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Abstract. The synthesis and properties of catalyst-free [II-V nanowires with MBE
is reviewed. The two main methods are Selective Area Epitaxy and gallium-assisted
synthesis. The growth mechanisms are reviewed, along with the design possibilities
of each technique. Finally, the excellent structure and ultra-high purity are presented
by Raman and Photoluminescence spectroscopy.

1 Introduction

Semiconductor nanowires constitute extremely promising building blocks for
the XXI century electronic and optoelectronic devices. One reason is that its
size will enable further down scaling of electronics [1-3]. A second reason is
that nanoscale objects exhibit new properties which at the same time can be
exploited into new device concepts such as high mobility transistors, thermo-
electric applications and/or solar cells [4-7]. As a consequence, fundamental
and applied research on nanowires has increased dramatically in the last few
years.

One issue of crucial importance has been the control on the crystalline
quality and impurity concentrations, as well as the reproducibility of the struc-
tures. With regards to the purity, one of the key issues has been to avoid the
use of gold as nucleation and growth seed of the nanowires. Gold is a fast-
diffusing metal that significantly harms the properties of semiconductors [§].
To date, synthesis without gold has been achieved by the use of alternative
metals such as aluminum and titanium, or by simply avoiding the use of a
catalyst [9-12]. These alternative methods involve the development of new
deposition techniques, meaning that the growth mechanisms necessarily differ
from the standard Au-assisted VLS/VSS growth.

Traditionally, Molecular Beam Epitaxy (MBE) has been one of the oldest
techniques applied to the fabrication of high quality nanostructures. Starting
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from Quantum Wells and Quantum Dots obtained by standard planar growth,
the method has also been applied for the fabrication of quantum heterostruc-
tures extended in more dimensions [13]. In this paper, we study the possibili-
ties that MBE gives us to fabricate high quality ITI-V As-based semiconductor
nanowires, while avoiding the use of gold as seed for the nucleation. We will
show how the use of MBE presents at the same time an additional interest,
as this technique allows us to produce ultra-pure nanowires and quantum
heterostructures on the nanowire facets with very high crystalline quality
and atomically sharp interfaces. This new versatility of MBE in the growth
of nanostructures opens great possibilities for the generation of novel devices
with additional optical and electronic functionalities, as it has been previously
shown in planar structures [14-16].

2 Experimental

The samples were grown in a high purity Gen-II MBE system. In all cases,
two-inch GaAs wafers sputtered with a 10-60nm thick silicon dioxide film
were used as substrates. In the case of Selective Area Epitaxy, the oxide was
patterned by combining lithography with reactive ion etching [17]. In the case
of gallium assisted growth of nanowires, no patterning was realized on the sur-
face. In order to ensure a contamination-free surface, prior to the introduction
to the MBE chamber the substrates were dipped for 2 s in a buffered HF aque-
ous solution (10% HF). In order to desorb any remnant adsorbed molecules of
the surface, the wafers were heated to 650°C for 30 min prior to growth. As a
difference to standard nanowire growth, no external metal catalyst was used
in any case for the growth of the nanostructures.

3 Selective area epitaxy

Selective Area Epitaxy (SAE) is one of the two techniques leading into the
growth of nanowires with MBE, which at the same time avoids the use of
gold as a nucleation seed and catalyst. The purpose of SAE is to restrict the
incorporation of the adatoms to certain areas on a patterned substrate. Basi-
cally, the ITI-V substrate is masked with a patterned SiOs layer and growth
conditions are appropriately chosen to restrict the epitaxial growth inside the
apertures. This technique has both been used in Metalorganic Chemical Va-
por Deposition (MOCVD) and MBE [11, 17-19]. In MOCVD the selectivity
originates from a preferential decomposition of the metalorganic precursors
in ITI-V surfaces with respect to the SiOs. In the case of MBE, the selectiv-
ity originates from the lowering of the sticking coefficient of the species on
the oxide, in comparison to the open III-V surfaces. Additionally, diffusion of
adatoms from the oxide to the III-V windows plays a supplemental role.
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Fig. 1. (a) Measured sticking probability of GaAs on SiOz as a function of tem-
perature, and comparison to literature values of the sticking probability on GaAs.
In the inset, Atomic Force Micrographs of the surfaces after growth of 50 nm at the
indicated temperatures. The scale bar stands for 400 nm. (b,c) Scanning Electron
Micrograph of 200 nm GaAs grown by selective area epitaxy on (111)A and (111)B
patterned substrates. (d) Atomic Force micrograph of 200 nm GaAs grown on (001)
GaAs patterned substrate and (e) the corresponding attribution of the crystalline
facets indexes.

We present first a study on the selective desorption of the Ga adatoms
on surfaces by measuring the temperature dependence of the sticking coef-
ficient, s, of GaAs on SiOs. s is a measure of the probability of an adatom
to precipitate forming a film instead of desorbing. It can be simply measured
by comparing the nominal thickness with the actual thickness of material
that has grown on the substrate. A nominal thickness of 50nm GaAs was
grown on SiO; at temperatures ranging between 418 and 664°C. The GaAs
growth rate, as calibrated on GaAs at 550°C, was 0.4A/S. The morphology
of the surface after deposition was analyzed by Atomic Force Microscopy and
Scanning Electron Microscopy (AFM and SEM respectively). In Fig. la, the
results on the sticking coefficient of GaAs on SiOs (ssio,) as a function of
temperature are presented and compared to the literature values for GaAs
on GaAs (Sgaas) [20]. The AFM measurements of the surfaces after deposit-
ing nominally 50 nm of GaAs are also shown for illustration in the inset. For
temperatures below 565°C | s is close to 1 in both cases meaning that 100%
of the Ga adatoms precipitate on the oxide surface. For temperatures above
565°C, sgio, starts to decrease and stays well below the value on GaAs. This
means that for these temperatures, the fraction (1 —s) of Ga adatoms desorb
from the surface. Finally, at temperatures higher than 650°C, s on SiOs is
very close to zero, meaning that deposition of GaAs is not possible.
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We have grown different thicknesses of GaAs on patterned substrates, at
650°C. Different substrate orientation has been used, in order to compare the
morphology of the obtained structures. For deposited thicknesses below 100
nm, the growth in the openings occurs in a planar way and no significant
difference is observed between the substrates. However, for higher nominal
thicknesses the pillars develop clearly defined facets that are always defined
in terms of minimization of energy. According to our results and the existing
literature, the facets with the lowest formation energy are those of the family
{110} and {111}, as well as sometimes 311. In Fig. 1b—d the scanning electron
microscopy (SEM) and AFM measurements of structures grown by SAE on
different substrates are shown. The substrates are in all cases GaAs, the only
difference is the crystalline orientation of the substrate. In Fig. 1b and 1c,
the SEM of structures grown on (111)A and (111)B patterned substrates are
shown. Clearly the faceting geometry is significantly different. Due to the per-
pendicularity between (111)B and (1-10) facets, only in the case of (111)B sub-
strates a vertical growth in the form of nanowire is possible. In the other cases,
the faceting leads into pyramidal or multipolyhedral structures. Another ex-
ample is given in Fig. 1d, where an Atomic Force micrograph of 200 nm GaAs
grown on (001) GaAs patterned substrate is shown. The corresponding attri-
bution of the crystalline facets indexes is shown in Fig. 1le. It should be noted
here that faceting is not a new phenomenon in MBE growth. As an exam-
ple, it has been known for a long time that self assembled Stranski-Krastanov
quantum dots present high index facets of the type (110), (311)... [21]. The
crystallographic orientation of the facets was investigated by detailed analysis
of AFM measurements. We have observed that the facets correspond gener-
ally to the plane families {110} and {111}, which are known to be the crystal
facets in III-V semiconductors with the lowest energy [22, 23]. As a conclu-
sion, minimization of surface energy and faceting is a general effect in the
nearly equilibrium growth of nanostructures, faceting depends on the crystal
orientation of the substrate. Here we would like to add that faceting can add
degrees of freedom in the design of functional heterostructures. Heterostruc-
tures grown on faceted nanopillars will offer the possibility of in situ growing
kinked quantum wells with MBE [17]. Indeed, at the interface of two or three
kinked quantum wells, the existence of further confined states such as quantum
wires and dots are expected, as it has been observed before by MOCVD [18].
The position of these quantum wires and dots are predetermined by the previ-
ous pattern and therefore offer many new possibilities of design for nanoscale
devices.

The main advantages of SAE are the control at the monolayer level and the
possible use of faceting for the exploring of additional quantum heterostruc-
tures. A drawback of SAE is the slow growth rate of the structures. For SAE
to occur, high temperatures are important but also low arrival rate of the
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group IIT adatoms. This low growth rate does not allow the fabrication of
high aspect ratio structures.

4 Conditions leading to group III assisted growth of
nanowires
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Fig. 2. (a) Vapor pressure schematic dependence of Ga;_,As, for T1 below the
congruent temperature and T2 above the congruent temperature (b) Schematics of
the equilibrium of a Ga droplet on a GaAs substrate at Ga-rich conditions, above
the congruent temperature and (¢) Scanning electron micrograph of a 500 nm long
GaAs nanowire grown under conditions of (b). The Ga droplet is observed on the
top of the nanowire grown on a SiO2 coated GaAs substrate.

A fundamentally different method to obtain III-V nanowires is based in
the Vapor—Liquid—Solid method, in which a metal droplet is used to gather
and precipitate the growth precursors. Typically, gold is a metal that works
relatively well for any material. Instead, in principle it should possible to use
group IIT metal droplets to gather group V elements and precipitate [1I-V
nanowires underneath. In the case of GaAs nanowires, this leads to what
we call “gallium assisted growth”; but the method can be extended to other
ITI-V combinations such as InAs, InGaAs and AlAs .... For simplicity, we
will just discuss the case of GaAs and therefore name these conditions as
Ga-rich. In order to find the right conditions, it is necessary to look at the
gallium and arsenic partial pressures of GaAs as a function of temperature. A
schematics of this diagram is shown in Fig. 2 [24, 25]. For temperatures below
630°C the vapor pressures of Ga and As lead to a congruent evaporation of
atoms, meaning that the evaporation rate of Ga and As is the same. At higher
temperatures, this balance is not possible because the partial pressure of As
is higher. In practice, this leads to the selective evaporation of As which in
turns results in the formation of Ga droplets at the surface. This transition
temperature is commonly referred as congruent temperature [24]. In order to
use these Ga droplets for the gathering of As and growth of GaAs nanowires, a
further element has to be considered. Indeed, in order to avoid the spreading
and increase of the Ga dropet, it is necessary to avoid the wetting of the
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metal on the surface. For this reason, GaAs surface has to be avoided. We
have proved that this purpose can be reached covering the GaAs substrate
with a thin SiOq layer.

Fig. 3. (a) Scanning electron micrograph (SEM) of GaAs nanowires grown on a
Si0; coated GaAs substrate. The substrate surface is (001), leading into the growth
of GaAs wires on a 34° angle, which coincides with the (111)B crystalline direction
of the substrate. (b) SEM of nanowires grown on a (111)B oriented substrate.
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Fig. 4. (a) The growth rate of the GaAs nanowires tends to increase linearly as a
function of the Ass beam pressure. For pressures below 3-10~7 mbar, the growth rate
diminishes abruptly and the growth is not stable. For pressures above 8 - 107 mbar
the length dispersion from wire to wire is much higher. (b) The length of the GaAs
nanowires as a function of time for different Ga arrival rates, for an Ass beam
pressure of 8-10~7 mbar. The nanowire growth rate seems to be Ga rate independent.

We have observed, that when the oxide is thin enough (below 30nm),
nanowires grow following the (111)B direction of the substrate [12]. This is
shown in Fig. 3, where the SEM of nanowires grown on (001) and (111)B GaAs
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substrates is shown. In one case, the wires grow forming a 34 ° angle with the
surface, while in the other case the wires grow perpendicularly. In order to
proof that the nanowire growth is governed by the arsenic, we investigated the
effect of the arsenic beam flux on the growth rate of the GaAs nanowires. The
results are shown in Fig. 4a. In agreement with our hypothesis, the growth
rate is proportional to the arsenic beam flux in ranges from 3.5 - 1077 to
3.5 - 10~ % mbar. For pressures below 3.5 - 10~7 mbar, the growth rate is very
low and the growth is highly unstable. Between 3.5 and 8 - 10~7 mbar the
dispersion in the nanowire growth rate is very small, while for higher beam
pressures a large dispersion in the length exists. The reason for the increased
size dispersion remains unclear, though one reason could be delayed incubation
times among the nanowires. The growth rate of nanowires was also measured
as a function of the Ga rate. In Fig. 4b, the length of the nanowires as a
function of time is plotted for different Ga rates, with an As Beam pressure
of 8 - 10~"mbar. It is clear that all points fall in the same line, indicating
an identical growth rate for the Ga rates varied from 0.12 to 0.82 A/s. This
result indicates that under these conditions the growth of the nanowires is not
limited by the amount of Ga adatoms arriving at the surface, as it is usually
the case in epitaxial growth of GaAs thin films [26].

5 Structural and optical properties

The structural properties of the GaAs nanowires were investigated by Raman
spectroscopy. Prior to the measurements, bundles of nanowires were dispersed
on a silicon substrate. The Raman experiments were performed at room tem-
perature by using the 488nm line from an Art laser, focused with a 50x
microscope objective. The measurements were realized with low excitation
power (0.5mW), in order to avoid the heating of the sample. A typical Ra-
man spectra of the nanowires is presented in Fig. 5a. The solid black line is the
recorded data while the green lines are result from a multiple Lorentzian fit.
The peak positioned at 268.7cm ™! can be attributed to scattering from TO
phonon and the peak positioned at 292.2cm™"' is due to scattering from LO
phonon. The TO and the LLO peaks are symmetric and have very small FWHM
(around 4cm™1!). The peak positions correspond exactly with the position of
the TO and the LO peaks measured on bulk (111) GaAs. The measured values
for the peak positions and FWHM are a good indication that the synthesized
wires have excellent structural quality, free of defects and stress, which further
corroborates the advantage of using MBE.

A third peak positioned at the low frequency side from the LO phonon is
also clearly observed. As previous studies have shown, this peak can be at-
tributed to scattering from surface optical phonon (SO) [27, 28]. A simple ex-
periment further proofs the surface related nature of this mode. The nanowires
were embedded in a PMMA matrix and subsequently measured by Raman. As
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Fig. 5. (a) Raman spectroscopy on GaAs nanowires in air embedded in a PMMA
matrix. The TO, LO and SO modes are indicated. As expected, the SO mode shifts
when the wires are embedded in a matrix with a higher dielectric constant. (b)
Photoluminescence spectroscopy on a single GaAs nanowire at 4.2 K. The small
linewith corresponds well with the good crystalline quality. In the inset, an example
of reflection scan realized on the sample surface to find the single nanowires.

predicted by the theory and shown in Fig. 5a, the increase in the surrounding
dielectric constant leads into a shift of the SO mode, in this case of 1.8 cm™?.

In order to further assess the quality of the nanowires, photoluminescence
spectroscopy (PL) on single nanowires was realized at 4.2 K, by means of a
confocal microscope. The PL was excited using the 632.8 nm line of a He-
Ne laser, and detected by the combination of a grating spectrometer and a
silicon charge coupled device (CCD). For the measurements, the wires were
dispersed on a silicon substrate. Scanning reflectivity measurements of the
surfaces were realized in order to localize single nanowires. An example is
shown in the inset of Fig. 5b, where the nanowire can be clearly identified
in the middle of the scan. The PL emission of a single GaAs nanowire is
shown in Fig. 5b. The PL spectrum is characterized by a peak centered at
1.51eV with a full width at half-maximum of 6 meV, which corresponds well
to the free exciton of undoped bulk GaAs. It should be stressed that these
data are exceptional among the nanowires and further corroborate the high
crystalline quality and purity of the nanowires. Here it is also important to
note that the wires were not passivated, meaning that there might be very
little surface states (which may be related to the fact that (110)GaAs surface
has no band-gap states on the clean surface [29]). One should also note that
we have observed that capped nanowires exhibit a PL higher in about a factor
100 with respect to the uncapped.
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6 Potential for future structures and devices

We have shown in the previous sections, that MBE grown nanowires offer
impressive structural and functional properties. At this moment it is open,
the way they are going to play a significant role in the technology and basic
science at the nanoscale. In this section, we would like to propose some of the
future applications and perspectives of these wires.

The excellent properties of III-V materials are counterparted by their low
abundancy — especially when compared with silicon — and the associated costs.
For this reason, the combination of III-V semiconductors with the existing
silicon-based technology has arised a great interest. This area of research has
faced many challenges, mainly due to the lattice mismatch between the two
materials. The problems and challenges associated with this can be overcome
if the ITI-Vs are grown in the form of nanowire. Indeed, when the effective
substrate area is reduced to the nanometer scale, the strain of the epilayer
can relax laterally. The total strain energy of the system is reduced, enabling
defect-free heteroepitaxy. The integration of III-V nanowires and related de-
vices on silicon has already been shown in the past mainly by MOCVD and
by using gold as a catalyst [30-32|. Catalyst-free MBE based growth of III-
V nanowires on silicon still has to be demonstrated, but its achievement will
bring the application of such materials much further in the technological path,
as one could combine silicon technology with high performing III-V, densely
packed vertical devices.

On another aspect, it is a matter of fact that the functionality of semi-
conductors augments significantly if dopant elements are incorporated in an
efficient way. Dopants rule the conductivity of materials and allow the fabrica-
tion of devices like diodes, solar cells and transistors. Doping has been largely
investigated and realized in a successful way for Si, GaN and ZnO nanowires,
though theoretical works had predicted difficulties related to the diffusion of
dopants towards the surface [33-37]. However, the controlled change of III-V
nanowires’ conductivity by doping has proven to be a difficult task. To our
knowledge, highly efficient and controlled doping in the bottom-up approach
of GaAs and InAs nanowires has been proved to be difficult, as dopants tend
to not get incorporated during the growth process. As mentioned above, dop-
ing is key for advanced electronic and optoelectronic devices. For that, the
intricate research on the synthesis, functional and structural characterization
and theoretical understanding will be essential. At last, we will discuss a fur-
ther advantage of MBE grown nanowires. Indeed, it is possible to switch the
growth modus from nanowire-like to thin film-like. This enables the growth
directly on the facets of the nanowires. This principle is indicated in Fig. 6a.
Due to the directionality of the epitaxial beam, it is possible to grow on each
of the facets or on the selected ones. Depending on the substrate used, the epi-
taxial growth will result in different geometries. For example, in the case the
nanowires are grown on (111)B substrates, all layers have the same thickness.
As a result, the cross-section of the layers forms a hexagon. This new design
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Fig. 6. (a) Schematics of the principle of heteroepitaxy on the facets of the
nanowires. Due to the directionality of the beam, the geometry of the resulting
layers results in hexagonal or asymmetric. Here, the geometry for nanowires grown
on (111)B substrates is shown. (b) Photoluminescence of a 14nm GaAs Quantum
Well deposited on a nanowire.

possibility adds many new ways of adding functionality to the nanowires.
With the purpose of proving this principle, a quantum heterostructure was
grown on the {110} facets of wires grown on a (111)B substrate. The structure
consisted of a quantum well (QW) of GaAs embedded in Al 3Gag 7As bar-
rier layers. The whole structure was capped with an thin layer of GaAs. The
substrates were rotated at 7rpm to ensure a uniform deposition. Thanks to
the geometry of the nanowires, the deposition resulted in a prismatic config-
uration of the QWs, which we call p-QW. The selective growth on the {110}
facets was achieved by increasing the Asy beam flux to 5- 1075 mbar, which is
typical for 110 surfaces. Photoluminescence spectroscopy measurements were
realized as a proof of principle. The spectrum is shown in Fig. 6b, where an
unique emission peak centered at 1.53 eV is shown. This is consistent with a
14 nm quantum well, in agreement with the material deposited. Moreover, the
same photoluminescence spectrum was obtained, when measured along the
wire.

Coaxial-type nanowire heterostructures have been fabricated in the past.
The function of the coating layer has been limited to the passivation of the
surface states of the nanowires and has been fabricated with an isotropic
radial morphology [38, 39]. Here we show that a uniform deposition on each
side facets of a nanowire can be added with intrinsic functional purposes.
Moreover, the lateral width of the QWs is in the order of 60 nm, meaning that
the QWs pertaining to the prismatic structures can be considered as quasi one
dimensional structures. The application of MBE to the fabrication of three
dimensional quantum heterostructures opens a new avenue for a large variety
of physical experiments and devices.
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7 Conclusions

In conclusion, we have presented a novel method for growth of GaAs nanowires
and prismatic quantum heterostructures by molecular beam epitaxy. We have
presented and distinguished the method of selective area epitaxy and group
IIT assisted growth. The two techniques avoid the use of gold for the nucleation
and growth, solving the key issue of metal contamination. Moreover, we also
show the advantages of using MBE which are: (1) a high purity leading into
excellent structural and optical properties and (2) the selective growth of
quantum heterostructures on the facets of the wires, providing a large new
range of functionalities and applications.
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