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Abstract

In this work, we demonstrate the growth of vertically-oriented GaAs nanowires (NWs) and micro-
platelets directly on patterned SiO,/Si(111) substrate by hydride vapor phase epitaxy (HVPE).
Direct condensation of GaAs on Si was achieved through a critical surface preparation under As-
controlled atmosphere. GaAs NWs were grown along the <111>g direction with hexagonal cross-
section when the hole opening diameter (D) in the Si0> mask was below 350 nm. Larger apertures
(D > 500 nm) resulted in uniform micro-platelets. The study highlights the capability of HVPE for
selective-area growth of GaAs directly on Si and thus the potential of HVPE as a generic

heterointegration process for III-V semiconductors on silicon.

1. Introduction

Monolithic integration of III-V semiconductor devices !> with silicon still remains a major
strategic challenge, driven by the demand for data processing and transmission®. Indeed, planar
epitaxy of high-quality dislocation- and crack-free III-V layers on Si is difficult because of the ~
4.2% crystal lattice mismatch between GaAs and Si. However, the nanowire (NW) geometry is
suitable to integrate free-standing and high performance III-V semiconductors with the low-cost Si
technology™¢. The NW high aspect ratio and small NW/substrate contact surface allow an efficient

strain relaxation. Thus, mechanical, optical and electrical properties of NWs can be exploited to



develop chemical or biological sensors, light-emitting diodes, laser diodes and photovoltaic cells

on a Si-platform’ ',

Several growth methods have been developed to grow GaAs NWs on Si with a high material
quality. The most common one is the Vapor-Liquid-Solid (VLS) method in which gold (Au) is
used as metal catalyst'>'°. However, Au is known to act as an impurity which creates deep-level
recombination centers, degrading the properties of the material®’. Consequently, effort has been
devoted to grow gold-free GaAs NWs by implementing self-catalyzed VLS growth, where Ga is
the catalyst seed ensuring without foreign catalyst?' 3. Nevertheless, the random nucleation
process leads to inhomogeneity of NWs in terms of diameter, length, position and growth direction,
which induces inhomogeneity of electronic and optical properties, making the fabrication of
devices difficult. An alternative based on selective area growth (SAG) was developed to produce
periodic NW arrays on patterned substrates, where growth occurs on pre-determined sites. This

approach allows the integration of NWs into large-scale arrays with homogenous properties®*%.

SAG of GaAs NWs on Si(111) and GaAs(111)g substrates has been demonstrated by molecular
beam epitaxy (MBE) and metal-organic vapor phase epitaxy (MOVPE)?**2. Some groups have
proven that arsenic (As) pretreatment of the Si(111) surface to form the (111)g-like surface, is
mandatory to ensure the vertical growth of GaAs and InAs NWs 32%3, Several studies have shown
a strong relationship between the pattern hole size and the final shape of the GaAs crystal grown
on GaAs (111)p and Si(111) substrates®®3>. H. Yoshida et al. have reported that the morphology of
the GaAs crystal evolved from an hexagonal NW to a truncated tetrahedral shape when the aperture
diameter is higher than ~ 100 nm?®. These findings were also confirmed experimentally and
supported by a theoretical model based on the Gibbs free energy variation by K. Ikejeri et al.*.
The 1-D geometry during SAG depends not only on the growth conditions (temperature and vapor

phase composition), but also on the opening diameter.

Hydride vapor phase epitaxy (HVPE) is a low-cost process known for its high intrinsic
selectivity because of the low sticking coefficient of the IlI-chloride precursors on dielectric
masks®>. In addition to specific growth kinetics, it has shown remarkable results on the selective
epitaxy of IlI-nitride nanorods**>* and InAs NWs*°. The Au-catalyst assisted synthesis of pure

cubic Zinc Blende (ZB) GaAs NWs has been demonstrated by HVPE through the VLS process'’



1923 with a fast record growth rate!”. To date, no studies have demonstrated the possible direct

condensation of GaAs on silicon by HVPE, which is indeed an essential step toward catalyst-free
SAG of NWs. In this paper, we report on the selective epitaxy of well-aligned GaAs NWs grown
directly on Si(111) substrate by HVPE. We show that the Si surface preparation is a key step to
ensure the direct nucleation of GaAs seeds. We demonstrate that we can tune the final crystal
shape from wires to perfectly faceted platelets by coupling the growth conditions and the pattern

aperture size. Structural and optical characterizations of NWs and micro-platelets are discussed.

2. Experimental

Selective growth of GaAs was performed on (111)-oriented Si substrates. Silicon oxide (Si02)
with a thickness of 80 nm, deposited by plasma-enhanced chemical vapor deposition (PECVD),
was used as dielectric mask. The pattern consisted of periodic hexagonal arrays of circular openings
with different diameters varied from 200 nm to 1 um defined by electron beam lithography. The
patterned Si(111) substrates were chemically etched in a 5% aqueous hydrofluoric solution (HF)
for 15 seconds to remove the native SiO; layer. Samples of 1 x 1 cm? were then loaded in a custom
hot-wall HVPE reactor working at atmospheric pressure with H as carrier gas. Gallium chloride
(GaCl) gaseous species was produced by reacting HCI gas with liquid gallium at 760 °C in an
upstream zone of the reactor. Arsine gas (AsH3z) was introduced in a downstream central zone
heated at higher temperature, to ensure a homogeneous mixing of the gas phase and reduce parasitic
nucleation upstream of the substrate, since the reactions involving chloride molecules are
exothermic. AsHj3 is totally decomposed into Ass/As; species when introduced into the hot-wall
reactor. One of the specific attributes of HVPE is that the substrate surface interacts with a complex
vapor composed of GaCl, HCI, H> and Ass4/As>, with the last two species being considered at
equilibrium. The substrate was placed in a downstream growth zone that was kept at lower
temperature than the central zone. The partial pressures of GaCl, HCI, Ass and As> (H> pressure
was 1 atm) above the substrate were calculated as a function of the input flows (in sccm) of AsHs,
HCI (above the liquid Ga source) and Ha, the kinetics of decomposition of gaseous AsH3 into Ass
and As>*, and the thermodynamic equilibrium constants of intermediate chemical reactions, by
taking into account the temperature gradient along the reactor. The partial pressures of As4 ranged
from 3.6 x 10 atm to 7.2 x 10" atm, while the partial pressure of GaCl was varied from 1.6 x 10

3 atm to 3.3 x 10"} atm. The samples were heated from 740 °C to 785 °C for GaAs deposition. The



growth time was 15 min for all the samples. The as-grown structures were characterized by
scanning electron microscopy (SEM). A Titan 80-300 HB scanning TEM (STEM) operating at
multiple accelerating voltages has been used for the structural characterizations. p-PL
measurements were performed in a Janis ST-500 continuous flow cryostat. The samples were
located by CCD imaging, while p-PL excitation and collection were performed through a
microscope objective with numerical aperture of 0.7, providing a spot diameter of about 1 pm. The
excitation was provided by the 488 nm line of an Ar+ laser with a 130 mW power. u-PL spectra
were collected by a 0.55 m Horiba Jobin Yvon spectrometer and detected by a liquid nitrogen

cooled Si CCD camera.

3. Results and discussion

Several growth conditions of temperature and partial pressures were tested to achieve the direct
condensation of GaAs crystal on patterned Si substrates, initially inspired by previous works
dealing with the growth of GaAs nano- and microstructures* . In each run, dozens of Si(111)
substrates with different hole diameters (D) and pitches (P) were tested (see Figure 1(a)). A
reference patterned GaAs(111)g substrate was also introduced for each experiment to compare the
nucleation of GaAs on GaAs and on Si. Figure 1(b) shows an array of GaAs nanostructures
selectively grown on patterned GaAs(111)g template with a hole diameter of D =200 nm and a
constant pitch of P = 1.5 um. The growth temperature was 740 °C and the partial pressures were
1.6 x 10 atm for GaCl and 7.2 x 10" atm for Asa. Here, the growth time was reduced to 30 s due
the high axial and lateral growth rates of GaAs on GaAs which causes coalescence. Growth was
perfectly selective on a large area of the substrate and consisted of hexagonal nano-platelets
delimited by six equivalent {110} lateral facets and the (111)g top facet. However, no GaAs growth
occurred on the Si substrate whatever the pattern and growth conditions. This further confirmed
that the direct condensation of GaAs on Si is not achievable in standard growth conditions without

specific preparation of the Si surface.
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Figure 1. (a) Schematic view of patterned Si(111) and GaAs(111)s substrates used in this
work. D is the hole diameter of 200 nm and P is the pitch of 1.5 pm. (b) Tilted-view SEM
image of GaAs nano-platelets selectively grown on patterned GaAs(111)s substrate. The SAG
of GaAs on GaAs(111)g at the nanoscale is achieved.

We can consider that the first stage of GaAs nucleation on Si by HVPE is the limiting step.
In brief, the growth of GaAs in the HVPE process is initiated with the adsorption of gaseous Ass
molecules on vacant V sites of the surface, on which gaseous GaCl molecules are adsorbed to form
a layer of AsGaCl. The final step is the chlorine desorption from AsGaCl ad-species by H». These

growth reactions are summarized as follows:

2A52(g) 2 AS4(g) (1)

4V+AS4(g) 24 As (2)

As+GaClg) 2 AsGaCl 3)
1

AsGaCl+ EHZ(g)(__) GaAs(c)+HC1(g) 4

where index g is assigned to gaseous molecules; index-free species are adsorbed molecules or
atoms; and index c is for crystalline species. Therefore, the GaAs deposition can be summarized

by the global reaction:

1 1
ZAS4(g)+GaCI(g)+ E H2(g 2 GaAS(C)+HC1(g) %)

)

The most important feature is the build-up of a stable chemisorbed AsGaCl on the substrate.
For instance, the growth of GaAs on GaAs(111)g surface is much easier. The vacant sites of stable
As atoms on the surface are already available for GaCl adsorption to form stable AsGaCl ad-

molecules. However, the direct adsorption of group V elements and/or group III elements on Si is



unfavorable at usual growth conditions of GaAs by HVPE. This requires additional steps to prepare
the Si surface to ease the nucleation. Actually, direct growth of Ga-related material on Si is difficult
for VPE processes. The solution is to saturate the Si surface with As atoms. According to Tomioka
et al., the Si(111) surface can be modified into a (111)g-like oriented plane under AsHj3 treatment
at low temperature (400 °C): the topmost Si atoms are replaced by As atoms to form an As-adsorbed
Si(111) 1 x 1 surface®®33. A GaAs buffer layer is then grown at low temperature to prevent the
thermal desorption of the adsorbed As atoms during the annealing ramp up to the final growth
temperature. All in all, the authors implemented a seven-step growth to obtain vertical GaAs NWs

on Si.

In the present work, an additional surface preparation step of the Si(111) substrate under
Ass atmosphere was introduced during the pre-growth heating ramp. A high input partial pressure
of Ass ~ 7.2 x 10 atm was necessary to compensate the significant desorption rate of As atoms
from the surface as the temperature rises. Once the As atoms are available on the Si surface, the
growth of GaAs can easily be initiated. Figure 2(a) and (b) show tilted-view and top-view SEM
images of regularly arranged and vertically aligned GaAs NWs grown on patterned Si(111)
substrate with 350 nm-diameter holes and a pitch of 1.75 um under optimized growth conditions
(conditions 1 in Table 1). The growth temperature was 785 °C and the input partial pressures of
GaCl and Ass were 3.3 x 107 atm and 7.2 x 10™* atm, respectively. These NWs were grown at
approximatively 6.4 pm/h and exhibited a perfect hexagonal shape with a constant diameter. Si is
nonpolar and growth on its (111)-oriented directions could result in both vertical and tilted 19.6°
oriented GaAs structures. According to Ref.[32], the observation of strictly vertical NWs on the
whole Si substrate implies that the NWs were all grown along the <111>g direction. This confirms

that As was incorporated on Si sites of the Si(111) surface following the Ass surface treatment.
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Figure 2. (a) Tilted-view and (b) top-view SEM images of well-ordered and vertically aligned
GaAs NW arrays grown on Si(111) substrate under optimized growth conditions (conditions
1 in Table 1). The diameter of the circular holes is 350 nm and the pitch is 1.75 pm. Tilted-
view SEM images of samples obtained under (c¢) conditions (2), (d) conditions (3) and (e)
conditions (4) showing the morphological changes with growth conditions of GaAs NWs on
patterned Si(111) substrate with 350 nm-diameter holes and a pitch of 3.5 pm.

Table 1 summarizes some growth conditions explored in this work to grow regular arrays
of vertical GaAs NWs on patterned Si(111). All experiments were performed after the surface

preparation described above.



Table 1. Summary of the growth conditions of GaAs NWs discussed in this work.

Growth Partial Partial NwW NwW Figure
temperature | pressure of | pressure of | length diameter
©0O) GaCl As4 (atm) (nm) (nm)
(atm)

Conditions 1 785 33x10° 7.2x 10 1.6 0.4 2(a, b)
Conditions 2 785 33x10° 3.6x10* 1.0 0.4 2(c)
Conditions 3 785 1.6 x 107 7.2x 10 0.7 0.4 2(d)
Conditions 4 760 33x10° 7.2x 10 0.6 0.4 2(e)

Figures 2 (c), (d) and (e) display examples of the evolution of GaAs NWs morphologies with the
growth conditions for a fixed pattern. With respect to MBE and MOVPE, where selectivity depends

on the growth temperature and the vapour phase composition*é*’

, selectivity is fully ensured by
HVPE regardless of the growth conditions, because of the low even null sticking coefficient of the
chloride precursors on the mask. As a consequence, HVPE allows to freely study the evolution of
the morphology of nanostructures as a function of a wide range of growth parameters. Under all
tested growth conditions, no misoriented NWs were obtained and the NWs exhibited a pencil-like
shape delimited by a (111)-top facet and six equivalent {110}-side facets (Figure 2). Nevertheless,
the (111)-top facet tends to disappear when either the As partial pressure (conditions 2) or the Ga
partial pressure (conditions 3) decrease, with respect to conditions 1 (at the same growth
temperature of 785 °C). On the basis of convex growth rules, the fast-growing facets of a crystal
disappear in favour of the slowest ones. Then, these latter slow facets define the final morphology
of the micro- or nano-structure. In-depth and comprehensive studies of the evolution of the intrinsic
growth anisotropy of GaAs, performed on patterned substrates of various orientations by HVPE,
can be found in Refs [41-44]. The authors have shown that HVPE growth is mainly governed by
surface kinetics: the kinetics of adsorption and desorption fluxes of As (reaction 2) and GaCl
(reaction 3), and the kinetics of dechlorination (reaction 4). Based on these reviews, it is assumed
that the growth rate of the {110} facets, which consist of rows of Ga-As, is usually very low over
a wide range of HVPE conditions because of low adsorption of As and GaCl on the surface even
at low growth temperature. Coming back to our present study, it can be said that the growth rate of
the {110}-side facets decreases more rapidly than the growth rate of the (111)-top facet when
decreasing As or Ga supply. As a result, the {110}-side facets appear and limit the NWs length.



As general trends, dechlorination is a temperature-assisted process. When decreasing growth
temperature (conditions 4), the growth rates of all facets decrease, then shorter NWs are obtained.
At an optimum temperature of 785 °C (conditions 1 as reference), the growth rates decrease with
decreasing As supply (conditions 2) or Ga supply (conditions 3). We can observe that a decrease
of Ga is more efficient in reducing the growth rates, then the length of the NWs, than a decrease of

As.
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Figure 3: (a) Low resolution cross-sectional TEM image of GaAs nanowire grown on Si(111)
substrate (conditions 1). (b) HR-TEM image taken from the top part of the NW showing the
Zinc-Blende crystalline structure of GaAs with twinning and stacking faults. (¢) HR-TEM
image taken from the bottom part of the NW showing the interface with Si (patterned
substrate with 350 nm-diameter hole and a pitch of 3.5 pm).



Structural characterization by HR-TEM was carried out to check the crystalline quality of
the as-grown GaAs NWs grown in conditions 1. A vertical cross-section perpendicular to the [110]
direction was prepared by Focused lon Beam (FIB). In Figure 3, one can find cross-sectional TEM
(a) and HR-TEM images of selected GaAs NWS taken at the top of NWs (b) and at the interface
with the substrate (¢). The NW diameter is about 0.4 um with a length of 1.6 um. High density of
structural defects can clearly be found along the [111]g growth direction, in particular twinnings,

as can be seen in close up in Figure 3 (b).

Polytypism is also observed at the bottom part of the NW near the substrate interface. These
alternate stackings between Zinc-Blende (ZB) and Wurtzite (WZ) are commonly observed during
the growth of GaAs NWs along the [111] direction. Their appearances are attributed to the small
difference in the internal formation energy between the two phases, which comes mainly from the
electrostatic interaction between the third-nearest-neighbor atoms 3%*4° Some authors have
reported that the crystal phase of III-V NWs grown by a VLS process can be monitored by
controlling the supersaturation in the catalyst droplet and its radius, after tuning growth
conditions>* 2. Few studies have properly shown the possible control of the crystal phase of GaAs
NWs grown along the [111] direction through a VS process. Here, and according to the work of
Liu et al. >3 | the formation of structural defects is probably induced by the high partial pressure

of As4 needed to grow GaAs on Si in HVPE.

On the other hand, the morphology of the growing GaAs crystal depends heavily on the
pattern. Several authors showed that the axial and radial growth rates of GaAs NWs grown by
SAG-MBE or MOVPE were strongly dependent on the pitch and the collection area, as they are
supplied by the diffusion of adatoms on the mask>>. We can assume that there is almost no diffusion
of ad-precursors on the mask in HVPE as they do not adsorb on dielectric surfaces at usual high
growth temperature®. The evolution of the shape of the structures as a function of the aperture size
is rather due to initial nucleation issues by HVPE. Figure 4 shows SEM images of GaAs structures
grown by SAG on Si(111) substrates patterned with 500 nm-diameter holes under conditions 4.
We can see a large epitaxial lateral overgrowth on the mask (at a rate of ~ 16 um/h), so that the
structures evolve into micro-platelets. The axial growth rate is slightly reduced from 2.6 pum/h to
2.0 pm/h when the aperture size increases from 350 nm (Figure 2(c)) to 500 nm (Figure 4). Such

decrease of the axial growth rate of GaAs NWs with the aperture size has already been



observed®>. In this study, once the aperture diameter was greater than 0.50 um, the structures
were indeed no longer hexagonal NWs, but moved to well-faceted micro-platelets in all studied

growth conditions.
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Figure 4. (a) Top-view and (b) tilted-view SEM images of hexagonal GaAs micro-platelets
grown on Si(111) substrate under growth conditions 4. The arrows indicate triangular thin
mesa surrounded by {—1-10} facets. (c) Closer top-view SEM image on a selected micro-
platelet showing a perfect hexagonal morphology. The diameter of the circular holes is 500
nm, and the pitch is 2.50 pm.

Similar platelets were obtained on patterned GaAs(111)g substrates with 50 nm-diameter
holes®®. The growth of such structures, even at small opening diameters, was attributed to the
formation of stable As-trimers following the surface reconstruction under high partial pressure of
element V, thus supressing axial growth along the (111)g direction. However, the formation of
stable As-trimers may not be the cause for the micro-platelets grown in this work. If As-trimers
formation was involved, we would expect the micro-platelet morphology even for the substrate

pattern with small 350 nm-diameter hole (where NWs are indeed grown). For Tomioka et al. *3,
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the size openings determine the number of 2D islands during initial nucleation. The coalescence of
these islands with rotational twins results in the generation of 3D islands. The further coalescence
of the 3D islands in the large apertures (D > 600 nm) generates three-fold-symmetry as well as
unexpected lateral facets. Smaller openings (D <400 nm) promote the formation of one 2D island
per aperture that stimulates the growth of hexagonal GaAs NWs. These findings are supported by
Ikejri et al. through a thermodynamic model of the variation of Gibbs free energy®®. The authors
show that the transition from a tetrahedron with three-fold-symmetry facets, which corresponds to
the first nucleation step, to a perfect hexagonal shape is more favourable and faster in the case of
smaller openings. Larger apertures involve intermediate shapes between tetrahedral and hexagonal
with twin development (as indicated by yellow arrows in Figure 4 (a)). The formation of twinning
during this intermediary stage promotes the appearance of new side facets. All these trends are in
full agreement with our experimental observations and sustain the transition from a perfect
hexagonal wire to non-symmetrical platelet as a function of the aperture size of patterned silicon

substrate.
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Figure 5. (a) Low-resolution HAADF-STEM investigation on the cross section of a selected
GaAs micro-platelet grown on Si(111) in conditions 4. (b) Observation of dislocations located
in the lower center of the GaAs structure highlighted by arrows and (b.1) High-resolution
image close to the mask edge. (¢c) High resolution- image showing the end facets of GaAs
platelet exhibiting a smooth (111)s surface. (d) High resolution image shows that the GaAs
crystal is mostly defect-free. The inset is the corresponding FFT pattern of a pure GaAs ZB
crystal.

Cross-sectional TEM images of a selected GaAs micro-platelet are given in Figure 5 to illustrate
the crystal quality. The platelets were initially prepared by FIB for cross-sectional images in a
direction perpendicular to [110]. The HR-TEM image of Figure 5 (b) taken in the opening area
reveals the presence of few structural defects, such as dislocations, as indicated by the yellow
arrows. Such defects can appear after coalescence of different GaAs islands, which nucleate
predominantly at the aperture edges exhibiting different level of strain relaxation. The contrast
formation in the Figure 5 (b) could be attributed to dislocations formed upon the merging of the

initial nanowire seeds within the aperture. The interface between the GaAs platelet, the Si substrate
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and Si0; mask exhibits a good crystalline quality, confirming that direct epitaxy was achieved. The
entire crystal is ZB and otherwise free of crystalline defects (see Figure 5 (c) and 5 (d)). To our
knowledge, this is the first demonstration of such regular and high-quality GaAs micro-platelets
grown using HVPE on Si. PL measurements were performed to further confirm the optical quality
of both GaAs NWs and micro-platelets grown on Si. Figure 6 depicts representative PL emission
spectra of GaAs micro-platelet (red curve) and GaAs NW (blue curve) recorded at low temperature
(10 K). Compared to NWs, the micro-platelets exhibited significantly higher PL intensity as
expected due to their larger volume and good crystalline quality. It is further seen that the emission
peak of micro-platelets is centered around 1.49 eV which is slightly lower than the excitonic
emission in bulk GaAs (1.51 eV) *’, whereas two peaks around 1.51 eV and 1.49 eV are observed
in the case of NWs. The peak position near 1.49 eV corresponds to neutral donor to neutral carbon
acceptor (Do, Cas) emission as reported in reference®®. These acceptors may probably be due to
non-intentional carbon incorporation!*>?. Indeed, organometallic p dopants used in HVPE setups
induce a residual carbon level. As C can act as an acceptor in GaAs, this suggests that the GaAs
material contains a density of free-holes, which means that the GaAs material is potentially
unintentionally p-type. The reason why the platelets do not exhibit the excitonic peak may be that
they present a higher C doping level than the NWs. In fact they exhibit a larger GaAs(111)B surface
with respect to their volume compared to the NWs. GaAs(111)B surfaces are known to incorporate
C atoms more easily than the other GaAs facets®”. More detailed PL measurements will be

published in a forthcoming publication.
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Figure 6. Low temperature (10 K) PL spectra of GaAs nanowires (in blue) and micro-
platelets (in red) arrays grown on silicon substrate.

4. Conclusion

We have demonstrated the selective growth of arrays of well-oriented GaAs NWs directly on
masked Si(111)substrates. The NWs were grown along the (111)s direction and exhibited
hexagonal shapes. A Si(111) surface preparation under a high partial pressure of As4 is needed to
ensure direct condensation of GaAs on Si. The growth mechanisms were identified and the control
of the shape of the NWs as a function of the experimental growth parameters and mask pattern was
discussed. The NW morphology is promoted at smaller aperture diameter (D < 350 nm), while
larger apertures (D > 500 nm) result in the formation of regular arrays of GaAs micro-platelets with
7B crystalline quality. Overall, HVPE of III-Vs is a promising method for selective area growth
on silicon which stands out compared to MBE and MOVPE due to its exceptional selectivity, high

growth rates and low cost.



Author contributions

The manuscript was written through contributions of all authors. All authors have given

approval to the final version of the manuscript.

Acknowledgement

The research leading to these results has received funding from European Research Council under
grant agreement N° ENUF 790448. This work has also been financially supported by the CPER
MMASYF of Region Auvergne-Rhone Alpes that we acknowledge gratefully. It was also funded
by: Région Auvergne Rhone-Alpes. Pack ambition recherche; Convention n°17 011236 01-61617;
and Région Auvergne Rhone-Alpes. Pack ambition recherche international DRV _PIP 2021-
252 TP_ NANOSPRING, the program ‘Investissements d’avenir’ of the French ANR agency, the
French government IDEX-SITE initiative 16-uIDEX-0001 (CAP20-25); the European
Commission (Auvergne FEDER Funds) and the Region Auvergne in the framework of the
LabExIMobS3 (ANR-10-LABX-16-01) and CPER. Electron microscopy was performed at the
Canadian Centre for Electron Microscopy and supported by the Natural Sciences and Engineering

Research Council of Canada.

Corresponding authors

*Yamina André. Institut Pascal, 4 Avenue Blaise Pascal, 63178 Aubiére Cedex. France.
E-mail: yamina.andre(@uca.fr

*Evelyne GIL. Institut Pascal, 4 Avenue Blaise Pascal, 63178 Aubi¢re Cedex. France.
E-mail: evelyne.gil@uca.fr

References

(1) Tanabe, K. A Review of Ultrahigh Efficiency III-V Semiconductor Compound Solar Cells:
Multijunction Tandem, Lower Dimensional, Photonic Up/Down Conversion and
Plasmonic Nanometallic Structures. Energies 2009, 2 (3), 504—-530.
https://doi.org/10.3390/en20300504.


mailto:yamina.andre@uca.fr
mailto:evelyne.gil@uca.fr

)

)

(4)

)

(6)

(7

(8)

)

(10)

(1)

Yin, Z.; Tang, X. A Review of Energy Bandgap Engineering in III-V Semiconductor
Alloys for Mid-Infrared Laser Applications. Solid-State Electron. 2007, 51 (1), 6-15.
https://doi.org/10.1016/j.ss.2006.12.005.

Mui, D. S. L.; Wang, Z.; Morkog, H. A Review of III-V Semiconductor Based Metal-
Insulator-Semiconductor Structures and Devices. Thin Solid Films 1993, 231 (1), 107-124.
https://doi.org/10.1016/0040-6090(93)90707-V.

Hopkinson, M.; Martin, T.; Smowton, P. III-V Semiconductor Devices Integrated with
Silicon. Semicond. Sci. Technol. 2013, 28 (9), 090301. https://doi.org/10.1088/0268-
1242/28/9/090301.

Thelander, C.; Agarwal, P.; Brongersma, S.; Eymery, J.; Feiner, L. F.; Forchel, A.;
Scheffler, M.; Riess, W.; Ohlsson, B. J.; Gosele, U.; Samuelson, L. Nanowire-Based One-
Dimensional Electronics. Mater. Today 2006, 9 (10), 28-35.
https://doi.org/10.1016/S1369-7021(06)71651-0.

Glas, F. Chapter Two - Strain in Nanowires and Nanowire Heterostructures. In
Semiconductors and Semimetals; Morral, A. F. 1., Dayeh, S. A., Jagadish, C., Eds.;
Semiconductor Nanowires I; Elsevier, 2015; Vol. 93, pp 79-123.
https://doi.org/10.1016/bs.semsem.2015.09.004.

Chen, X.; Wong, C. K. Y.; Yuan, C. A.; Zhang, G. Nanowire-Based Gas Sensors. Sens.
Actuators B Chem. 2013, 177, 178—195. https://doi.org/10.1016/j.snb.2012.10.134.

Royo, M.; Luca, M. D.; Rurali, R.; Zardo, I. A Review on III-V Core—Multishell
Nanowires: Growth, Properties, and Applications. J. Phys. Appl. Phys. 2017, 50 (14),
143001. https://doi.org/10.1088/1361-6463/aa5d8e.

Gluschke, J. G.; Seidl, J.; Burke, A. M.; Lyttleton, R. W.; Carrad, D. J.; Ullah, A. R.;
Fahlvik, S.; Lehmann, S.; Linke, H.; Micolich, A. P. Achieving Short High-Quality Gate-
All-around Structures for Horizontal Nanowire Field-Effect Transistors. Nanotechnology
2018, 30 (6), 064001. https://doi.org/10.1088/1361-6528/aafle5.

Chen, R.; Lee, J.; Lee, W.; Li, D. Thermoelectrics of Nanowires. Chem. Rev. 2019, 119
(15), 9260-9302. https://doi.org/10.1021/acs.chemrev.8b00627.

LaPierre, R. R.; Robson, M.; Azizur-Rahman, K. M.; Kuyanov, P. A Review of I1I-V
Nanowire Infrared Photodetectors and Sensors. J. Phys. Appl. Phys. 2017, 50 (12), 123001.
https://doi.org/10.1088/1361-6463/aa5ab3.



(12)

(13)

(14)

(15)

(16)

(17)

(18)

(19)

(20)

21

Barrigon, E.; Heurlin, M.; Bi, Z.; Monemar, B.; Samuelson, L. Synthesis and Applications
of III-V Nanowires. Chem. Rev. 2019, 119 (15), 9170-9220.
https://doi.org/10.1021/acs.chemrev.9b00075.

Goktas, N. I.; Wilson, P.; Ghukasyan, A.; Wagner, D.; McNamee, S.; LaPierre, R. R.
Nanowires for Energy: A Review. Appl. Phys. Rev. 2018, 5 (4), 041305.
https://doi.org/10.1063/1.5054842.

Quan, L. N.; Kang, J.; Ning, C.-Z.; Yang, P. Nanowires for Photonics. Chem. Rev. 2019,
119 (15),9153-9169. https://doi.org/10.1021/acs.chemrev.9b00240.

Maliakkal, C. B.; Jacobsson, D.; Tornberg, M.; Persson, A. R.; Johansson, J.; Wallenberg,
R.; Dick, K. A. In Situ Analysis of Catalyst Composition during Gold Catalyzed GaAs
Nanowire Growth. Nat. Commun. 2019, 10 (1), 4577. https://doi.org/10.1038/s41467-019-
12437-6.

Bauer, J.; Gottschalch, V.; Paetzelt, H.; Wagner, G. VLS Growth of GaAs/(InGa)As/GaAs
Axial Double-Heterostructure Nanowires by MOVPE. J. Cryst. Growth 2008, 310 (23),
5106-5110. https://doi.org/10.1016/].jcrysgro.2008.07.059.

Ramdani, M. R.; Gil, E.; Leroux, Ch.; André, Y.; Trassoudaine, A.; Castelluci, D.; Bideux,
L.; Monier, G.; Robert-Goumet, C.; Kupka, R. Fast Growth Synthesis of GaAs Nanowires
with Exceptional Length. Nano Lett. 2010, 10 (5), 1836—1841.
https://doi.org/10.1021/n1100557d.

Hijazi, H.; Dubrovskii, V. G.; Monier, G.; Gil, E.; Leroux, C.; Avit, G.; Trassoudaine, A.;
Bougerol, C.; Castellucci, D.; Robert-Goumet, C.; André, Y. Influence of Silicon on the
Nucleation Rate of GaAs Nanowires on Silicon Substrates. J. Phys. Chem. C 2018, 122
(33), 19230-19235. https://doi.org/10.1021/acs.jpcc.8b05459.

Hijazi, H.; Monier, G.; Gil, E.; Trassoudaine, A.; Bougerol, C.; Leroux, C.; Castellucci, D.;
Robert-Goumet, C.; Hoggan, P. E.; André, Y.; Isik Goktas, N.; LaPierre, R. R.;
Dubrovskii, V. G. Si Doping of Vapor—Liquid—Solid GaAs Nanowires: N-Type or p-Type?
Nano Lett. 2019, 19 (7), 4498—4504. https://doi.org/10.1021/acs.nanolett.9b01308.

Breuer, S.; Pfiiller, C.; Flissikowski, T.; Brandt, O.; Grahn, H. T.; Geelhaar, L.; Riechert,
H. Suitability of Au- and Self-Assisted GaAs Nanowires for Optoelectronic Applications.
Nano Lett. 2011, 11 (3), 1276—1279. https://doi.org/10.1021/n1104316t.

Ihn, S.-G.; Song, J.-1.; Kim, T.-W.; Leem, D.-S.; Lee, T.; Lee, S.-G.; Koh, E. K.; Song, K.
Morphology- and Orientation-Controlled Gallium Arsenide Nanowires on Silicon
Substrates. Nano Lett. 2007, 7 (1), 39—44. https://doi.org/10.1021/n10618795.



(22)

(23)

(24)

(25)

(26)

(27)

(28)

(29)

Munshi, A. M.; Dheeraj, D. L.; Todorovic, J.; van Helvoort, A. T. J.; Weman, H.; Fimland,
B.-O. Crystal Phase Engineering in Self-Catalyzed GaAs and GaAs/GaAsSb Nanowires
Grown on Si(111). J. Cryst. Growth 2013, 372, 163—169.
https://doi.org/10.1016/j.jcrysgro.2013.03.004.

Dong, Z.; André, Y.; Dubrovskii, V. G.; Bougerol, C.; Leroux, C.; Ramdani, M. R.;
Monier, G.; Trassoudaine, A.; Castelluci, D.; Gil, E. Self-Catalyzed GaAs Nanowires on
Silicon by Hydride Vapor Phase Epitaxy. Nanotechnology 2017, 28 (12), 125602.
https://doi.org/10.1088/1361-6528/aa5c6b.

Chuang, L. C.; Sedgwick, F. G.; Chen, R.; Ko, W. S.; Moewe, M.; Ng, K. W.; Tran, T.-T.
D.; Chang-Hasnain, C. GaAs-Based Nanoneedle Light Emitting Diode and Avalanche
Photodiode Monolithically Integrated on a Silicon Substrate. Nano Lett. 2011, 11 (2), 385—
390. https://doi.org/10.1021/n1102988w.

Kim, H.; Lee, W.-J.; Farrell, A. C.; Morales, J. S. D.; Senanayake, P.; Prikhodko, S. V_;
Ochalski, T. J.; Huffaker, D. L. Monolithic InGaAs Nanowire Array Lasers on Silicon-on-
Insulator Operating at Room Temperature. Nano Lett. 2017, 17 (6), 3465-3470.
https://doi.org/10.1021/acs.nanolett. 7b00384.

Lee, S. C.; Dawson, L. R.; Brueck, S. R. J.; Jiang, Y.-B. Anisotropy of Selective Epitaxy in
Nanoscale-Patterned Growth: GaAs Nanowires Selectively Grown on a SiO2-Patterned
(001) Substrate by Molecular-Beam Epitaxy. J. Appl. Phys. 2005, 98 (11), 114312.
https://doi.org/10.1063/1.2132093.

Kim, H.; Ren, D.; Farrell, A. C.; Huffaker, D. L. Catalyst-Free Selective-Area Epitaxy of
GaAs Nanowires by Metal-Organic Chemical Vapor Deposition Using Triethylgallium.
Nanotechnology 2018, 29 (8), 085601. https://doi.org/10.1088/1361-6528/aaa52e.

Yoshida, H.; Ikejiri, K.; Sato, T.; Hara, S.; Hiruma, K.; Motohisa, J.; Fukui, T. Analysis of
Twin Defects in GaAs Nanowires and Tetrahedra and Their Correlation to GaAs(111)B

Surface Reconstructions in Selective-Area Metal Organic Vapour-Phase Epitaxy. J. Cryst.
Growth 2009, 312 (1), 52-57. https://doi.org/10.1016/].jcrysgro.2009.10.006.

Motohisa, J.; Noborisaka, J.; Takeda, J.; Inari, M.; Fukui, T. Catalyst-Free Selective-Area
MOVPE of Semiconductor Nanowires on (111)B Oriented Substrates. J. Cryst. Growth
2004, 272 (1), 180-185. https://doi.org/10.1016/].jcrysgro.2004.08.118.



(30)

€19

(32)

(33)

(34)

(35)

(36)

(37)

(38)

Cantoro, M.; Brammertz, G.; Richard, O.; Bender, H.; Clemente, F.; Leys, M.; Degroote,
S.; Caymax, M.; Heyns, M.; Gendt, S. D. Controlled III/V Nanowire Growth by Selective-
Area Vapor-Phase Epitaxy. J. Electrochem. Soc. 2009, 156 (11), H860.
https://doi.org/10.1149/1.3222852.

Tomioka, K.; Ikejiri, K.; Tanaka, T.; Motohisa, J.; Hara, S.; Hiruma, K.; Fukui, T.
Selective-Area Growth of III-V Nanowires and Their Applications. J. Mater. Res. 2011, 26
(17), 2127-2141. https://doi.org/10.1557/jmr.2011.103.

Tomioka, K.; Motohisa, J.; Hara, S.; Fukui, T. Control of InAs Nanowire Growth
Directions on Si. Nano Lett. 2008, 8 (10), 3475-3480. https://doi.org/10.1021/n1802398;.

Tomioka, K.; Kobayashi, Y.; Motohisa, J.; Hara, S.; Fukui, T. Selective-Area Growth of
Vertically Aligned GaAs and GaAs/AlGaAs Core—Shell Nanowires on Si(111) Substrate.
Nanotechnology 2009, 20 (14), 145302. https://doi.org/10.1088/0957-4484/20/14/145302.

Ikejiri, K.; Sato, T.; Yoshida, H.; Hiruma, K.; Motohisa, J.; Hara, S.; Fukui, T. Growth
Characteristics of GaAs Nanowires Obtained by Selective Area Metal-Organic Vapour-
Phase Epitaxy. Nanotechnology 2008, 19 (26), 265604. https://doi.org/10.1088/0957-
4484/19/26/265604.

Gil, E.; André, Y.; Cadoret, R.; Trassoudaine, A. 2 - Hydride Vapor Phase Epitaxy for
Current IT1I-V and Nitride Semiconductor Compound Issues. In Handbook of Crystal
Growth (Second Edition); Kuech, T. F., Ed.; Handbook of Crystal Growth; North-Holland:
Boston, 2015; pp 51-93. https://doi.org/10.1016/B978-0-444-63304-0.00002-0.

Avit, G.; Zeghouane, M.; André, Y.; Castelluci, D.; Gil, E.; Ba¢, S.-Y.; Amano, H.;
Trassoudaine, A. Crystal Engineering by Tuning the Growth Kinetics of GaN 3-D
Microstructures in SAG-HVPE. CrystEngComm 2018, 20 (40), 6207-6213.
https://doi.org/10.1039/C8CE011771.

Zeghouane, M.; Avit, G.; Cornelius, T. W.; Salomon, D.; André, Y.; Bougerol, C.;
Taliercio, T.; Meguekam-Sado, A.; Ferret, P.; Castelluci, D.; Gil, E.; Tournié, E.; Thomas,
O.; Trassoudaine, A. Selective Growth of Ordered Hexagonal InN Nanorods.
CrystEngComm 2019, 21 (16), 2702—-2708. https://doi.org/10.1039/C9CE00161A.

Zeghouane, M.; Avit, G.; André, Y.; Taliercio, T.; Ferret, P.; Gil, E.; Castelluci, D.;
Disseix, P.; Leymarie, J.; Tournié, E.; Trassoudaine, A. Morphological Control of InN
Nanorods by Selective Area Growth—Hydride Vapor-Phase Epitaxy. Cryst. Growth Des.
2020, 20 (4), 2232-2239. https://doi.org/10.1021/acs.cgd.9b01346.



(39)

(40)

(41)

(42)

(43)

(44)

(45)

(46)

(47)

Grégoire, G.; Zeghouane, M.; Goosney, C.; Goktas, N. I.; Staudinger, P.; Schmid, H.;
Moselund, K. E.; Taliercio, T.; Tournié, E.; Trassoudaine, A.; Gil, E.; LaPierre, R. R.;
André, Y. Selective Area Growth by Hydride Vapor Phase Epitaxy and Optical Properties
of InAs Nanowire Arrays. Cryst. Growth Des. 2021, 21 (9), 5158-5163.
https://doi.org/10.1021/acs.cgd.1c00518.

Harrous, M.; Chaput, L.; Bendraoui, A.; Cadoret, M.; Pariset, C.; Cadoret, R. Phosphine
and Arsine Decomposition in CVD Reactors for InP and InGaAs Growth. J. Cryst. Growth
1988, 92 (3), 423-431. https://doi.org/10.1016/0022-0248(88)90027-9.

Gil-Lafon, E.; Napierala, J.; Castelluci, D.; Pimpinelli, A.; Cadoret, R.; Gérard, B.
Selective Growth of GaAs by HVPE: Keys for Accurate Control of the Growth
Morphologies. J. Cryst. Growth 2001, 222 (3), 482—496. https://doi.org/10.1016/S0022-
0248(00)00961-1.

Gil, E.; André, Y.; Ramdani, M. R.; Fontaine, C.; Trassoudaine, A.; Castelluci, D. Record
High-Aspect-Ratio GaAs Nano-Grating Lines Grown by Hydride Vapor Phase Epitaxy
(HVPE). J. Cryst. Growth 2013, 380, 93-98.
https://doi.org/10.1016/j.jcrysgro.2013.05.019.

Gil-Lafon, E.; Napierala, J.; Pimpinelli, A.; Cadoret, R.; Trassoudaine, A.; Castelluci, D.
Direct Condensation Modelling for a Two-Particle Growth System: Application to GaAs
Grown by Hydride Vapour Phase Epitaxy. J. Cryst. Growth 2003, 258 (1), 14-25.
https://doi.org/10.1016/S0022-0248(03)01311-3.

Pimpinelli, A.; Cadoret, R.; Gil-Lafon, E.; Napierala, J.; Trassoudaine, A. Two-Particle
Surface Diffusion-Reaction Models of Vapour-Phase Epitaxial Growth on Vicinal
Surfaces. J. Cryst. Growth 2003, 258 (1), 1-13. https://doi.org/10.1016/S0022-
0248(03)01310-1.

Cadoret, R.; Gil-Lafon, E. Mécanismes de croissance des faces {001} exactes et
désorientées de GaAs par la méthode aux chlorures sous H2 : diffusion superficielle,
croissance par spirale, mécanismes de désorption HCI et GaCl3. J. Phys. 11997, 7 (7),
889-907. https://doi.org/10.1051/jp1:1997208.

Gacevi¢, Z.; Gomez Sanchez, D.; Calleja, E. Formation Mechanisms of GaN Nanowires
Grown by Selective Area Growth Homoepitaxy. Nano Lett. 2015, 15 (2), 1117-1121.
https://doi.org/10.1021/n1504099s.

Wang, X.; Hartmann, J.; Mandl, M.; Sadat Mohajerani, M.; Wehmann, H.-H.; Strassburg,
M.; Waag, A. Growth Kinetics and Mass Transport Mechanisms of GaN Columns by



(48)

(49)

(50)

(1)

(52)

(53)

(54)

(55)

(56)

Selective Area Metal Organic Vapor Phase Epitaxy. J. Appl. Phys. 2014, 115 (16), 163104.
https://doi.org/10.1063/1.4871782.

Caroff, P.; Dick, K. A.; Johansson, J.; Messing, M. E.; Deppert, K.; Samuelson, L.
Controlled Polytypic and Twin-Plane Superlattices in lii—v Nanowires. Nat. Nanotechnol.
2009, 4 (1), 50-55. https://doi.org/10.1038/nnano.2008.359.

Dubrovskii, V. G.; Sibirev, N. V. Growth Thermodynamics of Nanowires and Its
Application to Polytypism of Zinc Blende III-V Nanowires. Phys. Rev. B 2008, 77 (3),
035414. https://doi.org/10.1103/PhysRevB.77.035414.

Gil, E.; Dubrovskii, V. G.; Avit, G.; André, Y.; Leroux, C.; Lekhal, K.; Grecenkov, J.;
Trassoudaine, A.; Castelluci, D.; Monier, G.; Ramdani, R. M.; Robert-Goumet, C.; Bideux,
L.; Harmand, J. C.; Glas, F. Record Pure Zincblende Phase in GaAs Nanowires down to 5
Nm in Radius. Nano Lett. 2014, 14 (7), 3938-3944. https://doi.org/10.1021/n1501239h.

Lu, Z.; Zhang, Z.; Chen, P.; Shi, S.; Yao, L.; Zhou, C.; Zhou, X.; Zou, J.; Lu, W. Bismuth-
Induced Phase Control of GaAs Nanowires Grown by Molecular Beam Epitaxy. Appl.
Phys. Lett. 2014, 105 (16), 162102. https://doi.org/10.1063/1.4898702.

Dick, K. A.; Thelander, C.; Samuelson, L.; Caroff, P. Crystal Phase Engineering in Single
InAs Nanowires. Nano Lett. 2010, 10 (9), 3494-3499. https://doi.org/10.1021/n1101632a.

Liu, Z.; Merckling, C.; Rooyackers, R.; Richard, O.; Bender, H.; Mols, Y.; Vila, M.;
Rubio-Zuazo, J.; Castro, G. R.; Collaert, N.; Thean, A.; Vandervorst, W.; Heyns, M.
Correlation between Surface Reconstruction and Polytypism in InAs Nanowire Selective
Area Epitaxy. Phys. Rev. Mater. 2017, 1 (7), 074603.
https://doi.org/10.1103/PhysRevMaterials.1.074603.

Knoedler, M.; Bologna, N.; Schmid, H.; Borg, M.; Moselund, K. E.; Wirths, S.; Rossell,
M. D.; Riel, H. Observation of Twin-Free GaAs Nanowire Growth Using Template-
Assisted Selective Epitaxy. Cryst. Growth Des. 2017, 17 (12), 6297—6302.
https://doi.org/10.1021/acs.cgd.7b00983.

Noborisaka, J.; Motohisa, J.; Fukui, T. Catalyst-Free Growth of GaAs Nanowires by
Selective-Area Metalorganic Vapor-Phase Epitaxy. Appl. Phys. Lett. 2005, 86 (21),
213102. https://doi.org/10.1063/1.1935038.

Hamano, T. H. T.; Hirayama, H. H. H.; Aoyagi, Y. A. Y. New Technique for Fabrication
of Two-Dimensional Photonic Bandgap Crystals by Selective Epitaxy. Jpn. J. Appl. Phys.
1997, 36 (3A), L286. https://doi.org/10.1143/JJAP.36.1.286.



(57)

(58)

(39)

(60)

De-Sheng, J.; Makita, Y.; Ploog, K.; Queisser, H. J. Electrical Properties and
Photoluminescence of Te-doped GaAs Grown by Molecular Beam Epitaxy. J. Appl. Phys.
1982, 53 (2), 999—-1006. https://doi.org/10.1063/1.330581.

Skromme, B. J.; Stillman, G. E. Excited-state-donor—to—acceptor transitions in the
photoluminescence spectrum of GaAs and InPPhys. Rev. B 1982, 29 (4), 1982-1992.
https://doi.org/10.1103/PhysRevB.29.1982.

Novikov, B. V.; Serov, S. Yu.; Filosofov, N. G.; Shtrom, I. V.; Talalaev, V. G.; Vyvenko,
O. F.; Ubyivovk, E. V.; Samsonenko, Yu. B.; Bouravleuv, A. D.; Soshnikov, I. P.; Sibirev,
N. V.; Cirlin, G. E.; Dubrovskii, V. G. Photoluminescence Properties of GaAs Nanowire
Ensembles with Zincblende and Wurtzite Crystal Structure. Phys. Status Solidi RRL —
Rapid Res. Lett. 2010, 4 (7), 175—177. https://doi.org/10.1002/pssr.201004185.

Kuech T. F. and Veuhoff E. Mechanism of carbon incorporation in MOCVD GaAs J.
Cryst. Growth 1984, 68 (1), 148—156. https://doi.org/10.1016/0022-0248(84)90410-X.

23


https://ui.adsabs.harvard.edu/link_gateway/1984JCrGr..68..148K/doi:10.1016/0022-0248(84)90410-X

For table of content use only

Selective Area Growth of GaAs Nanowire and Micro-Platelet
Arrays on Silicon by Hydride Vapor Phase Epitaxy

TOC graphic

Synopsis

The growth of vertically-oriented GaAs nanowires (NWs) and micro-platelets on patterned
Si0,/Si(111) substrate by hydride vapor phase epitaxy (HVPE) is demonstrated. It is achieved
through a surface preparation under As-controlled atmosphere. <111>p oriented GaAs NWs are
obtained when the hole diameter (D) in the SiO, mask is below 350 nm. Micro-platelets are

obtained in larger apertures (D > 500 nm).
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