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ABSTRACT: Selective area epitaxy constitutes a mainstream method to obtain
reproducible nanomaterials. As a counterpart, self-assembly allows their growth without
costly substrate preparation, with the drawback of uncontrolled positioning. We propose a
mixed approach in which self-assembly is limited to reduced regions on a patterned
silicon substrate. While nanowires grow with a wide distribution of diameters, we note a
mostly binary occurrence of crystal phases. Self-catalyzed GaAs nanowires form in either a
wurtzite or zincblende phase in the same growth run. Quite surprisingly, thicker
nanowires are wurtzite and thinner nanowires are zincblende, while the common view
predicts the reverse trend. We relate this phenomenon to the influx of Ga adatoms by
surface diffusion, which results in different contact angles of Ga droplets. We demonstrate
the wurtzite phase of thick GaAs NWs up to 200 nm in diameter in the Au-free approach,
which has not been achieved so far to our knowledge.
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State of the art materials science and engineering correlate
the growth conditions to a particular set of morphology,

crystal phase, and functional properties. This is especially valid
in epitaxy techniques, where the growth conditions are highly
reproducible. Epitaxy at the nanoscale in the form of nanowires
(NWs) or quantum structures has introduced more variability
into the structural and functional outcome. This originates
from statistical variations and size-dependent growth proper-
ties, which are amplified in the case of self-assembly.1−3

Localized growth in predefined areas of a substrate constitutes
one of the solutions to minimize these statistical variations.
The growth sites can be defined by a regular array of metal
particles catalyzing NW growth or by a patterned growth mask,
resulting in selective area epitaxy.4−6 A predefined distance
between nanostructures guarantees the most similar growth
conditions, given by the growth fluxes and modified by surface
diffusion of species on the substrate.7,8 Selective area epitaxy of
NWs can result in freestanding or horizontally oriented
structures, each configuration being suitable for different
applications.5,9−11 Freestanding vertical NWs are ideal for
solar cell, light-emitting and photodetecting devices, while
horizontal structures have opened new avenues for electronic
devices, including quantum computing schemes.12−14

In this work, we present a variation of the principle of
selective area epitaxy, which aims to join together the
advantages of self-assembly and localized growth. We grow
GaAs NWs by molecular beam epitaxy (MBE) in localized
areas, surrounded by a 15 nm thick thermal SiO2 acting as a
mask on a silicon (111) substrate. The growth areas are
arranged in a square lattice of 1 or 2 μm period (indicated as p
in Figure 1). The size of the growth area (labeled as a in Figure

1) varies from 100 to 1000 nm. In each growth area, we allow a
native oxide to form, as usually realized in self-assembly on
silicon.15 The periodic arrangement of the growth areas allows
control of the precursors contributing to growth by direct
impingement and surface diffusion. This can be achieved
without the need for a high-precision patterning process. The
scheme of this method, which we refer to as “localized self-
assembled growth”, is further elucidated in Figure 1.
GaAs NWs were grown on silicon substrates using the

following protocol. The substrates were first degassed in an
ultrahigh-vacuum (UHV) environment of an MBE machine
(DCA P600) by annealing at 500 °C for 2 h under UHV. This
process ensures a pristine surface free of water and organic
molecules. Before the growth was started, the substrates were
additionally degassed at 870 °C for 60 min in the growth
chamber. This process leads to formation of pinholes in the
native oxide.15 The substrate temperature was then lowered to
634 °C, as measured by a pyrometer. We proceeded with a 40
min Ga predeposition step, with a flux corresponding to a
GaAs growth rate of 1 Å/s. For NW growth, the As4 source
was opened for 16 min at a beam equivalent pressure of 2 ×
10−6 Torr.

Received: January 26, 2021
Revised: March 30, 2021
Published: April 5, 2021

Letterpubs.acs.org/NanoLett

© 2021 American Chemical Society
3139

https://doi.org/10.1021/acs.nanolett.1c00349
Nano Lett. 2021, 21, 3139−3145

D
ow

nl
oa

de
d 

vi
a 

E
C

O
L

E
 P

O
L

Y
T

E
C

H
N

IC
 F

E
D

 L
A

U
SA

N
N

E
 o

n 
A

pr
il 

29
, 2

02
1 

at
 1

8:
40

:2
3 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Vladimir+G.+Dubrovskii"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wonjong+Kim"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Valerio+Piazza"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lucas+Gu%CC%88niat"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Anna+Fontcuberta+i+Morral"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.nanolett.1c00349&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c00349?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c00349?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c00349?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c00349?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c00349?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/nalefd/21/7?ref=pdf
https://pubs.acs.org/toc/nalefd/21/7?ref=pdf
https://pubs.acs.org/toc/nalefd/21/7?ref=pdf
https://pubs.acs.org/toc/nalefd/21/7?ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.nanolett.1c00349?rel=cite-as&ref=PDF&jav=VoR
https://pubs.acs.org/NanoLett?ref=pdf
https://pubs.acs.org/NanoLett?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/


Figure 2a shows a typical scanning electron micrograph
(SEM) of the resulting GaAs NWs grown on patterned silicon
substrates with a = 250 nm and p = 1 μm. We observe the
formation of NWs in the patterned areas. Not all openings are
filled. Most of them contain one NW, and few of them exhibit
a second NW. Three distinct NW morphologies can be
identified in relation with the contact angle of the Ga catalyst
droplet.16 The first kind of NW exhibits an aspect ratio (AR,
axial length over average diameter) between 10 and 20 and is
characterized by inverse tapering and large contact angles of
the droplet (β > 130°). We will refer to these NWs as “thin
NWs” in the following (green frames in Figure 2a). Other
nanowires exhibit a thick and short morphology (AR = 1−3)
with no tapering and β < 90° (“thick NWs”, red frames in
Figure 2a). Finally, some NWs show intermediate (mixed)
features: that is, a low aspect ratio and intermediate contact
angles β larger than 100° (“mixed NWs”, orange frames in
Figure 2 (a)).

The crystal phase of GaAs NWs exhibiting different
morphologies was investigated by high-resolution transmission
electron microscopy (TEM). Figure 2b shows different crystal
phases that are observed depending on the morphology. A
representative thin NW is shown on the left of the micrograph.
The contrast along the NW is homogeneous, indicating a
single-crystal phase of the entire NW except for the very tip.
High-resolution TEM (HR TEM) images obtained from the
{110} zone axis and the corresponding fast Fourier transforms
(FFTs) are shown in the insets. They indicate a pure
zincblende (ZB) phase along the NW and a 10 nm thick
polytypic area at the tip, corresponding to the end of growth. A
TEM image of a typical thick NW, imaged along the {11−20}
zone axis, is shown on the right of Figure 2b. The
homogeneous contrast indicates again a single-crystal phase
along the most of the NW length. HR TEM and the
corresponding FFT reveal the wurtzite (WZ) phase. The NW
tip exhibits a polytypic structure. A HR TEM image of a mixed
NW is shown in the middle of Figure 2b. Around two-thirds of
mixed NWs exhibits the WZ phase, and the rest are

Figure 1. Illustration of the localized self-assembled growth principle.
This method aims at obtaining ordered NW arrays with a narrow
morphological distribution without nanoscale surface patterning. The
growth area size (a) and the pitch (p) determine the arrangement of
the NW array. The cross-sectional schematic shows the thermal oxide
positioning and the self-catalyzed growth of NWs through the
pinholes.

Figure 2. (a) SEM images (with a 20° tilt) of GaAs NWs grown by
the localized self-assembled method. The scale bar represents 1 μm.
Three distinct shapes of GaAs NWs can be identified: (i) thin and
long NWs with the pronounced inverse tapering and the largest
contact angles (green frames), (ii) mixed NWs (with a slight
tapering) having intermediate contact angles and shorter lengths
(orange frames), and (iii) thick NWs with the shortest lengths, whose
droplets are smaller than the top facet and the contact angles are
smaller than 90° (red frames). (b) TEM and HR TEM images with
the corresponding FFTs of thin, mixed, and thick NWs, revealing the
ZB phase of the thin NW and the WZ phase of the thick and mixed
NWs. The scale bars represent 200 nm for the entire NWs and 10 nm
in the HR images.
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characterized by a more polytypic structure with the majority
of the WZ phase with some ZB insertions.
We will now try to understand why thicker and shorter GaAs

NWs are WZ, while thinner and longer GaAs NWs are ZB, as
shown in Figure 2. We note that the observed trend for the
predominant WZ crystal phase of thicker NWs is very unusual
and is opposite to that predicted by earlier thermodynamic17,18

or kinetic19,20 models of polytypism in III−V NWs. Indeed, a
simple interplay of surface and volume contributions into the
NW formation energy18 or a more complex considerations of
two-dimensional (2D) nucleation at the triple-phase line19,20

naturally lead to a certain critical radius separating the domains
of predominantly WZ (below the critical radius) and ZB
(above the critical radius) crystal phases of the vapor−liquid−
solid (VLS) III−V NWs. Recent in situ21 and ex situ22 data
show, however, that the main parameter controlling the crystal
phase of self-catalyzed GaAs NWs is the droplet contact angle
β. In particular, WZ GaAs NWs with vertical side facets and a
planar liquid−solid interface under the droplet form in the
range of contact angles from 90−100° to 125°. Here, 2D
nucleation occurs at the triple-phase line20 or even at the edges
separating the facets23 and the WZ phase is preferred due to a
lower energy of relevant crystal planes. Above the critical
contact angle βc = 125°, the surface energetics favors the
truncation of the growth interface,21,24 which is why 2D
nucleation occurs away from the triple-phase line and GaAs
NWs form in the ZB phase. The effective surface energy of the

growth interface considered in refs 21 and 24−27 is
independent of the NW radius and hence the phase selection
rules are expected to be similar for differently sized NWs
provided that the VLS growth is mononuclear.19,20

A statistical analysis of the image shown in Figure 1 reveals
three different NW shapes, which are presented in Figure 2.
Statistical data are shown in Figure 3. Thin NWs are inverse
tapered and have the largest lengths (from 800 to 1400 nm)
and the largest contact angles of Ga droplets, which are
systematically greater than 130°. Mixed NWs are slightly
tapered and shorter in length (between ∼400 and ∼600 nm),
and the contact angles of their Ga droplets are typically
between 100 and 125°. In both populations, the measured
maximum diameter of the droplet (Ddrop) is larger than the
diameter of the top NW facet (Dtop) and the droplets entirely
cover the top facet. Since sin β = Dtop/Ddrop, β is larger than
90°. Thick NWs are the shortest, with typical lengths being
slightly above 400 nm, and are restricted by vertical sidewalls.
Their Ga droplets are smaller than the top facet (Ddrop < Dtop),
and the contact angles are smaller than 90°. This should be
due to an insufficient supply of Ga to the droplet, where the
contact angle decreases below the equilibrium Young angle and
the droplet unpins from the NW periphery.22 Most
importantly, short (mixed and thick) NWs are WZ, while
thin and long NWs are ZB.
According to refs 28−30, the axial growth rate of self-

catalyzed GaAs NWs is proportional to the atomic input of As:

Figure 3. (a) NW length versus the contact angle of Ga droplets. The insets show the NW shapes and the measured parameters (Ddrop, Dtop, β) for
the three types of NWs (thin, mixed, and thick) ̣ The NW length increases quire abruptly with β. (b) NW length versus the mean NW diameter
(measured at half of the length for tapered NWs), revealing a sharply decreasing length−diameter correlation. (c) Tapering angles for the three
populations of NWs, showing that thick NWs are untapered, mixed NWs are tapered, and thin NWs are inverse tapered. (d) NW top and base
diameters versus the contact angle, demonstrating that thinner NWs have larger contact angles of their Ga droplets. The domains of the WZ and
ZB crystal phases in each graph are separated by the critical contact angle βc = 125° in (c) and (d), which corresponds to the critical length of ∼600
nm in (a) and the critical diameter of ∼105 nm in (b). Green dots in (a) and (d) correspond to β = 90°, below which the NWs start losing their Ga
droplets. The line in (a) is the fit obtained from eqs 1 and 2. The solid line in (b) is the fit obtained from eqs 1 and 6. The dashed line shows the fit
obtained from the general model for the Ga collection given by eq 4 with Λf = 280 nm and Λs = 65 nm and is not much better than the simplified
model. The line in (d) is the fit obtained from eq 6.
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Here, v5 is the atomic flux of As which includes the re-emitted
species30 and χ(β) is the geometrical function of MBE growth
given by31
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In our MBE system, the beam angle α equals 45° for both As
and Ga species. Clearly, the χ function increases for larger
contact angles β, meaning that larger droplets collect more As
atoms.
The change of droplet volume V can be determined as

π ν χν=
Ω
Ω

−V
t

R F
d
d

( )
S

L 2
3 3 5

(3)

Here, ΩL/ΩS = 0.442 is the ratio of elementary volume of
liquid Ga over the volume of the GaAs pair in solid, R is the
NW radius, v3 = 8.5 nm/min is the atomic flux of Ga in our
experiment, and F3 collects different kinetic pathways of Ga
into the droplet which will be discussed shortly. A nonsta-
tionary droplet can change its volume by increasing or
decreasing its base radius R or contact angle β.32 According
to the data of ref 21, GaAs NWs are restricted by vertical
sidewalls in the range of contact angles from ∼90 to 127°,
which is the interesting domain in which the WZ NWs form.
In this case, the droplet volume equilibrates by changing its
contact angle at a constant R according to dβ/Ld = (ΩL/
ΩS)[(1 + cos β)2/R][F3v3/χv5 − 1]. An analysis of this
equation shows that the length segment corresponding to the
contact angle change is on the order of R under our growth
conditions. Therefore, β quickly equilibrates over a short
length segment at the beginning of growth and further
evolution proceeds at a time-independent β. More details are
given in the Supporting Information. Using approximately β =
const for all growth times, we can write L = χ(β)v5t. The curve
in Figure 3a is obtained from this expression and eq 2 at v5t =
400 nm and gives an excellent fit to all the data except for the
thickest NWs (whose growth kinetics is slightly different
because the droplet shrinks less than the top facet).
The morphology and the related crystal phase of our NWs

can now be understood as follows. The VLS growth of GaAs
NWs is catalyzed by Ga droplets that have different sizes due
to their random nucleation in the square pinholes. Smaller

droplets produce thinner NWs, and their contact angle is well
above the critical value of 125°. These thin NWs grow more
quickly due to a more efficient collection of As atoms from the
vapor, while their crystal phase is ZB. According to ref 21, ZB
GaAs NWs are restricted by outward-tapered side facets when
β exceeds 127°, which explains the observed inverse tapering of
thin NWs. Such a shape is often seen in the ensembles of self-
catalyzed ZB GaAs NWs.33 Larger droplets yield thicker NWs,
and their contact angle is smaller than 125°, which is why
mixed and thick NWs are WZ. Tapering of mixed NWs should
be due to radial growth occurring after the crystal phase has
been decided. However, these considerations do not explain
why Ga droplets resting on top of thinner NWs exhibit larger
contact angles. To elaborate on this, we use the data shown in
Figure 2b. The decreasing length−diameter dependence is
typical for group III limited VLS growth of Au-catalyzed III−V
NWs driven by surface diffusion of group III adatoms34−37 but
has not been observed for self-catalyzed GaAs NWs to our
knowledge. In sharp contrast to Au-catalyzed NWs, group V
limited self-catalyzed VLS growth has previously been
considered almost insensitive to the NW radius,28−30 which
is why the present results call for an investigation.
We study the unusual radius dependence of the NW growth

rate and crystal phase by considering the mass transport of Ga
atoms at a constant droplet volume where dL/dt = χv5 = F3v3
according to eq 3. According to refs 34−37, Ga atoms are
collected by (i) direct impingement onto the droplet surface,
(ii) diffusion from the NW sidewalls, and (iii) diffusion from
the substrate surface, where the interplay between different
kinetic pathways depends on the NW length, radius, and Ga
collection lengths on the sidewalls and substrate. With neglect
of a slight tapering seen in some of our NWs, the Ga-limited
axial growth rate is given by35,36
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Here, χ(β) is the same geometrical function as in eq 2 and
describes the direct impingement of Ga atoms onto the
droplet. The second term in eq 4 at L ≤ Λf describes the Ga
collection from the entire NW length. The third term gives the
contribution from Ga adatoms diffusing from the substrate
surface, with Λs as the characteristic diffusion length
determining the width of the feeding ring. At L > Λf, the
contribution from the substrate disappears, while the Ga
collection length on the NW sidewalls equals the correspond-
ing diffusion length Λf.

36 All terms in eq 4 are proportional to
the Ga deposition rate v3. A simpler geometrical approximation
was proposed in ref 37
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where the second and the third terms in brackets describe Ga
adatoms diffusing from the NW sidewalls and the substrate,
respectively. Hence, λ is the effective collection length of Ga
adatoms on the NW sidewalls, while A2 is the effective
collection area of Ga adatoms on the substrate surface (within
the square openings in our case). These parameters are related
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to Λs and Λf in eq 4. The growth rate given by eq 5 is
independent of the NW length, and hence L = [χ(β)] + 2λ sin
α/πR + A2 cos α/πR2]v3t. As shown in the Supporting
Information, eq 5 yields a good approximation to the more
general model given by eq 4 when the Ga diffusion length on
the NW sidewalls is sufficiently short.
In our experiments, the 2D equivalent growth rate v3 cos α =

0.1 nm/s and therefore the 2D equivalent deposition thickness
v3 cos αt = 96 nm or v3t = 136 nm. Comparing this to v5t = 400
nm yields the atomic V/III flux ratio v5/v3 = 2.94. Equating the
As-limited NW length given by eq 1 to the Ga-limited NW
length given by eq 5, we obtain the relationship between the
NW radius and the contact angle in the form

χ β λ α
π

α
π
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−
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v v R
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2 sin cos

5 3

2

2

i
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jjjj
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Using this in eq 1 yields the NW length as a function of its
radius, which contains the 1/R and 1/R2 radius-dependent
terms according to eq 6. This radius dependence originates
from the material balance of Ga in the steady-state VLS growth
at a time-independent droplet volume.
The curves in Figures 3b,d show the best fits to the NW

length versus the diameter and the NW diameter versus the
contact angle, obtained from eqs 1 and 6 with A = 100 nm and
λ = 250 nm. The effective collection area of Ga adatoms on the
substrate appears to be smaller than the pinhole area (a = 250
nm). A short collection length on the sidewalls of only 250 nm
confirms the validity of the approximate eq 5. As a result, the
curve in Figure 3b obtained from a more general eq 4 for Ga
diffusion is only slightly different from the approximate curve.
With these fits, the critical length and diameter corresponding
to the ZB to WZ crystal phase transition equal 600 and 105
nm, respectively. The WZ phase forms in shorter and thicker
GaAs NWs.
Thus, we were able to explain the unusual effect of the WZ

phase formation in thicker self-catalyzed GaAs NWs by
considering the NW growth rate as a function of the droplet
contact angle and the NW diameter, which is predetermined
by the size of Ga droplets forming in the square pinholes. The
surface diffusion of Ga adatoms is slower for thicker NWs,
which is why their Ga droplets have smaller contact angles
(<125°) and the NW axial growth rate is lower. Thick and
short NWs form in the WZ phase. Conversely, surface
diffusion of Ga adatoms is largely enhanced for thinner
NWs, which increases the droplet contact angle above the
critical value of 125° and simultaneously enhances the axial
growth rate. Therefore, thin and long NWs adopt the ZB
phase. It is remarkable that both ZB and WZ GaAs NWs can
be obtained under identical MBE growth conditions within
one sample, because the crystal phase is determined simply by
the size of Ga droplets. We have identified two trends in self-
catalyzed GaAs that have not been noticed before. First, the
material balance of Ga yields a decreasing length−radius
correlation similarly to the Au-catalyzed VLS growth. Although
the self-catalyzed VLS growth is As-limited, a larger amount of
Ga arriving into the droplets of thinner NWs increases the
contact angle and hence they grow more quickly by collecting
more As atoms. The situation is reversed for thicker NWs
whose droplets are smaller, which suppresses the growth rate.
Second, thicker self-catalyzed GaAs NWs form in the WZ
phase, opposite to the common view. This effect originates

from the interplay among the Ga surface diffusion, NW radius,
and contact angle as discussed above.
In conclusion, we have demonstrated a modification of the

selective area epitaxy technique to grow self-catalyzed GaAs
NWs on silicon, in which self-assembly of the NWs occurs in
the reduced regions on a patterned substrate. The method
allows one to obtain the growth selectivity without costly
surface preparation and can be extended to other material
systems. Ga droplets are formed in the Ga predeposition step
by random nucleation within patterned pinholes in the native
oxide, leading to a broad size distribution. Further optimization
of the process is required to reduce the size inhomogeneity.
However, differently sized droplets enable simultaneous
growth of the WZ and ZB NWs. Larger droplets produce
thicker NWs, which collect fewer Ga atoms by surface
diffusion, which is why the contact angles of Ga droplets are
small and the crystal phase is WZ. Smaller droplets produce
thinner NWs whose droplets inflate due to higher Ga diffusion
fluxes. The droplet contact angles in thin NWs are large and
hence the crystal phase is ZB. We have demonstrated a pure
WZ phase in GaAs NWs up to 200 nm in diameter. Their
length can easily be increased by using longer deposition times
if required. Overall, the trend of forming the WZ phase in thick
GaAs NWs is reported and analyzed for the first time to our
knowledge. The possibility of obtaining different crystal phases
in one growth run can be used in further studies of polytypism
in III−V NWs. The droplet size has been identified as the
simple tuning knob for the crystal phase selection, which can
be utilized in different protocols for Au-free growth of III−V
NWs on silicon substrates.

■ METHODS

The NWs were grown on p-doped (111) silicon wafers with a
resistivity of <0.03 Ω cm (nominal doping concentration of
1018 cm−3). The substrates were diced into 20 × 20 mm2

square chips. The growth area array was patterned through
electron-beam lithography on ZEP positive resist (1:1
copolymer of α-chloro methacrylate and methylstyrene),
spin-coated on the substrates. The pattern was transferred on
the oxide layer by dry etching using CHF3/SF6 chemistry. The
roughness of the mask was controlled by dipping the substrates
2 s in 7:1 buffered hydrofluoric acid solution (BHF), while a
10 s dip HF solution (1%) was used to remove the native oxide
from the bottom of the growth area. A thin native oxide (∼1.1
nm) layer was grown in these areas using O2 plasma in TEPLA
GigaBatch for 30 s at 200 W power, with 200 sccm O2 flow
and a pressure of 0.5 bar. The final oxide thickness was
monitored with a Sopra GES 5E spectroscopic ellipsometer.
The as-prepared chips were introduced into the ultrahigh

vacuum (UHV) environment of an MBE machine (DCA
P600) and subsequently annealed at 500 °C for 2 h under
UHV to ensure a pristine surface free of water and organic
molecules. Before the growth was started, the chips were
transferred to the growth chamber, where they were degassed
at 870 °C for 60 min to further increase the density of pinholes
in the native oxide. Ga was predeposited for 40 min at a
substrate temperature of 634 °C, measured by a pyrometer,
and with 7 rpm rotation, with a flux corresponding to the GaAs
growth rate of 1 Å/s. The As4 source was opened for 16 min at
a beam equivalent pressure (BEP) of 2 × 10−6 Torr.
TEM and HRTEM images were obtained by mechanically

transferring grown nanowires onto a copper grid with
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amorphous carbon. They were done using a Talos F200S G2
TEM with a double-tilt holder at 100 keV beam voltage.
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