chirality experiments is presented.

3.1 Molecular Beam Epitaxy

All the NWs investigated in Publications I — V were grown using MBE, a physical
growth technique of semiconductor materials. The ultra-high vacuum environment
achieved inside the MBE growth chamber minimizes the amount of impurities and
enables the growth of complex semiconductor heterostructures with atomic layer
precision. In MBE growth of semiconductors, optioning sharp interfaces between
different compositional layers is enabled by using molecular beams, which can be
modulated via fast shutters. In addition, the incorporation of dopant elements can
be achieved 7 situ, and with continuous or abrupt changes [21, 25]. The main
parameters to be adjusted during MBE growth are the substrate temperature and
beam fluxes. The temperature influences the sticking probability and diffusion
lengths of the atoms on the growth substrate. The material fluxes mainly dictate the

growth rates but also influence on the composition of ternary and quaternary alloys.

3.1.1  Template fabrication for nanowire growth
The NWs used in this thesis were grown by the self-catalyzed VLS mode, as

discussed in Chapter 2, on p-Si (111) substrates. The nucleation sites on the Si
substrate where NW growth begins are defined by a self-assembled method based
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on droplet epitaxy followed by spontaneous oxidation [9]. In this method, Ga
droplets are deposited on the oxide-free Si substrate with the possibility to control
the density by adjusting the substrate temperature, as shown in step 1 of Figure 3.9.
Typical droplets density range from 107 to 109 cm2[10, 11], which will determine the
NW density after growth depending on the yield [9]. The Ga droplets are then
crystallized into GaAs nanocrystals by providing an As: flux (step 2). Subsequently,
the substrate is then let to oxidize overnight in air atmosphere (step 3). By properly
cleaving the Si (111) substrate, it is possible to grow 6 different NW samples from
the same template. This means that any effect related to NW density or catalyst
droplets morphology can be excluded since they will be the same for all set of
samples.

Droplet epitaxy of GaAs nanocrystals

1. Ga droplet 2. Crystallization 3. Oxidation
¢ formation in As flux ;

.....................................................

6. NW growth

4 .Desorption : 5.Ga catalyst
of GaAs : droplet formation

B p-si(111)
Ga droplet

i sio,

Figure 3.9: Steps of NW growth by self-catalyzed mode on lithography-free oxide patterns. The SEM
figure shows the Ga droplets deposited on Si substrate. Adapted from [9].

3.1.2  Nanowire growth

After the template fabrication on Si substrates described in the previous section, the
next step is to load the Si substrates back to the MBE chamber and perform a heat
treatment to evaporate the GaAs nanocrystals, which leaves exposed Si substrate

areas in the oxide layer (step 4 of Figure 3.9). These patterns will act as the nucleation
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sites for the NW growth, where the catalysts droplets will be formed by deposition
of Ga with size limited by the opening diameter (step 5). The NW growth (step 6) is
initiated by providing As with the proper V/III beam equivalent pressure (BEP)
depending on the targeted NW properties (growth rate, composition, etc.). It is very
important to keep a good knowledge and control of the Ga and As fluxes to
determine the adequate growth rate during NW growth. The flux calibration for
determining the group III growth rate is usually carried for planar GaAs (100) growth
direction based on the number of monolayers deposited in this crystalline direction.
However, the ZB phase of GaAs NWs grow in the (111) direction and therefore will
have a different growth rate than the calibration determined for planar GaAs growth
[25]. The NW growth is terminated by simultaneously switching off all fluxes and
rapidly cooling down the substrate.

The doped NW samples were grown by providing a dopant flux simultaneously
with the Ga and As fluxes. The Be and Te doped GaAs NWs investigated in this
thesis work were grown with a V/III BEP of 9. For p-type GaAs NWs, Beryllium
(Be) flux corresponding to nominal dopant concentration of 2X1018 cm3 or
2X101 ¢cm3 in case of planar growth was used. To obtain #-type GaAs NWs, a GaTe
flux was used as source of Te dopant with nominal doping level of 2x1019 cm-3, as
calibrated for planar growth. For either p or #-type GaAs NWs, the nominal doping
level was determined based on Hall Effect measurements of Be- or Te-doped planar
GaAs samples grown on semi-insulating GaAs (100) substrates (Publication I and
Publication II). Table 1 summarizes the sample code (ID) of the NWs used and the
corresponding relevant growth parameters.

45



Table 1. Description of the relevant growth parameters of the nanowire samples investigated.

. Growth .
Nanowire Growth Nominal
Sample . Temperature Ga flux . .
Density Time | Dopant doping
ID (pm/h) .
(cm??) (min) (cm?)
°C)
p-type
Refl 2x108 640 0.3 60 - -
Bel 2x108 640 0.3 60 Be 2x1018
Be2 2x108 640 0.3 60 Be 2x101
n-type
Ref2 4.4x107 640 0.3 80 - -
Tel 4.4x107 640 0.3 60 Te 2X1019

3.2 Raman spectroscopy

In Publication I and Publication IT we used Raman spectroscopy to investigate the
structural properties, surface optical phonons and to estimate the free-carrier
concentration and carriers mobility in the undoped, p-type and #-type NWs. Raman
spectroscopy of the undoped and doped GaAs NWs was performed at room
temperature in the backscattering geometry described in Chapter 2.4. All the Raman
spectra analyzed in this thesis were obtained from single NW. The p-type set of NW
samples (Refl, Bel and Be2 in Table 1) investigated in Publication I were measured
using a 532 nm excitation wavelength and a 50X magnification lens (NA = 0.82) was
used to obtain a spot of <1 pm in diameter. For this setup, the NWs were harvested
from the growth substrate and dispersed in isopropyl alcohol (IPA) followed by
sonication, and then drop-casting the NW+IPA solution on a Si substrate with a 200
nm SiOz thermal oxide layer. Accordingly, we measure backscattering from
x = {110} surface orientation of the NWs sidewalls and the linear polatization of
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the excitation and scattered light can both be adjusted in relation to the NW radial
directiony = {112} and growth direction z = {111}. In order to estimate the dopant
concentration and carrier mobility from Be-doped GaAs NWs by analysis of the
CPPM described in Chapter 2.4, the linear polarization of both excitation and
scattered light were set perpendicular to the NW growth axis. In the Porto notation,
this is represented as x(y,y)X. The sub-micrometer spot size used in the Raman
experiments allowed a spatially resolved analysis of the CPPM (and therefore, dopant
concentration) along the NW growth direction.

The #-type GaAs NWs set of samples (Ref2 and Tel in Table 1) investigated in
Publication II were measured in a confocal Raman microscope equipped with a 100X
(NA=0.85) objective lens, providing a spot size of <1 um in diameter of a 532 nm
excitation laser. The small NW density on the growth substrate combined with the
sub-micrometer spot size used made it possible to measure backscattering Raman
spectra of the as-grown NWs. In this way the backscattering from x = {111} surface
of the standing NWs was measured with the linear polarization of excitation set
perpendicular to the NW axis and the scattered intensity was unpolarized. Spatially
resolved Raman spectra along the NW axis were obtained by adjusting the vertical
position of the piezo stage of the Raman microscope. The intensity of the Si optical
Raman mode (~520 cm™) arising from the growth substrate was used as reference
for determining the stage position corresponding to the NW bottom part.

3.3  Device processing

The electronic transport properties of the Be- and Te-doped GaAs NWs were
investigated in Publication I, Publication II and Publication III. To fabricate
electrical contacts, the single NWs were harvested from the growth substrate and
transferred to a p-GaAs substrate covered with a 200 nm SiO» layer. The substrate
to where the NWs were transferred was pre-patterned by UV-lithography with
Ti/Au pads for connecting the probes used for IV measurements and also with
several marks to assist on localizing single NWs as will be described. The main steps
for contact manufacturing are defining the contacts areas by electron beam
lithography (EBL), surface treatment of the exposed contact area, deposition of the
metallic multilayers acting as contacts, and thermal annealing of the contacts after
device processing. Each of these steps will be discussed with further details.
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3.3.1  Electron beam lithography

EBL is a common lithography procedure to define structures and patterns on a
substrate that will be further processed, for example by chemical/dry etching or
depositing metallic layers. One advantage of EBL over standard photolithography
techniques lies in the shorter wavelength of electrons when compared to the UV
light, for example. In relation with NWs, EBL is convenient since it allows easier
identification of the position of the NWs transferred to the substrate on top of which
the electrical contacts will be fabricated.

The main steps used in EBL are show in Figure 3.10. An electron sensitive
polymer (resist) is spin coated on the processing substrate and baked in a hot plate,
with the possibility to select the resist thickness by adjusting the coating spinning
speed and time. The sample is then loaded in an electron microscope equipped with
the proper EBL tools (hardware and software) and only the selected areas defined
by a pattern designed using a CAD software are exposed by the electron beam. Two
types of EBL resist are commonly used: positive and negative. The exposed areas of
a positive resist will be removed after resist development, leaving the substrate
exposed for further processing steps. For negative resists, the areas that exposed by
the electron beam will not be removed after resist development, therefore leaving all
the other regions of the substrate exposed. In this work it was only positive EBL
resists. In this thesis only positive EBL resist was used.

The sample is then unloaded from the SEM and the resist is developed in a
MIBK:IPA solution, which removes the areas of the positive resist that was exposed
to the electron beam. After this step, the NW sidewalls are exposed and an oxide
removal and surface passivation steps are performed, as will be later discussed in the
text. The following step is to load the sample in the e-beam metal evaporation to
deposit the metallic multilayers, which will depend on the doping type of the NWs.
At last, the sample is dipped in acetone in order to remove the remaining resist and
leaving only the patterned area with the metallic multilayers acting as electrical

contacts.
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Figure 3.10: Schematics of the main steps in electron beam lithography using a positive e-beam
resist.

3.3.2  Electrical contact processing

The key processing parameters to be considered and optimized when fabricating
electrical contacts onto semiconductor materials are: (1) removal of the surface
native oxide, (2) surface passivation at the metal-semiconductor interface, (3)
deposition of metallic layers, and (4) thermal annealing [58, 59]. Usually the choice
of the metallic multilayer is of importance to provide low contact resistance and
thermal stability. In this thesis, different combinations of the steps (1)-(4) were
designed to determine the processing steps that would yield the best IV performance
and linear behavior, i.e., aiming to achieve Ohmic contacts on the NWs. The majority
of the literature for Ohmic contacts fabrication on GaAs was based on thin films
and bulk structures with (100) surface orientation, while the self-catalyzed growth of
GaAs NWs results in (110) surface orientation at the sidewalls. The surface
orientation influences the electronic states [60], and therefore the interface
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properties, Schottky barrier heights [61-63] and even the crystallization dynamics of
the deposited metal films.

3.4 Transport characterization

In Publication I and Publication II the transport properties of the p-type and #-type
GaAs NWs were investigated to obtain complementary information to Raman
experiments on the distribution of Be and Te dopants along the NW axial direction.
In Publication III the transport characterization was used to optimize the processing
parameters of electrical contacts to p-type GaAs NWs. The IV properties of the Be
and Te-doped NWs were measured at room temperature using a two-probe
configuration. In order to identify possible spatial dependences of the transport
properties of individual NWs, several evenly spaced contacts (same channel length)
were fabricated along the NW axis and the IV of each channel was analyzed
individually. For the processing steps that resulted in Ohmic contacts on the NWs,
an additional sample was prepared in the transmission line model (TLLM) geometry
to obtain information of the contacts specific resistance and the semiconductor
resistivity.

In the TLM samples, the contacts are fabricated with increasing channel length
and the IV from each channel is measured. The total resistance Ry from each channel
(nanowire and contacts) is analyzed as a function of the channel length (L) in order
to obtain the NW resistivity pg and the transfer length Ly by fitting the experimental
points (Ry,L) [64, 65] :

R:(L) = % (ZLT coth (]2/—:) + L) (3.1

where W is the contact width and 7 is the NW radius. Usually, a linear fit of the
(Rr,L) points is used, but in this case Equation (3.1) was chosen to account for the
reduced contacts used in our experiments [64]. The specific contact resistance (p¢)
can be obtained from:

3 ps
LZ 3.2
Pc = 2 NT (3-2)
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3.5  Complementary experimental techniques

In this sub-section, we describe several other complementary experimental
techniques that have been employed at external sites and collaborators. The results
obtained with these techniques were instrumental for the interpretation of the data

obtained using experimental techniques we deployed in our laboratory.

3.5.1  Transmission electron microscopy

In transmission electron microscopy (TEM) a coherent and collimated beam of high
energy electrons is incident on the sample to be investigate. These electrons can be
absorbed, scattered or transmitted by the sample, and the proper treatment of the
data obtained from the electrons after interacting with the crystal can provide
valuable information of the crystalline structure and composition of the material with
possibility of sub-nanometer spatial resolution.

TEM characterization was used in Publication I and Publication II to evaluate
the effect of Be and Te dopants incorporation on the structural properties of self-
catalyzed GaAs NWs. In Publication V, a cross-section TEM image from a
GaAs/AlGaAs NW partially covered with Au was obtained to show the formation
of the Au layer on the sidewalls and the overall structure of the core-shell NW. The
NWs investigated by TEM in Publication I and Publication II were harvested from
the growth substrate and transferred to the copper grids with thin carbon films
which were loaded into the transmission electron microscope. Bright-field (BF)
images are obtained by comparing the contrast between the electrons that are
transmitted by the sample and the ones that are not. High-resolution TEM
(HR-TEM) images are obtained by increasing the magnification significantly and
selecting a smaller region to be scanned at the sample. This enables the analysis of
how the atomic planes are stacked along the NW axis and evidences the presence of
twin planes and stacking faults. When imaging in HR-TEM mode, it is also possible
to record the selected-area electron diffraction (SAED) pattern, which gives

information of the local crystalline lattice in similar way as X-rays diffraction.

3.5.2  Off-axis electron holography

Off-axis electron holography is a TEM technique that spatially measures the phase
difference (Ap) that originates from the interference of the electrons when
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transmitted through the sample and the electrons that do not interact with the
sample, named object and reference waves respectively. The phase difference
between object and reference wave after interacting with a sample of thickness H
will depend of the sum of the crystalline potential over H, which can be summed as
a mean inner potential (MIP) and a built-in potential 51 by the relation:

where Ck is a constant that depends on the acceleration voltage used in the electron
microscope. The g gives information of the active doping in semiconductor
materials.

In this thesis work, cross-sectional slices from the bottom and tip regions of Tel
NWs with an undoped AlGaAs shell were obtained by focused ion beam (FIB) cut
and the MIP and Vg values were obtained for both slices. The results are discussed
in this thesis and with more details in Publication II.

3.5.3  Atom probe tomography

In atom probe tomography (APT), ions are formed by thermal pulses from a laser
or field pulses from a voltage pulser, and then removed from the surface of the NWs
by a dc electric field. After evaporation from the sample, the ions are projected onto
a detector. The 3D reconstruction of the atoms composing the sample can be made
based on the arrival time and position of each ion on the detector. In Publication 11,
Te-doped GaAs NWs and 7-GaAs/i~AlGaAs core-shell NWs were measured by
APT. The core-shell NWs were measured in order to increase the field of view
provided by the APT, which is limited to a solid angle covering around 1/8 of a
sphere.

3.54  Photo-acoustic spectroscopy

In Publication IV, Photo-acoustic spectroscopy (PAS) was used to investigate the
extrinsic optical chirality in terms of the absorption properties of GaAs/AlGaAs
NWs partially covered with Au. The working principle of PAS relies on the thermal
expansion of a sample that results from the generated heat when the samples absorbs
an incoming light beam. By modulating the intensity of the incident excitation over

time, the continuous heating and cooling down process will create an acoustic wave
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due to the periodic pressure changes caused by the thermal expansion and
contraction of the analyzed sample. This acoustic wave signal is then collected by a
microphone and converted into electrical signals. Therefore, the PA signals
measured over continuous range of excitation wavelengths will give as a result the
absorption peaks of that sample. Owing to its scattering-free properties, PAS is a
convenient technique to investigate the absorption spectra of nanowires, plasmonic
nanoparticles and metasurfaces. A comprehensible description of the PAS
experimental setup is presented in Publication IV and in Ref [66].

The geometric parameters of the Au-coated GaAs/AlGaAs core-shell NWs
investigated in Publication IV and Publication V are summarized in Table 2:

Table 2. Geometric parameters for the Au-coated GaAs/AlGaAs investigated in Publication IV
and Publication V

L D T AIGaAs TGaas Tgold 1 Told_2
Sample
om] | [om] | fom] | [om] | [om] | fom]
S1 4750 £34 | 138 £ 5 3.5 0.7 20 10
S2 5190 £ 64 | 151 £5 8.6 1.7 20 10
S3 4600 £52 | 165*6 11.7 5.8 20 10
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4 RESULTS AND DISCUSSION

In this chapter, the main results of the structural, optical and transport properties of
the undoped, Be and Te-doped GaAs NW's investigated in this thesis are presented.
The chapter is divided in 3 subsections: the first and the second are dedicated to Be
and Te-doped GaAs NWs, respectively. The experimental results from TEM
analysis, Raman spectroscopy and IV measurements are combined to evaluate the
dopant incorporation mechanisms for each case. Additional experimental results
originating from international collaborations are used to corroborate the findings for
Te-doped NWs. The third section briefly presents the results of partially covering
GaAs and GaAs/AlGaAs nanowires with Au and its effect on the absorption and

photoluminescence properties.

4.1 Be-doped GaAs nanowires

As previously described in Chapter 3.1.2, the incorporation of Be as p-type dopant
in self-catalyzed GaAs NWs was investigated in Publication I. Two different NW
samples with nominal doping levels of 2X1018 cm-3 (Bel) and 2X101? cm-3 (Be2) were
grown. In addition, a reference sample (Refl) was also grown using the same
template as described in Chapter 3.1.1. The nominal doping levels were determined
based on Hall measurements of MBE grown Be-doped GaAs (100) planar layers and
are listed in Table 1. The effects of Be incorporation on the structural properties of
the GaAs NWs was investigated by transmission electron microscopy (TEM). The
spatial dependence of the Be concentration and hole mobility along the NW axis was
determined by analysis of the CPPM measured by Raman spectroscope. Finally, the
IV analysis of single-NW devices provided further details on the dopant
distribution. In addition, the optimization of the electrical contact properties by

adjusting the processing parameters was also developed in Publication III.
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411  Structural properties

The influence of Be-dopant incorporation in the structural properties of the GaAs
NWs was investigated by HR-TEM imaging and SAED analysis. Figure 4.11
summarizes the results from representative Refl, Bel and Be2 NW samples. The
undoped NWs (Refl) presented an increasing twin plane density towards the
NW/droplet interface as can be seen from the bright-field (BF) TEM image in
Figure 4.11(a), which is ascribed to the change in the contact angle between the NW
tip and Ga droplet during lateral growth in Publication I and in Ref [10]. The analysis
of the HR-TEM images and the SAED patterns from Refl sample shows that the
undoped NWs are composed from twinned ZB structure at the root region, followed
by a defect-free, 2 #m long, ZB GaAs at the center region and ending with a short
WZ section (~5 nm) at the interface of the Ga droplet and the NW. The formation
of the WZ section in this region is typically observed in self-catalyzed GaAs NWs
due to the sudden changes in the growth conditions when switching off the Ga and
As fluxes and ramping down the sample temperature, resulting in a decrease of the
droplet contact angle [10].
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i) Be2

Figure 4.11: HR-TEM images and SAED patterns of (a)-(d) Ref1, (e)-(h) Be1, and (i)-(I) Be2 NWs.
The red circles in (a), (e) and (i) indicate the different positions corresponding to the higher
magnification images in (b)-(d), (f)-(h) and (j)-(I). The scales bars are 1 ymin (a), (e) and
(i). The other scale bars sizes are indicated on each figure. Adapted from Publication I.

The addition of Be into the GaAs NWs resulted in an overall decrease of the twin
planes formation along the NWs as can be seen from the BF images of Bel and Be2
in Figure 4.11(e) and Figure 4.11(1) respectively. In addition, the NWs are composed
of ZB GaAs and no evidence of WZ was observed from the SAED patterns. It has
been previously reported that Be suppresses both the twin plane and WZ phase
formation in self-catalyzed growth of GaAs NWs [29, 67]. The relatively high density
of twin plane at the root regions of Bel and Be2 NWs is due to eatly-stages of the
NW growth prior to the stabilization of droplet contact angle and composition. The
contact angle between the Ga droplet and the NW also affects the formation of twin
planes and WZ segments in self-catalyzed GaAs NWs [68-70]. However, SEM
analysis of Refl, Bel and Be2 NWs measured from post-growth conditions revealed
a negligible variation in the contact angle between the Ga droplet and the NW

samples. Therefore, the suppression of twin planes formation and absence of WZ
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phase can be ascribed to a change of the energetics in the VLS system due to the
incorporation of Be-dopant.

4.1.2  Raman spectroscopy

As previously discussed, spatially-resolved Raman spectroscopy was used to estimate
the dopant concentration and hole mobility in single Be-doped GaAs NWs via
analysis of the CPPM line-shape, as described by Egs. (2.11) and (2.12). The Raman
spectra obtained from the center region of single NWs of Ref1, Bel and Be2 samples
are shown in Figure 4.12. The decomposition of the experimental data in Lorentzian
peaks from Refl reveals the TO, SO and LO modes of ZB GaAs centered at 268,
272 and 288 cm'l, respectively. The position and linewidth of the TO modes from
Bel and Be2 NWs are consistent with the Refl sample. The SO position may depend
on the NW diameter and density of twin planes [46, 48] and are in accordance with
the HR-TEM results in Figure 4.11. In addition, the CPPM lineshape analysis shows
a Be-dopant concentration and hole mobility of p =1.2x10® cm3 and pu =
70 ¢cm?/V - s for Bel, and p = 1.1 x 10'° cm3and u = 13 ¢cm?/V - s for Be2 NW.

The reliability of the fit method used to estimate the free-carrier concentration
and hole mobility in Publication I was evaluated by measuring Raman scattering of
Be-doped GaAs (100) thin film samples and comparing the fit results with Hall effect
data. The free-carrier concentration obtained from Raman spectroscopy was in good
agreement with the Hall measurement data, whereas there was a clear
underestimation of the hole mobility by Raman spectroscopy technique. This is due
to the contribution of several scattering mechanisms that cause an apparent decrease
of the hole mobility when estimated by Raman spectroscopy, such as non-polar
optical and acoustic phonons, polar optical phonons and ionized impurities [49, 71].
This effect was also previously reported for Zn-implanted GaAs [50] and p-type GaP
[54].
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Figure 4.12: Raman spectra of the center region of representative Ref1, Be1 and Be2 NWs. The open
circles represent the experimental points. The color-dashed lines represent the spectral
decomposition of TO, SO, LO/CPPM peaks and the solid black line the total fit result. The
Be-concentration and holes mobility determined by the CPPM lineshape analysis of Be
and Be2 NWs are indicated.

In order to identify any possible gradient of Be-dopant concentration in p-GaAs
NWs, Raman spectra were measured from three different positions along the axis of
three representative NWs from each sample, and the CPPM line shape analysis was
performed. The results of carrier concentration and hole mobility from Bel and Be2
NW samples are presented in Figure 4.13. An SEM image of a representative NW
showing the positions from where the Raman spectra were obtained is also shown
on the right side of the same figure.
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Figure 4.13: Hole concentration and mobility obtained from the fit of CPPM line shape to the Raman
spectra for three different NWs from Be1 and Be2 samples. The symbols represent the
different positions of the NWs from which the Raman spectrum was measured, as
indicated in the SEM image of a representative NW shown on the right side: bottom region
(P1), center region (P2) and tip region (P3). Adapted from Publication I.

The Be-dopant concentration estimated by Raman spectroscopy ranges from 8 x
10'7 to 1.6 x 10'® cm-3 for Bel NWs and from 3.4 X 10'® to 1.1 X 10'? ¢cm for the
Be2 NWs. The results in Figure 4.13 do not indicate any consistent gradients of the
Be-dopant concentration either along the Bel or Be2 NW axis, but it is worth
noticing that there is a rather large variation of the values obtained for each axial
position. This spreading of the values of dopant concentration arise from the
uncertainty in performing the spectral decomposition of the overlapped TO, SO and
LO/CPPM peaks from GaAs NWs. The CPPM peak gets broader and shifts to
frequencies closer to the TO mode of ZB GaAs with increasing carrier concentration
[50], which further complicates the CPPM line shape analysis in which Eq. (2.11) is
used as component for spectral decomposition. Regardless, the fit results were still
consistent with the method applied to the thin film samples supported by Hall data.
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One interesting fact to be observed from the Raman spectroscopy results is the
efficiency of the Be-dopant incorporation into the GaAs NWs, when comparing the
free-carrier concentration obtained from the CPPM line shape analysis shown in
Figure 4.13 and the nominal dopant concentrations used for the NW growth: 2 x
108 cm-3 for Bel and 2 x 10'® cm3 for Be2 sample. On average, the Bel NWs show
60% of the nominal doping level while only 35% of the nominal doping level was
observed for Be2 NWs. A similar efficiency has been previously reported for Be-
doped self-catalyzed GaAs NWs [18]. This could be explained by the different Be
incorporation rates between (100)-oriented GaAs samples, measured by Hall Effect
and used for calibrating the Be-fluxes, and the VS incorporation at the (110) oriented
NW sidewall or the VLS incorporation mechanism through the droplet [15, 29, 30].
In addition, the different efficiencies in Be-dopant incorporation observed for Bel
and Be2 NWs suggest that the incorporation efficiency depends on the Be flux
during NW growth.

41.3  Optimization of electrical contacts properties to p-GaAs nanowires

High-quality and reliable electrical contacts at the metal-semiconductor interface are
important requirements on the fabrication of semiconductor electronic and
optoelectronic devices. As described in Chapter 3.3, the main steps to optimize when
fabricating electrical contacts to semiconductor materials are the (1) removal of the
surface native oxide, (2) passivation of the surface states at the semiconductor-metal
interface, (3) deposition of metallic layers acting as the electrical contacts, and (4)
thermal annealing [58, 72]. In order to investigate the electronic transport properties
of Bel and Be2 NW samples by the methodology presented in Chapter 3.4, we
needed to deposit Ohmic contacts on the NW sidewalls.

To this end, in Publication III five distinct processes combining different
parameters of steps (1)-(4) were developed. This allowed the determination of the
individual contributions of each parameter in the resulting contact resistance of the
Be-doped GaAs NWs: (1) the native oxide removal was done by either a 2.8%
NH4OH or 3.7% HCI diluted in H2O, followed by H2O rinsing; (2) The surface
passivation prior to metal deposition was done by a 15% solution of (NH4)2S«
(Ammonium Polysulfide) diluted in H2O and heated at 45 °C, followed by H.O
rinsing; (3) The metallic multilayers deposited were either Ti/Pt/Au (20/20/200 nm)
or Pt/Ti/Pt/Au (5/10/10/200 nm); (4) A rapid thermal annealing (RTA) of 400 °C
for 30 s was used for the Pt/Ti/Pt/Au multilayer. For each processing sample, 4

60



evenly spaced electrical contacts were fabricated along the NW to identify possible
changes in the IV behavior, which would indicate gradients of Be-dopant
concentration along the NW. For the optimization of the electrical contacts, the Be2
NW was chosen since the higher doping level results in a smaller depletion layer
width, thus facilitating the formation of Ohmic contacts. The different processing
parameters used for each sample (P1-P5) are summarized in Table 3. In addition to
the steps (1)-(4), an oxygen plasma cleaning after developing the resist and prior to
oxide removal of the NW sidewalls was performed in sample P2 to evaluate the
possible effects of the additional surface defects that may arise from oxygen plasma

exposure [73].

Table 3. Fabrication details of electrical contacts to Be-doped GaAs NWs. Adapted from
Publication IIl.
Oxygen . Surface Metal
Process# Oxide removal L RTA
plasma passivation layers
P1 - NH;OH:H>O - Ti/Pt/Au -
P2 Yes HCL:H,O (NH4)25« Ti/Pt/Au -
P3 - HCL:H,0 (NHa):S. Ti/Pt/Au -
P4 - HCL:H,O (NH4):S, | Pt/Ti/Pt/Au -
P5 - HCI:HO (NH4)25« Pt/Ti/Pt/Au | 400 °C, 30 s

The IV characteristics from samples P1-P5 are summarized in Figure 4.14(a). The
Ohmic character of the electrical contacts was qualitatively evaluated by the IV
linearity. All the analysis of the process parameters on the contact properties were
based on the IVs measured from the center region of the Be2 NWs (BC contacts in
Figure 4.14(b)). The nonlinear behavior of the IVs for P1 to P4 are characteristic of
Schottky-like contacts with similar barrier heights for each contact [74]. Process P1
was developed as a typical Ohmic contact manufacturing protocol for planar p-GaAs
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(100), but it clearly does not yield the same results when applied to the (110)-oriented
surface of GaAs NWs sidewalls. The Ohmic character of the IVs was greatly
enhanced in P4, when compared to P1-P3, by adding a 5 nm Pt layer under the
Ti/Pt/Au multilayer. The IV further approached to linear behavior by performing
an RTA at 400 °C for 30 s in P5, as can be seen in Figure 4.14(a).
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Figure 4.14: (a) IV from the center region of Be2 NWs with electrical contacts fabricated using
process P1-P5 as described in Table 3. (b) SEM image of a representative Be2 NW with
four evenly spaced contacts. The scale bar is 1 pm. (c) IV from P1 to P5 in the 100 mV
applied voltage range. (d) Total channel resistance obtained from the linear fit of the [Vs in
the bias range displayed in (c). Adapted from Publication III.

To further quantify the effects of the processing parameters on the contact
properties, the IV from samples P1-P5 are shown in a 100 mV bias range in Figure
4.14(c). In this smaller bias range, the IVs exhibit linear behavior and are mainly
governed by the contact resistance [74]. The linear fit of the IVs in this bias range
gives the total channel resistance (NW + contacts) and any changes of the total
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resistance were ascribed to the contact resistance. This was possible owing to the
small wire-to-wire variation in the dopant concentration as was observed in
Publication I and the fact that all the investigated NWs have similar diameter. The
total resistance from P1-P5 are shown in Figure 4.14(d). The increase in resistance
of P2 compared to P1 and P3 indicates the detrimental effect of the oxygen plasma
treatment previously discussed. A great reduction of the total resistance from
1400 k€ to 72 k€2 from P3 to P4 was achieved by depositing the additional Pt layer
ptior to the Ti/Pt/Au multilayer used in samples P1-P3. The total resistance was
further decreased from 72 k€ to 40 k2 by rapid thermal annealing (RTA) of the
contacts in P5. The improvement of the contact properties in P4-P5 compared to
P1-P3 was ascribed to the higher degree of crystallinity of Pt when deposited directly
to GaAs (110) surface in comparison to Ti. These findings were confirmed by
grazing incidence x-ray diffraction measurements of Ti, Pt and Pt/Ti thin films
deposited on GaAs (110) substrates. More details of the structural characterization
of the Ti, Pt and Pt/Ti thin films on GaAs (110) substrates are presented in
Publication III.

41.4  Transport characterization

The process P5 developed in Publication III was used to fabricate the electrical
contacts onto the Bel and Be2 NW samples described in Publication 1. The spatial
dependence of the IV characteristics from individual Be-doped NWs was possible
by manufacturing four evenly spaced contacts along the NWs and comparing the IV
from the bottom, center and tip region of the NWs. In Figure 4.14(b), these
correspond to the IV measured between the contacts AB (bottom), BC (center) and
CD (tip). The IV characteristics of the AB, BC and CD contacts from Bel and Be2
NWs are shown in Figure 4.15(a) and Figure 4.15(b) respectively. The asymmetry of
the IVs from Bel in Figure 4.15(a) indicates a Schottky-like behavior of the metal-
semiconductor contacts. In addition, the decrease of the current values from bottom
to tip of the Bel NW is associated to an increase in the values of the Schottky barrier
heights in the region of the NW where the contacts AB, BC and CD were fabricated.
This change in the Schottky barrier height can be associated to a Be-dopant
concentration profile that increases from the tip towards the root region of the NW,
and such behavior was consistently observed for additional representative NWs

from Bel sample measured in the same configuration, as presented in Publication I.
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Figure 4.15: IV characteristics measured from different channels along (a) Be1 and (b) Be2 NWs.
Adapted from Publication I.

In contrast to Bel, the IV measured from the AB, BC and CD contacts of Be2 NW
present linear behavior with small variation in the current values between different
channels, as can be seen in Figure 4.15(b). This behavior was also consistently
observed for additional Be2 NWs measured with the same configuration in
Publication I. In order to determine whether any dopant gradient was present also
in Be2 NWs, the NW resistivities of each channel were obtained and compared. To
this end, the specific contact resistivity p. was obtained by fabricating five electrical
contacts with increasing channel length along the NW, which is the TLM geometry
described by Equations (3.1) and (3.2) in Chapter 3.4. With the value of p.
determined, the NW resistivity pg can be determined by the relation:

L
Rr = ps—+ 2R (4.1)

where Ry is the total channel resistance (NW + 2 contacts), L is the channel length
and A is the hexagonal cross-section area of the NW. The values of L. and A were
measured from SEM images of the devices after transport characterization. The IV
characteristics of Be2 NW with increasing channel length is shown in Figure 4.16(a).
The total resistance of the longer channel (L=1.10 #m) was unexpectedly smaller
than the shorter center channels, most likely due to contact overlap with one of the
ends of the NW which resulted in smaller contact resistance. Therefore, the total
resistance of this channel was omitted from the fitting procedure using Equation
(3.1). Nevertheless, the fit of the remaining data points resulted in NW resistivity of
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ps = 0.027 € cm and specific contact resistance of p; = 4.5 x 107¢ €2 cm? Based

on this, the total contact resistance for each cannel is 18 kQ.
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Figure 4.16: (a) IV characteristics of Be2 NW measured in TLM geometry. The inset shows a tilted
SEM image of the measured device. (b) Nanowire resistivity obtained from representative
Be2 NWs with four evenly-spaced contacts. The dashed line indicates the NW resistivity
value obtained by TLM. Adapted from Publication I.

The NW resistivity for each channel of the evenly spaced contacts was calculated by
using Equation (4.1), where the total resistance was obtained from the linear fit of
the IV for each channel (AB, BC, CD) and the total contact resistance of 18 k€2
previously determined was used. The calculated resistivity values of each channel
from three different Be2 NWs are shown in Figure 4.16(b), with the dashed gray line
representing the resistivity value obtained from the NW analyzed by TLM in Figure
4.16(a). Despite of the NW-to-NW variation of the resistivity values obtained, we
observe a consistent decrease of the NW resistivity from the bottom to the tip region

which indicates that the axial Be concentration increases towards the tip.

415  Gradients of Be-dopant concentration

The IV analysis of the Bel and Be2 NWs clearly shows that the Be-dopant gradient
is opposite between both NW samples: the dopant concentration increases from the
tip towards the bottom region of the Bel NWs, while it decreases when following
the same axial direction for the Be2 NWs. This suggests that the Be flux can
determine the dominant dopant incorporation mechanism during NW growth. Since
the Be-doped NWs do no exhibit any tapering (difference in diameter at the bottom
and tip region), we can conclude that they grow constantly in both axial (VLS) and
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radial (VS) direction. Therefore, we expect that the thickness of the VS grown shell
is larger at the bottom than at the tip of the NWs as illustrated in Figure 2.3[11].
Thus, in Publication I we conclude that the Be dopants incorporate predominantly
via the VS mechanism, through the NW sidewalls, in similar mechanism reported in
[15].

On the other hand, if the Be dopants would incorporate predominantly via the
VLS mechanism, through the Ga droplet, we would expect a dopant gradient that
increases from bottom to tip [29, 30] in the same way that the thickness of the VLS
grown core increases [75]. This is the behavior we observe for Be2 NWs. Therefore,
we can conclude that the VS mechanism is predominant for low Be flux and that
VLS is favored at higher Be flux. At lower Be flux, the direct impingement to the Ga
droplet is the limiting factor for the Be incorporation via the VLS mechanism, while
the axial growth rate (VLS) is around 10-times larger than the nominal growth rate,
from which the nominal doping level is determined. This leads to the predominant
VS incorporation observed for the Bel NWs. As observed by Raman spectroscopy,
the incorporation efficiency decreases with increasing Be flux. Thus, it is more likely
that the VS incorporation mechanism is suppressed rather than an increase of the
VLS incorporation rate. This can be attributed to the onset of Be segregation on the
GaAs surface, which results in the surface roughening of the NW sidewalls as
observed in the TEM analysis of the bottom region of Bel and Be2 NWs in Figure
4.11. According to the thermodynamic model presented in [76], the growth rate can
yield a significant decrease of the doping levels required determining the onset of Be
segregation in VS grown Be-doped GaAs. In addition, the onset depends also on the
As flux and growth temperature, which provides further evidence that the growth
conditions affects the Be-dopant incorporation mechanism in self-catalyzed GaAs

NW growth.

42  Te-doped GaAs nanowires

The main results of the incorporation of Te and #-type dopant in self-catalyzed GaAs
NWs obtained in Publication II are presented in this chapter. The NWs were grown
with a nominal Te-dopant concentration of 2X10'9 cm3 (Tel sample in Table 1),
based on Hall measurement of MBE grown Te-doped GaAs (100) planar layers.
Additional #-type GaAs NW sample with undoped AlGaAs shell were grown for
off-axis electron holography and atom probe tomography experiments. The
structural changes of the GaAs NWs caused by Te doping were investigated by

66



TEM. Spatially-resolved Raman spectroscopy and transport characterization on
single-NW level were applied to assess the Te concentration gradient along the NWs.
The Raman and transport results are supported by complementary experimental
techniques such as off-axis electron holography and atom probe tomography, which

were obtained through international collaboration partners.

421  Structural properties

Figure 4.17 shows side view SEM images from (a) undoped (Ref2) and (b) Te-doped
NWs (Tel). The undoped reference NWs grown for 80 min (Ref2) have an average
length and diameter of 5100 nm and 150 nm respectively [11] and the Te-doped
NWs grown for 60 min have an average length and diameter of 3700 nm and
170 nm. The average length and diameter of the undoped reference sample grown
for 60 min (Refl) are 4300 nm and 130 nm respectively, which indicates that the
incorporation of Te dopants increases the radial and decreases the axial growth rates,
as has been also previously reported in references [16, 77]. Since the undoped
reference sample grown for 80 min (Ref2) has a diameter closer to the Te-doped
NWs than the undoped sample grown for 60 min (Refl), it was used as comparison
for the Raman spectroscopy analysis further described in this text and in Publication
II.
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Figure 4.17: Side view SEM images of (a) Ref2 GaAs and (b) Te1 GaAs NW samples. The scale bars
are 1 um.

The TEM images and SAED of a representative Te-doped NW are shown in Figure
4.18. The Te-doped NWs grow with zinc-blende structure and the density of twin
planes defects increases towards the NW tip, where it was observed a (111)-type
sidewall faceting. This effect has been previously observed for self-catalyzed
Te-doped GaAs NWs grown on GaAs substrates [16]. The increasing twinning
frequency of the ZB structure towards the NW tip is clearly visible in the HR-TEM
micrographs and further evidenced by the corresponding SAED patters in Figure
4.18(b)-(e), which were obtained from the regions marked by circles (1)-(4) in the
low-magnification TEM image in Figure 4.18(a).
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Figure 4.18: (a) low-magnification TEM image of a representative Te-doped GaAs NW. (b)-(e) High
magnification HR-TEM micrographs and the corresponding SAED patterns from the
corresponding regions labeled (1)-(4), where (1) is closer to the bottom and (4) to the tip
regions of the NW. The scale bar in (a) is 1 ym and in (b)-(c) 100 nm. Adapted from
Publication II.

422  Raman spectroscopy

Spatially-resolved Raman spectroscopy along the axis of the as-grown Ref2 and Tel
NWs was measured by adjusting the z-piezo stage position during spectra
acquisition. The shallow depth of focus of the Raman setup combined with the low
NW density allowed the measurements to be carried on the vertical standing NWs
without harvesting them from the growth substrate. More details of the Raman
experiments are discussed in Publication II. In this configuration, the GaAs (111)
surfaces are measured in the backscattering geometry, from which selection rules
allows the observation of the TO, LO and CPPM modes [44]. The correlation of the
z-piezo height and the position of the NWs from where the Raman spectra were
obtained was determined by the intensity of optical modes at ~520 cm! originating

from the Si substrate. The linear polarization of the laser excitation was set
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perpendicularly to the NW axis and the detection of the scattered intensity was
unpolarized.

Figure 4.19(a) and (b) show Raman spectra obtained from the bottom (z=0 um)
and top (2z=3.5 um) from the undoped reference (Ref2) and Te-doped NW (Tel)
respectively. In addition, the fitted CPPM curves from Tel NW are shown in red
lines in Figure 4.19(b). The scales have been selected to focus on the features with
intensities much smaller than the GaAs TO/LO and the Si optical mode. The TO
and LO modes of the undoped GaAs NW in Figure 4.19(a) exhibit typical peak
positions and linewidths observed in GaAs NWs. The LO mode in the Te-doped
NWs is clearly suppressed due to the screening of this mode caused by the presence
of the free charge-carriers. In such case the L.O intensity originates solely from the
surface depletion layer, the width of which decreases with increasing doping
concentration [51, 55, 78, 79]. In addition to the usual GaAs Raman peaks, two broad
features at 160 cmand 350 cm! (labeled X1 and X2, respectively) were observed in
both undoped and Te-doped GaAs NWs. These modes are ascribed to disorder-
activated acoustical phonons [80] and surface oxides [81, 82]. The high-frequency
branch of the CPPM (LL+) was observed to shift from 300-350 cm! at the bottom
region to 650-700 cm! at the tip region of the NW, as can be seen from the fitted
CPPM curves in Figure 4.19(b). This indicates that the free-carrier concentration
increases from the bottom to the tip along the NW axis.

At the bottom region of the NW, only the L.+ CPPM branch with an asymmetric
lineshape was obtained from the fitting of the Raman spectrum from this region. As
will be discussed with more details later in the text, the plasma frequency and
damping constant obtained from the fit of the Raman spectrum using Equation 2.11
correspond to an overdamped case of the LO phonons and the plasmon associated
to the free-electrons in this region, in similar way for p-GaAs. In this case, the L+
and L- branches are overlapped and undistinguishable, which is further complicated
by the presence of the acoustic modes in the same spectral region.
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Figure 4.19: Raman spectra obtained at two different focal positions from (a) undoped reference
GaAs NWs (b) Te-doped GaAs NW. Positions at z = 0 and z = 3.5 um correspond to the
bottom and top region of the NWs, respectively. The Raman spectra are normalized to the
GaAs TO peak. (c) Electron concentration and mobility data obtained from the CPPM fit
from the bottom and top regions of the Te-doped NW shown in (b) (NW1) and two
additional representative Te-doped NWs. (d) Calculated CPPM line shapes for different
values of the electron mobility for electron concentrations of 4.2 x 107 (bottom) and
4.4 x 108 cm (top). Adapted from Publication I1.

The plasma oscillation frequency and damping constant obtained from fit of the
CPPM curves using Equation (2.11) allowed the estimation of the electron
concentration (7) and mobility (#) from the bottom and tip of representative Tel
NWs. The fit results for three different Te-doped NWs are shown in Figure 4.19(c),
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and a good agreement between the values of # and x obtained for the bottom and
tip regions of the different NWs was observed. The free-electron concentration
ranges from ~1 x 10'® c¢m? at the bottom and ~4 x 10'® cm- at the tip region of
the NWs, consistently showing a gradient of Te-dopant concentration along the NW
axis. Remarkably, the free-electron concentration values at the tip region of the NWs
obtained by Raman spectroscopy is in good agreement with the Te-dopant
concentration values obtained by atom probe tomography. This result indicates that
100% of the Te atoms incorporated in the GaAs NWs are activated as #-type dopants
at the tip region of the NWs, which is an important result for future device
applications.

The dependence of the values of the electron mobility for different dopant
concentrations observed from the CPPM fit is now addressed. Usually, the electron
mobility should decrease as the dopant concentration increases as a result of the
reduced mean free path of the charge carriers. This is the opposite trend observed
from the fit results of the CPPM curves from the Te-doped NWs and requires a
careful interpretation. To this end, Figure 4.19(d) shows calculated CPPM curves for
low doping level (bottom) and higher doping level (top) using several typical values
of electron mobility (plasma damping constant). In addition, Figure 4(a) of
Publication IT shows the peak position of the CPPM L+ branch for calculated from
Equation 2.11 for the investigated range of free-carrier concentration and electron
mobility. It is clear from Figure 4(a) of Publication II that the free-electron
concentration has a stronger influence on the peak position of the L+ when
compared to the effect of the electron mobility. At typical electron mobility values
for #n-GaAs, the damping constant I' tends to zero values, which refers to an
undamped case. A decrease in the mobility value has a strong effect in the CPPM
lineshape, resulting in its broadening as can be seen in Figure 4.19(d).

Therefore, the mobility values would be underestimated even by a small
overestimation of the L+ peak width during the fitting procedure. The Raman
spectra of the bottom part of the Tel NW in Figure 4.19(b) is a clear example of the
uncertainties that may arise from the fitting procedure. In the 300-350 cm! range,
there is an overlap of the L+ branch, X2 peak and possibly the acoustic modes from
the Si substrate. The spectral decomposition of this wavenumbers range in the
Raman spectrum is further complicated by the nature and undefined selection rules
of the L+ and X2. In addition, the combination of axial and possibly radial gradients
of dopant concentration would result in extra uncertainties in the CPPM fit due to
the volume of the NW probed in the Raman experiment. Nevertheless, the CPPM
line shape analysis results in a good consistency and reliability when estimating the
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free-carrier concentration in the Tel NWs. Similar differences between the carriers
mobility estimated by Raman spectroscopy and Hall effect experiments has been
previously reported for p-type and #-type thin-films investigated by Raman
spectroscopy [49, 54].

4.2.3  Transport properties

The IV characteristics of the Te-doped NWs were spatially-analyzed by fabricating
four evenly spaced electrical contacts distributed along the NW axis. The #-GaAs-
metal contact properties are characterized by the formation of a Schottky barrier
with height determined by the Fermi level pinning at the GaAs surface, which is
independent of the work function of the metal. Usual barrier heights of common
metals deposited on 7-GaAs(110) surface range from 0.7 to 0.9 eV [63] and the
electrical transport mechanism will depend on the doping level at the
semiconductor-metal interface region. In addition, a transition between the main
transport mechanisms can happen for a certain range of bias voltage or temperature,
as they will also affect the potential barrier at the metal-semiconductor interface. For
low and moderate doping concentrations the dominant current transport mechanism
is the thermionic emission (TE) over the barrier and the IV behavior is of typical
Schottky diode. At high dopant concentrations the linear IV behavior is
characteristic of low contact resistance, resulting from a reduced barrier width — this
favors the tunneling of the electrons with energies close to the Fermi level energy
and is known as field emission (FE) mechanism. At last, for intermediate doping
levels the main transport mechanism is called thermionic field emission (TFE). In
this mechanism the thermally excited electrons can tunnel through the narrower
upper part of the barrier [35, 30].
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Figure 4.20: IV characteristics showing asymmetric double-Schottky type behavior measured from a
Te-doped GaAs NW. The inset shows the measured device and the IVs correspond to the
different contact pairs labeled along the NW. The scale bar is 1 um. Adapted from
Publication II.

Figure 4.20 shows the IV characteristics of a Te-doped GaAs NW measured from
the contact pairs located at the tip (AB), center (BC) and bottom (CD) regions along
the NW axis, as illustrated in the SEM image of the inset. Each contact pair exhibits
non-linear, asymmetric, IV characteristics with positive bias resulting in higher
current values than for the negative bias. In addition, the current value consistently
increases towards the NW tip for the same bias voltage applied for each contact pair.
In order to exclude possible influence of the interface properties in the Schottky
barrier (barrier reduction caused by image forces, Fermi level pinning position due
to different surface terminations, defect assisted tunneling and interfacial layers),
several NW devices with the same contact processing parameters were measured.
The additional IV data are presented in the Supplementary Material of Publication
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IL. The IV characteristics along the measured NWs have the same trend as the one
presented in Figure 4.20.

One way to interpret the IV curves from the Te-doped NWs is to consider that
the NW acts as a resistive channel separating two back-to-back Schottky metal-
semiconductor contacts [74, 83]. In this way, regardless the polarity of the applied
bias voltage one of the contacts will be reversed biased while the other will be
forward biased. Considering the values of dopant concentration and electron
mobility estimated by Raman spectroscopy of n=4x10"® cm3 and p=
1000 cm?/V s for the tip region, and n = 1 x 10'® cm3 and p = 400 cm?/V s for the
bottom region, it can be estimated that the resistive voltage drop in the NW is at
least two orders of magnitude smaller than the applied bias. Therefore, it is safe to
assume that the current flow observed in the Te-doped NWs is mainly limited by the
reverse-biased Schottky contacts. At room temperature and for the doping levels
estimated by Raman spectroscopy and supported by APT, the reverse current is
mainly due to TFE mechanism and can be overcome by pure FE at higher bias values
or with increasing doping concentration. Therefore, a quantitative analysis of the IVs
based on the transport mechanisms involved leads to the conclusion that there is
indeed an axial dopant gradient along the Te-doped NWs.

424  Gradients of Te-dopant concentration

The presence of an axial gradient of Te-dopants along the NW's is evidenced by both
Raman spectroscopy and IV analysis. In addition, off-axis electron holography data
measured from different slices from the bottom and tip region of 7-GaAs/-AlGaAs
core-shell NWs also show that both an axial and radial dopant gradients are formed
during the self-catalyzed growth of Te-doped GaAs NWs investigated in Publication
II. The APT experiments from the same set of NW samples show that there is a
uniform Te concentration in the upper part of the NWs. But it should be noted that
the spatial resolution of APT is limited to the initial ~1000 nm and ~100 nm along
the axial and radial directions of the NW, respectively. This limitation on the probed
volume of the NWs by APT originates from the field of view and reconstructions
tools used for the experiment [84, 85]. On the other hand, the asymmetric behavior
of the IV from the tip region (AB contacts) from the Te-doped NWs suggests that
there is indeed an axial dopant gradient in this region of the NW, since the metal-
semiconductor properties are much more sensitive on the doping level at the surface.
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Based on a theoretical model developed in Publication II to explain the origin of
the non-uniform concentration of Te dopants in the GaAs NWs the growth
conditions strongly affect the distribution and how the dopants and incorporated
during self-catalyzed growth. The Te dopants incorporate mainly via the VLS
mechanism, which should result in a uniform dopant concentration for each
monolayer formed. However, the VLS growth usually results in tapered NWs due to
increasing radius of the Ga-droplet during self-catalyzed growth. There is no
evidence of tapering in the investigated Te-doped GaAs as seem from the SEM
images in Figure 4.17 and TEM image in Figure 4.18. Therefore, we can conclude
that the radial growth due to VS mechanism is also significant in these samples. The
probability of Te incorporation via VS mechanism strongly depends on the
temperature [86], and can be neglected for this case. This means that the final NW
structure is a tapered VLS grown Te-doped GaAs core surrounded by an undoped
GaAs VS grown shell, as illustrated in Figure 4.21.
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Figure 4.21: Schematics showing the most probable final structure of the Te dopants distributions of
the n-GaAs NWs. The VLS grown Te-doped GaAs core in blue is tapered due to increase
of the Ga-droplet diameter, surrounded by the VS undoped GaAs that is responsible for
radial growth. The Te solid diffusion are represented by arrows. The relative sizes of the
substrate, NW and Ga droplet are out of scale so that the features of interest can be better
illustrated.

The incorporation rate of Te via the VLS mechanism will also increase during the
NW growth. The incorporation efficiency of dopants is proportional to the squared
radius at the base of the catalyst droplet, which also determines the NW radius. Thus,
we can conclude that less Te incorporates at the bottom of the NW (which has
smaller diameter of the VLS grown core) than at the tip region of the NW (with
increased VLS grown diameter), resulting in the shapes of the VLS core and VS shell
represented in Figure 4.21. Moreover, the difference in dopants concentration along
the NW radial direction will lead to a solid diffusion of Te dopants from the VLS
Te-doped core to the VS undoped GaAs shell.

The radial gradient for each segment will depend on the ratio of the solid
diffusion coefficient over the radial growth rate. In this case, the radial growth rate
is faster than the solid diffusion which results in the non-uniform Te-dopant
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distribution. Two possible options to avoid a gradient of Te-dopant distribution in
self-catalyzed growth of GaAs NWs are to increase the VS incorporation mechanism
rates or to eliminate the radial growth. These results show that a careful control of
the growth parameters during self-catalyzed grow of Te-doped GaAs NWs is
required. In particular, a key factor is to control the radial growth rate of the NWs.

4.3  Extrinsic optical chirality in the absorption and emission of
partially Au-coated GaAs/AlGaAs nanowires

As discussed in Chapter 2.5, the optical modes of II1I-V semiconductor NWs can be
modified by altering the combined symmetry of the samples and the optical
experiment. To this end, the NWs were partially covered with Au thin film by tilting
the as-grown NW samples in relation to the Au-flux during e-beam metal
evaporation. The nominal Au-thickness deposited on the NWs sidewalls is
determined from the tilt angle of the sample holder and the planar Au-thickness
evaporated. Therefore, the Au-evaporation parameters were selected in such a way
to obtain 10-20 nm of nominal Au thickness in two or three of the hexagonal-shaped
NW sidewalls Figure 4.22 shows tilted SEM images of GaAs and GaAs/AlGaAs
NWs with 2-facets covered with Au for two different tilt angles of the sample holder,
L.e. resulting in different effective Au deposition rate. With increasing tilt angle, the
planar Au-thickness necessary to keep the same nominal thickness deposited on the
NWs sidewalls is reduced. This combined with the fact that the same Au-flux (in
nm/s) is used for both tilt angles results in an increased effective Au-deposition rate
at the NWs sidewalls. It is expected that a higher effective Au-deposition rate would
result in a decrease of the apparent surface roughness of the Au layer at the
nanoscale. In addition, the GaAs sample has a much higher NW density than the
GaAs/AlGaAs, which gives insight on the possible flux shadowing effects.. As can
be seen comparing Figure 4.22(a)-(d) with Figure 4.22(b)-(e), not only that the Au
layer roughness was indeed reduced, but also the coverage of the Au layer on the
NWs facets was considerably improved. This effect was consistent regardless the
density, length or diameter of the NW's investigated.

The chiral properties of the absorption (Publication IV) and PL emission
(Publication V) of the Au-coated NWs were investigated by properly selecting the
angle of incidence of the excitation laser in relation to the NW growth axis. A
structure that is not intrinsically chiral can exhibit chiral optical response as long as

the following three vectors do not lie in the same plane: (1) the vector representing
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the surface normal to the sample, (2) the direction of anisotropy of the structure,
and (3) the wave vector k representing the direction of propagation of the excitation
light. If we set the z-direction as the [111] direction of ZB which is the NW growth
direction, vector (1) is parallel to the NW axis and therefore to the z-direction, vector
(2) is parallel to the radial direction of the NW and points from the Au-free sidewalls
towards the Au-coated ones, and vector (3) represents the laser excitation direction.
In the experiments further described, the angle between (1) and (3) is selected by
adjusting the tilt angle of the NW sample holder as described in Publication IV and
Publication V .

t=82 nm t=40 nm
14° il 30° tilt

§
)

[ GaAs
H AlGaAs
OAu

Figure 4.22: Structural details of the Au-coated NWs. (a)-(b) shows tilted SEM images of GaAs NWs
with 2 facets covered with Au. (d)-(e) show GaAs/AlGaAs core-shell NWs. The Au planar
thickness and the tilt angle of the NWs during metal evaporation. (c) Cross-sectional dark-
field TEM image of GaAs/AlGaAs NW from (d) with 3 facets covered with Au. (f) Cross-
sectional representation of the metal-NW structure. The scale bars in (a), (b), (d) and (e)
are 500 nm and the SEM images were obtained with a 30° tilt of the sample holder. The
scale bars in (c) is 50 nm. Figures (c) and (f) were adapted from Publication V.

The extrinsic chirality of the absorption properties of Au-coated GaAs/AlGaAs

NWs was investigated by a scattering-free technic called PAS in Publication IV. The
proper orientation of the Au-coated NW sample inside the PA chamber in relation
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to the direction of the laser excitation provides the required configuration for
observation of the extrinsic chiral properties. A 532 nm laser is circularly polarized
by passing through a linear polarizer followed by a quarter-wave plate before
reaching the NW sample. The angle between the laser wave vector and the surface
normal to the NW growth axis can be modified by a tilting stage.

The polar plot in Figure 4.23(a) shows the PA signal intensity of the absorption
peak of GaAs/AlGaAs NWs with 3 facets covered with Au. The PA spectra were
measured for different angles of the quarter-waveplate, where 45° corresponds to
RCP and 135° to LLCP, and for several tilt angles of the NW sample holder. The
difference between the lobes for RCP and LLCP is clearly dependent on the sample
tilt angle. The CD dependence on the tilt angle has been determined experimentally
and theoretically for Au-coated GaAs/AlGaAs NWs with different lengths and
diameters of the GaAs core and AlGaAs shell and the results are shown in Figure
4.23(b). The experimental data were determined using Equation (2.14) and the
quarter-waveplate was set to LCP. Although it was determined that the NWs
diameter strongly affects the linear response of Au-free NWs [66], it was observed
that the NW length is the dominating parameter in the CD signal. The discrepancies
of the simulated curves (dashed lines) and experimental data (solid curves) in Figure
4.23(b) were ascribed to the non-chiral contributions of the Si substrate and to the
collective interactions of the optical fields from neighboring NWs, but nevertheless
the CD behavior is consistent between theory and experimental data.
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Figure 4.23: (a) PAS polar plot of Au-coated GaAs/AlGaAs NW at 532 nm for various angles of
incidence as illustrated in the legend. (b) Dependence of the CD on the incidence angle of
GaAs/AlGaAs NWs with different dimensions (length and diameter of the GaAs core and
thickness of the AlGaAs shell). The solid lines represent the experimental data and the
dashed-dotted lines the numerical simulations. (c) Polar plot of the normalized PL intensity
vs M4 waveplate angle of GaAs/AlGaAs with and without Au coating, and tilted by 30° in
relation to the NW growth axis and direction of the laser excitation. (d) Far-field CD map of
Au-coated GaAs/AlGaAs NW calculated for the best fit of the CD properties as a function
of the tilt angle, ranging from 0° to 90° with 10° steps. (a) and (b) were adapted from
Publication IV, (c) and (d) were adapted from Publication V.

The extrinsic chirality properties of the room-temperature photoluminescence
emission (PL) of the GaAs/AlGaAs NWs with 3 facets covered with Au were
investigated by exciting the NWs with a 640 nm linear-polarized laser and detecting
the PL signal for several quarter-waveplate angles. A detailed description of the
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experimental setup and sample geometry are presented in Figure 2 of Publication V.
The NWs were tilted in relation to the growth axis and the direction of incidence of
the laser excitation, in order to achieve the geometry required for extrinsic chirality
experiments. The unpolarized room-temperature PL spectra of the GaAs/AlGaAs
NWs is centered at 870 nm, with a small blueshift of the PL peak of the Au-coated
NWs in respect to the reference samples which can be ascribed to band-bending
effects due to the presence of Au. Figure 4.23(c) shows the polar plot of the PL peak
intensities detected with different angles of the quarter-waveplate and with a 30° tilt
of the NWs axis in relation to the laser excitation direction. As it is expected, the Au-
free NWs sample do not exhibit any extrinsic chiral behavior of the PL. emission
since there is no anisotropy in the NW radial direction. On the other hand, a strong
extrinsic chiral behavior is evidenced by the difference in the lobes of the LCP and
RCP behavior of the PL emission of the Au-coated NWs. The LCP and RCP globes
behavior were inverted if the NWs were tilted by 180° in relation to the growth axis,
i.e., a -30° tilt. This is a characteristic property of extrinsic chirality and observed in
the PL emission.

The CD from the PL emission of the Au-coated GaAs/AlGaAs NWs was
investigated experimentally and theoretically as a function of the NWs tilt angle but
using the figure of merit represented by Equation (2.14). It was determined that the
extrinsic chirality behavior of the PL emission arises mostly from the HE; optical
mode, more specifically in the direction where the anisotropy exists along the NW
radial axis due to the presence of the Au layer. A theoretical model was used to fit
the experimental data of Publication V with support of a Lambertian source to
extract the part of PL. emission that contributes to the CD changes, and the results
are shown as polar plot in Figure 4.23(d). The maximum CD value of 15% was
experimentally achieved for tilt angle of 20°, and the best fit to the experimental data
was obtained for coupling efficiency of n, = 47%. The value 7, represents the
coupling efficiency of the HE11 modes, while the uncoupled part modeled by the
Lambertian source contributes to the unpolarized background emission that lowers
the value of CD. The roughness of the Au layer deposited on the NW sidewalls is
responsible for scattering losses and is one factor that contributes to the uncoupled
emission discussed in Publication V. Therefore, it is expected that the extrinsic
chirality properties observed in both absorption and emission will be improved by
the decreased Au layer roughness on the NW sidewalls. As shown in Figure 4.22 (b)
and (d), this was achieved by increasing the effective Au deposition rate to the NW

sidewalls.
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The main results from designing asymmetrically-Au-coated GaAs/AlGaAs NW's
for extrinsic optical chirality experiments show that the Au layer can control the
handedness of absorption efficiency of circular polarized light. Moreover, the
direction and handedness of the PL emission from the GaAs NW core can also be
controlled by the correct design of the Au layer on the NW sidewalls. The possibility
of combining the light-emitting properties of III-V semiconductor NWs and control
of the circular polarization of the absorption and/or emission of optical fields paves
the way to a broad range of applications that require chiral light detector or sources,
such as in fields of quantum technology, biology and chemistry.
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5 CONCLUSIONS

The main objective of this thesis was to correlate the structural, optical and carrier
transport properties of Te- and Be-doped GaAs NWs with the growth conditions
used in the self-catalyzed NW epitaxy on Si/SiOx substrate. The main dopant
incorporation mechanisms during self-catalyzed growth of # and p type GaAs NWs
were identified by combining data from complementary experimental techniques.
The unique NW geometry and reduced dimensions were exploited also in the chiral
properties in terms of optical absorption and emission of circularly-polarized
radiation of GaAs/AlGaAs core-shell structures partially covered with Au.

The incorporation of Be-dopant in self-catalyzed GaAs NWs was investigated in
Publication I. The suppression of the formation of twin planes and stacking faults
was found to be associated to the increasing Be-dopant concentration for two
different NW samples. Spatially resolved Raman spectroscopy was used to estimate
the hole concentration and mobility along the NW axial direction by analyzing the
coupling of the lattice phonons with the plasma associated to the free-carriers. It was
found that the Be-dopants incorporation efficiency decreased from 60% to 35% of
the nominal doping level with increasing Be flux during self-catalyzed NW growth.
Moreover, the IV characterization of Be-doped GaAs NWs revealed the existence
of two types of axial gradients of dopant concentration which depends on the
nominal doping level. With low Be flux, the dopant concentration decreases from
the bottom towards the tip of the NW which was ascribed to the predominance of
VS incorporation mechanism of Be dopants. The opposite gradient was observed
for higher Be flux, which was a result of increased significance of the VLS
mechanisms for the growth conditions used.

The effect of the several fabrication steps used to obtain Ohmic contacts on
p-GaAs NWs was exploited to the unique surface orientation that results from self-
catalyzed NW growth. In Publication III Be-doped GaAs NWs were used as base
material for characterization of the metal-semiconductor interface at the nanoscale,
aiming to Ohmic contacts. Different processing parameters were developed and
their IV characteristics were interpreted based on structural characterization of
GaAs (110) substrates with similar thin films used in the NW samples. It was found
that combining an HCl oxide removal, a (NH4)2S; surface passivation and deposition
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of Pt/ Ti/Pt/Au metallic multilayer to the NW sidewalls resulted in a total electrical
resistance of 72 k€Q. This corresponds to a 95% decrease of the total electrical
resistance in comparison to NW devices with same surface treatment but with a
Ti/Pt/Au metallic multilayer, which is traditionally used to obtain Ohmic contacts
to (100) surface-oriented p-GaAs thin films. Structural characterization of similar
metallic thin films revealed a higher degree of crystallinity of Pt compared to Ti when
deposited directly on GaAs (110) substrates. The findings in Publication III are
relevant on the technological point of view for the design of Ohmic contacts to
GaAs NWs based devices, showing that the quality of the metal-semiconductor
interface at the NW sidewalls has a major role in device performance.

The incorporation of Te as #-type dopant in self-catalyzed growth of GaAs NW's
was investigated in Publication II. The structural characterization showed that the
incorporation of Te-dopant increases the radial and suppresses the axial growth rates
when compared to undoped GaAs NW self-catalyzed growth. The incorporation of
Te also promoted the formation of rotational twin planes. Spatially-resolved Raman
spectroscopy and IV analysis revealed a gradient of Te-dopant concentration that
increases from bottom towards the tip of the NWs. The results were in agreement
with data obtained from atom probe tomography and off-axis electron holography
experiments. By combining the experimental data with a theoretical model, it was
shown that Te dopants incorporate via the VLS mechanism through the Ga droplet
in self-catalyzed GaAs NW growth. This creates a tapered VLS Te-doped GaAs core
and an undoped GaAs VS-grown shell, which results in an axial and radial doping
gradients along the NWs.

The deposition of asymmetric Au-layers on the sidewalls of GaAs/AlGaAs core-
shell NWs was developed and optimized by adjusting the tilting angle of the NW
sample in relation to the incoming Au-flux in the e-beam metal evaporation
chamber. The combined break of symmetry of the NW and measurement geometry
created the required conditions for extrinsic optical chirality experiments. The
findings in Publications IV and V showed that the Au layer can control the
handedness of absorption efficiency of circular polarized light. Moreover, the
direction and handedness of the PL emission from the GaAs NW core can also be
controlled by the correct design of the Au layer on the NW sidewalls. The possibility
of combining the light-emitting properties of III-V semiconductor NWs and control
of the circular polatization of the absorption and/or emission of optical fields paves
the way to a broad range of applications that require chiral light detector or sources,
such as in fields of quantum technology, biology and chemistry.
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Abstract

®

CrossMark

Effective and controllable doping is instrumental for enabling the use of III-V semiconductor
nanowires (NWs) in practical electronics and optoelectronics applications. To this end, dopants
are incorporated during self-catalyzed growth via vapor-liquid—solid mechanism through the
catalyst droplet or by vapor—solid mechanism of the sidewall growth. The interplay of these
mechanisms together with the competition between axial elongation and radial growth of NWs
can result in dopant concentration gradients along the NW axis. Here, we report an investigation
of Be-doped p-type GaAs NWs grown by the self-catalyzed method on lithography-free Si/SiO,
templates. The influence of dopant incorporation on the structural properties of the NWs is
analyzed by scanning and transmission electron microscopy. By combining spatially resolved
Raman spectroscopy and transport characterization, we are able to estimate the carrier
concentration, mobility and resistivity on single-NW level. We show that Be dopants are
incorporated predominantly by vapor—solid mechanism for low Be flux, while the relative
contribution of vapor-liquid—solid incorporation is increased for higher Be flux, resulting in
axial dopant gradients that depend on the nominal doping level.

Supplementary material for this article is available online

Keywords: nanowires, GaAs, Be doping, concentration profiles

(Some figures may appear in colour only in the online journal)

1. Introduction

Semiconductor III-V nanowires (NWs) have emerged due to
their unique properties and development opportunities they
render possible to a wide range of optoelectronics devices
[1, 2], such as LEDs [3, 4], solar cells [5, 6], and photo-
detectors [7]. The one-dimensional NW geometry brings
specific advantages including the possibility to combine

7" Author to whom any correspondence should be addressed.

0957-4484/19/335709+11$33.00

different semiconductor alloys as radial and axial hetero-
structures, and relaxes the lattice matching requirements; in
turn, this enables III-V semiconductor NW growth on dis-
similar substrates such as Si [1] which is widely used in
electronics. Going into more details of the fabrication of such
NWs, the self-catalyzed growth [8, 9] has been adopted for
direct epitaxial integration because it avoids the use of foreign
catalyst metals such as Au, which is known to form deep traps
in Si and therefore degenerate device performance [10].
Substantial progress has been made recently in self-catalyzed

© 2019 IOP Publishing Ltd  Printed in the UK
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growth of GaAs NWs with high control of the size distribu-
tions and crystalline structure [11-16]. Moreover, the ability
to achieve an effective and controllable doping is essential for
bringing these nanostructures to the realm of practical appli-
cations, for example enabling formation of p-n junctions
without compromising the material quality of the NWs. It
should be emphasized that the knowledge of the dopant
incorporation in traditional thin film (TF) epitaxy cannot be
directly applied to NW growth. Therefore, significant effort
has been dedicated to investigate the dopant incorporation
mechanisms in NW growth [17]. The dopants are incorpo-
rated in NWs either via vapor—liquid—solid (VLS) mechanism
through the catalyst droplet, or via vapor—solid (VS) mech-
anism during the sidewall growth. The incorporation of
p-type dopant Be into GaAs NWs during self-catalyzed
growth has been investigated by several groups and different
incorporation mechanisms have been reported. Casadei et al
reported a preferential VS Be incorporation via the NWs
sidewalls [18]. Zhang et al proposed a predominance of Be
incorporation through the Ga catalyst droplets [19] and in the
work of Dastjerdi er al it was determined that Be dopants
incorporated through truncated facets under the Ga droplet
followed by diffusion into the core of the NWs [20]. These
previous studies suggest that the Be incorporation strongly
depends on the growth conditions.

Here, we report an investigation of Be-doped self-cata-
lyzed GaAs NWs grown on lithography-free Si/SiO, tem-
plates fabricated by droplet epitaxy and spontaneous
oxidation of Si substrates [11, 12]. We examine the micro-
structural changes caused by Be-dopant incorporation and, in
particular, assess the dopant concentration and its axial var-
iations by single-NW Raman and electrical characterization
techniques, respectively. We show that different axial gra-
dients of Be concentration are formed for different Be fluxes.
Our results suggest that the predominant Be incorporation
mechanism is VLS for high Be flux and VS for low Be flux.

2. Experimental methods

The self-catalyzed GaAs NWs were grown by solid-source
molecular beam epitaxy (MBE) on lithography-free oxide
patterns fabricated on p-Si(111) substrates by droplet epitaxy
and spontaneous oxidation. GaAs droplet epitaxy was per-
formed on oxide-free HF-etched substrates. After the droplet
epitaxy, the wafers were removed from the MBE reactor,
oxidized in air and loaded back to the MBE. Prior to NW
growth, the samples were annealed for 30 min at 655 °C, as
determined by pyrometer, in order to evaporate the GaAs
mounds and to reveal oxide-free holes for NW nucleation as
described in detail in [12]. The nucleation site density of the
templates used was 2 x 10®cm % The annealing was fol-
lowed by a 60 s Ga pre-deposition at the NW growth temp-
erature of 640°C with Ga flux corresponding to planar
0.3 umh ™' growth rate on GaAs(100). The NW growth was
then initiated by providing As, corresponding to a V/III beam
equivalent pressure ratio of 9. The NWs were grown for

60 min and the growth was terminated by switching off all
fluxes simultaneously and rapidly cooling down the sample.
The NWs were doped with Be fluxes corresponding to a
nominal p-type dopant concentrations of 2.0 x 10'®cm™
and 2.0 x 10" cm ™ for samples hereafter named Bel and
Be2, respectively. The doping levels were calibrated based on
Hall measurements of three planar Be-doped GaAs(100)
samples grown on semi-insulating GaAs substrates. The TF
samples were later used for comparing the carrier con-
centration and mobility values obtained from Raman
spectroscopy and Hall measurements, and will be from now
on named TF1, TF2 and TF3, in the order of increasing Be
flux used during the growth.

The structural properties of NWs were characterized by
scanning electron microscopy (SEM) and transmission elec-
tron microscopy (TEM). SEM characterization was performed
to collect dimensional data and to obtain images of the NWs
used for Raman spectroscopy and transport characterization
after the measurements were carried out. TEM was used to
analyze the microstructure of single NWs harvested from the
as-grown samples to a carbon film of a Cu TEM grid; for the
analyses we used a FEI Tecnai G2-F20 operating at 200 kV.

Room temperature Raman spectra of single NWs were
obtained on backscattering geometry. The NWs were trans-
ferred to a Si substrate with a 200 nm SiO, thermal oxide
layer. The excitation wavelength was 532nm and a 50x
magnification lens with NA = 0.82 was used to obtain a spot
size of <1 pum in diameter. Raman spectra with varying
excitation power were first collected from test NWs to select
the optimal power density that would not result in any shifts
or broadening of Raman peaks due to laser-induced heating.
The linear polarization of both excitation laser and scattered
light were adjusted perpendicular to the NW growth axis. The
TF samples were also investigated by Raman spectroscopy
with equivalent configuration of linear polarizations of exci-
tation and detection to evaluate the methodology adopted on
analysis of the Raman spectra for assessing the free carrier
concentration and mobility.

For single-NW transport characterization, the NWs
were first drop-casted on a p-GaAs substrate covered by a
200 nm SiO, layer with pre-patterned gold pads. The posi-
tion of representative NWs on the substrate were identified
by SEM imaging and electron beam lithography was used to
fabricate electrical contacts on individual NWs. After resist
development, the sample was dipped in 1:10 HCL:H,O
solution for 10s to remove the native oxide, followed by
15% ammonium polysulfide (NH,4)2S, diluted in H,O for
chemical passivation (45 °C, 3 min) of the exposed contact
area of the NWs. After chemical treatments of the surface,
the NWs were immediately taken to an electron beam metal
evaporation equipment and a Pt/Ti/Pt/Au (5/10/10/
200 nm) metallic multilayer was deposited on the sample.
After lift-off of the resist, a rapid thermal annealing at
400°C for 30s was performed to reduce the contacts
resistance. Current—voltage (IV) measurements were carried
using an Agilent Source-Meter Unit.
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e) Be1

a) Undoped

Figure 1. HR-TEM images of (a)-(d) undoped, (e)-(h) Bel, and (i)—(1) Be2 NWs. The red circles in (a), (e) and (i) indicate the different
positions corresponding to the higher magnification images in (b)—(d), (f)—(h) and (j)—(1). The scale bars are 1 pm in (a), () and (i). The other

scale bars sizes are indicated on each figure.

3. Results and discussion

3.1. Structural properties

TEM and HR-TEM images from selected areas of undoped
and Be-doped GaAs NWs were obtained to evaluate the
influence of Be incorporation on the microstructural
properties of the NWs. The results are summarized in
figures 1(a)—(d) for undoped NWs, in figures 1(e)—(h) for Bel
NWs, and in figures 1(1)—(1) for Be2 NWs. The bright-field
(BF) TEM image of undoped NW in figure 1(a) shows that
the twin plane density increases towards the N'W /droplet
interface, region at which the contact angle between the Ga
droplet and NW tip decreases due to lateral growth favoring
the twin plane formation [12]. HR-TEM imaging of the root
region in figure 1(d) shows a 100 nm long section of stacking
faults and polytypism, followed by a 2 pm long center region
of pure zincblend (ZB) GaAs, as shown in figure 1(c). A short
wurtzite (WZ) section (~5 nm) was formed at the interface of
the Ga droplet and the NW body (figure 1(b)), which is
commonly observed in self-catalyzed growth of GaAs NWs
due to rapid changes in the growth conditions after switching
off the Ga and As fluxes and subsequent ramp down of the
sample temperature [12].

The BF images of Bel and Be2 NWs are shown in
figures 1(e) and (i), respectively. The twin plane density at the
center-tip regions is smaller than in the undoped sample
shown in figure 1(a), which has been previously reported for
self-catalyzed Be-doped GaAs NWs [19]. The root regions of
Bel and Be2 NWs, shown in figures 1(h) and (1), are com-
posed of ZB structure with twin planes and stacking faults
due to instabilities related to early-stages of the epitaxial
growth, such as Ga droplet composition. It is evident that the
incorporation of Be suppresses the twin plane formation in the
center [figures 1(g) and (k)] and NW-droplet interface
[figures 1(f) and (j)] regions when compared to the undoped
sample. The formation of twin planes and WZ segments in
self-catalyzed GaAs NWs is commonly attributed to the
droplet contact angle [9, 21, 22]. However, the post growth
analysis of the distributions of droplet contact angles reveals
no significant difference between the Be-doped and undoped
NWs (see figure S1 in the supplementary data is available
online at stacks.iop.org/NANO/30/335709 /mmedia). The
mean values of contact angles and the standard deviations
for Bel, Be2, and undoped NWs are 123.5° + 4.6°,
126.4° £+ 6.2° and 127.8° + 5.3°, respectively. Furthermore,
Be has been reported to suppresses the formation of WZ
segments during Ga droplet crystallization [23], which is
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Figure 2. Raman spectra of (a) undoped, (b) Bel, (c) Be2 GaAs NWs, and (d) Be-doped GaAs TF samples. The spectra P1, P2, and P3 were
collected from the regions indicated in the SEM pictures of the right sides of (a)—(c). The scale bars in the SEM pictures are 1 pm.

another indication that the influence of Be on the ZB crystal
phase purity cannot be explained merely by a change of
droplet contact angle. Therefore, the reduction of twinning
and WZ stacking probability in the Be-doped NWs is most
likely related to a more complex change of energetics in the

VLS system, leading to an increase of ZB nucleation prob-
ability over WZ stacking and twin formation. Furthermore,
the NWs grown with high Be flux [Be2 in figure 1(k)] exhibit
roughening of the (110) sidewall planes along the whole NW
length. The selected area electron diffraction patterns
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Figure 3. (a) Carrier concentration and (b) hole mobility comparison between Hall effect data and fit of CPPM peak from Raman spectra of
TF samples. The symbols represent the fit results and the solid lines, indicating one-to-one relation between Hall and Raman values, are for

illustrational purposes.

corresponding to the HR-TEM images of the bottom, center
and tip regions of undoped, Bel and Be2 NWs can be found
in figure S2 in the supplementary data.

3.2. Raman spectroscopy

Single-NW Raman spectroscopy with microscopic resolution
allows to investigate the effect of Be doping in different
regions of the NW. Figure 2 shows Raman spectra of
undoped, and two samples of Be-doped NWs (namely Bel
and Be2) collected from three different positions along the
NW axes. The decomposition of the experimental data in
Lorentzian peaks of undoped NWs in figure 2(a) reveals the
transversal optical (TO), the surface optical (SO) and the
longitudinal optical (LO) vibration modes of ZB GaAs cen-
tered at 268, 272 and 288 cm ™, respectively. The SO modes
are commonly observed in nanostructures with high surface-
to-volume ratio. Its frequency depends on the surrounding
medium [24] and density of defects, such as twin planes [25].
It was also reported that doping does not affect SO mode
frequency and linewidth [25]. It is worth mentioning that LO
is a forbidden mode in Raman backscattering from (110)
surface of ZB crystals [26], but this selection rule is relaxed to
some extent for NWs due to finite size effects and hexagonal
geometry of the cross-section [24]. This allows to analyze the
screening of the LO mode due to the presence of free carriers
caused by Be incorporation on the NWs lattice [27].

In doped polar semiconductors, such as GaAs, the LO
mode can couple to collective oscillations of free carriers
producing a coupled-phonon-plasmon mode (CPPM) [28].
The line shape analysis of the CPPM can be used to estimate
the free carriers concentrations and holes mobility for p-type
GaAs epilayers [28, 29] and NWs [18, 27, 30, 31]. The
Raman scattering intensity of the CPPM can be described by
[32]:

[(w) = AwT ywy[wio(l + C) — WP /D (1)

with:

D = [W(wig — w?) — wi(w%o - w?) + WP

+ [Mwwio — w?) + w(w), — WP )

In this formulation, wto and w; g are the TO and LO
wavenumbers of an undoped reference sample respectively, A
is a frequency independent parameter, C = —0.49 is the
Faust-Henry coefficient for GaAs at room temperature for
532 nm laser excitation [33] and ~ is the natural LO mode
damping constant. The hole mobility 4, can be calculated

from the plasmon-damping constant I}, = e/ upm;k and the

free carrier concentration p is obtained from the plasma
oscillation frequency of the free carriers wf, = pe?/ey qu: .
The remaining symbols have the usual meanings: e is the
elementary electron charge, m,,* is the hole effective mass, €,
is the high-frequency dielectric constant for GaAs and ¢ is
the vacuum permittivity.

Figures 2(b) and (c) show Raman spectra measured at
three different positions of representative Bel and Be2 NWs
respectively. The figures include the spectral components
related to TO, SO and CPPM modes that best fit the exper-
imental data. On the right side are the corresponding SEM
images indicating the region of the NW from where Raman
spectra were measured. The TO peak positions and linewidths
are consistent with the undoped sample and the SO position is
in accordance to the NW diameters and stacking faults/twin
plane densities [24, 25] observed in the HR-TEM images. The
spectral position and linewidth of the CPPM mode is
dependent on the carrier concentration and mobility [28]. The
Raman peak at 256 cm ! observed at the root section (P1) of
Be2 NW in figure 2(c) corresponds to EY TO mode of WZ
phase of GaAs [34] which is consistent with the results from
the HR-TEM in figure 1(1).

In order to evaluate the fit method applied to the Bel and
Be2 NWs, we analyzed the Raman spectra of TF samples
considering the contribution of CPPM calculated through
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Figure 4. (a) Hole concentration and (b) hole mobility, obtained from
the fit of CPPM line shape to the Raman spectra for three different
NWs extracted from Bel and Be2 samples. The NW1 data points in
(a) and (b) corresponds to the spectra presented in figures 2(b) and
(c), respectively. The spectra corresponding to the NW2 and NW3
data points are shown in figure S3. The symbols represent the
different positions of the NWs from which the Raman spectrum was
measured: bottom region (P1), center region (P2) and tip region (P3).
The grey dashed lines (a) represent the nominal Be concentration of
each sample.

equation (1) and comparing the results with the Hall effect
data. The results are summarized in figure 3 for the carrier
concentration (figure 3(a)) and the hole mobility (figure 3(b)).
The carrier concentrations obtained from Raman and Hall
effect experiments in figure 3(a) are in good agreement,
whereas the hole mobilities in figure 3(b) are clearly under-
estimated by Raman spectroscopy when compared with the
Hall effect data. Similar results were previously reported for
Zn-implanted GaAs [28] and p-type GaP [35]. In [35] the
differences between values of hole mobility estimated by
Raman and Hall effect are attributed to the contributions of
several other factors that may cause an apparent decrease in
the hole mobility at room temperature estimated by Raman
spectroscopy, such as non-polar optical and acoustic phonons,
polar optical phonons and ionized impurities [35, 36].

By applying the same fitting procedure to the spectra in
figures 2(b) and (c), we calculated the charge carrier con-
centrations and the hole mobilities of three representative
NWs of each nominal doping level. The results of carrier
concentration and hole mobility are presented in figures 4(a)
and (b), respectively. The Raman spectra of the additional
NWs from Bel and Be2 samples are included in figure S3 in
the supplementary data. The dashed lines in figure 4(a)
represent the nominal doping level of Bel and Be2 samples.
The hole concentrations from the NWs in figure 4(a) ranges
from 8 x 10'7 to 1.6 x 10'® cm™> for Bel NWs (nominal
2 x 10'"® cm™) and from 3.4 x 10'®to 1.1 x 10" cm ™ for
Be2 NWs (nominal 2 x 10" cm ™). There is no consistent
spatial dependence of Be concentration that would suggest a
doping profile along the NW axis, but the variation of values
obtained for different axial positions are rather large for all
investigated NWs. Some uncertainty of the fitting results is
expected due to overlapping of TO, SO and CPPM. As the
dopant concentration increases, the CPPM mode gets broader
and shifts to frequencies closer to the TO mode of ZB GaAs
[28], which increases the uncertainty of the line shape ana-
lysis in which equation (1) is used as a component for spectral
decomposition. Nevertheless, the fitting results were con-
sistent with the same methodology applied to the TF samples
supported by Hall effect measurements in figure 3.

The carrier concentrations of Bel and Be2 NWs are
shown in figure 4(a) and are compared with the nominal
dopant concentrations, which are indicated by the dashed grey
lines. On average, the carrier concentration of Bel NW is
60% from the nominal doping whereas Be2 NW present 35%
of the nominal doping level. Similar incorporation efficiency
of Be-dopant in self-catalyzed GaAs NWs has been reported
[30]. It is important to highlight that the Be fluxes used for
nominal doping of the NWs are based on Hall effect data
obtained from the (100) oriented GaAs epilayers and the Be
incorporation rates are expected to be different for VS
incorporation at the (110) oriented NW sidewalls and for the
VLS mechanism through the droplet [18-20]. Moreover,
the results from Bel and Be2 NWs suggest a reduction of the
incorporation efficiency at higher Be flux. On the other hand,
the hole mobilities [figure 4(b)] obtained for Bel NW are
similar to the values from Raman spectroscopy of the TF
samples having similar carrier concentration. However, the
values obtained for the mobility of Be2 NWs were sig-
nificantly lower than what is expected for similar dopant
concentration of bulk Be-doped GaAs at room temperature.
Similar result was also observed in Be-doped GaAs NWs and
ascribed to scattering at the surface [27] that would con-
siderably decrease the mean free path of the carriers. It should
be noted that the charge carriers in highly doped NWs are
expected to be more affected by the surface due to the small
depletion layer width [18].

3.3. Transport properties

The spatial dependence of the transport properties of indivi-
dual Be-doped NWs was investigated by manufacturing
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pair of contacts as indicated in (b), with A being at the bottom and D at the tip region of the NW. The scale bar in (b) is 1 um. The insets in
(b) show higher magnification SEM pictures of the bottom (contact A) and tip (contact D) of the NW.

3,0

RN
(&)

0,0f-----mmmmo g

Current (uA)

A5F----

50 0
Voltage (mV)

-3,0
-100

Figure 6. (a) IV characteristics of different channels along Be2 NW. (b) SEM image of measured device. Each channel in (a) corresponds to a
pair of contacts as indicated in (b), with A being at the bottom and D at the tip region of the NW. The scale bar in (b) is 1 um. The insets in
(b) show higher magnification SEM pictures of the bottom (contact A) and tip (contact D) of the NW.

evenly spaced contacts and analyzing the /V characteristics of
each channel along the NWs. Figure 5(a) shows representa-
tive IV curves from Bel sample and the corresponding SEM
image of the device in figure 5(b). The asymmetric /V indicate
a Schottky-like behavior of the metal-semiconductor con-
tacts. The current values in different positions along the Bel
NW in figure 5(a) indicate an increase in the values of the
Schottky barrier heights in the contacts from the bottom (AB
channel) to tip (CD channel) of the NW. This behavior can be
associated to a dopant concentration profile which decreases
from the root toward the tip of the NW. Such behavior was
observed consistently for all investigated Bel NWs, as shown
in figures S4(a) and (e) in the supplementary data. It should be
noted that most of the Ga droplets were removed in the
contact fabrication process, unlike in the case of the NW
shown in figure 5. In those cases, the bottom end of the NW
was identified from the specific off-cut shape formed when

the NWs were harvested from the substrate. The insets in
figure 5(b) show higher magnification SEM pictures of the
bottom (contact A) end with the off-cut shape and tip end
(contact D) of the NW. More details can be found in
figures S4, S5 and S6 in the supplementary data.

Figure 6 shows similar IV curves for Be2 NWs. In con-
trast to Bel, the IV curves are linear and exhibit smaller
differences in the current values between different channels.
This also confirms that the surface passivation by ammonium
polysulfide and the choice of the metal layers used for device
processing were successful in achieving ohmic contacts to
p-GaAs NWs. The bottom (channel AB) and tip (channel CD)
parts of the NW without the Ga droplet in figure 6(b) were
identified by the same method previously described. The
insets in figure 6(b) show higher magnification SEM pictures
of the bottom (contact A) end with the off-cut shape and tip
end (contact D) of the NW. The slope in the IV curve depends
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on both contact resistance and semiconductor resistivity.
Therefore, in the following we present another transport
experiment for distinguishing these two values.

The ohmic character of the IVs from Be2 NWs allowed
us to estimate simultaneously the contact specific resistance
and the semiconductor resistivity by fabricating five electrical
contacts with increasing channel length along the NW axial
direction, also known as transmission line model (TLM)
geometry [37]. In this configuration, the total resistance Rt of
each channel was obtained from the slope of the IV curves
and plotted as a function of channel length, the NW resistivity
ps and transfer length Lt were then obtained by fitting the
pairs (R, L) using the relation [37, 38]:

Rr(L) = %[2& coth (%) 1L )
r LT

3)

where W¢ is the contact width and r is the NW radius
obtained by SEM imaging of the devices after transport
measurements. This equation format was chosen over a linear
fit of the experimental points to account for the reduced
contacts width used in our devices due to NW length lim-
itations [37]. The specific contact resistance p. can be
obtained from the equation:

_3n

pe = >=Li, “)

2r

where the pre-factor 3/2 accounts for the fact the metal
contact layer is not covering the whole NW surface [37]. The
specific contact resistance obtained from TLM devices
allowed us to calculate the NW resistivity of the devices
similar to presented in figure 6(a) by using equation (5):

L
RT = psz + 2RC, (5)

where A is the hexagonal cross-section area of the NW.
Figure 7(a) shows the IV of different channel lengths of
Be2 NW in the TLM geometry, the inset shows the SEM
picture of the device obtained after transport measurements.
The total resistance of the longer channel (L = 1.10 um) was

0,040 . . .
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G 0,035 4 CD ]
S [
= u [ |
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pd A
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Figure 8. Nanowire resistivity of Be2 NWs from devices similar to
presented in figure 6(a). The experimental points were calculated
using equation (5) for each channel along the NW length, with A
being at the bottom and D at the tip region of the NW. The dashed
line indicates the NW resistivity value obtained by TLM.

unexpectedly smaller than the shorter center channels most
likely as a result of the contact overlap with one of the ends of
the NW, resulting in smaller contact resistance. Therefore,
this data point is omitted from the fitting procedure. The fit-
ting to the experimental data in figure 6(b) resulted in NW
resistivity of p; = 0.027 2 cm and specific contact resistance
of pc = 4.5 x 107 Q cm?, the transfer length resulting from
the best-fit values was Lt = 230 nm. Based on the values of
pc obtained, the total contact resistance for each channel is
18 k€2 on average. Comparable results of contact resistance
were previously reported for Zn-implanted p-type GaAs NWs
with similar metal contact multilayer [39] and Be-doped
GaAs TFs [40].

With the specific contact resistance value now deter-
mined, we are able to calculate the semiconductor resistivity
for each channel of the evenly spaced contacts shown in
figure 6 (NW1) and other NWs from the same sample (NW2
and NW3, figure S5 of supplementary data) using
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equation (5). The NW diameters were measured by SEM
images obtained after transport measurements and a hex-
agonal cross-section area was considered. Figure 8 shows the
resistivity from channels AB (bottom region), BC (center
region) and CD (tip region) of NW1, NW2 and NW3. The
NW resistivity obtained from TLM is represented by the
dashed line for comparison. The resistivity values range from
0.023 Q2 cm to 0.033 Q2 cm. It should be noted that the TLM
calculations are based on NWs with circular cross-sections
[37] whereas the resistivity was calculated assuming more
realistic hexagonal cross-section for the devices with evenly
spaced contacts. This explains slight deviation of the resis-
tivity values obtained from the two methods, as can be seen
from figure 8. Nevertheless, the resistivity calculated for the
evenly spaced contacts allows us to investigate the Be con-
centration gradient in the axial direction for Be2 NWs. While
there is some NW-to-NW variation in the resistivity values,
we consistently observe lower resistivity for the upper part
than for the lower part of the NW, indicating axial Be con-
centration gradient which increases towards the tip, which is
contrary to what was observed for Bel.

From the IV analysis of the NW devices in figures 5(a),
6(a) and 8 it is clear that the Be-dopant gradient is opposite in
Bel and Be2 samples grown with lower and higher Be flux,
respectively. The IV data of Bel indicates a dopant gradient
with decreasing concentration from bottom to tip. The
thickness of the VS grown shell is larger at the bottom than at
the tip region of the NW, as the NWs grow constantly in
thickness but are not tapered [13, 41]. Thus, in sample Bel,
the Be dopants incorporate predominantly through the NW
sidewalls via VS growth, as reported in [18]. Predominant Be
incorporation via VLS mechanism through the Ga droplet
would result in a dopant gradient which increases from bot-
tom to tip [19, 20], as the thickness of the VLS grown core
increases from bottom to tip [41]. This is indeed what we
observe for Be2. Therefore, we conclude that the predominant
dopant incorporation pathway depends on the Be flux so that
lower Be fluxes favorably incorporate via VS growth and
higher fluxes via VLS growth. In case of the lower Be flux,
the VLS incorporation can be limited by capture of Be atoms
only by direct impingement to the Ga droplet, while the axial
VLS growth rate is more than 10-times larger than the
nominal growth rate of 0.3 umh ' for which the nominal
doping level is calibrated, thus leading the predominant VS
incorporation. As for the high Be flux, it should be noted that,
according to the Raman results shown in figure 4(a), the total
incorporation efficiency decreases when the Be flux is
increased. Therefore, the difference between the dopant gra-
dients of Bel and Be2 NWs is more likely due to a reduction
of the VS incorporation than an increase of the VLS incor-
poration when the Be flux is increased. Such saturation of the
VS incorporation can be attributed to the onset of Be segre-
gation on the GaAs surface. In the planar VS growth of Be-
doped GaAs, the segregation at high Be fluxes causes an
increase of surface roughness [42-44], which is indeed
observed in figure 1(k) in the TEM micrographs of the NWs
grown with high Be flux. When planar layers are grown by
VS with typical 1 umh™' growth rates, the segregation effects

are expected at high doping levels in the 10'°-10*° cm™?

range. However, the radial growth rate on the NW sidewalls
by the VS mechanism is significantly lower and, according to
the thermodynamic model presented in [43], low growth rates
lead to an onset of segregation at lower doping levels. The
same model also predicts that the onset of Be segregation
depends on the As flux and growth temperature, which further
emphasizes the influence of growth conditions on the Be
incorporation in self-catalyzed GaAs NW growth.

4. Conclusions

We have investigated the effect of Be-dopant incorporation in
self-catalyzed GaAs NWs using a lithography-free fabrication
technique of Si/SiO, templates. The presence of Be impu-
rities was found to suppress the formation of twin planes and
stacking faults in the NWs. Using spatially resolved single-
NW Raman spectroscopy and transport characterization, we
were able to assess the dopant incorporation and axial dopant
gradients formed in NWs grown with higher and lower Be
fluxes. We have shown that with low Be flux the dopant
concentration decreases towards the NW tip, while for high
Be flux the gradient is opposite. These results suggest that the
Be dopants incorporate predominantly via VS growth at the
NW sidewalls with low Be flux, while the relative contrib-
ution of the VLS mechanism becomes more significant when
the Be flux is increased.
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1. Nanowire-droplet contact angle statistics

Figure S1 shows the post growth Ga droplet contact angle statistics analysis of undoped, Bel and
Be2 NWs. The contact angles were measured from SEM images of the lateral view of 50-70 NWs from
each sample. All the SEM images were obtained using the same electron acceleration voltage, working
distance and magnification. The NWs were oriented in such way that the (110) facets were facing
towards the in lens detector of the SEM. The mean values of contact angles and the standard deviations

for undoped, Bel, and Be2 NWs are 127.8°+5.3°, 123.5°+4.6° and 126.4°+6.2° respectively.
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Figure S1: Droplet contact angle statistics of (a) undoped, (b) Bel and (c) Be2 NWs. The insets show SEM
images of representative NWs from each sample and the scale bars correspond to 100 nm.

2. Transmission Electron Microscopy

Figure S2 shows the selected area electron diffraction patterns (SAED) from the same position from
of the HR-TEM images of undoped, Bel and Be2 NWs in figure 1 of the main text. The SAED in
figures S2(d), S2(h) and S2(I) show the high disorder of the bottom region of undoped, Bel and Be2
NW respectively. The SAED of the center and tip regions of Bel and Be2 NWs further confirm the

lower density of twinned ZB GaAs in comparison to the undoped reference NW.




Figure S2: Low magnification HR-TEM images and SAED patterns of (a)-(d) undoped, (e)-(h) Bel and (i)-(I)
Be2 NWs. The red circles in (a), (e) and (i) indicate the position in the NW from where the SAED patterns in (b)-
(d), (f)-(h) and (j)-(I) were obtained.

3. Raman spectroscopy

Figure S3 shows additional Raman data of similar Be-doped NWs. The SEM images on the right side
of the spectra indicate the axial position of each NW from where the spectra were measured. The plasma
frequency and damping constant obtained from the fit of the CPPM peak of each position in figure S3
were used to calculate the carrier concentrations and hole mobilities presented in figures 4(a) and 4(b)

respectively.
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Figure S3: Raman spectra from three different axial positions of Be-doped NWs. (a) Be1 NW2, (b) Be1l NW3,

(c) Be2 NW2 and (d) Be2 NW3. The spectra P1, P2, and P3 were collected from the regions indicated in the SEM

pictures of the right sides of (a)-(d). The scale bars in the SEM pictures are 1 pm.



4. Transport properties

Figures S4 and S5 show additional 1V and SEM data from devices with four evenly spaced contacts
for NW samples Bel and Be2, respectively. The 1Vs from Bel NW2 and NW3 in figures S4(a) and
S4(e) exhibit similar trend to the data presented in figure 5: asymmetric IV and different current values
in different positions along the NWSs. This behavior is associated to an increase in the values of the
Schottky barrier heights in the metal-semiconductor contacts from bottom (AB channels) to tip (CD
channels) of the NWs. Figures S5(a) and S5(e) show IV for Be2 NW2 and NW3 respectively. For these
devices, the resistivity of the AB, BC, and CD channels were obtained from equation (5) and presented

in figure 8.

As was discussed in Section 3.3, the Ga droplets were removed from some of the NWs during the
contact fabrication process. The bottom and tip ends of the NWs in the devices shown in figures S4(b),
S4(f), S5(b) and S5(f) were identified by the off-cut shape formed at the bottom end of the NWSs, which
was a consistent characteristic of the undoped and Be-doped NWs. This characteristic feature was
observed in the TEM micrographs as well as in the SEM images of NWs used for Raman spectroscopy.
Higher magnification SEM of the bottom region of the NWs are shown in figures S4(c), S4(g), S5(c),
S5(g) and the tip region in figures S4(d), S4(h), S5(d) and S5(h). This trend in the NWs allowed us to
identify with confidence the bottom and tip ends of the NWSs, thus corroborating the results indicating

different Be-dopant incorporation mechanisms discussed in the main text.
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Figure S4: IV from Bel NW2 (a) and NW3 (e) and the corresponding SEM images from the measured devices
in (b) and (f). The A contact is close to the bottom and D contact close to the tip of the NW. The higher
magnification SEM images of the NW ends were used to identify the bottom region of the NWs in (c),(g) and the
tip region in (d) and (h). The scale bars are 1 um in (b) and (f) and 250 nm in (c), (d), (g) and (h).
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Figure S5: IV from Be2 NW2 (a) and NW3 (e) and the corresponding SEM images from the measured devices
in (b) and (f). The A contact is close to the bottom and D contact close to the tip of the NW. The higher
magnification SEM images of the NW ends were used to identify the bottom region of the NWs in (c),(g) and the
tip region in (d) and (h). The scale bars are 1 um in (b) and (f) and 250 nm in (c), (d), (g) and (h).



Since the off-cut at the bottom end of Be2 NW?2 in figure S5(c) is not as evident as for the other NWs
presented in figures S4 and S5, we show additional SEM images of Be2 NW2 from different
perspectives in order to further confirm the bottom and top ends of the NW. Figures S6(a)-(d) show 30°
tilted SEM pictures from a perspective perpendicular to the NW axis, obtained by properly aligning the
NW in respect to the SEM detector and tilting the sample holder. From this perspective, we are able to
identify the off-cut in figures S6(a) and (b) from the A contact in figure S5(b), which was ascribed to
the bottom end of the NW. In contrast, figures S6(c) and (d) from D contact exhibit a flat surface at the
end of the NW with residues of the Ga droplet, similar to observed in figure S5(h) from Be2 NW3,
giving further confirmation that it was correctly ascribed to the top end of the NW. Figures S6(e)-(g)
show additional SEM images of the bottom end (A contact), obtained by aligning the NW in a 45° in
relation to the SEM detector and tilting the sample holder by 30°. The evidenced off-cut in figure S6(g)

gives the necessary confirmation that the contact A indeed corresponds to the bottom end of the NW.



Figure S6: High magnification SEM images of NW end morphologies close to the A and D contacts of Be2
NW?2 in figure S4 (a)-(d). The images were obtained from different perspectives by properly aligning the NW axis
in respect to the SEM detector and tilting the sample holder by 30°. A perspective perpendicular to the NW axis
is shown for the bottom region (A contact) in (a) and (b) and for the tip region (D contact) in (c) and (d). Additional
perspectives on the A contact obtained by aligning the NW in a 45° angle in relation to the SEM detector and
tilting the sample holder stage by 30° are shown in (e)-(g). The scale bars correspond to 100 nm.
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Abstract

The performance of Ohmic contacts applied to semiconductor nanowires (NWs) is an important aspect for enabling
their use in electronic or optoelectronic devices. Due to the small dimensions and specific surface orientation of
NWs, the standard processing technology widely developed for planar heterostructures cannot be directly applied.
Here, we report on the fabrication and optimization of Pt/Ti/Pt/Au Ohmic contacts for p-type GaAs nanowires
grown by molecular beam epitaxy. The devices were characterized by current-voltage (IV) measurements. The
linearity of the IV characteristics curves of individual nanowires was optimized by adjusting the layout of the
contact metal layers, the surface treatment prior to metal evaporation, and post-processing thermal annealing. Our
results reveal that the contact resistance is remarkably decreased when a Pt layer is deposited on the GaAs
nanowire prior to the traditional Ti/Pt/Au multilayer layout used for p-type planar GaAs. These findings are
explained by an improved quality of the metal-GaAs interface, which was evidenced by grazing incidence X-ray
diffraction measurements in similar metallic thin films deposited on GaAs (110) substrates. In particular, we show
that Ti exhibits low degree of crystallinity when deposited on GaAs (110) surface which directly affects the contact
resistance of the NW devices. The deposition of a thin Pt layer on the NWs prior to Ti/Pt/Au results in a 95%
decrease in the total electrical resistance of Be-doped GaAs NWs which is associated to the higher degree of
crystallinity of Pt than Ti when deposited directly on GaAs (110).

Keywords: Nanowires, GaAs, p-type doping, Ohmic contacts

Introduction

An important step in the fabrication of semiconductor
electronic and optoelectronic devices is to obtain high-
quality and reliable Ohmic contacts at the metal-
semiconductor interface. To this end, GaAs is an im-
portant and widely used material in technological appli-
cations such as laser devices, solar cells, and
photodetectors. Therefore, the fabrication of Ohmic
contact to p-type- and n-type-doped GaAs layers has
been the target of a large number of investigations [1].
Generally speaking, the fabrication of Ohmic contacts to
semiconductor materials include four steps: (1) removal
of the surface native oxide, (2) passivation of the surface
states at the semiconductor-metal interface, (3)
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@ Springer Open

deposition of metallic layers acting as the electrical con-
tacts, and (4) thermal annealing [2, 3]. Starting from the
selection of metals that provide low contact resistance
and excellent thermal stability, Au-based alloys have
been widely exploited, specifically for p-type GaAs in the
form of Au/Zn/Au [1, 3, 4] and Ti/Pt/Au [1, 5] layers.
On the other hand, semiconductor III-V nanowires
(N'Ws) have emerged as newer class of promising nano-
scale materials for application as LEDs [6, 7], solar cells
[8, 9], and photodetectors [10], and these have triggered
specific developments on device processing.

Majority of the technology reported in the literature
for Ohmic contact fabrication was developed for GaAs
(100) thin films and bulk structures, while the self-
catalyzed growth of GaAs NWs yields (110) surface
orientation at the sidewalls [11-15]. Different surface
orientations exhibit different electronic states [16] which
affect the interface properties and Schottky barrier
heights [17-19]. In addition, the surface orientation may

© The Author(s). 2019 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to

the Creative Commons license, and indicate if changes were made.
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affect the crystallization dynamics of the deposited metal
films. Good Ohmic contacts to p-GaAs NW's were previ-
ously reported [20-28] by using a variation of chemical
treatments to remove the native oxide, surface passiv-
ation, and different metallic multilayers deposited on the
NWs. Then, the use of Pt/Ti/Pt/Au electrical contacts to
p-type GaAs thin films was reported to yield low Ohmic
contact resistivity even for moderate dopant concentra-
tions due to the low Schottky barrier height of Pt/GaAs
[29]. In addition, Pt was found to be thermally stable
with small reaction rates to GaAs for heat treatments
with temperatures ranging from 300 to 500 °C [29-31].
Pt/Ti/Pt/Au metallic multilayer is the most frequently
reported [20, 23, 25, 26, 28] Ohmic contact to p-GaAs
NWs. However, a more comprehensive understanding of
metal properties on Ohmic contact formation is the key
to further improve the electrical contact quality on
nanoscale devices. Due to the wide range of NW growth
techniques and dopant concentrations in p-GaAs NWs
recently reported, it would be unviable to make a com-
parison of the contact resistances, when they are avail-
able. Instead, a comprehensive investigation of different
contact manufacturing routes on the same set of NW
samples would be more suitable to exclude the effect of
NW properties.

Here, we address the effects of different Pt- and Ti-
based electrical contacts and surface treatments prior to
metal evaporation on the overall current—voltage (IV)
characteristics of self-catalyzed Be-doped GaAs NWs
grown on Si substrates [11, 32]. We analyze the changes
in the total resistance of the NW channels based on
structural investigation by X-ray diffraction of Ti, Pt,
and Pt/Ti thin films deposited on GaAs (110) substrates.
We show that a high contact resistance is associated
with a low degree of crystallinity of Ti when deposited
directly on GaAs (110), while Pt/Ti/Pt/Au electrical con-
tacts results in a remarkable decrease of the contact re-
sistance, which is attributed to the improvement of the
metal layer quality observed in the first Pt/Ti layers de-
posited on GaAs (110) surface.

Materials and Methods

Nanowire Growth

The self-catalyzed Be-doped GaAs NWs were grown by
solid-source molecular beam epitaxy (MBE) on
lithography-free oxide patterns fabricated on p-Si (111)
substrates by droplet epitaxy and spontaneous oxidation
[32]. The NW growth temperature was 640 °C, as deter-
mined by pyrometer, and a Ga flux corresponding to planar
0.3 um/h growth rate on GaAs (100) was used. A 60s Ga
wetting preceded the NW growth, which was initiated by
providing As, with V/III beam equivalent pressure ratio of
9 and Be flux corresponding to 2.0 x 10 cm™ p-type
doping concentration; this was determined from the growth
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of planar Be-doped GaAs (100) calibration samples by
room temperature Hall measurements. The growth dur-
ation was 60 min. More details of the growth methodology
and the structural properties of the undoped and Be-doped
NWs can be found in Refs. [11, 32, 33]. In short, the NWs
are composed of pure zinc blende GaAs with the formation
of a few twin planes [33]. The NWs have hexagonal shape
with sidewalls composed exclusively from (110) oriented
facets, as it was previously determined from structural ana-
lysis of the Be-doped NWs [33] and further confirmed in
undoped GaAs NWs grown under similar conditions [12].

Contacts Fabrication and Characterization

The NWs were mechanically transferred to a p-GaAs (100)
substrate covered with a 200-nm-thick SiO, layer, which
was pre-patterned by photolithography and electron beam
evaporation of Ti/Au pads for transport characterization.
The position of the transferred wires on the substrate was
identified by low magnification scanning electron micros-
copy (SEM) imaging. Positive electron beam resist was
spin-coated on the substrate and exposed with electron
beam on the electrical contact areas. The resist was devel-
oped in MIBK:IPA solution after electron beam exposure
and possibly followed by an oxygen plasma treatment to re-
move the residual resist of the NW sidewalls, as described
in Table 1. The effects of the oxygen plasma treatment on
the device performance will be later discussed in the text.
Prior to metal evaporation of the contact layers, the sam-
ples were chemically treated to remove the native oxide
and passivate the exposed NW sidewalls, as described later
in the text. The lift-off was done by dipping the sample in
heated acetone, rinsing in IPA and blow drying with
nitrogen.

We have developed five distinct processes combining
different surface treatments of the exposed NW side-
walls with different metallic multilayers used as electrical
contacts. This allowed us to determine the individual
contributions of each parameter in the resulting contact
resistance when applied to the p-type GaAs NWs. For
the surface native oxide removal, we used either a 2.8%
NH4OH or 3.7% HCI diluted in H,O followed by H,O
rinsing. For the surface passivation, we used a 15%
solution of (NH,)sS, diluted in H,O (heated at 45 °C)
followed by H,O rinsing. The metallic multilayer were
deposited using e-beam evaporation and were either
Ti/Pt/Au (20/20/200 nm) or Pt/Ti/Pt/Au (5/10/10/200 nm).
A rapid thermal annealing (RTA) of 400°C for 30s was
used for the Pt/Ti/Pt/Au multilayer. The processes used for
each sample are specified in Table 1. For each sample, 4
evenly spaced electrical contacts were fabricated along the
NW axis. In this work, we restrict the IV analysis to the
contact pairs located in the center region of the NW. The
IV data was obtained at room temperature using a Keysight
probe station.
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Table 1 Fabrication details of electrical contacts used for transport characterization of Be-doped GaAs NWs

Processt Oxygen plasma Oxide removal Surface passivation Metal layers RTA

P1 - NH,OH:H,0O - Ti/Pt/Au -

P2 Yes HCIH,0 (NH,)S, Ti/PY/Au -

P3 - HCIH,0 (NH4)55¢ Ti/Pt/Au -

P4 - HCIH,0 (NH4)25« PUTi/Pt/Au -

P5 - HCIH,0 (NH4)>5« PUTi/Pt/Au 400°C, 30s

Structural Investigation by Grazing Incidence X-ray
Diffraction

In order to investigate the structural properties of the
electrical contacts on the NWs, grazing incidence X-ray
diffraction (GIXRD) patterns were measured from refer-
ence Ti, Pt, and Pt/Ti thin films evaporated on undoped
GaAs (110) substrates. We prepared the thin film sam-
ples described in Table 2 using native oxide removal by
HCl: H,O and surface passivation by (NHy),S, in the
same way as for the NW devices. The small incidence
angle of the X-rays used in GIXRD allows us to analyze
metallic films with the same thickness as used in the
NW contacts owing to the small penetration depth. The
GIXRD patterns were measured using Cu Ko radiation
with 1.54 A wavelength and an incidence angle of = 0.75°
in relation to the sample surface. The diffraction peak posi-
tions are indexed according to ICDD files #00-044-1294
and #00-004-0802 for hexagonal-close packed (HCP) Ti
and face-centered cubic (FCC) Pt, respectively, and are cor-
rected by accounting for the effect of refraction of the X-
rays in GIXRD experiments as described in Ref. [34].

Results and Discussion

Figure 1a shows the IV characteristics for samples P1 to
P5, and Fig. 1b an SEM image of a Be-doped GaAs NW
with  electrical contacts used for transport
characterization. The almost symmetric, nonlinear shape
of the IVs for P1 to P4 in Fig. 1a indicates that the con-
tacts are of Schottky type with similar barrier heights for
each contact [35]. The nonlinearity of the IV for sample
P1 evidently shows that the standard p-GaAs process as
in P1 does not yield Ohmic contacts as is the case for
GaAs planar thin films. Usually, in doped GaAs NWs,
HCl oxide removal is used, possibly followed by
(NH,),S, surface passivation prior to metal evaporation
for Ohmic contact formation [20, 21, 36, 37] instead of

Table 2 Description of surface chemical treatments and metal
layers deposited on GaAs (110) substrates for GIXRD analysis

Sampleft Oxide removal Surface passivation Metal layers

S1 HCIH,0 - Ti (20 nm)

2 HCI:H,0 (NH.)55, Ti (20 nm)

S3 HCIH,0 (NH4),S« Pt (5nm)

S4 HCI:H,0 (NH4)>5« Pt/Ti (5/20 nm)

NH4OH. In addition, oxygen plasma treatment of the
exposed NW surface has been previously used to remove
the residual resist from the N'W sidewalls [36, 38]. How-
ever, as a side effect, this process can induce surface de-
fects in GaAs such as As vacancies, resulting in donor-
like traps that are responsible for carrier compensation
and therefore increasing the depletion layer width [5].

To evaluate the effect of the oxygen plasma treatment
on the contact resistance of p-GaAs NWs, we compare
the IV of a sample with (P2) and without (P3) oxygen
plasma cleaning prior to the surface treatment by HCl
and (NH,),S, in Fig. 1a. P2 yields the worst IV perform-
ance (defined as the electrical current value for the same
applied voltage) in all samples but sample P3 by its turn
exhibits better IV performance than the standard p-GaAs
process P1, and the oxygen plasma cleaned P2. This im-
plies two significant results: (i) the effect of the oxygen
plasma treatment is detrimental on the contact resistance,
and (i) the P3 with HCl oxide removal combined with
(NH,),S, surface passivation adds up to a lower Schottky
barrier height of the metal-semiconductor interface com-
pared to P1.

The IV performance and Ohmic character (evaluated
qualitatively by the IV linearity) was strongly enhanced
in P4 when compared to P3 by adding a 5-nm Pt layer
under the Ti/Pt/Au multilayer, as can be seen from
Fig. 1a. The contact resistance is further decreased in P5
after RTA 30 s at 400 °C, achieving a linear IV behavior
and improved IV performance when compared to P4.

In order to quantify the effect of the processing pa-
rameters on the contact resistance of samples P1-P5
(chemical treatments, metallic multilayer), we show in
Fig. 2a the IVs from P1-P5 using a smaller bias range; in
this case, the IVs exhibit linear behavior and are mainly
governed by the contact resistance [35]. The total resist-
ance from the channel (contacts + NW) in the 100 mV
range from Fig. 2a was calculated from a linear fit of the
IV characteristics curve, and the results are shown in
Fig. 2b. Since the diameters of all investigated NWs are
similar, and there is only small wire-to-wire variation in
the dopant concentration, as we have previously re-
ported [33], any changes of the total resistance were as-
cribed to the contact resistance. The higher resistance in
P2 compared to P1 and P3 confirms the detrimental ef-
fect of oxygen plasma treatment from the qualitative
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Fig. 1 a IV from Be-doped GaAs NWs with electrical contacts fabricated using the processes P1-P5 as described in Table 1. b SEM image of a
representative Be-doped GaAs NW with four evenly spaced electrical contacts. The scale bar is 1 um

analysis of the IVs in Fig. 1a. A remarkable result is the
decrease in the total resistance from 1400 kQ in P3 to
72kQ in P4 and a further decrease to 40 kQ after RTA
in P5, achieved by depositing an additional Pt layer prior
to the Ti/Pt/Au multilayer used in samples P1-P3.

A more comprehensive understanding of the metal-
semiconductor interface microstructure after the contact
manufacturing is required to establish a correlation of
the changes in the contact resistance observed in sam-
ples P1-P5. The use of Ti and Pt in Ohmic contact fab-
rication to GaAs has been previously reported [39, 40],
and the structural properties of thin Ti and Pt films
evaporated to GaAs (100) surface [41] and amorphous
glass substrates [42, 43] have also been analyzed. How-
ever, no such detailed studies were found for GaAs (110)
surface. The different surface orientation is expected to
influence the crystallization dynamics of the Ti and Pt
thin films. In addition, the surface chemical passivation
by (NHg),Sx could further influence the resulting thin
films. The degree of crystallization of Pt (5nm), Ti (20
nm), and Pt/Ti (5/20nm) thin films deposited on
undoped GaAs (110) substrate was investigated by
GIXRD in order to obtain information of the structural
properties of the first metallic layers in contact to the
NWs in P1-P5. Prior to the metal evaporation, the GaAs
(110) substrates went through the native oxide removal

by HCL:H,O and the (NH,),S, surface passivation steps
as the NW samples P3-P5. The details of the surface
treatments and metallic thin films evaporated on GaAs
(110) substrate are summarized in Table 2.

The GIXRD patterns from samples S1-S4 are shown
in the 30 to 60° diffraction angle range in Fig. 3a and in
the 60 to 90° range in Fig. 3b. The diffraction patterns in
Fig. 3 are vertically shifted and separated in two diffrac-
tion angle ranges to provide a better scaling for
visualization. First, we focus on the effect of (NH4)5Sy
surface passivation on the degree of crystallinity of Ti
films evaporated on GaAs (110) substrate by comparing
samples S1 and S2. In Fig. 3a, we observe overlapping
low intensity Ti (002) and Ti (101) peaks centered at
38.4 and 40.2°, respectively, for both S1 and S2. Further-
more, a significantly broader Ti (102) peak centered at
53.0 ° is also observed for both samples, which suggests
an amorphous character. The Ti (103) peak centered at
70.6° in Fig. 3b is only observed for S1, which is the only
significant disparity between the samples. In general, the
low intensities and broad peaks of S1 and S2 indicate a
poor crystallinity of the Ti films when deposited on
GaAs (110) surface after HCI oxide removal and regard-
less of the use of (NH,),S, passivation. In case of S3, for
which Pt was deposited on GaAs (110) substrate with
the same surface treatment as in S2, we observe much
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Fig. 2 a IV from P1 to P5 in the 100 mV applied voltage range. b Total channel resistance of the P1-P5 obtained from linear fit of the IVs in a
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more pronounced Pt (111), Pt (200), Pt (220), Pt (311),
and Pt (222) diffraction peaks centered at 39.8°, 46.3°,
67.5°, 81.3°, and 85.7°, respectively. This indicates that
the Pt film in S3 exhibits a higher degree of crystallinity
in comparison to the Ti samples. The same applies to S4
which shows similar Pt diffraction signatures as S3 in
Fig. 3a, b. The broad and asymmetric peaks between
35°-45°, 65°-75° and 75°-90° for S4 are formed due to
the overlapping of Ti (002)-Ti (101)-Pt (111), Ti (103)-
Pt (220), and Ti (004)-Pt (311)-Pt (222) diffraction peaks,
respectively. A qualitative comparison of the GIXRD
patterns from S2, S3, and S4 implies that the degree of
crystallinity of Ti in S4 is at least on the same level as in
S1. The Ti (103) peak at 70.6° is observed as a clear
shoulder on the Pt (220) peak in Fig. 3b and the Ti (102)
peak at 53.0° in Fig. 3a is present with low intensity but
narrow linewidth in S4 while exhibiting a very broad,
amorphous-like, peak in S1 and S2. This result suggests
an improved degree of crystallinity of Ti when deposited
on Pt instead of the GaAs (110) surface, which will in
the following be directly correlated to the electrical con-
tacts properties described in Figs. 1 and 2.

The GIXRD analysis of the metallic layers in S1-S4 al-
lows us to correlate the degree of crystallinity of Ti and
Pt deposited on GaAs (110) substrate and the total re-
sistance results from P1-P5 in Fig. 2b. It is important to
stress that in this work, we base our correlations of the
changes in the total resistance of P1-P5 primarily on the
GIXRD data obtained from S1-S4. We assume that
other factors, such as the metal-NW interface quality
due to the hexagonal geometry of the NWs sidewalls,

have negligible contributions in the total resistance
changes observed in P1-P5. The (NHg),S, surface pas-
sivation has a beneficial effect on the properties of the
GaAs-metal interface as seem by comparing the IV and
total resistance of samples P1 and P3, but with a low de-
gree of crystallinity of the Ti film when deposited dir-
ectly on GaAs (110) surface, as observed in S1 and S2.
This could be the result of a reaction of sulfur with the
overgrown Ti. In addition, it has been reported that Ti is
highly reactive with the remaining impurities in the evapor-
ation chamber during metal deposition [41], forming add-
itional layers between the metal/GaAs and therefore
increasing the contact resistance [5]. As previously dis-
cussed, the increase in contact resistance in P2 was ascribed
to the possible surface damages caused by the oxygen
plasma cleaning. The addition of a thin Pt layer between
the Ti and GaAs (110) surface as in S4 results in a higher
degree of crystallinity of the Ti film when compared to S1
and S2. This result can be correlated to the decrease of the
total channel resistance from 1400 kQ in P3 to 72 kQ in P4
which is associated to a decrease of the contact resistance.
The RTA further decreases the total channel resistance to
40 kQ in P5 in addition to the increase of the Ohmic char-
acter of the IV shown in Fig. 2a. This result indicates that
no detrimental reactions occur between Pt and GaAs sur-
face in the annealing temperature and time used [29-31].

Conclusions

The influence of surface chemical treatment prior to
metal evaporation and the formation of Ohmic contacts
to Be-doped self-catalyzed GaAs NWs was investigated



Rizzo Piton et al. Nanoscale Research Letters (2019) 14:344

by correlating transport characterization of single NWs
and structural analysis of Ti, Pt, and Pt/Ti thin films
deposited on GaAs substrates.We show that Ti ex-
hibits low degree of crystallinity when deposited on
GaAs (110) surface which directly affects the contact
resistance of the NW devices. The deposition of a
thin Pt layer on the NWs prior to Ti/Pt/Au results
in a 95% decrease in the total electrical resistance of
Be-doped GaAs NWs which is associated to the
higher degree of crystallinity of Pt than Ti when de-
posited directly on GaAs (110). In addition, we show
that thermal annealing of the metallic layers further
decreases the contact resistance. These findings are
of technological importance when designing Ohmic
contacts to GaAs NWs-based devices and show the
individual contributions of each processing step, de-
scribed in Table 1, in the total resistance and Ohmic
character of the NW devices. To further improve the
device performance, a systematic optimization of the
parameters of each individual step would be re-
quired. In particular, we show that the metal-
semiconductor interface at the NW sidewalls plays a
major role in the device performance and opens the
way to further investigations of the crystallization
process of metallic thin films deposited on different
surface  orientations of III-V  semiconductor
materials.
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Evidence of Optical Circular Dichroism in GaAs-Based

Nanowires Partially Covered with Gold

Grigore Leahu, Emilija Petronijevic, Alessandro Belardini, Marco Centini, Concita Sibilia,*
Teemu Hakkarainen, Eero Koivusalo, Marcelo Rizzo Piton, Soile Suomalainen,

and Mircea Guina

Semiconductor nanostructures hybridized with metals have been known to
offer new opportunities in nonlinear optics, plasmonics, lasing, biosensors;
among them GaAs-based nanowires (NWs) hybridized with gold can offer new
functionalities, as chiral sensing and light manipulation, as well as circular
polarization sources. This study investigates GaAs—AlGaAs—GaAs NWs fabri-
cated by self-catalyzed growth on Si substrates, and partially covered with gold,
thus inducing the symmetry breaking and a potential chiral response. Three
different samples are investigated, each of them with a different morphology,
as the length and the overall diameter ranging from 4.6 to 5.19 um and from
138 up to 165 nm, respectively. The samples are first characterized by meas-
uring the absorption spectra by using a scattering-free photoacoustic (PA)
technique. Then, the circular dichroism (CD) is investigated by measuring PA
absorption for circularly polarized light under different incident angles at 532
and 980 nm. An efficient CD is found for proper configurations, and results are
in good agreement with extrinsic chiral theory predictions and numerical simu-

thus paves the way for the important appli-
cations spreading from negative refrac-
tion,!'3! chiral sensingt*! to production of
optical field carrying out optical angular
momentum for quantum information appli-
cations.[® It has been shown that plasmonic
nanostructures forming 1DP! elements,
2D metasurfaces,® 1% and 3D metamate-
rials™! can exhibit linear chiral response
due to their own, intrinsic chirality. Also
semiconductor nanostructures can exhibit
chiral features.'>1 From the optical point
of view, chiral structures possess the ability
to rotate the plane of the polarization of
electromagnetic waves (optical activity), and
give rise to circular dichroism—i.e., the dif-
ference in the absorption of right- and left-
handed circular polarized light.

lations. It is therefore proven that these samples exhibit chiral behavior, and
can be further optimized. Moreover, PA technique can be used as an extremely
sensitive and efficient technique to characterize their “extrinsic” chirality.

1. Introduction

Nanostructures with broken symmetry put in interaction with
circularly polarized light can mimic the chiral response present
in important molecules and DNA. Engineering these structures
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Apart from 3D chiral objects, the possi-
bility to obtain optical chirality, i.e., optical
activity, with nonchiral elements was
studied in the past,l'”l but only recently
reconsidered.'1°] This phenomenon is
obtained when the experimental configu-
ration composed by both the nonchiral object and the optical
incident field is nonsuperimposable on its mirror image.?’!
This is called “extrinsic” chirality; in our previous works we
have investigated this type of chirality in tilted golden nano-
wires by means of both linear (reflection and absorption) and
nonlinear (second harmonic generation) measurements.20-23]

III-V semiconductor nanowires (NWs) have been widely
investigated since they exhibit good waveguiding properties
thus offering a light manipulation at nanoscale. Coupling of the
incident light to the discrete leaky waveguide modes above the
bandgap in NWs leads to increased resonant absorption, thus
paving the way for important applications such as energy har-
vesting, spectral selectivity, lasing, spin angular momentum
generation, etc.?*%’ Metallic NWs have also been investigated
for plasmonic laser applications?8-3% and possibility of surface
plasmon polaritons excitation.3!] One step further is the partial
covering of such NWs with gold: this can induce, along with the
proper experiment setup, the symmetry breaking which leads
to chiral response.

In this paper, for the first time to our knowledge, we report
on a circular dichroism behavior from semiconductor hexagonal
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c _ d

1{110} : A

GaAs core

AlGaAs shell

GaAs sunershell

Au layer

Figure 1. GaAs-based NWs partially covered with Au. a) Tilted (30°) SEM image of 3D distribution of S2. b) 3D schematic of the NW from the side
not covered with Au (Au tip is made transparent to show GaAs—AlGaAs—GaAs configuration). c) x—y cross section with characteristic parameters:
overall diameter D, which comprises GaAs core, AlGaAs shell, GaAs supershell. Au layer thickness on the sidewalls depends on the Au flux — the (110)
sidewalls in the azimuthal flux direction (I{110}) are tyo1q 1 = 20 nm thick, while two other neighboring (110) facets (11{110}) are t,o1q » = 10 nm thick.
d) x-z cross section from the Au-covered side. The Au cap is shaped depending on the direction of the flux, and its thickness varies from 20 to 40 nm.

nanowires partially covered by gold. The NWs were fabricated
by means of molecular beam epitaxy on p-Si(111) using a
lithography-free oxide patterning. This technique enables fab-
rication of highly uniform NW ensembles with tailorable NW
density.33 They were then exposed to a tilted flux of Au that
resulted in nonuniform gold layers above the three sides and
the tip of the NWs. The light that impinges on such structures
under a proper oblique angle will be differently absorbed for
circular polarizations of opposite handedness; this optical
activity is usually indirectly measured as a difference in power
transmitted/reflected by the chiral nanostructure-setup. More
recently, we have shown that photoacoustic technique can be
applied to directly measure circular dichroism in arrays of tilted
gold NWs(?3 as well as size-dependent resonant absorption
properties of semiconductor NWs.>3l Here, we apply the same
technique to investigate the “extrinsic” chirality in GaAs-based
metal-semiconductor hybrid NWs under two wavelengths, 532
and 980 nm, corresponding to optical region of different light
absorption by GaAs. Such composite material opens several
interesting possibilities compared to metal NWs. The semicon-
ductor NW not only acts as a waveguide and scaffolding for the
metal structure but can also effectively convert photons to elec-
tron—hole-pairs and vice versa. This property is exploited in NW
solar cells, photodetectors, and light-emitting diodes by incor-
porating a pn-junction within the NW. We believe that hybrid
nanostructures combining the chiral optical response provided
by the asymmetric metal and optoelectronic functionality of the
semiconductor NWs can lead to nanophotonic applications in
chiral sensing and light manipulation, as well as circular polari-
zation sources.

2. Sample Fabrication

The coaxial GaAs—AlGaAs core—shell nanowires were grown
by molecular beam epitaxy on p-Si(111) wafers using lithog-
raphy-free Si/SiO, patterns for defining the nucleation sites.
The GaAs core was first grown by self-catalyzed growth mode.
Then, the Ga catalyst droplet was consumed in As,-flux in order
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to terminate axial growth. The Al);Gay;As shell and GaAs
supershell were then grown around the NW core using growth
conditions that promote radial growth. The details of the Si/
SiO, pattern fabrication and NW growth are explained in details
in ref. [24]. The NWs exhibit remarkably phase-pure zincblende
crystal structure with the exception of short wurtzite segments
formed at the tip of the NW during droplet crystallization when
changing from axial to radial growth, see high-resolution trans-
mission electron microscopy images and high-resolution X-ray
diffraction spectra on similar samples in our recent paper.[*4
The Au film was deposited on the NWs by electron beam evapo-
ration. The incident angle of the Au-flux was 14° with respect to
the NW axis. The NWs have hexagonal cross-section defined by
(110)-facetted sidewalls. One of the (110) facetted NW sidewalls
was selected as the azimuthal direction of the Au flux. The
nominal Au thickness on this facet is ty,q ; = 20 nm, while on
the neighboring (110) facets the Au thickness is tz,q , = 10 nm
due to flux geometry.

In Figure 1a, the tilted (30°) scanning electron microscopy
(SEM) image of 3D distribution of one of the samples (S2 in
Table 1) is shown. The 3D schematic and the x—y cross section
are shown in Figure 1b,c, respectively. Characteristic geometric
parameters are the NW length L, the overall diameter D, AlGaAs
shell thickness tpc.as, and GaAs supershell thickness tg,ag. In
Figure 1d, x-z cross section from the Au-covered side is shown.
The Au cap is shaped depending on the direction of the flux,
and its thickness varies from 20 to 40 nm. We test three samples
having different lengths and diameters in order to experimentally

Table 1. Characteristic geometric parameters for the three samples
together with their standard deviations. The samples exhibit low fabrica-
tion error margins.

Sample L D tAlGaAs tGans tgold_1 tgold_2
[nm] [nm] [nm] [nm] [nm] [nm]
S1 4750+ 34 138+5 35 0.7 20 10
S2 5190 £ 64 1515 8.6 1.7 20 10
S3 4600 + 52 165+6 1.7 5.8 20 10
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evaluate the dependence of the CD signal to the geometrical
parameters of the nanostructures and the fabrication tolerances
(see Table 1 for geometrical data of the three samples—the Au
evaporation parameters are equal for all the samples).

3. Photoacoustic Technique and Linear
Characterization

We first experimentally characterize our samples by measuring
their absorption by means of the photoacoustic (PA) technique.
This technique is based on the generation of heat when a
sample absorbs an incoming light beam. If the light intensity
is modulated in time, a cycle of heating up and cooling down
will correspond to changes in pressure that further produces an
acoustic signal. The acoustic signal is then converted into elec-
trical one by a sensitive microphone. This microphone is con-
nected to the cell through a small tunnel, so that the scattered
light cannot significantly contribute to PA signal, as shown in
the inset of Figure 2a. Therefore, PA technique directly meas-
ures scattering independent absorption in the samples. It has
been widely applied to characterize plasmonic nanoparticles
and metasurfaces.}>3%

We recently applied this technique to measure the resonant
absorption in the NW samples of same geometric parameters
before they had been exposed to Au flux.13% Similar PA setup is
shown in Figure 2a: the samples are shined from the air side by
a Xenon arc lamp source followed by a monochromator, which

a

www.advopticalmat.de

provides the spectral range from 300 to 1100 nm. We show
normal incidence absorption spectra for the samples S1-S3 in
Figure 2b. The absorption maxima around 700-800 nm and
450-500 nm originate from HE;; and HE;, guided modes pre-
sent in GaAs-based dielectric hexagonal NWs; however, due
to the nonuniform Au layer and the interaction between close
NWs, these maxima are significantly broadened. To simulate
the absorption cross section of a single GaAs—AlGaAs—GaAs
NW covered with Au we have used Lumerical finite differ-
ence time domain (FDTD). To take into account the interaction
between the closely spaced NWs, we simulate two NWs whose
distance is taken from the nearest neighbor statistics from top
SEM images. The good agreement between numerical and PA
spectra allows the assumption that the calculations will fit the
PA experiments for circular incident light too.

4. Chiral Absorption Results

4.1. PA Circular Dichroism Setup

Since Au does not uniformly and symmetrically cover the hex-
agonal NWs, under oblique incidence, these structures promise
to exhibit chiral effects under proper configurations. Therefore,
we change our PA setup in order to be able to scan polariza-
tion and incidence angles, Figure 3a. We use two laser wave-
lengths: 532 nm to report on the range where all of the NW
materials and Au strongly absorb energy, and 980 nm, where

b
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Figure 2. a) Experimental setup of the photoacoustic measurement. Inset (a): Variable volume photoacoustic cell, 1-quartz window, 2-sample, 3-quartz
cylinder, 4-microphone, 5-inox cell body, 6-threaded flange, 7-sound labyrinth, 8-O-ring. b) PA spectra (dashed lines) and simulated absorption cross
section (solid lines) of the three samples (S1 blue curves, S2 red curves, S3 green curves).
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Figure 3. a) Top view of the circular dichroism measurements setup. Laser light at the wavelength of 532 or 980 nm is polarized so that it impinges
with § polarization on a quarter wave plate. Rotational stage allows for the incident angle scan. b) 3D view of the experiment with four x—y plane
configurations when primary [{110} sidewall is in: y, region — Up, y_ — Down, x, — Right, and x_ — Left.

GaAs and AlGaAs are almost nonabsorbing, while Au strongly
reflects light (Si substrate is the only material that absorbs at
980 nm). The laser light is polarized before the quarter wave
plate, so that it is § -polarized when the fast wave plate’s axis
is at 0°. Fast axis wave plate scans the angles from —180° to
180°, where —45° represents left-handed circular polarization
(CL) and 45° represents right-handed circular polarization
(CR). PA cell is mounted on a rotational stage, which enables
the incidence angle scan from 6 = —56° to 56°, as well as four
different NW configurations (see Figure 3b); NW primary

sidewall covered with Au can be in xz plane toward y, direction
(Up configuration), xz plane toward y_ direction (Down config-
uration), yz plane toward x, direction (Right configuration), and
yz plane toward x_ direction (Left configuration).

4.2. CD Dependence on the Incidence Angle

As a figure of merit that defines the level of circular dichroism
in PA measurements, we use

b
$3,A=532nm

0

a
0 dependence
30
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Figure 4. a) CD incidence angle dependence (experimental measured values in solid lines, numerical values in dashed lines) for the samples S1-S3
for the Up configuration at 532 nm; Sample S1 in green, S2 in red, S3 in blue. b) PA polar plots for S3 at 532 nm in Up configuration for various angles

of incidence: 11° cyan, 18° magenta, 26° violet, 34° black, 45° red, 56° blue.
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Figure 5. a) Polar plots of PA signal for Up (blue curve) and Down (red curve) configurations of S2 at 532 nm and —45° incidence. CD switches sign
between the two configurations. b) Reflection far field intensity at 45° incidence for CL and CR impinging light in Up and Down configurations; we
see that changing the input polarization from CL to CR we can control the reflected field intensity and direction (the centers of the plots indicate the
specular reflection).

for the three samples at 532 nm in Up configuration. We see
that in all three samples CD increases from 0% at normal inci-
dence, since both the setup and the structure are symmetric; in

_Aa-Ax

CDlel= T
CL CR

x 100 (1)

where Ac (Acg) stands for the PA signal amplitude for CL (CR)
polarization. In Figure 4a, we show measured (solid lines) and
calculated (dashed lines) CD as a function of the incident angle

both Left and Right configurations, as well as for NWs samples
without the asymmetric gold cover, CD is negligible, as the cir-
cularly polarized light does not see the symmetry breaking. CD

a : b
- o +27° NUM zlpm
S2,4 SBZ?m 37 nan max
\ 0= 127 oy -27°, €XP
0° ) +27° €XP

270°}

180°

0
-150 0
y[nm]

Figure 6. a) Polar plots (experimental values in open circles and numerical ones in solid lines) for Down configurations of S2 at 532 nm for —27° (blue)
and 27° (red) incidence. CD has a 90° shift between these two configurations. b) Intensity of the electric field in y-z cross section when S2 is excited
with CR or CL at 27°.
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Figure 7. a) Polar plots of the PA signal obtained on sample S2 in Down configuration for different incidence angles at the wavelength of 532 nm.
b) Polar plots of the PA signal obtained on sample S2 in Down configuration for different incidence angles at the wavelength of 980 nm. ¢) Numerical
(red curve) and experimental (blue curve) PA signal for sample S2 at 18° of incidence at 532 nm in Up configuration. d) Numerical (red curve) and
experimental (blue curve) PA signal are shown for sample S2 at 18° of incidence at 980 nm in Up configuration.

follows the form of the numerically calculated dependence, and
the experimental maximum CD of 8% is reached for S2 at 27°;
this sample has the longest L, while S1 and S3 have similar
shorter L, which leads to a smaller CD. Thus, the results of the
measurements in Figure 4a indicate that the dominant para-
meter in CD signal is attributed to the length of NWs, while
the diameter does not have a strong influence on the chiral
response. On the contrary, the diameter strongly affects the
linear response of gold-free NWs.1*¥l However, PA signal has
also a high contribution of a nonchiral Si substrate, while the
simulations take into account just its small depth (limited by
the calculation region), thus slightly overestimating CD. We
attribute the other discrepancies to the fact that single NW
simulations cannot completely catch the collective behavior
due to the NW interactions and to the variations of fabrication
parameters such as Au cap thickness. In Figure 4b, the polar
plot of the PA signal is shown for S3 at 532 nm in Up configu-
ration (0° corresponds to §-polarized light) for different input
angles of the impinging light. The difference between the lobes

wileyonlinelibrary.com
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corresponding to CL and CR is strong at 11°, 18°, and 26°,
while from 34° this difference decreases. Similar plots have
been obtained for S1 and S2 samples.

Since sample S2 gives rise to the higher CD signal, in what
follows we perform more detailed measurements on S2 by
looking at different experimental geometries.

4.3. CD for Up and Down Configurations

In Figure 5a, we present polar plots of PA signals for the angle
of incidence 6 = —45°, at 532 nm, for Down (red curve) and
Up (blue curve) configurations. As expected from the theory
of “extrinsic” chirality, the circular dichroism reverses its sign
passing from Up to Down configuration. This influences also
on the shape of the electromagnetic field reflected from the
structure. In Figure 5b, we show the calculated reflection far
field intensity at 8 = 45° incidence for CL and CR illumination
in Up and Down configurations. Both direction and intensity

Adv. Optical Mater. 2017, 1601063
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of the reflected light change in these four combinations with
respect the specular reflection direction, which indicates as pos-
sible applications of such NWs, the control the direction and
intensity of the light.

4.4. Maximum CD at Opposite Incidence Angles

In Figure 6a, we show PA polar plot for the Down configura-
tion, in the conditions where the maximum CD is achieved
which is obtained for the sample S2 at around 6 = 27° at
532 nm (see Figure 4a). As expected, the chiral feature shows
90° shift in polarization for the incidence angle of 6 =-27°. The
“extrinsic” chirality is strong and we see no additional lobes.

It is also interesting to evaluate the field profile in the NW
when the CD occurs. In Figure 6b, the simulations of the elec-
tric field intensity are shown if S2 is excited under 6 = 27° at
532 nm wavelength. For CR the field is concentrated on the
gold-covered sidewalls, while for CL it is concentrated on the
opposite side. This suggests that these NWs could provide light
path and polarization control. In particular, they could enable a
completely new approach for chiral sensing in the form of hot
electron Schottky photodetector*’] exploiting the circular polari-
zation dependent plasmonic absorption at GaAs—Au interface.

4.5. Maximum CD at Different Wavelengths

We further examine the behavior at two different wavelengths:
532 and 980 nm. Since at 532 nm both Au and NW materials
contribute to the absorption, while at 980 nm NWs are trans-
parent and Au strongly reflects light, we expect CD to be signifi-
cantly greater at 532 nm.

Indeed, angular dependence, gave CD values 50% lower
at 980 nm with respect to 532 nm. In Figure 7, we report the
comparison among the polar plots obtained at the above-men-
tioned wavelengths. In Figure 7a are shown the polar plots of
the PA signal obtained on sample S2 in Down configuration
for different incidence angles at the wavelength of 532 nm. In
Figure 7b, we show the polar plots of the PA signal obtained
in the same conditions at the wavelength of 980 nm. In
Figure 7c, both numerical (red curve) and experimental (blue
curve) PA signal are shown for sample S2 at 6 = 18° of inci-
dence at 532 nm in Up configuration; in Figure 7d, PA signal
in the same condition at the wavelength of 980 nm is reported.
We see that FDTD numerical simulations can efficiently predict
the chiral behavior of these NW ensembles. This means that
we can improve our fabrication parameters to optimize CD at
wanted wavelengths, leading to unprecedented applications in
chiral NW-based devices.

5. Conclusions

We experimentally investigate the effective chiral behavior of
GaAs-based nanowire ensembles partially covered by gold. The
employed fabrication process allows for the fabrication of highly
uniform GaAs-AlGaAs NW ensembles; exposing them to the
tilted Au flux leads to the asymmetric structure that exhibits

Adv. Optical Mater. 2017, 1601063
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CD behavior. The “extrinsic” chiral behavior was confirmed
by measuring the differences in absorption of circular inci-
dent light of opposite handedness. Our scattering-independent
PA setup directly measures the absorption and allows scan-
ning of incidence angles and polarization. We have measured
configurations with different symmetry and incidence angles,
under two particular wavelengths, and numerically confirmed
results by means of FDTD simulations. NW fabrication param-
eters can be further easily optimized to improve CD. By testing
three samples having different dimensions, we infer that the
NW diameter does not have a strong influence on the chiral
response, while the length has a major effect; the strongest
chiral response is observed for the longest NWs.

We strongly believe that bringing together the advantages of
a semiconductor optoelectronics platform, waveguiding proper-
ties of vertical NWs, and chiral behavior when their symmetry
is broken could lead to new perspectives in control of light at
nanoscale and in developing new chiral sensing devices. To this
end, our current efforts are dedicated to the development of
prototype chiral photodetectors based on asymmetrically metal
coated GaAs NWs including pn-junctions for collecting charge
carriers.
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Chiral optical response is an inherent property of molecules and nanostructures, which cannot be
superimposed on their mirror images. In specific cases, optical chirality can be observed also for

© symmetric structures. This so-called extrinsic chirality requires that the mirror symmetry is broken by

. the geometry of the structure together with the incident or emission angle of light. From the fabrication
point of view, the benefit of extrinsic chirality is that there is no need to induce structural chirality
at nanoscale. This paper reports demonstration extrinsic chirality of photoluminescence emission
from asymmetrically Au-coated GaAs-AlGaAs-GaAs core-shell nanowires fabricated on silicon by a
completely lithography-free self-assembled method. In particular, the extrinsic chirality of PL emission
is shown to originate from a strong symmetry breaking of fundamental HE,, waveguide modes due
to the presence of the asymmetric Au coating, causing preferential emission of left and right-handed
emissions in different directions in the far field.

Chirality is an intrinsic property of structure that cannot be superimposed on its mirror image'. Such lack of
mirror symmetry is found in DNA, proteins, sugars, viruses, and amino acids among other important molecules
and building blocks of life. The interaction of chiral molecules with light is different for left and right-handed
circular polarizations® This so-called circular dichroism (CD) of chiral molecules is typically observed in light
absorption®. The optical response of chiral molecules can be mimicked with artificial nanostructures with chi-
ral shape* fabricated using nanolithography®, focused ion beam-induced deposition® and other nanofabrication
methods. On the other hand, chiral optical response can be accessed also with structures that themselves are not
chiral, given that specific conditions are fulfilled. This extrinsic optical chirality requires that the geometry of
the structure and, for example, the incidence angle of light together break the mirror symmetry, as it has been
demonstrated for absorption’, transmission®, reflection’, optical activity'®!! and non-linear response'?. The bene-
fits of extrinsic chirality include easier fabrication and freedom of design, as it is not required to induce structural
chirality at nanoscale. Furthermore, same structure can be used to interact with both circular polarizations by
changing incidence angle or orientation of the structure. The chiral optical response can be extended also to light
emission. Luminescent chiral molecules can emit preferentially either left-handed or right-handed circular polar-
ization depending on their handedness'*!*, while in semiconductors circular polarized photoluminescence (PL)
is associated with different spin states of charge carriers's. There are only few reports of extrinsic chiral effects in
light emission. Yokoyama et al. reported circular polarization dependence of excitation in photoluminescence
from carbon nanotubes placed on nanostructured silicon surface'®, while Yan ef al. used extrinsic chirality pro-
vided by an array of metal nanoantennas for splitting left and right-handed circular polarizations of fluorescence
from achiral fluorophores in different direction in the far field"”.

In the application point of view, the semiconductors have significant benefits in the integration with the exist-
ing optoelectonic and microelectronic technologies. In particular, direct bandgap III-V semiconductor nanowires
(NW) of high optical and electrical quality can be grown directly on silicon substrates by Au-catalyzed'®!° and
self-catalyzed® vapor-liquid-solid method?!. Owing the their geometry and high refractive index, semiconductor
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Figure 1. Structural details of the investigated NWs. (a) SEM edge view the sample with NWs 4690 4= 80 nm
long, of the overall diameter 197 &+ 9 nm. (b) False color SEM image of the NWs after Au deposition. (c)
Cross-sectional dark-field TEM micrograph showing GaAs core, AlGaAs shell and GaAs supershell. (d) Cross-
sectional TEM image of the NW asymmetrically covered by Au. (e) Cross-sectional sketch of the NW materials.

NWs can effectively confine and manipulate electromagnetic fields in the visible and near infrared wavelengths.
These properties are essential for several NW device concepts??~2°, where coupling of the light to the resonant
modes of the nanostructure*”?® can tailor the light absorption?**, extraction and directionality of emission® -,
as well as stimulated emission®*7. More recently, we have shown that asymmetrically Au-coated NW's exhibit
extrinsic chirality and CD in absorption at the wavelengths where the incident light is coupled to the waveguide
modes’.

Here, we demonstrate extrinsic chirality of PL emission from hybrid semiconductor-metal structures con-
sisting of asymmetrically Au-coated GaAs-AlGaAs core-shell NWs grown on silicon substrates. The chiral PL
emission from the GaAs core with linear polarized excitation originates from a strong symmetry breaking of HE
modes due to the presence of Au on three of the six (111) sidewalls, leading to a preferential directionality of left
and right-handed circular polarizations in different angles in the far field. A unique property of this concept is
that the intrinsic waveguiding properties of the NWs are modified with the external Au layer to provide extrinsic
chirality of light emission. Furthermore, they are fabricated with a completely lithography-free, self-assembled
technique and potentially also allow electrical injection for LED operation by incorporating a PN-junction in the
NW, thus providing a chiral light manipulation platform for applications spanning from quantum information
technology to biology and chemistry.

Experimental Methods
The investigated sample consists of vertically standing NWs grown by molecular beam epitaxy on Si(111) wafers
using lithography-free Si/SiOx patterning technique for defining the nucleation sites®. This technique has been
recently proven to provide vertical NW forests with highly uniform dimensions***!. Consequently, the optical
response of the ensemble is strongly governed by the single NW response simulated assuming the mean values of
the NW dimensions®**. The NW structure includes a GaAs core, an AlGaAs shell and an GaAs supershell. The over-
all diameter of the NW is D=197 + 9 nm, which includes a 27.7 nm thick AlGaAs passivation shell, and a 5.5nm
GaAs supershell. The length is 4690 + 80 nm and density around 1 x 108 cm™2. These structural parameters are mean
values from statistical analysis of a large number of NWs*. Figure 1a shows an edge-view scanning electron micro-
scope (SEM) image of the NWs investigated in this work. The growth of the GaAs-AlGaAs-GaAs core-shell hetero-
structure NWs is reported in ref.**. The semiconductor-metal hybrid structures were obtained by growing a thin Au
layer on the NWs using electron beam evaporation. The NW sample was tilted in a 14° angle in order to obtain the
asymmetric structure presented in Fig. 1b. The Au flux angle was chosen based on the average length and nearest
neighbor statistics of the NWs, thus minimizing the shadowing effects as shown in the Supplementary Fig. S1. The
sample orientation with respect to the Au flux and the deposition time were chosen in such way that one of the NW
side facets would get nominally a 20 nm thick and the two side adjacent facets a 10 nm thick Au layer. Figure 1d
shows a cross-sectional transmission electron microscopy (TEM) micrograph of the resulting metal-semiconductor
structure while the complete layer structure is schematically presented in Fig. le.

In the optical experiments, the Au-coated NWs are excited by a 640 nm diode laser operating in continuous
wave. The NWs were tilted by an angle 6 in the xz-plane with respect to the optical axis represented by the wave
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Figure 2. (a) Polarized detection set-up: NWs are tilted in xz-plane by angle  with respect to the detection line
consisting of a microscope objective (OBJ), a rotating quarter-wave plate (WP), a fixed linear polarizer (POL),
and a detection part which includes a spectrometer and a CCD camera. (b) Unpolarized photoluminescence
spectra for NWs with and without Au at = 0°.

vector k, as shown in Fig. 2a. The emitted light was collected from the far field with a 10X magnifying objective
(NA =0.22). The circular polarization of the photoluminescence (PL) emission was resolved using a rotating
broadband quarter-wave plate and a fixed linear polarizer. The PL signal was dispersed with a 750 mm spectro-
graph equipped with a 12001/mm grating and detected with a TE-cooled CCD array. A detailed description of
the experimental setup is presented in Supplementary Fig. S2. All measurements were carried out at room tem-
perature. Both the as-grown and Au-coated NWs exhibit a typical GaAs band edge PL emission around with a
peak at around 870 nm, as shown in Fig. 2b. A slight blueshift is observed in the presence of Au, most likely due to
effect of Au on band bending*? and consequent change of PL transition energy. In the following we will focus on
the polarization properties of the light emitted at 868 nm. It should be noted that, while use of circular polarized
excitation affects the absorption efficiency of the asymmetrically Au-coated NWs* and thus influence the gen-
eration rate of the photoexcited electron-hole pairs, it does not affect the extrinsic chirality of the PL emission, as
shown in the Supplementary Fig. S3. Therefore, the optical experiments discussed in this work were carried out
using linear polarized excitation.

Experimental Results

An achiral nanostructure can exhibit chiral optical response if the light wave vector k, the vector pointing in the
direction of anisotropy of the structure, and the surface normal of the sample do not lie in the same plane”'2. This
phenomenon is called extrinsic chirality, because the breaking of mirror symmetry is not an intrinsic property of
the material, but a property of the experiment and the sample together. In the Au-coated NW samples, the extrin-
sic chiral behavior can observed given a proper orientation of the NW and its Au-coated sides with respect to the
light to be absorbed or emitted: the average anisotropy of the structure is in the y-direction, the NW axis (the sur-
face normal) is in the z-direction, while the wave-vector of the emitted light lies in xz-plane in such way that k is
not parallel with the z-axis. In the actual experiment we tilt the sample stage in such way that it equals to rotation
of nanowire axis around the y-axis in the geometry presented in Fig. 2a. The amount rotation is measured by the
angle 0 with respect to the k direction. The quarter-wave plate then scans the polarization, with 45° representing
right-handed and 135° left-handed circular polarization.

In Fig. 3 we present polar plots of the detected PL intensity as a function of the wave plate angle. As shown
in Fig. 3a, the NWs without Au do not show any difference between the left and right-handed polarizations,
as expected from the lack of anisotropy between the x and y-directions. The sample with Au shows a clear
left-handed polarization with an intense lobe at 135° and significantly smaller intensity at 45° for # =30°, and
the polarization changes to right-handed when the sample is rotated to § = —30°. It should be noted that PL
intensity includes a linear polarized contribution that is summed in the circular polarized signal, and therefore
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Figure 3. Chirality of photoluminescence emission with polarized detection presented as polar plots of
normalized intensity versus \/4 waveplate angle: (a) for NWs without Au and for NWs with Au for positive and
negative tilt angles (6). (b) Different tilt angles for NWs with Au. The dots represent experimental data and the
continuous lines are double sinusoidal fits. The radial scale in each plot ranges from 0.7 to 1.02. The last panel in
(b) presents the WP angles corresponding the right-handed (R) and left-handed (L) polarizations.

polar plots in Fig. 3a exhibit some degree of ellipticity. Nevertheless, these observations clearly manifest extrinsic
chiral behavior!?. Next, we investigate the influence of the tilt angle 6 on the polarization of the Au-coated NWs
(Fig. 3b). In case of 0 =0°, all three vectors discussed before lie in the same plane, and therefore we do not observe
the extrinsic chirality. For tilt angles 6 > 0 we observe left-handed polarization which increases as a function of
0, reaches maximum at 20°, and then decreases again at larger tilt angles. The extrinsic chirality in this system is
therefore detected as a difference in circular polarization of the PL emission for different emission angles in the
far field hemisphere, meaning that the Au layer can control the direction and the handedness of the emission
from GaAs core. The degree of polarization and its dependence on the tilt angle 6 will be discussed on a more
quantitative level in the following as we introduce a theoretical model for PL emission from the Au-coated NWs.

Model

The coupling of emitted light to the NW modes and its influence on CD was investigated using two numerical
packages from Lumerical®®. First, we use MODE solver to calculate complex refractive indices and field profiles of
the guided modes supported in the PL peak wavelength (see Supplementary Info for the details). The NWs inves-
tigated in this work have an average diameter of 197 nm and they support the fundamental HE,,-like mode at
emission wavelength of 868 nm. Au strongly breaks the degeneracy of this mode between the x and y-directions,
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Figure 4. Electric field intensities (a) |E|]* and (b) |E,| for HE,;, and HE;;, modes supported at 868 nm.

(c) Mlustration of the far field simulation geometry. (d) Simulated left-handed (L) and right-handed (R)
polarizations of the far field intensities emitted from HE,,, and HE,;, modes. The tilt axis 6 in (d) ranges from 0°
to 90° with 10° steps while the azimuthal axis ¢ presents a full rotation around the NW axis.

leading to a significant difference between properties of the HE,, and HE;;, modes, as show in Fig. S7 and in
Supplementary Information. The density of the investigated NWs is 1 x 108cm ™2 and they have average nearest
neighbor distance of 500 nm (Supplementary Fig. $6). In ref.** we investigated the resonant absorption properties
of similar NWs without Au and showed that the NW ensemble exhibits modal properties governed by single NW
dimensions, which can be accurately described by the statistical average values due to the NW size uniformity.
It should also be noted that mode spreading is less pronounced in Au-coated than in bare NWs (Supplementary
Fig. S7). Consequently, as shown in Fig. 4a, the HE modes that are weakly guided on the NW borders have spatial
spreading to at most 180 nm from the center of the NW, which is significantly less than the nearest neighbor dis-
tance. Therefore, we can exclude the interaction between the NW neighbors in the following analysis. In Fig. 4b
the E, component along the polarization direction for HE,;, mode is higher in the vicinity of Au and asymmetric
in the core, which provides the asymmetry required for extrinsic chirality.

Next, we use the finite 3D Finite Difference Time Domain (FDTD) solver to monitor the far field from the NW
excited by the HE,;, and HE,,, modes at 868 nm. The polarization of the emission in a specific angle in the far
field can be resolved by taking complex tangential components E,, and E,, and multiplying them by Jones transfer
matrices of the quarter-wave plate with rotation angles corresponding to the left and right-handed polarizations,
and the linear polarizer, thus mimicking the experiment. In Fig. 4c the far field angles (6, =0°) and (6,0 =180°)
correspond to the experimental tilting of 6 and -6, respectively, as ¢ represents rotation around the NW axis.
The emission from finite NWs is governed by the coupling of the emission centers to the modes, and it is usu-
ally investigated by placing a single dipole source inside the NW?#34 and calculating the far field contribution
of that simulation. For intrinsically isotropic systems, such as zincblende (ZB) one needs to superpose results
from simulations with three dipole orientations*!. This would be the case also with the ZB NWs investigated in
this work, where the transitions produce both radially and axially polarized intensity, as proved by the linear PL
measurements (Supplementary Fig. S5). Moreover, one would need to perform several simulations to average
the contributions from a large number dipole positions across the NW volume to the far field polarization. This
is required because of the different spacing of the antinodes of the HE,;, and HE,;, modes along z-direction due
to their different \,, and the asymmetry of the field components in xy-cross-section. As the Au layer makes such
averaging complicated and time-consuming, here we show that the mode solver and FDTD can be used in con-
secutively to model the extrinsic chirality of PL from the Au-coated NWs by performing only two simulations.
Namely, the two modal fields, which contain complete complex electromagnetic field information in the NW
xy-cross-section, are first calculated with the mode solver, and then imported as sources that excite the NW in
FDTD solver. The intensity is then calculated for the specific quarter-wave plate angle at each point in the far field
(see more details in Supplementary Information). As show in Fig. 4d, the results from the excitation with HE,,
mode show less intensity with respect to HE,,,, which is in agreement with its higher losses. Moreover, HE,,
mode does not contribute to CD (Supplementary Fig. S8). However, HE;;, has a significant difference between
the left and right-handed intensities at oblique angles. The final result for the left and right-handed intensities is
obtained by summing the contribution from both modes. Again, we see a clear difference between the left and
right-handed intensities at oblique angles for the sum of the HE,;, and HE,;, modes, but it should be stressed that
it arises solely from the HE,;, asymmetry. It should also be noted that these modes almost degenerate in the case
of a bare NW, and therefore no circular polarization is observed for the NWs without Au (Supplementary Fig. S9).

We can further introduce a figure of merit for CD in the emission:

CD[%] = L—I 100,
L+ (1)
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Figure 5. (a) The dependence of CD on tilt angle 6. The result of the far field model is fitted to the experimental
data by introducing a coupling efficiency factor 7, as a fitting parameter. (b) Far field CD map 7. =47%, which
produces the best fit. The tilt axis 6 in (b) ranges from 0° to 90° with 10° steps.

where I and I; are the left and right-handed intensities measured at the quarter-wave plate angles of 45° and
135°, respectively. These intensities contain contributions from both modes, and from the unpolarized, isotropic
background that can be modelled with a Lambertian source® representing the uncoupled part PL emission, the
contribution of which effectively lowers CD (see the complete definition of CD in Supplementary Information).
We use the intensity of the Lambertian source as the only fitting parameter and present the results for different
values of the coupling efficiency of the NW emission to HE,, modes defined as:

o Tngie + upny
© Lypng Iy iyt I ambert 2)

where Iyp iy Tnpiry and I 4., represent the total power emitted to the upper half-space by HE,,,, and HE,,,
sources exciting the NW, and uncoupled intensity modelled with the Lambertian source, respectively. In Fig. 5a
we show CD as a function of tilt angle 6 for different values of 7. at ¢ = 0°. As expected, strong coupling leads to
the increase of CD due to the high contribution of HE,, to chirality. Lower coupling follows the experimentally
measured CD, with 1, =47% giving the best fit which reproduces the experimentally observed maximum CD of
15%. In Fig. 5b the far field CD for this coupling proves the concept of extrinsic chirality: it is equal to 0 for all 6 at
p=90°and ¢ =270°, as no breaking of symmetry takes place in such configuration, and it inverts the sign with
the inversion of § where CD exists. The presented model also provides means for further optimization for obtain-
ing stronger polarization. Even larger values of CD could be achieved by (i) increasing the symmetry breaking
between the x and y-directions, (ii), enhancing the coupling of the PL emission to the modes (e.g. by making the
NW core thicker to increase the mode overlap with the emitting region), or (iii) confining the emitting material
in the form of quantum dots* or superlattices** at the particular positions that lead to stronger CD (e.g. in the
antinode of the HE, ;,, as shown in Supplementary Information).
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Conclusions

In summary, we have demonstrated extrinsic chirality of PL emission from asymmetrically Au-coated
GaAs-AlGaAs-GaAs core-shell NWs fabricated using a completely lithography-free self-assembled technique.
Splitting of left and right-handed polarizations in different directions in the far field was measured by circular
polarization dependent detection for different sample tilt angles. The maximum value of CD = 15% was obtained
at 20° tilt. The chiral luminescence from the semiconductor-metal hybrid system was modelled using a new
approach based on solving the HE,; modes supported at the GaAs emission wavelength, and consecutively, using
the modes as sources in FDTD simulation of the polarization response in the far field. From this theoretical inves-
tigation, we found out that the extrinsic chiral response of the investigated structure arises from the HE;;, mode
due to the symmetry breaking provided by the metal. Furthermore, it was shown that 47% of the PL emission
couples in the HE,; modes, while even higher values of CD could be achieved by further enhancing the coupling
efficiency or by increasing the symmetry breaking. From the application point of view, a major benefit of using
III-V semiconductor NWs as the light emitting material is that they can incorporate radial PN-junctions and thus
provide means for the fabrication of chiral LEDs integrated on Si platform. We believe that these results pave way
for compact and integrated chiral light sources, which have a broad range of applications quantum technology,
biology, and chemistry.

Data Availability
The datasets generated during and/or analysed during the current study are available from the corresponding
author on reasonable request.
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1. Au-coated nanowires

Figure S1. SEM picture showing the nanowires after the growth of the asymmetric Au-coating. The scale bar is
1 pum.



2. Experimental setup

Linear polarized
Spectrograph 640nm diode laser

Variable attenuator

+ Sample holder
J4with goniometer
and microstage

2D CCD
array ﬂ

WP = Rotating broadband A/4 waveplate

POL = Broadband cube polarizer

BS = Broadband non-polarizing beam splitter

OBJ = 10x magnifying microscope objective, NA 0.25

LP = 700nm longpass filter

FM = Flip mirror

CAM = Microscope camera equipped with a diffraction limited tube lens

Figure S2. Illustration of the experimental setup for circular polarized photoluminescence experiments.

3. Effect of circular polarized excitation
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Figure S3. Effect of circular polarized excitation at 640 nm on the CD of photoluminescence emission: (a) with
right-handed circular polarized (RHCP) excitation and (b) with left-handed circular polarized (LHCP) excitation,
both showing CD=12% for tilt angle of 30°.

4. Linear polarization of the photoluminescence emission

A. Polarization anisotropy in the x-y plane
The linear polarization response of the photoluminescence (PL) emission for both Au-coated and Au-
free NWs was measured using the experimental setup presented in Fi. S1. A broadband 4/2 waveplate
was used for probing the linear polarization. The NWSs were excited with a 20x microscope objective,
which was used also for collecting the PL signal.



As, show in Fig. S4a, the NWs with Au show some degree of linear polarization in the direction of the
Au deposition. Qualitatively, it can be expressed as the degree of linear polarization (DOP):

DOP = 2= x 100% = 5.1%, (S1)

ytix

Where Iy and Iy are the intensities for polarizations parallel and perpendicular to the Au deposition
direction, respectively. The NWs without Au do not exhibit any polarization anisotropy, as shown in
Fig. S4b, as expected from the crystal symmetry of zincblende (111) direction. The slight polarization
of the Au-coated NWs can be attributed to the influence of Au on the local optical density of states.
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Figure S4. Linear polarization of NWs with and without Au measured in the direction parallel to the surface normal of the
substrate. (a) Polar plot of normalized intensity with respect to polarization angle at GaAs peak wavelength for Au-coated
NWs. The radial scale ranges from 0.5 to 1.02. The orientation of the structure is shown in the inset. (b) Linear polarized PL
spectra for NWs without Au. The measurement was performed using the setup shown in Fig. S2 with a A/2 waveplate and
10x magnifying microscope objective.

B. Polarization anisotropy: axial vs. radial

The polarization anisotropy between the axial and radial directions was measured using the
experimental setup presented in Fig. S2. A broadband A/2 waveplate was used for probing the linear
polarization. A single NW transferred on a SiO substrate was excited with a 40x microscope
objective, which was used also for collecting the PL signal. An additional cylinder lens was place in
the excitation beam path (in between the variable attenuator and beam splitter) in order to expand the
excitation spot as a line which excited the whole volume of the NW. The NW was aligned in such
way the emission from the whole NW was detected with the TE-cooled CCD camera.

As shown in Fig. S5, the NWs with and without Au show similar polarization along the NW axis.
Qualitatively it can be expressed as the degree of linear polarization (DOP):

DOP = = x 100% = 235%), (S2)

a''r

Where 1, and I; are the intensities of the polarizations in the axial and radial directions, respectively.
Such linear polarization is typical for (111)-oriented zincblende NWs due to the crystalline symmetry
and dielectric anisotropy arising from the 1-dimensional geometry of the structurel. We can conclude
that the Au layer does not significantly alter the emission dipole orientation in the NW.
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Figure S5. Linear polarization of a single NW with and without Au presented as polar plots of normalized intensity versus
polarization angle at GaAs peak wavelength. The radial scale in each plot ranges from 0.5 to 1.02. The NWs were transferred
on a SiO2 substrate and the measurement was performed in the direction normal to the NW sidefacet using the setup shown
in Figure S1 with a A/2 waveplate and a 40x magnifying microscope objective.

5. Nanowire density and nearest neighbor distribution
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Figure S6. (a) Top-view scanning electron microscope (SEM) image of the NWs having density of 1x10° cm-2. (b) Nearest
neighbor distance statistics for the NWs in (a). The histogram includes the mean value of the data as well as the center (xo)
and standard deviation (o) of the Gaussian fitting function.

6. Details on the simulation

Emission from finite NWs is governed by the coupling of the emission centers to the guided or leaky
modes of the nanostructure, and it has been investigated both theoretically? and experimentally® for
semiconductor NWSs. We recently studied absorption properties of GaAs-based NW samples that were
covered by Au by a similar process*: photo-acoustic spectroscopy showed that such samples still
exhibit absorption resonances due to the semiconductor mode excitation, although they were much
broader due to the asymmetric presence of Au. On the other hand, Au influences the confinement of
the electric field, that directly governs the local density of states and hence PL. Therefore, in such
structures the far field polarization and intensity of PL modelled by the dipoles is expected to highly
depend on the dipole orientation and position with respect to the modal field 2.

4



We first use MODE solver by Lumerical to calculate the modes of infinitely long NWs, using
statistically determined average values for NW dimensions, and to compare modal fields with and
without the presence of Au. This tool uses the finite-difference eigenmode method to solve Maxwell’s
equations on a cross-sectional mesh of the waveguide, giving the effective index as an eigenvalue, and
mode profile as an eigenvector. In both x and y direction the used mesh was 1 nm. Lower diameter
GaAs NWs at wavelengths around 870 nm support only no-cutoff modes HE11x and HEu1y, that are
weakly guided, with the electric field confined on the borders. For the case without Au in Fig. S7a,
these modes are almost degenerate with nre11x=1.557. Au layer strongly breaks the degeneracy, giving
two distinct modes with npe11,=1.249+0.0091 and nne11,=1.073+0.006i, with mode propagation
wavelengths Az He11x=695nm, and A,He11y=809nm. Since the modes are not completely confined inside
the NW (Fig. S7b), perfectly matched layers must be used for the simulation boundaries in x and y
direction. Clearly, the Au layer leads to even lower confinement (the same color scale is used), and
breaks the symmetry in y-direction, as can be seen especially from E; component which is much
stronger closer to Au layer. Moreover, the Au layer introduces propagation losses, as can be seen e.g.
from 3D electric field intensity distribution in the NW excited with y-polarized field at the normal
incidence, from the top. Note that for the modelling of the emission one should only consider emission
from GaAs core, which effectively has a side of 65.3 nm; in Fig. S7c the electric field confinement in
GaAs core follows the symmetry of the mode. Next, PL from a finite NW is modelled using Finite
Difference Time Domain Solver by Lumerical. The NW and the source at 868nm are surrounded in
all directions by perfect matching layers, placed at least half the wavelength from the borders of the
NW to prevent from the instabilities due to the evanescent fields. A near field profile monitor placed
50nm above the NW projects the electric field components at 1 m far-field hemisphere. In order to
model the experiment, these complex far fields at different angles (6,p) are saved as matrix, and
multiplied by the Jones matrices of the lambda quarter plate and linear polarizer (Figure S7d). The
matrices depend on the quarter wave plate rotation such that quarter the rotation of 45° (135°)
represents right (left) handed polarization (R and L, respectively). Far-field angle & corresponds to the
tilting angle of the sample, and the azimuthal angle ¢ in the experiments takes values of 0 and 180°
(note that ¢=180° means that the sample is tilted in the negative & direction, as in Fig. 3a in the
manuscript).
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Figure S7. Electric field distribution for HE11x and HE11, modes for (a) the NW without Au, (b) the NW with Au. (c) 3D
distribution of electric field intensity in the GaAs core. (d) Sketch of the simulation set-up with the far-field hemisphere.
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Conventionally, the source of PL in the NW is modelled by placing a single point electric dipole as a
radiation source at a position (x,y,z) inside GaAs core, and averaging the simulations over the dipole
position and orientation. In Fig. S8 we show the integrated far field intensity across the whole
hemisphere above the NW, as a dependence on the NW length. We see that x-oriented dipole has
shorter oscillation wavelength than y-oriented dipole, in agreement with Ane11x< Anery. Further, more
power give z-oriented, off-centered dipoles as they see stronger fields in z-direction; moreover, E; is
stronger closer to Au, that is why z dipole at (x=0Onm, y=40nm) radiates more than at (x=0nm, y=-
40nm). Finally, oscillations are longer for the z-oriented dipole when placed at (x=Onm, y=+40nm),
than at (x=40nm, y=0nm); the first are similar to the ones of y-dipole (coupling to HE:1y), and the latter
are similar similar to the ones of x-dipole (coupling to HE11x). Intensity decreases due to the higher
losses for longer NWs. Therefore, coupling to these different modes is highly dependent on the
orientation and position of the dipoles in xy cross-section. Moreover, as the possible excited modes
have longer propagation length than the NW length?, one must take into account different z positions
as they lead to the enhancement/decrease in the emission depending on the position of the
antinodes/nodes of the modal field. Finally, to resolve their contribution to L or R polarization in the
far field, one would need to perform high number of simulations to account for all these properties.
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Figure S8. Total integrated far-field intensity as the function of NW length.

In the manuscript, instead, we use the complex modal fields saved from MODE simulations to
import them as sources for FDTD simulations. Such fields contain field distributions of all three
electric field components across the NW cross section, and propagation properties in z-direction. The
first simplifies the issue of averaging over different dipole orientations, and the latter simplifies the
averaging of the dipole positions in z-direction. Therefore, only two simulations are needed to account
for the far-field properties when the NW is excited with HE11x or HE11y mode. Without Au, these
modes have no losses and lead to similar emission in the far-field, as shown in Fig. S9. By applying
the Jones matrices to the complex fields at each point in the far-field, we calculate the contribution to L
or R polarization of the mode. As expected, for such symmetric case the difference between L and R
cancels out for both modes everywhere at ¢=0° 90°, 180° and 270°, giving small differences in
regions between these angles. These differences are of the opposite sign for HE11x and HE1y; as the
emission is a result of the coupling to the both modes, we finally consider the intensity emitted to L
and R from the both modes. Finally, the difference between L and R for the sum of the modes gives
no chiral behavior at all far-field points.
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Figure S9. Simulated left-handed (L) and right-handed (R) polarizations of the far-field intensities emitted from HE11x and

HE11y modes emitted from the NW without Au. The tilt axis 8 in ranges from 0° to 90° with 10° steps while the azimuthal
axis ¢ presents a full rotation around the NW axis.

The modes are strongly affected by the introduction of the asymmetric Au layer: HE11x has higher
losses and symmetric electric field intensity in the core, while for HE11y the field is stronger closer to
the Au layer. This directly influences the far-field polarization, as shown in Fig. S10. HE11x mode
gives lower overall intensity for both L and R polarizations, and their difference shows no chiral
behavior for all & at =0°, 90°, 180° and 270°, while there is a negligible chirality elsewhere. HE11y
mode has lower losses and gives higher intensity in both polarizations; the difference between these
components that leads to CD is anti-symmetric for ¢=0° and ¢=180°, and 0 for »=90° and ¢=270°,
which is characteristic for extrinsic chirality. Finally, the overall intensity of two modes is governed by
the asymmetry of HE1uy mode, and the difference maximum exactly matches the experimentally
observed angle of maximum CD, i.e. §=20° (p=0°).

In order to fit experimental CD, we consider contributions from both modes as well as the uncoupled
part of the emission that behaves as a Lambertian source:

(IHE11x L HE 1y L+ LamC0S8)~(IHE; 1 RYHE; 1, Rt Lamc0S0)

CD =100-

, (S3)

IHE 15 Lt HE 1, LY HE 1, RTIHE 1, RT2ILamCOSO
11x 11y 11x 11y

where Inewij stands for the intensity emitted from HE1;;i mode to j polarization, i=(xy), j=(L,R), and
ILam IS the maximum intensity of the Lambertian source. liam is used as the only fitting parameter to
obtain CD value from the experiment, and calculate the coupling efficiency as explained in the main
manuscript.
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Figure S10. Simulated left-handed (L) and right-handed (R) polarizations of the far-field intensities emitted from HE;1x and
HE11y modes emitted from the NW with Au. The tilt axis & ranges from 0° to 90° with 10° steps while the azimuthal axis ¢
presents a full rotation around the NW axis.

From previous dipole source simulations we noted that single point dipoles can provide higher CD,
that is lowered by averaging the contributions from the various dipoles across the volume. In Fig. S11
we show the results averaged over three dipole orientations for dipoles placed in the NW center, that
gives three times higher CD at the angle 6#=12° (note that high CD on the borders of the graph is due to
numerical errors, and should not be considered as there is no intensity emitted at these angles).
Therefore, confining the emitters to a small volume can enhance CD and change its angular behavior.
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Figure S11. CD of the dipole placed at the NW center and averaged over three directions.
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