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Lateral dimensions of IlI-V nanowires are known to affect the
growth dynamics and crystal structure. Investigations into size
effects have in the past relied on theoretical models and post
growth observations, which only give a limited insight into the
growth dynamics. Here we show the first experimental investiga-
tion into how nanowire diameter affects the growth dynamics by
growing Au-seeded GaAs nanowires in an environmental transmis-
sion electron microscope. This was done by recording videos of
nanowires during growth and analysing the Ga-limited incubation
time and As-limited step-flow time. Our data show that the incuba-
tion time is stable across the investigated diameter range aside from
a sharp increase for the smallest diameter, whereas the step-flow
time is observed to steadily increase across the diameter range. We
show using a simple model that this can be explained by the
increasing vapour pressure in the droplet. In addition to the existing
understanding of nanowire growth at small dimensions being
limited by nucleation this work provides experimental evidence
that growth is also limited by the inability to finish the step-flow
process.

Atomic-scale control of nanomaterial properties such as mor-
phology, composition and crystal structure has become essen-
tial to enable controlled and reproducible fabrication of
complex structures and devices. III-V semiconductor nano-
wires are one of the most researched nanomaterials for use in
applications such as quantum computing, optoelectronics and
sensing.’ Several III-V nanowire properties, such as crystal
structure and axial growth rate, have been shown to be con-
nected with the diameter of the catalyst particle.>™* However,
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In situ observations of size effects in GaAs
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New concepts

This study outlines first experimental observations into how size effects
affect the Ga-dependent incubation and As-dependent step-flow
processes of Au-seeded GaAs nanowires, therefore decoupling the
normally examined growth rate into material specific processes. We
track the timescales of both processes as a function of nanowire
diameter to identify how these processes affect the growth and show
that the growth is primarily limited by the step-flow time. Additionally we
provide a simple model showing that the increase in step-flow time with
reduced nanowire dimensions is in accordance with the Kelvin effect.
Therefore, we demonstrate that reduced nanowire dimensions affect the
step-flow time at larger dimensions than it does the incubation process.
This provides new insights to the current understanding of size effects
which are mostly thought to affect the nanowire growth by limiting
nucleation instead of the step-flow process. In addition to the existing
understanding of nanowire growth at small dimensions being limited by
nucleation this work provides experimental evidence that growth is also
limited by the inability to finish the step-flow process.

the mechanisms by which the nanowire diameter affects these
properties remain somewhat unclear.

Investigations of how nanowire dimensions affect nanowire
growth rate and crystal phase selection have in the recent years
been conducted as a combination of theoretical and post
growth studies of ex situ grown nanowires.””” The experimental
works typically have used nanowire length and overall mor-
phology obtained via electron microscopy investigations post
growth. Therefore, most of the experimental studies thus far
have only been able to offer limited insight into the impact of
size effects on growth dynamics. With the ever growing need to
fabricate smaller and more compact nanowire devices, investi-
gations into fundamental growth dynamics especially for nano-
wires in the <30 nm diameter range has become particularly
important. At these dimensions the impacts of size effects in
nanowire growth, such as the Gibbs-Thomson (GT) effect, are
predicted to significantly affect the growth proccess. In III-V
materials, such as GaAs, the GT effect introduces a correction to
the effective supersaturation between liquid and solid phase
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which effectively reduces the thermodynamic driving force for
layer-by-layer growth.*®° The contribution of GT effect scales
inversely with nanowire diameter, therefore making an espe-
cially large contribution to the growth process at smaller
diameter ranges. However, the GT effect in GaAs nanowires
has been demonstrated, both theoretically and experimentally,
to also affect the nanowire growth process for nanowire dia-
meters larger than 100 nm.>*°

In situ studies of nanowires using specialized environmental
transmission electron microcoscopes (eTEMs) offer the ability
to explore dynamic processes in real time.'°'® In II-V
nanowires such studies have allowed to obtain real time
information of nanowire nucleation,'” droplet and nanowire
composition,"®* contact angle®® and structural changes.'®*!
Furthermore, in situ growth of III-V nanowires has allowed
researchers to confirm that the nanowire growth proceeds via
the layer-by-layer growth process.>' This has enabled improve-
ment of theoretical models and contributed to increased under-
standing of existing experimental work. Additionally, several
in situ studies have focused further on investigating the layer-
by-layer growth itself, demonstrating that it consists of two well
defined processes, namely, step-flow and incubation (also
sometimes referred to as layer propagation and waiting time,
respectively).>>>* In III-Vs, an atomic layer advances across the
liquid-solid (LS) interface during the step-flow process, after
which there is a distinct waiting time known as incubation
time. Furthermore, it has been shown that these processes can
be independently controlled by changing the precursor pres-
sures and can exhibit similar time scales which can vary widely
depending on the used growth conditions.?® This means that by
examining these dynamic processes we can obtain information
about material balance in the system. In the context of size
effects this means that by looking at step-flow and incubation
for different diameter nanowires it is possible to examine how
diameter change affects the material flow across the vapour-
liquid interface for group V and group III elements separately.

In this work, we have studied the effect of nanowire dia-
meter towards incubation and step-flow processes, which com-
prise the layer-by-layer growth, by recording videos of GaAs
nanowire growth in situ. This provides the first experimental
observations into how nanowire dimensions affect the Ga-
limited incubation and As-limited step-flow processes. By
examining the Ga-limited incubation time we found there to
be no significant dependence on nanowire diameter, except for
a sharp increase in incubation time for the smallest examined
diameter (11.5 nm) indicative of approaching the Gibbs-Thom-
son nucleation limit. Investigation into the As dependent step-
flow time revealed an increase in step-flow time with reducing
diameter. We have shown that this is in accordance with the
Kelvin effect, which describes the change of vapour pressure for
curved surfaces, by modelling the step-flow process to include
nanowire diameter-dependent vapour pressure. Size effects
influence different dynamic processes in different ways, which
in turn results in different relationships between size, acces-
sible growth parameters and nanowire properties. In particular,
this illustrates the importance of considering both the group III
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and group V species in understanding the role of size effects on
nanowire growth.

To investigate size dependency in situ, Au-seeded GaAs
nanowires were grown in a Hitachi HF-3300S environmental
TEM on SiN, micro electromechanical system (MEMS) chips
made by Norcada Inc. at a temperature of 420 °C. In this study
we used trimethylgallium (TMGa) and arsine (AsH;) as precur-
sors to facilitate GaAs nanowire growth. The partial pressure of
TMGa during growth was set to 7.83 x 10" Pa while it was
1.20 Pa for AsH; with the total pressure in microscope being
1.51 Pa; H, was used as a carrier gas. The AsH; partial pressure
is in the same order as typical ex situ MOCVD nanowire growth,
whereas the TMGa partial pressure is 1 order of magnitude
lower.”® The investigated nanowires were grown at growth
conditions facilitating wurtzite crystal phase as seen in
Video S2 (ESIt). More detailed description about the experi-
mental system can be found in ref. 25 and 26. To analyze the
step-flow and incubation processes in the GaAs nanowires
videos of nanowire growth were obtained using a Gatan One-
View IS camera. The obtained videos were acquired both at
‘birdseye’ view as in Video S1 and on axis as shown in Videos
S2-S4 (ESIt). Videos were recorded at a framerate between 50 to
200 FPS and for analysis frame averaging was used to improve
the signal to noise ratio. Therefore, the temporal resolution was
0.015 seconds or better after averaging frames. Video treatment
procedure of Videos S1-S4 was different and is described in SI-4
(ESIT).

Each layer nucleation event in nanowire growth is preceded
by a certain waiting or incubation time, which is primarily
dependent on TMGa pressure as shown by Maliakkal et al.,*® in
which the droplet increases its supersaturation until the
nucleation barrier can be exceeded. Eventually a new island is
formed on top of the previously flat liquid-solid (LS) interface,
thus concluding the incubation process and starting the step-
flow process. The start and end of an incubation process for
one of the GaAs nanowires investigated in this study is shown
in Fig. 1a and b using high-resolution TEM (HRTEM) images
and schematics. It is worth noting that the newly observed
island, which concludes the incubation time, should not be
understood to be critical nucleus that initiates the step-flow of a
layer. Theoretical calculations estimate the size of the critical
nucleus to be only several III-V atom pairs,””*® which is too
small to be observed using our experimental setup. The critical
nucleus here we use to describe the smallest size nucleus which
can allow nucleation of a thermodynamically stable island.
When this island size is reached there is a thermodynamic
driving force for atoms from the liquid phase to attach to it
rapidly forming a nanoscale island as shown in Fig. 1b. Addi-
tionally, the newly formed islands were always observed to form
at the triple phase line (TPL) and anchored to at least two edges
(see Video S1, ESIt). We did not observe a preference for the
island to nucleate at any specific sides of the nanowire; how-
ever, we could promote a more consistent nucleation on a
specific side of the nanowire by converging the electron beam
on it, therefore locally increasing the electron dose. The obser-
vation of islands forming at the TPL is in line with previous

This journal is © The Royal Society of Chemistry 2023
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Fig.1 Incubation in GaAs nanowires. (a and b) HRTEM images and
schematics showing the incubation process between two step-flow
events. Time in the upper right corner of the HRTEM images corresponds
to time after a previous GaAs layer was completed i.e. incubation process
has started. Incubation process is concluded when a new layer is
nucleated indicated by the black arrow in the HRTEM image and the green
island in the schematic. In the schematics the liquid Au—-Ga-As alloy is
shown in yellow, solid GaAs crystal in red and the newly nucleated layer in
green. (c) Incubation time as a function of GaAs nanowire diameter shown
in purple with error bars representing standard deviations. Each data point
corresponds to a nanowire for which 20 events were recorded.

experimental observations and theoretical predictions. Nuclea-
tion at the TPL has been shown to be more energy efficient than
nucleating an island away from the TPL.>

Before discussing the incubation and step-flow process it is
worth noting that no change in crystal structure from the
original WZ phase was observed as a function of nanowire
diameter; therefore it will not be discussed further. To examine
the effect of diameter on incubation time, videos of the growth
process for nanowires with diameters in the range between 11.5
and 26.5 nm were acquired. The recorded data is shown in
Fig. 1c with the purple circles depicting the average calculated
incubation time for a nanowire with error bars showing the
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standard deviations measured across 20 events. The incubation
time does not exhibit a size dependency within the 13 to 26.5 nm
diameter range. The stability of incubation time suggests that
diameter change does not significantly change the net Ga flux to
the interface. For the nanowire with 11.5 nm diameter a sharp
increase in incubation time was observed. Since this increase was
only observed for a single nanowire it is not possible to reach any
definite conclusions; however, it could be interpreted as an
indication of the dimensions approaching the Gibbs-Thomson
radius. As discussed previously in III-V nanowires such as GaAs
the GT effect decreases the supersaturation between liquid and
solid phase by introducing a correction factor which scales with
nanowire diameter. This means that below the critical Gibbs-
Thomson radius the overall supersaturation is reduced so much
that the nucleation probability of new islands on the LS interface is
suppressed, thus stopping the layer-by-layer growth process.*®

After a new island is nucleated on the LS interface at the end
of the incubation process, the step-flow process begins. Step-
flow time here is interpreted as the time between the observa-
tion of a newly nucleated island on top of LS interface, as seen
in Fig. 2a, until it has covered the whole LS interface again
forming a flat LS interface, as depicted in Fig. 2c. The time
evolution of one such step-flow event after the initial island
nucleation is depicted in Fig. 2a and c¢ using HRTEM images,
extracted from videos recorded during growth, and schematics.
In order to evaluate the effect of diameter on the step-flow
process 21 events were recorded in each of the 15 nanowires
investigated covering a span of 11.5 nm to 26.5 nm. In Fig. 2d
each of the investigated nanowires is represented by an orange
circle where the error bars represent standard deviation
observed within the 21 step-flow events recorded.

The dynamics of the step-flow remained similar between the
different diameter nanowires with the GaAs islands observed at
the beginning of the process always being anchored to the TPL
for all investigated nanowires. During the step-flow process the
layer advanced across the LS interface by incrementally filling
large sections of the LS interface switching between convex,
concave and straight edged configurations (see Video S1, ESIT).
This should not be viewed as a lack of temporal resolution of
our system, since this type of step-flow behaviour is consistent
with previous in situ studies of nanowire growth.>>* Images
and 2D schematic contours of the faceting of the bilayer for a
nanowire not included in the main dataset are shown in SI-3
(ESIY). The video showcases the initial fast growth followed by
the slower incremental step-flow advancement across the LS
interface. This behaviour has been attributed to the low
amount of As atoms in the droplet which is smaller than the
amount of As atoms required to cover the whole LS interface.®
In modelling this phenomenon has been termed the stopping
effect, where it was shown that the amount of initial LS inter-
face coverage was strongly dependent on the As flow.>*3%3?
Contrary to incubation time, our data shows that the step-flow
time increases for decreasing nanowire diameter across the
examined diameter range, as seen in Fig. 2d.

The step-flow time is known to primarily depend on the
AsH; pressure in the gas phase with the TMGa having an
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Fig. 2 Step-flow in GaAs nanowires. (a—c) HRTEM images and schematics
showing the GaAs bilayer step-flow process. Time in the upper right
corner of the HRTEM images corresponds to time after a newly formed
island was first observed. Black arrow in the HRTEM images points towards
the step between covered and uncovered areas of the liquid—solid inter-
face. In the schematics the liquid Au—Ga-As alloy is shown in yellow, solid
GaAs crystal in red and the growing bilayer across the liquid—solid interface
in green. (d) Step-flow time as a function of GaAs nanowire diameter
shown in orange with error bars representing standard deviations. Each
data point corresponds to a nanowire for which 21 events were recorded.
Blue stars depict the modelled step-flow time curve.

impact only at the extremely low flow range.>” As discussed
previously the incremental advancement of step-flow across the
LS interface is also shown theoretically to be strongly
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dependent on the As abundance in the droplet. In the investi-
gated diameter range we observed an increase of step-flow time
when approaching smaller diameters which we attribute to a
reduced availability of As atoms in the droplet. This observation
could be caused by an increased group V material desorption in
the droplet due to curvature effects; this is more commonly
known as the Kelvin effect.”® In order to explain the observed
trend in step-flow time a simplistic model was made; the full
details of the model are discussed in SI-1 (ESIT) and in the
following, we will discuss only key components of the model.

The model relies on the assumption that step-flow is sensi-
tive only to the changes in the AsH; supply in the droplet as
experimentally demonstrated by Maliakkal et al.,>® This allows
us to relate the step-flow time of the As atom flux across the
liquid-vapour (LV) interface by using the Hertz-Knudsen equa-
tion. The impingement rate (per area) was constant for all
nanowires; therefore, an increase in step-flow time is expected
to arise because of increase in As vapour pressure surrounding
the droplet which in our model is incorporated using the Kelvin
equation. The Kelvin effect can be treated as a more specific
case of the GT effect with the main difference being that
chemical potentials are generally used to describe the state of
the system in GT effect, while when using vapour pressures the
effect is commonly referred to as the Kelvin effect. The increase
in As vapour pressure surrounding the droplet would result in
an increased evaporation rate from droplet thus resulting in a
reduction of the net impingement rate. According to our model
the equation that describes the relationship between step-flow
and nanowire diameter is as follows:

ALS\/zRMASTTC h

) @
ALvNA <PAs,Vapour — nexp (%) ) Gads

Isp =

where tgr is the step-flow time, Ars, Ary are the liquid-solid and
liquid-vapour interface areas, respectively, R is the ideal gas
constant, M,; is the molar mass of As, T is the temperature, N
is Avogadro constant, Pagvapour i the As pressure in the vapour
phase, # is a fitting parameter used to describe the As pressure
of a flat liquid surface, yry is the liquid vapour interface surface
energy and V;, is the molar volume of the seed particle, r is the
radius of the nanowire, % is the height of a GaAs bilayer and
QGaas is the volume of a GaAs atom pair.

The described model fit is shown in Fig. 2d as the blue curve
and can be seen to fit well to the experimental data incorporat-
ing both the stable large diameter range and the sharp rise in
step-flow time observed for the smallest diameter nanowires.
The observed deviations between experimental data and the
fitted curve are expected to arise primarily because of the
estimated liquid vapour surface energy used in the fitting;
more details are provided in SI-1 (ESIt). Therefore, this model
demonstrates that the increasing vapour pressure in the dro-
plet can potentially explain the increase in step-flow time. In
Fig. 2d we have only chosen to show the model for the diameter
range where experimental data was obtained. Further reduction
in nanowire diameter, according to our model, would result in
the desorption to eventually surpass the material influx to the

This journal is © The Royal Society of Chemistry 2023
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catalyst droplet resulting in the inability to complete the step-
flow process.

The incubation time was not observed to be significantly
affected in the investigated diameter range except for the
smallest nanowire diameter. The overall robustness and insen-
sitivity observed in incubation time across the majority of
investigated diameters indicates that diameter change is not
significantly affecting the net Ga flux. A significant increase in
incubation time was only observed for one nanowire which
could mean that the Ga size effects become significant at
smaller diameters than compared to As for the growth condi-
tions used here. It is also possible that a very subtle trend is
obscured by the standard deviation of the data which arises due
to the probabilistic nature of nucleation.>?

The step-flow time was observed to steadily increase across
the examined diameter range with a similarly sharp increase in
time for the smallest diameter nanowire. This indicates that the
change in nanowire diameter primarily affects net impinge-
ment of As atoms across the vapour-liquid interface via increas-
ing vapour pressure as shown by our model. The difference in
how nanowire diameter acts upon the two processes is likely
caused by the inherent differences of elemental As and Ga. In
general the concentration of As atoms in the seed particle is
assumed to be <1%. This is a direct consequence of the
properties of elemental As, such as high vapour pressure and
low solubility in Au. In contrast to the volatile As atoms, the Ga
atoms readily alloy with Au and typically have a concentration
of 20-50% in the droplet.'®?*

Based on the model used to fit the step-flow time we
speculate that for smaller diameters the net flux across the
liquid-vapour (LV) interface is decreased ie. As atom
desorption from the droplet is increased. This would effectively
reduce the total amount of As atoms available for growth,
therefore, resulting in an increased step-flow time. It has
previously been demonstrated by theoretical works that a
decrease in As concentration in the droplet can diminish the
nucleation of new layers, even completely suppressing it.>'3?
This reduction in the driving force for nucleation could be a
potential explanation to the presence of the sharp increase in
incubation time. Our experimental work has expanded on these
theoretical works by showing that the layer-by-layer growth
process in GaAs nanowires could be limited by the inability
to finish the step-flow process instead of nucleation. Further-
more, an increased desorption of As atoms from the droplet
could push the growth into a more As-limited regime, which in
extreme cases is predicted to result in particle swelling, since
the As supply is not sufficient to reach steady state growth.>">*
However, no swelling of the droplet was observed in our
experiments. This was further confirmed by examining the
droplet contact angle at the LS interface; we did not find any
correlation between contact angle, diameter and the step-flow,
incubation process times (see SI-2, ESIf).

Recent investigations into nanowire solid phase stability
have also demonstrated the importance of As. In a study by
Oliveira et al.,** using molecular dynamics simulations they
showed that As atoms are crucial to prevent dissolution of the
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solid phase by forming a thin layer on the Au-Ga droplet and
being in constant exchange with As atoms at the TPL. They
demonstrated that if the number of As atoms in the droplet is
insufficient this could lead to the dissolution of the solid phase.
In the context of our work this could happen by further
reducing the nanowire dimensions under a constant As flux
due to increasing desorption rate of As atoms as described by
the Kelvin effect. Dissolution of nanowire solid phase or etch-
ing has been shown by in situ studies to be connected to
amount of Ga atoms in the droplet;** however, it has not yet
been related to the As content in the droplet.

These observations are expected to translate to ex situ nano-
wire growth. The overall pressure in conventional MOCVD
systems is significantly higher (10°-10° Pa), however, it is
mostly H,. The partial pressures, however, of the precursors
are quite similar - the AsH; partial pressures used here are on
the same order as those of conventional MOCVD growths with
TMGa flows being slightly lower.> Increased partial pressures
in conventional systems would be expected to increase the rates
i.e. decrease the times of the incubation and step-flow pro-
cesses. Since the main finding in this study involves the As-
limited step-flow process, and AsH; pressures are similar to
ex situ partial pressures, we expect this finding to apply also to
conventional systems. For molecular beam epitaxy (MBE) nano-
wire growth rates are generally slower than MOCVD and there-
fore slightly closer to in situ growth rates; however since the
precursors used are different it is difficult to compare the
incubation and step-flow processes specifically.

Conclusions

In conclusion, we have investigated how nanowire diameter
affects the Ga-limited incubation and As-limited step-flow pro-
cesses for Au-seeded GaAs nanowires grown in situ. Our results
have shown that the incubation time does not change signifi-
cantly with nanowire diameter except for a sharp increase at the
smallest investigated nanowire diameter. This indicates that the
Ga net flux remains insensitive to diameter across most of
the investigated diameter range. The step-flow time, on the other
hand, was observed to gradually increase with decreasing nanowire
diameter. This observation indicates that the net impingement of As
atoms is reduced, which may be a consequence of the increasing As
vapour pressure surrounding the droplet as shown by our model.
The observation of the As-limited step-flow time increasing for
decreasing diameter is especially important as it provides first
experimental evidence suggesting that As net flux is affected by
diameter change. This highlights the importance of including both
Ga and As flux into further efforts describing the nanowire layer-by-
layer growth process.
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