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Abstract
Developing a reliable procedure for the growth of III–V nanowires (NW) on silicon (Si)
substrates remains a significant challenge, as current methods rely on trial-and-error approaches
with varying interpretations of critical process steps such as sample preparation, Au–Si alloy
formation in the growth reactor, and NW alignment. Addressing these challenges is essential for
enabling high-performance electronic and optoelectronic devices that combine the superior
properties of III–V NW semiconductors with the well-established Si-based technology.
Combining conventional scalable growth methods, such as metalorganic chemical vapor
deposition (MOCVD) with in situ characterization using environmental transmission electron
microscopy (ETEM-MOCVD) enables a deeper understanding of the growth dynamics, if that
knowledge is transferable to the scalable processes. We report on successful epitaxial growth of
Au-catalyzed GaAs NWs on Si(111) substrates using micro-electromechanical system chips
with monocrystalline Si-cantilevers in both conventional MOCVD and ETEM-MOCVD
systems. The conventional MOCVD provided a framework for initial parameter tuning, while
ETEM-MOCVD offered valuable insights into early nucleation and catalyst-substrate
interactions. Our findings show that nucleation is significantly influenced by the removal of
native oxide layers and the initial formation of the Au–Si alloy. Our in situ studies revealed
different NW-substrate interfaces, essential for optimizing the epitaxial growth process.

∗
Authors to whom any correspondence should be addressed.

Original content from this workmay be used under the terms
of the Creative Commons Attribution 4.0 licence. Any fur-

ther distribution of this work must maintain attribution to the author(s) and the
title of the work, journal citation and DOI.

1 © 2025 The Author(s). Published by IOP Publishing Ltd

https://doi.org/10.1088/1361-6528/adae17
https://orcid.org/0000-0003-2730-3696
https://orcid.org/0000-0002-4091-905X
https://orcid.org/0000-0002-6285-9932
https://orcid.org/0000-0003-3169-2831
https://orcid.org/0000-0001-5774-5116
https://orcid.org/0000-0002-6493-2750
https://orcid.org/0000-0003-4125-2039
mailto:chrisan@dtu.dk
mailto:kimberly.dick@ftf.lth.se
http://crossmark.crossref.org/dialog/?doi=10.1088/1361-6528/adae17&domain=pdf&date_stamp=2025-2-4
https://creativecommons.org/licenses/by/4.0/


Nanotechnology 36 (2025) 135601 C R Y Andersen et al

We identified three typical configurations of NW ‘roots’, each impacted by growth conditions
and preparation steps, affecting the structural and potentially the optical properties of the NWs.
Similarly, doping from the Si-substrate may affect both optical and electrical properties;
however, compositional analysis revealed no traces of Si in NWs post-nucleation and a small
amount in the catalytic droplet. Our research highlights the importance of in situ studies for a
comprehensive understanding of nucleation mechanisms, paving the way for optimizing III–V
NW growth on Si substrates and developing high-performance III–V/Si devices.

Supplementary material for this article is available online

Keywords: GaAs nanowires, Si, ETEM, MOCVD, nucleation mechanisms

1. Introduction

The integration of III–V semiconductors on silicon (Si) sub-
strates has been a long-standing research goal to leverage the
direct band gaps and high electronmobilities of thesematerials
within well-established Si-based technology. However, epi-
taxial growth of monolithic III–V semiconductor layers trans-
ferring the crystallographic orientations of the Si substrates
faces fundamental challenges such as the mismatch in lattice
constants [1], the difference in thermal expansion coefficients
[2], and the polar crystal structure enabling the formation of
antiphase boundaries (APBs) [3, 4]. Nanowire (NW) growth
using nanoparticle-catalyzed vapor–liquid–solid (VLS) meth-
ods mitigates these issues in two ways: Firstly, by relieving the
lattice stress at the surface of the NW sidewalls and, secondly,
byminimizing the probability of APBs due to the small growth
area. An additional material, typically gold (Au), can make
up the catalyst droplet stabilizing the liquid phase of the sub-
species for VLS-growth and increase the growth rate forming
these NWs rather than thin films covering the substrate surface
[5, 6]. Nonetheless, initiating growth of defect-free compound
semiconductors requires carefully tuned growth parameters.

Different procedures to achieve successful growth of III–V
semiconductors on Si have been reported using conventional
standalone growth systems [1, 7–14]. Such procedures are typ-
ically developed through trial-and-error and extensive efforts
have been made to interpret the importance of process steps
retroactively. However, in the absence of direct observations of
the nucleation and growth process, these interpretations vary
significantly in understanding of the limiting steps, making
it very difficult to transfer successful results between differ-
ent growth systems. Studies have pointed to the importance of
a proper sample preparation since the initial surface contam-
ination, including residual oxides and carbon, has a signific-
ant impact on the NW growth direction and defect formation
[7–10]. Other aspects are the formation of an Au–Si alloy
and the nucleation process, as they affect interface rough-
ness and NW alignment, which are crucial for the Si-to-III–
V interface quality, which in turn is important for the elec-
trical properties [10]. Finally, transition mechanisms from lat-
eral traces to vertical NWs can potentially be influenced by the
interface energies and growth conditions [2]. Understanding
these transition mechanisms is essential, as defects formed

during initial nucleation stages can impact the optical prop-
erties of the resulting NWs [8, 15, 16]. To date, no literature
has provided direct observations of the early stages of III–V
NW nucleation and growth on Si-substrates with respect to the
suggested effect of the individual steps such as Au–Si alloy
formation, precursor absorption, and NW alignment.

Recently, environmental transmission electron micro-
scopes (ETEMs) have been used for direct observations of
the early stages of single crystalline NW growth including Si
[17, 18], GaN [19] and GaAs [20] on amorphous substrates, as
well as homoepitaxial growth of Si NWs on monocrystalline
Si [21]. These observations are crucial for understanding the
supersaturation of the catalyst [18], initial formation of NW
facets [19] and preferred growth direction [20]. NWs nuc-
leated in the ETEM, or transferred from standalone growth
chambers into the ETEM, can be analyzed to investigate later
stages of development such as controlling and understanding
the atomic step flow [22, 23], crystal phase formation [24–26]
and droplet kinetics [27]. However, for a detailed understand-
ing of the initial stages of heteroepitaxial nucleation and the
dynamic processes involved, as well as to prevent contamin-
ation from transferring samples between growth chambers, it
is essential to study NW growth in situ in its entirety.

In this study, we detail a procedure for initiating epi-
taxial growth of Au-catalyzed GaAs NWs on Si(111) using
both a conventional growth chamber and an ETEM. We
provide direct TEM observations of the nucleation process,
focusing on sample preparation, the GaAs–Si NW-substrate
integration and the resulting NW structure and composition.
This paper is organized as follows: section 2 describes the
preparation of the micro-electromechanical system (MEMS)
chips with monocrystalline Si-cantilevers, used as a substrate
in both the standalone metalorganic chemical vapor depos-
ition (MOCVD) chamber, and the ETEM with an integrated
MOCVD system (ETEM-MOCVD). Section 3 presents the
growth procedures and environments for both growth systems
and discusses the results of the procedures. While the ETEM-
MOCVD procedure allows direct observations of nucleation
and growth, the conventional MOVCD procedure in tandem
provides the necessary information to transfer knowledge
between the systems and to compare with other conven-
tional studies. Furthermore, the conventional MOCVD and
ETEM-MOCVD procedures can be compared as we use the
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same chip design striving to get compatibility between the sys-
tems. Section 4 presents and discusses the observations of the
individual steps in the preparation and growth process includ-
ing formation of Au–Si alloy and GaAs–Si integration. We
identify three distinct types of NW morphologies resulting
from these growth processes. Finally, section 5 concludes with
insights into the significance and future applications of ETEM-
MOCVD growth techniques for optimizing NW properties.

2. Sample preparation

A clean, single crystalline substrate is crucial to ensure a high
yield of epitaxial growth of GaAs- NWs on Si as mentioned
above. In this study, the sidewall of Si-cantilevers on aMEMS-
chip served as substrate with a<111> crystal orientation. The
following describes the design and preparation of the canti-
levers, the procedure for depositing the Au-catalyst particles,
and cleaning of the sample before loading into the growth
chambers.

2.1. Chip design

The MEMS-chips were designed with two adjacent U-shaped
Si-cantilevers at the center as shown in figure 1. The crystal
orientation of the Si-cantilever sidewalls is <111>, allow-
ing NWs to grow either perpendicular to the sidewall or
at a 70◦ angle depending on sidewall facet orientation.
Monocrystalline (110) silicon-on-insulator wafers were used
for the MEMS-chips with a 4 µm thick device layer on top
of a 0.5 µm insulating SiO2 layer and a 300 µm handle layer,
a microfabrication process that has previously been reported
[26]. After fabrication, a layer of 10 µm protective photoresist
was deposited on top of the device layer to prevent contam-
ination before use, as illustrated in figures 2(a) and (b). The
cantilevers were formed from the device layer, resting solely
on the insulating SiO2 layer, which acted as a temporary sus-
pended protective membrane supporting the cantilevers before
use (figure 2(c)).

2.2. Adding catalysts

The first step in adding catalyst particles to the cantilever
device was to remove the protective photoresist from the
device layer. The process involved soaking the chips twice in
Acetone (60 ml) for 5 min and then twice in Isopropan-2-ol
[IPA] (60 ml) for 5 min each (figures 2(b) and (c)). The visual
color of the chips shifted from brown to gray, revealing that
the removal was successful (figures 2(h) and (i)). The clean-
ing procedure was finished by drying the cantilever using a N2

(g) spraygun.
HF vapor etch was then used to remove the native oxide,

SiOx, as well as the SiO2 membrane supporting the canti-
levers (figures 2(c) and (d)). This was achieved by placing the
devices over a beaker containing 48 wt% HF for 3–8 min until
the SiO2-membrane at the center of the chips was etched, but
no longer to avoid underetching the insulating SiO2 layer. The
edge of the hole changed from purple to grey, indicating the

removal of the 0.5 µmmembrane and the exposure of the bare
handle layer (figure 2(i)). The etching was then continued for
an additional 30–60 s to ensure full removal of the oxide on
the cantilevers. After etching, the chips were rinsed in deion-
isedwater in two consecutive beakers and carefully blow-dried
with N2.

Au-catalysts were deposited onto the bare Si-cantilevers in
the form of Au-nanoparticles using an aerosol system within a
glove box with an N2 atmosphere (figures 2(d) and (e)), which
allows precise control over the diameter and density of the
catalyst particles [28]. The deposition was done immediately
after the HF etch to minimize the formation of new SiOx on
the cantilevers. For these studies, the deposited particles had a
diameter of approximately 30 nm and a nominal areal density
of 2.5 µm−2 (figure 2(j)).

2.3. Preparing for growth

After the Si-cantilevers were brought out of the inert gas
environment used for depositing the catalysts, a native SiOx

layer formed on both the cantilever sidewalls and the Au-
nanoparticles [30]. This layer had to be removed right before
loading the Si-cantilever chips into the MOCVD cham-
bers to ensure two things: (1) good contact between the
Au-nanoparticles and the Si-substrate and (2) good contact
between the Au-nanoparticles and the precursor gases.

For conventional MOCVD growth, the chips were dipped
and stirred in a buffered oxide etch (BOE) (1:10) solution for
4 min right before loading into the growth chamber. While the
cantilevers were heated uniformly along with the surrounding
bulk substrate in the conventional MOCVD, they were locally
heated from resistive heating in the ETEM-MOCVD with the
temperature calibration described elsewhere [26]. To enable
resistive heating with good electrical contact, a layer of Au/Ti
was lift-off patterned with e-beam deposition during micro-
fabrication on the electrode pads of the MEMS-chips used in
the ETEM (figures 2(e) and (g)). Rather than using BOE etch-
ing, as this is known to etch the electrical contact material (Ti)
[31], the chips for the ETEM-MOCVD were prepared by HF
vapor etching for 0.5–6 min before being loaded in the TEM.
This was done by placing the chips on a Teflon lid with a hole
in the chip center, where the cantilevers were located.

3. Nucleation

After the sample preparation, the chips were loaded into the
growth chambers. These were either the standalone MOCVD
growth chamber, where the pressure was maintained constant
at 10 kPa using a throttle valve, with a constant flow of H2

and the precursor gases, or the microscope column in the
ETEM-MOCVD with a variable pressure solely regulated by
the precursor flows. Differences in pressure, precursor con-
ditions, and temperature regulation (section 2.3) between the
two chambers necessitated distinct approaches for nucleation.
The nucleation procedures within the different growth cham-
bers are summarized in figure 3 and described in detail in
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Figure 1. Overview of chip design with device, insulating and handle layers indicated. Nanowires and their orientation on cantilever
sidewalls are also indicated at the chip center to the right hand side of the illustration.

Figure 2. The preparation process of a Si-cantilever chip, focusing on the cantilever region, from removal of protective resist (a–b), removal
of the protective membrane (c)–(d), and catalyst deposition (e) illustrating the resulting chips for conventional MOCVD (f) and
ETEM-MOCVD (g) growth. The process steps are also illustrated by images from optical light microscopy (h)–(i) and scanning electron
microscopy (j). The thickness of the oxide thin film is indicated by the color scale (i). Adapted with permission from [29] © Optical Society
of America.
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Figure 3. Illustration of the bulk heating in standalone MOCVD (a) and the resistive heating in ETEM-MOCVD (b). The precursor partial
pressure and the sample temperatures are likewise illustrated in the standalone MOCVD (c) and in the ETEM-MOCVD (d), respectively.

the following sections. Despite the differences, the conceptual
challenges for initiating growth were similar: removing native
oxide from the substrate and particle, forming a eutectic melt,
and absorbing the group-III and group-V species. The suc-
cessful procedures described in the following were developed
involving trial-and-error with new MEMS chips for each iter-
ation to optimize the growth parameters and reach a high,
reproducible yield of epitaxially growing III–V NWs on the
Si-cantilevers.

3.1. MOCVD nucleation recipe and results

For the growth in the standalone MOCVD chamber, the
samples (both the MEMS chips and reference GaAs(111B)
substrates with similar deposited Au particles) were heated
up in an H2 atmosphere to a set temperature of 680 ◦C and
annealed for 10 min at a partial pressure of 7.4 Pa AsH3, with
H2 as a carrier gas to reduce any oxides. The temperature was
then lowered to 550 ◦C where 5.6 × 10−4 Pa of TMGa were
supplied for 20 s while simultaneously stopping the AsH3 sup-
ply, followed by 7.5 Pa AsH3 for 30 s directly after without
a flow of TMGa. Initial growth of the NWs was obtained by
reducing temperature further to 475 ◦Cwhile supplying 7.5 Pa
AsH3 to protect the NWs from decomposing, and then grow-
ingGaAsNWs for 15 s by supplying 5.6× 10−4 Pa TMGa and
7.5 Pa AsH3 simultaneously. Regular growth of the full NW
length was developed to form the cubic zincblende (ZB) struc-
ture as described below. This was obtained by lowering tem-
perature to 400 ◦C supplying 7.5 Pa AsH3, and then supplying
both precursors with a constant TMGa flowwith a partial pres-
sure of 5.6 × 10−4 Pa and varying AsH3 in four steps. These
steps were 1) 30 s of 7.4 PaAsH3, then 2) increasing it 20 times
to 148 PaAsH3 during 120 s to avoid kinking, 3) continuing for
60 s at 148 Pa AsH3 and finally doing overgrowth for 3600 s

with 0.175 Pa AsH3. The growth was stopped by turning off
the heat and cooling down to 300 ◦C with a partial pressure
of 7.38 Pa AsH3. The precursor flow was then turned off and
the samples were taken out, when the temperature was below
150 ◦C. The resulting NWs grown under these conditions were
approximately 1.5 µm long. The full procedure is illustrated in
figure 3(c).

A high yield from the conventional MOCVD growth,
defined as at least half of the deposited catalysts forming
epitaxial NWs, was obtained by following the recipe above.
Figure 4(a) shows a cantilever with GaAs NWs growing epi-
taxially from the Si(111) sidewall. The insets showNWs grow-
ing consistent with the <111> crystal orientation of the Si-
cantilever, both perpendicular to the cantilever tip or at an
angle of 70◦ from the side surface.

The nucleation procedure not only provided a high yield
of Au-assisted GaAs NWs on Si-cantilevers, but it could also
be applied to GaAs(111B) substrates allowing parameter tun-
ing for growth studies with less expensive substrates. This was
concretely used to grow NWs with mainly ZB structure and
{112}A side facets following the growth procedure at 400 ◦C
described above. These NWs could be transferred to TEM on
the chips for further in situ growth studies; however, such stud-
ies are not the scope of this paper. An example of NWs grown
on GaAs(111B) is shown in figure 4(b).

The procedure reported here provided successful growth,
but other procedures have also been reported in literature
giving successful growth using different growth conditions
including annealing environment, nucleation temperature and
the order of the precursor flow supply. The samples from
the conventional MOCVD growth presented here were ini-
tially annealed in an AsH3 atmosphere like Roest et al [10].
However, other studies report different initial atmospheres
such as H2 [7] and N2 [8]. When lowering temperature, the
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Figure 4. Au-catalyzed GaAs nanowires grown in a conventional MOCVD on Si-cantilevers (a) and (b) on GaAs(111B) substrates
following the same growth procedure.

flow of AsH3 was stopped and TMGa was introduced alone to
initiate nucleation. Both precursors were subsequently reintro-
duced to promote NW growth, based on previous experience
[24]. In contrast, other studies added the precursors simul-
taneously immediately after annealing the sample [7, 9, 10].
Finally, the nucleation temperature of 550 ◦C was higher
than the temperature reported in the literature, being 417 ◦C–
455 ◦C [9] and 450 ◦C–475 ◦C [7, 32]. Our results show that
a high yield of epitaxial NWs can be achieved with different
growth strategies using a trial-and-error approach, but a strict
strategy is needed for the specific instrument to achieve a pos-
itive result. To understand the effect of the individual growth
process steps, in situ studies are thus helpful in understanding
the underlying processes.

3.2. ETEM-MOCVD nucleation recipe and results

For the in situ ETEM-MOCVD growth, MEMS cantilever
chips with deposited Au particles were loaded into the micro-
scope within 5min after the HF vapor etch to minimize reoxid-
ation. A bias was applied to reach a corresponding temperature
of approximately 600 ◦C at 0.17 Pa H2 and the chip was then
annealed for 10–40 min to ensure a stable temperature from
the resistive heating. This step was done to reduce any oxides
and form the initial AuSi eutectic. The Au–Ga eutectic for the
NW growth was observed to form by lowering the temperature
to 440 ◦C–470 ◦C and supplying 2.1× 10−4 Pa TMGa for 5–
10 min. Nucleation and growth of the GaAs NWswas initiated
by supplying both 3.5 × 10−3 Pa TMGa and 2.1 Pa AsH3 for
30–60min. A higher yield of NWs between the cantilevers was
observed, when annealing the opposing cantilever to similar
temperatures. The full procedure is illustrated in figure 3(d).

For ETEM-MOCVD growth, a sufficient yield is con-
sidered as five or more epitaxial GaAs NWs per cantilever
with an equivalent planar catalyst density of 2.5 µm−2. This
is considered as a sufficiently high yield since a single NW
can be used for a full study [24, 25, 33]. Figure 5 shows suc-
cessful nucleation with eight epitaxial NWs between the can-
tilevers at the lower part of figure 5(a). The lower yield com-
pared to conventional MOCVD could be due to differences
in growth environment such as lower pressure, temperature
variation from resistive heating and electron beam-induced

carbon contamination, all affecting the precursor deposition.
More NWs nucleated closer to the cantilever corners, where
the diffusive supply and flow velocity are higher than on the
flat surfaces. Epitaxial NWs predominantly formed near the
tip, where the cantilever was hotter (figure 5(b)). Preparation
for ETEM-MOCVD growth involved HF vapor etch instead of
BOE, resulting in a rougher surface and less flat substrate as
suggested by Bao and coworkers [9], which on the other hand
aided imaging the NW-substrate interface.

4. In situ observations from sample preparation
and NW nucleation

ETEM-MOCVD can provide a deeper understanding of the
preparation steps (section 4.1), the effect of the nucleation pro-
cess on the NW-substrate integration (section 4.2), and the res-
ulting NW structure and composition (section 4.3) from the
sample preparation (section 2) and NW growth (section 3).

4.1. Effect of annealing during sample preparation

To optimize the interface between the Au-nanoparticles and
the Si-substrate, and to improve the yield of nucleated NWs,
different MEMS chips were heated for 0.5–1 min at 300 ◦C
and 400 ◦C in an inert gas atmosphere (N2) immediately after
the Au aerosol deposition (section 2.2). Figure 6 summarizes
the resulting Au-nanoparticles, where annealing at 400 ◦C led
to interaction between Au and Si before the samples were
loaded into the ETEM (figures 6(b) and (c)). However, this also
caused the formation of a thickened SiOx layer on both the Si-
surface and a uniform coverage SiOx of the Au-nanoparticles
(figure 6(c)) [30]. This thicker oxide layer hindered NW nuc-
leation, requiring longer HF vapor etching to remove the oxide
before loading the MEMS chips into the ETEM-MOCVD.
Excessive etching, however, resulted in shorted circuits in the
cantilevers and chip handle layer, reducing the reliability of the
process. Ultimately, cantilevers without Au-catalyst anneal-
ing were used for successful epitaxial NW nucleation, as the
particles showed only partially oxidized regions on their sur-
face (figure 6(a)). This result highlights the importance of min-
imizing oxidation rather than improving the Au–Si contact
before loading the samples to achieve successful nucleation.
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Figure 5. Au-catalyzed GaAs nanowires grown in the ETEM-MOCVD on a Si-cantilever illustrated by joined micrographs at low
magnification (a) focusing on three regions of the cantilever with growth at the corner of the notch (b), the corner of the cantilever (c) and
along the cantilever sidewall (d). Higher magnifications of one of the nanowires are also illustrated with an overview of the nanowire (e) and
the catalyst droplet (f).

4.2. Types of NW-substrate integration

Three distinct types of NW-substrate interfaces were observed
from the MOCVD and ETEM-MOCVD growth (figure 7).
One type showed broad ‘roots’ at theGaAs/Si interface formed
by the behavior of the Au–Si alloy (figure 7(a)) as elabor-
ated below (section 4.2.1). A second type also showed broad
‘roots’ at the GaAs/Si interface, but the broadening was rather
formed by localized surface roughness and contamination than
AuSi-alloy (figure 7(b)). This is elaborated in section 4.2.2.
Though the NW-substrate interface was covering larger parts
of the Si-surface, GaAs was not covering all of it as reported
for MBE growth [2]. A third type exhibited narrower roots,
with a diameter at the interface comparable to the NWwidth at
the tip. These NWs had oblique stacking faults with an angle
of 70◦ (figure 7(c)), which starts at the interface of the NW-
substrate as shown in section 4.2.3. Notably, the third mor-
phology was consistently observed for NWs grown in conven-
tional MOCVD with narrow roots (figure 7(d)) and stacking
faults (figure 7(e)). The three types of NW-substrate interac-
tion and observations of the possible growth process are dis-
cussed in the following.

4.2.1. Annealing. Broad roots may be caused by the broad-
ening of the particle-substrate interface area upon the forma-
tion of an Au–Si alloy during the initial annealing (figure 7(a)).

The Au–Si liquid droplet forms at 363 ◦C with 18.6 at-%
Si increasing to 31 at-% at 700 ◦C according to the phase
diagram (figure 8(a)) [34]. The expansion of the particle-
substrate interface area during annealing is illustrated in
figure 8(b). When SiOx surrounds the alloy, the droplet may
even form voids and etch the Si surface (figure 8(c), SI Mov2
and SI Mov3). Au is known to catalyze the process of form-
ing volatile SiO from the solid Si-surface and SiOx [35],
underlining the need of a clean substrate. Lowering the
temperature reforms a crystalline Si-surface by solidify-
ing Si below the droplet (figures 8(d) and (e)). Hence,
the final droplet-substrate integration and broadness of
the root depends on the annealing history and nucle-
ation temperature. To minimize the broadness of the
roots, the initial annealing temperature should be kept at
600 ◦C–700◦C.

4.2.2. Precursor absorption. Broad roots may also result
from surface roughness near the nucleated NW (figure 7(b)) or
contamination on the catalyst particle from e.g. native oxide,
or carbon formed by electron beam effects. An example of an
Au–Si catalyst droplet absorbing Ga is illustrated in figure 9.
A solid shell covering parts of the droplet can result in the NW
nucleating epitaxially next to the initial droplet position push-
ing the catalyst liquid outside the shell as GaAs crystal layers
are forming at the Si surface. This can be avoided by minim-
izing the initial oxidation before loading the sample, ensur-
ing sufficient annealing as described in the previous section
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Figure 6. Au-nanoparticles on Si-cantilevers prepared with (a) no annealing, (b) annealing at 300 ◦C and (c) 400 ◦C right after the catalyst
deposition. Insets for (a) and (c) indicate the SiOx thickness. The scale bar is the same for (a)–(c).

Figure 7. Examples of the nanowire-substrate interface from growth in the ETEM-MOCVD (a)–(c) and conventional MOCVD (d)–(e). The
substrate <111> crystal orientation is marked below the labels. Broader regions from the interaction are marked in black (a) and black
arrows (b) and oblique stacking faults are marked with their corresponding angle (c),(e). More nanowires from conventional MOCVD are
illustrated with images from scanning electron microscopy (d).

and minimizing the carbon formation from electron beam
illumination.

4.2.3. Nucleation. The nucleation procedure for NWs
with narrower roots using ETEM-MOCVD (figure 7(c)) fol-
lowed the same steps as those for NWs with broader roots

(figures 7(a) and (b)). However, lower annealing temperat-
ures and more effective removal of SiOx may prevent the
droplet-substrate interface from broadening. As the temper-
ature decreases, Si desorbs and solidifies beneath the droplet
(figure 10(a)). A constant flow of TMGa leads to the forma-
tion of an Au–Ga–Si alloy, which potentially solidifies more
Si below the droplet, and the introduction of an AsH3 flow
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Figure 8. Phase diagram of Au–Si simplified from Okamoto et al reproduced with permission from SNCSC (a) with exemplifications from
movie (SI Mov1) (b) and images (c)–(e) of different Au–Si interactions at different temperatures starting from approx. 400 ◦C at 0 s before
it is increased to 700 ◦C after 5 s. Adapted from [34], with permission from Springer Nature.

Figure 9. Movie sequence of Au–Si droplet absorbing Ga (See SI Mov4). A solid shell covers parts of the droplet as indicated by the arrow,
while the liquid expands through an uncovered region (right side of the particle). The movie starts 15 s after TMGa is added to the
microscope column.

initiates GaAs nucleation. Moiré patterns and strain between
solidified Si and GaAs are observed at the GaAs–Si interface
as marked by the white region in figure 10(a); hence some of
the challenges of heteroepitaxy such as the mismatch in lattice
constants are not completely overcome with the NW growth
as otherwise noted in section 1. During the NW growth, start-
ing from the interface, the crystal layers initially formed in
the cubic ZB structure for NWs with both broad and narrow
roots. For the NWs with a narrower root (figures 7(c) and (d))
oblique defects were observed along the growth direction at
a 70◦ angle (figure 10(b)). These defects originate during the
initial formation of the GaAs NW at the Si surface, possibly
induced by the rough Si surface, similar to the behavior of
APBs mentioned in section 1. This underlines the importance
of further treatment of the Si-cantilevers to achieve a flatter
surface e.g. by brief KOH etch of the cantilevers formed from
the device layer during microfabrication [26].

4.2.4. Summary on NW morphology and outlook. For all
three types of NW-substrate interfaces, the NW morphology
may influence the electrical properties and reproducibility of
III–V/Si devices. These challenges from Au–Si-alloy forma-
tion and broadening to Si roughness and contamination from
oxide or carbon need to be addressed by optimizing the tem-
perature, minimizing oxidation and other contamination, and

flattening the Si surfaces. Further fine-tuning of these para-
meters can not only optimize the NW-substrate integration and
NWmorphology for potential optical and electrical usage, but
it can potentially also increase the yield of epitaxial NWs.

4.3. Later growth and compositional results

The successful integration between NW and substrate is not
the only important factor for potential use of the III–V-NW
applications in III–V/Si devices. General NW properties, such
as crystal structure and composition, may also be influenced
by nucleation conditions, including the geometry of the Si sur-
face, the formation of the Au–Si alloy, and the precursor flow.
Therefore, we also report on the post-nucleation development
of the NW crystal structure and its compositional characterist-
ics in this section.

Initially, the NWs formed the cubic ZB structure near the
substrate surface (figures 10(a) and (b)) as discussed in the pre-
vious section. However, after tens of nanometers of growth,
the crystal phase translated to the hexagonal wurtzite struc-
ture (WZ) (figure 10(c)). Notably, the oblique defects stopped
at the ZB–WZ interface, continuing with transverse stacking
faults only for the WZ structure. The crystal phase transition
can be explained as follows: Differences in diffusion lengths
of precursor species on either the Si substrate or the GaAs
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Figure 10. Movie sequence of the early stages of Au-catalyzed GaAs nanowire nucleated on Si (SI Mov5). The patterns of strong contrast
changes marked by a white region (a) is considered to be Moiré patterns and strain between solidified Si and GaAs. Oblique stacking faults
(SF) are indicated having an angle of 70◦ to the growth direction (a)–(b). The nanowire changes from a zincblende (ZB) crystal structure to
a wurtzite (WZ) structure after approximately 10 min of growth (c).

Figure 11. Compositional analysis at different positions of a nanowire on a Si-cantilever (a) and nanowires transferred to a Cu-grid (b).

NW side facets, after they have formed, might have a critical
influence on the supersaturation of the seed particle and, thus,
affect the preferentially formed crystal phase. Concurrently,
the surface energy from the NW side facets, once formed, may
have a greater impact on the growth, favoring the WZ crystal
phase. A deeper understanding of the mechanisms behind
crystal phase formation is outside the scope of this paper and
has been addressed in previous studies [26, 36].

In addition to strutural observations, ETEM-MOCVD
allows compositional analysis using EDX. This analysis
provides valuable insights into the initial growth dynamics
and interactions with the growth environment, enhancing the
information gained from micrographs. The ternary Au–Ga–
Si droplet formed after nucleation is of particular interest,
as its composition can help estimate local temperatures [26,
37]. Furthermore, Si may be incorporated into the GaAs NW,
potentially influencing its electrical properties, since e.g. Si is
known to act as a p-type dopant in Au-catalyzed GaAs NWs
grown by the VLS-mechanism [38].

For this study, a Si-signal was observed for the compos-
itional analysis along a NW on a cantilever (figure 11(a)).

However, a similar Si signal was also detected in reference
spectra taken micrometers into vacuum, away from the speci-
men and cantilevers, indicating that the signal does not ori-
ginate from Si within the NW. To clarify this, EDX was
performed after mechanically transferring the NWs from the
MEMS chips onto carbon laced Cu-grids, which showed no
detectable Si within the NWs and small amounts, 4(3) at%,
within the catalyst droplet (figure 11(b)). Indium (In) was also
detected for the droplet, which is a known contamination arti-
fact from the ETEM-MOCVD system. The elevated Si-signal
from the NWs on the MEMS chips is likely due to unintended
excitation of the cantilever material during heating, creating a
background signal masking any real Si-signal from the NWs
during in situ EDX. Whether Si is extracted from the GaAs/Si
interface into the NW root during the nucleation has not been
confirmed from the EDX as this part of the NW is not included
in the transferred NWs.

It is concluded that the amount of Si in the droplet and NW
is small, and the Si contribution can be ignored when estim-
ating temperature based on droplet composition [26, 37]. The
small amount of Si left in the droplet and not adopted in the
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NW may be due to the balance of the ternary as observed
for Au-assisted InxGa1−xAs NW growth [39]. Dopants in the
NW close to the Si-sidewall may still be detectable, and Si
doping of the NW may likewise occur further away from the
sidewall; however, the signal could not be detected in this
study and further investigation needs to be done character-
izing the effect on the resulting electrical properties of the
NWs. This should be taken into consideration and investig-
ated further when fabricating III–V/Si devices like presented
in previous reports on Si-NWs studying droplet deformation
by electric fields [40], contact formation [41] and electrical
characterization [42].

5. Conclusion

We report the successful epitaxial growth of Au-catalyzed
GaAs NWs on Si(111) substrates using both conventional
MOCVD and ETEM with an integrated MOCVD system
(ETEM-MOCVD) using the same design of Si-cantilever
MEMS-chips. The conventional MOCVD growth provided a
framework for initial parameter tuning comparable with other
growth studies, while in situ ETEM studies offered insights
into early nucleation and catalyst-substrate interactions. Our
findings show that the nucleation process is significantly influ-
enced by the removal of native oxide layers and the form-
ation of the Au–Si alloy. In situ studies revealed different
NW-substrate interfaces, essential for optimizing the epitaxial
growth process. We identified three types of NW-substrate
interfaces, each impacted by growth conditions and prepara-
tion steps, affecting the structural and potentially the optical
properties of the NWs. Compositional analysis using EDX
did not reveal any Si incorporated in the NW and only small
amounts in the droplet post-nucleation. Our research high-
lights the value of in situ studies for a comprehensive under-
standing of nucleation mechanisms, paving the way for optim-
izing III–V NW growth on Si substrates and developing high-
performance III–V/Si devices. Future workwill focus on refin-
ing ETEM-MOCVD growth techniques and exploring the
electrical properties of NWs for practical electronic and opto-
electronic applications.
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