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T
he vapor�liquid�solid (VLS) nano-
wire growth technique is the method
of choice for the synthesis of a vast

range of single-crystalline nanowires for
equally numerous uses.1�3 VLS synthesis
is well-known to be the most effective
method of controlling nanowire diameter
during nanowire growth, via the size of the
metal catalyst particle,3 and results in wires
with easily controlled lengths and high-
crystallinity. SnO2 is an n-type semiconductor
with awide band gap (3.6 eV at 300 K) and is
easily grown in ananowiremorphologyusing
the VLS synthesis. These semiconducting
nanowires are building blocks for nanoscale
electronics and optoelectronic devices with
specific applications to gas sensors,4�6 dye
sensitized solar cells,7�9

field-effect transis-
tor devices,10,11 and Li-ion batteries.12,13 For

use in these kinds of devices, nanowires
need to be stable at high temperatures
and when in contact with metals.14,15 In
addition to pure SnO2, there is much inter-
est in the Sn-rich end of the SnO2�In2O3

solid solution, for applications such as en-
hancing the selectivity of SnO2 gas
sensors;15�17 the operating temperatures
for both doped and pure SnO2 gas sensors
can reach 200�500 �C.15 Though many gas
sensingdevices are built from thinfilms,15�17

replacing these with 1D nanostructures
can increase their performance due to
the increased surface area, aspect ratio,
and crystallinity associated with 1D nano-
structures.18,19 It is therefore imperative to
understand the behavior of both pure and
doped-SnO2 nanowires at elevated tem-
peratures, and in particular theway inwhich
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ABSTRACT The well-known vapor�liquid�solid (VLS) mechan-

ism results in high-purity, single-crystalline wires with few defects

and controllable diameters, and is the method of choice for the

growth of nanowires for a vast array of nanoelectronic devices. It is

of utmost importance, therefore, to understand how such wires

interact with metallic interconnects�an understanding which relies

on comprehensive knowledge of the initial growth process, in which

a crystalline wire is ejected from a metallic particle. Though

ubiquitous, even in the case of single elemental nanowires the VLS mechanism is complicated by competing processes at multiple heterogeneous

interfaces, and despite decades of study, there are still aspects of the mechanism which are not well understood. Recent breakthroughs in studying the

mechanism and kinetics of VLS growth have been strongly aided by the use of in situ techniques, and would have been impossible through other means. As

well as several systematic studies of nanowire growth, reports which focus on the role and the nature of the catalyst tip reveal that the stability of the

droplet is a crucial factor in determining nanowire morphology and crystallinity. Additionally, a reverse of the VLS process dubbed solid�liquid�vapor

(SLV) has been found to result in the formation of cavities, or “negative nanowires”. Here, we present a series of heating studies conducted in situ in the

transmission electron microscope (TEM), in which we observe the complete dissolution of metal oxide nanowires into the metal catalyst particles at their

tips. We are able to consistently explain our observations using a solid�liquid�vapor (SLV) type mechanism in which both evaporation at the

liquid�vapor interface and adhesion of the catalyst droplet to the substrate surface contribute to the overall rate.
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these nanowires interact with the gold and other
metallic connecting materials. For these reasons, we
have undertaken a series of in situ heating experiments
in which we examine the interaction of SnO2 nano-
wires with the metal catalyst particle, which is residual
at the tip of the wire after VLS synthesis. Our observa-
tions should be generalizable to other metal oxide
nanowire materials and of relevance to all VLS-grown
nanowire systems.
VLS growth is the keymechanismof silicon nanowire

growth, and as such has been studied extensively to
elucidate the key mechanistic processes and kinetics.
The growth process can be divided into three main
steps:20,21 first, a silicon containing precursor is cracked
at the surface of a liquid catalyst droplet, usually gold,
and silicon is incorporated into the catalyst. In the
second step, Si quickly diffuses through the droplet
to (what will become) the solid�liquid interface, and
the droplet supersaturates with Si. At sufficient super-
saturation, Si crystallizes out in the third step of the
mechanism to form a nanowire whose diameter de-
pends on the initial droplet size. In the limiting case
that only one of these steps is rate-determining, the
growth velocity of the wire, dL/dt, may or may not
depend on wire diameter. If crystallization is the only
rate-determining step, the Gibbs�Thomson effect
dictates that dL/dt is inversely proportional to negative
wire diameter, so that larger wires grow more quickly.
This was the situation described by Givargizov.22

If incorporation is instead the rate-determining step,
dL/dt is independent of nanowire diameter, but will
depend on the partial pressure of the precursor vapor,
as was observed by Kodambaka et al.23 It is possible,
however, for the actual situation to lie between these
two limits, with the rate of growth determined by
the interplay between these steps.20,21 Additionally,
several reports in the theoretical literature24�26 predict
that nanowire growth relies on a steady-state balan-
cing of the nanowire crystallization, with melting or
dissolution back into the catalyst, and that it is im-
portant to understand both processes, since they rely
on different morphological features.
Given the dependence of kinetics on the balancing

of several steps, and that wire diameters can vary
during growth, understanding the kinetics of growth
has been greatly advanced by the real-time observa-
tion of nanowire growth in situ in the transmission
electron microscope (TEM).2,23 Recent observations of
both the growth of nanowires by the VLS mechanism
and also their subsequent annealing have revealed
some fascinating behavior of the metal droplet at the
tip of the wire. Hannon et al. observed that the catalyst
droplets actually change during growth, and that dif-
fusion of Au down the sidewalls of the growing nano-
wires and across the substrate can result in Ostwald
ripening of the droplets, and a resulting tapering
of nanowire diameter.27 This is consistent with an

observation by Sutter and Sutter that traces of Au
remain on the sidewalls of Ge nanowires after VLS
synthesis, and can be used to catalyze the encapsula-
tion of the nanowire in a graphitic coating.28 Sutter and
Sutter also observed the melting and recrystallization
of alloy particles at the tips of germanium and GaAs
nanowires to find a strong size dependence of the
alloy composition, which allowed a tunable depres-
sion of the liquidus.29�31 Finally, metal droplets have
also been reported to catalyze a reverse process of
the VLS mechanism, dubbed solid�liquid�vapor
(SLV), in which the droplet etches a cavity or tunnel
in a soluble material to form negative nanowires or
whiskers.32,33

Here, we use in situ heating in the TEM to observe
the kinetics of gold-catalyzed dissolution of SnO2

nanowires with the rutile structure. Observing this
process in situ provides physical insight into the mech-
anism, which suggests that both overcoming adhesion
of the Au alloyed droplet to the substrate surface and
evaporation at the liquid�vapor interface are likely to
be key rate-determining steps.

RESULTS AND DISCUSSION

We conducted in situ heating experiments in which
we anneal SnO2 and In-doped SnO2 nanowires in the
TEM, and observe etching of the nanowires by the Au
catalyst droplet at their tips. This dissolution process is
consistently reproducible under conditions of elevated
temperature in the low pressure TEM environment,
provided that the wire remains in contact with its gold
catalyst head. It can be controlled, stopped, and started
by altering the temperature, in many cases eventually
leading to complete dissolution of the wire leaving
nothing remaining but the original metal catalyst
particle. The nanowires for this study were synthesized
by a standard VLS growth method, to obtain single-
crystalline wires with a wide range of diameters from
∼20 to 300 nm and lengths varying from several
hundreds of nanometers to tens of micrometers. A
high resolution high angle annular dark field (HAADF)
scanning TEM image of the Au/SnO2 interface from a
typical nanowire is displayed in Figure S1 showing the
[101] growth direction typical for these wires. X-ray
diffraction (XRD) patterns from both pure and In-
doped SnO2 wires are also shown in Figure S1, and
in both cases can be indexed to the rutile phase
of SnO2.
To investigate the behavior of our wires at elevated

temperature, we imaged individual VLS-grown wires
deposited on a heating substrate (Protochips E-chip)
and heated to temperatures in the in situ holder in the
range of 400�800 �C, such that etching was observed.
Shown in Figure 1 are representative frames from
movies taken from five different wires within the
SnO2�In2O3 solid solution. At temperatures greater
than 450 �C, the gold catalyst particle is seen to
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consume the entire length of these rutile-type nano-
wires, with what appears to be a reverse of the stan-
dard VLS mechanism. In every wire studied, dissolu-
tion of the wire is preceded by a loss of faceting
in the gold catalyst head, indicating that melting of
the tip is a necessary first step. This is especially
apparent in the first two panels of Figure 1b. The
subsequent motion of the tip (Movies S1�S5) also
suggests a fluid-like behavior. Details of the tem-
perature profiles used to heat these wires are
given in the Supporting Information movie files,
Movies S1�S5.
In Figure 1a, the gold catalyst particlemigrates down

the entire length of a pure-SnO2 nanowire, consuming
the wire over the space of ∼54 min, until a stationary,
isolated nanoparticle remains. In Figure 1b, the catalyst
particle again consumes the entire length of a pure-
SnO2 nanowire, accompanied in this case by a simul-
taneous reduction in wire diameter. Similar observa-
tions were recorded for In-doped SnO2 nanowires, and
are shown in Figure 1c�e, demonstrating that this
phenomenon is generally applicable into the solid
solution. Figure 1c shows an In-doped SnO2 wire in
which a mechanism similar to that of Figure 1a is
observed; the nanoparticle migrates the length of the
wire resulting in a stationary, isolated nanoparticle.
Figure 1d shows the effect of putting a wire in contact
with multiple gold particles; toward the end of the
recording, a second catalyst particle appears in the
bottom of the screen, and the two pieces of gold
consume the wire simultaneously from opposite ends,

finally agglomerating into a single stationary nano-
particle. In Figure 1e, the particle encounters a junction
of crossed wires and has the option of continuing
along the initial wire or switching to a different wire;
after proceeding a short distance into the new wire
it switches back to the initial path until reaching a final
stop. The TEM heating substrates used (Protochips
Aduro platform) are composed of a thick ceramic
which acts as the heater, containing a regular array of
7-μm-diameter holes and a carbon support film over-
lay. Due to the thickness of the ceramic, high quality
TEM images are attainable only on those areas of
carbon overlaying a hole in the ceramic. For this
reason, should the catalyst particle migrate over the
edge of a hole onto the ceramic heater, the experiment
was terminated, as occurs at the end of Movie S5
(Figure 1e last panel).
The rate of the reverse VLS mechanism was con-

trolled by varying the temperature, using higher tem-
peratures to increase the rate at which the catalyst
particle migrates the length of the wire, and removing
the heat to effectively and instantaneously prevent
further motion of the particle. This ability to repeatedly
quench and restart the wire dissolution process was
utilized to collect compositional data at intervals dur-
ing the experiment, by performing energy dispersive
X-ray spectroscopy (EDS) on the gold catalyst particle.
EDS spectra were collected intermittently by periodically
quenching the system to room temperature to stop the
motion of the nanoparticle and collect the spectrum,
subsequently returning to the original experimental

Figure 1. Representative frames from five movies of nanowire heating experiments (corresponding to Movies S1�S5). (a) A
pure SnO2 nanowire is seen to dissolve into the gold catalyst particle at its head. Field of view is 1.13 μm. (b) A pure SnO2

nanowire dissolves into the gold catalystwhile the diameter of thewire simultaneously decreases. Field of view is 870 nm, and
then increases to 1.10 μm when the magnification decreases. (c) An In-doped SnO2 wire is seen to dissolve into the gold
particle at its head. Field of view is 870 nm. (d) An In-doped SnO2 nanowire is seen to dissolve simultaneously into gold
particles at either end of the wire. Field of view is 730 nm. (e) An In-doped SnO2 nanowire dissolves into the gold catalyst, and
starts to change direction part way. Field of view is 1.10 μm.
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temperature once a spectrum had been collected. To
compare multiple sets of data, we performed system-
atic EDS collection from pure SnO2 nanowires using a
standard procedure, ramping the temperature at 2 �C/s
from room temperature until 700 �C, holding the wire
at 700 �Cduring dissolution, and quenching and taking
spectra at intervals of 8.5 min. Figure 2 shows EDS
spectra acquired from two wires using this procedure.
The Sn LR and Lβ peaks at 3.4 and 3.6 keV and the Au
MR peak at 2.1 keV were fit to Voigt functions, and the
area under the curve was found for each peak in each
spectrum. Frames from the movies of the two wires
taken between EDS collection times are shown in
Figure 2a,b. Plotted in Figure 2c,d are the relative ratios
of the integrated intensity of the Sn and Au peaks at
each time during the EDS data collection. Full movies
are available in the Supporting Informationmovie files,
Movies S6�S7.
Initially, before heating, no Sn is detected in the

catalyst particle at the wire head. After several minutes
of nanoparticle migration, however, Sn LR and Lβ
peaks appear indicating the presence of Sn in the
metal tip. After the initial spike in Sn concentration,
the ratio of Sn/Au falls, and though fluctuating
throughout the remainder of the experiment, it ap-
pears to reach a relatively steady state. Though quali-
tative in nature, these observations show that the steps
of the VLS mechanism appear to be occurring in
reverse. First, the Au droplet melts, at a temperature
muchcloser to theSn�Au liquidus temperatureof 483 �C

than that of bulk gold (1084 �C),34 implying an initial
diffusion of Sn into the Au droplet to form an alloy.
Next, the SnO2 dissolves in the droplet causing a spike
in the Sn/Au ratio in an incorporation step, which is the
reverse of the initial crystallization. Finally, the Au�Sn
alloy reaches a supersaturation and Sn is ejected from
the droplet, presumably by evaporation, although
some surface diffusion cannot be ruled out. One addi-
tional step in this SLV type process is that in order for
the droplet to continue to incorporate Sn, so that the
dissolution and evaporation steps may retain a steady
state, it must overcome adhesion to the substrate
surface so that it is mobile. These mechanistic steps
are indicated schematically in Figure 3.
Though EDS clearly shows that the Sn dissolves from

the wire into the droplet and is ejected, it is not clear
from EDS whether the oxygen content of the wire is

Figure 2. In situ compositional analysis of two SnO2 nanowires (corresponding to Movies S6�S7). (a and b) Images extracted
from movies of nanowire heating. Scale bars are 100 nm. (c and d) Relative EDS peak areas as a function of time taken from
wires (a and b), respectively. Insets: Representative EDS spectra. Shaded regions indicate integrated area from Voigt fitting.
Gold peak is shaded in red, Sn1 in green, and Sn2 in blue. The peak at 1.7 keV is Si from the substrate. Wires were heated to
700 �C and quenched in 8.5 min intervals to stop droplet movement and acquire EDS spectra.

Figure 3. Cartoon depicting the five processes taking place
during SLV dissolution of the nanowire: (1) SnO2 dissolves
into Au droplet at SL interface. (2) Sn is ejected at the LV
interface. (3) Adhesion between droplet and substrate is
overcome so that the dissolution and ejection steps can
maintain a steady state. (4) SnO2 vaporization from nano-
wire sidewall (SV interface). (5) Possible evaporation of O at
the SLV triple junction.
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lost entirely at the liquid�vapor interface, or if disso-
ciative dissolution of SnO2 to SnO and O (as would be
expected) occurs at the solid�liquid interface, allowing
some oxygen to evaporate at the triple junction, since
the spectrometer used for in situ EDS collection did not
have sufficient resolution to resolve the oxygen peak.
Several aspects of the qualitative observations de-

scribed above provide clues regarding the growth
mechanism for this system. First, a comparison of
Figure 1, panels a and b, shows that wire dissolution
can occur either via a layer-by-layer mechanism, there-
by maintaining the wire diameter, or directly at the
solid�vapor interface, resulting in a continuous reduc-
tion in wire diameter. To study the kinetics of SLV
nanowire dissolution, we performed a systematic dis-
solution of 19 nanowires using the same heating
procedure: the substrate temperature was initially
stepped directly to 450 �C, then ramped to 750 �C at
a rate of 0.2 �C/s, and then held at 750 �C while
recording the rate of wire dissolution. In all cases, the
particle melted and began to move at a temperature
between 450 and 750 �C, and these temperatures were
recorded. The data for all 19 wires is given in Chart S1
in Supporting Information. Of the 19 wires, 15 were
single-crystalline and used for further analysis. While a
slight dependence of melting temperature, Tmelt, on
droplet diameter, ddrop is observed as expected, inter-
estingly, no dependence on wire diameter, dwire, is
observed for either Tmelt, or the temperature atwhich the
droplet is first seen to move, Tmove (Figures S2�S4a,b).
Additionally, there is no observed dependence of the
rate of dissolution, dL/dt, on either dwire or the ratio of
droplet towirediameters,ddrop/dwire. (Figures S2�S4c,d),
though a lot of scatter is seen in all of these plots. This
observation that the rate of dissolution is independent
of wire diameter suggests that SLV dissolution is not
occurring in a mechanistic regime dominated by the
Gibbs�Thomson criterion, similar to the in situ growth
observations of Kodambaka et al.23 This suggests that
the ejection of Sn at the LV interface is either a key step
in the mechanism or at least as dominant as incorpora-
tion of Sn into the droplet by dissolution.
For the 15 wires which underwent analysis, they

were first separated into two groups, of 10 wires which
underwent typical SLV dissolution of the wire with no
noticeable change in diameter, and five wires which
underwent simultaneous thinning of the wire, redu-
cing its diameter as is seen in Figure 1b. For the group
which showed simultaneous wire thinning as well as
SLV dissolution, it is difficult to observe trends in Tmove,
Tmelt, or dL/dt, with wire or droplet diameters. This is
probably due to both the small sample size, and
becausemultiplemechanistic steps are simultaneously
occurring.We speculate that wireswhich acquired a Au
coating during synthesis, as described by Hannon
et al.,27 may undergo Au-catalyzed dissolution simul-
taneously through the nanowire sidewalls and through

the droplet at the tip. Though this is difficult to
verify directly, those wires with considerable wetting
of the sidewalls from the catalyst droplet should
have smaller ddrop/dwire ratios than those with Au con-
fined at the tip, and this is consistent with an average
ddrop/dwire value of 1.397 ( 0.214 nm for the group
which underwent thinning, in comparison to an aver-
age ddrop/dwire value of 1.640( 0.212 nm for the group
which did not.27

For those wires which predominantly underwent
SLV dissolution (with no thinning), it was necessary
for the catalyst droplet to overcome initial adhesion
and maintain continuous mobility, so that the wire
could continuously dissolve in the particle. Not doing
so resulted in the droplet and nanowire disconnecting,
which terminated the nanowire dissolution. On the
assumption that the droplet velocity has an Arrhenius
dependence on temperature, and that the particle
must have some initial critical velocity for movement
to be observed, we conclude that the activation energy
associated with overcoming adhesionmust be propor-
tional to our observed Tmove. Furthermore, this energy
should also be proportional to the contact area be-
tween the droplet and the substrate surface, which
itself is roughly proportional to the cross-sectional area
of the droplet. To test this hypothesis, we plotted Tmove

as a function of ddrop
2, and a rough proportionality is

observed (Figure 4a), though admittedly with some
scatter. Shown in Figure 4b is a plot of dissolution rate,
dL/dt, with Tmove. Despite the scatter in the data, it is
clear that high values of Tmove do not occur simulta-
neously with high dissolution rates, as might be ex-
pected if there is a strong adhesive force inhibiting
droplet mobility.
The temperature dependence of dL/dt is shown in

Figure 4c. These plots were measured from movies of
twowires inwhich dissolutionwas observed for several
minutes at a time at different growth temperatures.
Assuming Arrhenius behavior and using a least-
squares analysis to make a linear fit to both sets of
data, we obtain activation energies for the SLV dissolu-
tion of the two SnO2 nanowires of 0.89 and 1.07 eV,
respectively. These values are similar in order of mag-
nitude to values found for the VLS growth of Si nano-
wires,27 and are substantially smaller than the enthalpy
of dissociative vaporization of SnO2 from an uncata-
lyzed surface, reported to be 4.3 eV.35

An additional factor whichmay be at play during this
process is the size-dependent composition of the
catalyst droplets reported by Sutter and Sutter.29 They
find for Au-catalyzed Ge nanowire growth, that the
smaller the catalyst droplet, the greater the concentra-
tion of Ge, enabling them to controllably suppress the
liquidus. If a similarmechanism is at play in these systems,
then the smaller catalyst droplets will incorporate a
greater concentration of Sn, translating to higher levels
of supersaturation and faster dL/dt. A plot of dL/dt
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versus 1/ddrop
3 (Figure 4d) shows a rough proportion-

ality consistent with this scenario.
To measure the pressure dependence of the SnO2

dissolution, we conducted a series of annealing experi-
ments (Figure 5 table) in which we annealed as-grown
scanning electron microscope (SEM) substrates in a
CVD furnace, to control the atmosphere and pressure
between 2 and 500 Torr, which is representative of the
entire pressure range available to us with controlled
atmosphere. Oxygen mole fraction was varied be-
tween 0 and 1, with the remaining pressure exerted
by Ar. For each annealing experiment, 100 sccm of gas
was used in total. On annealingwith theminimum total
pressure and minimum oxygen partial pressure (2 Torr
and 0, respectively) at 700 �C, no change in the wire
appearance was observable under SEM (Figure 5 a).
Increasing the temperature to 900 �C also saw no
change, but degradation to the wires was observed
at 1000 �C, with noticeably fewer wires present, and
those remaining having no observable catalyst tip
(Figure 5b). Performing the same experiment but with
greater mole fractions of oxygen also led to the same
level of wire degradation, suggesting that total pres-
sure, rather than oxygen partial pressure, is more

dominant in the vaporization of SnO2. Two further
experiments were conducted at atmospheric pressure,
annealing a TEM Protochips substrate with SnO2 nano-
wires deposited upon it. In these experiments, anneal-
ing in atmospheric oxygen resulted in no observable
change, but a slight degradation of the wires can be
observed after annealing in an oxygen-free environ-
ment. In these experiments, the catalyst tip is still
observable, but the wire morphology is no longer
perfectly straight. While definitive conclusions would
require us to be able to control the atmosphere while
tuning the pressure between the 2 Torr available to us
using the CVD furnace, and the 10�6 Torr of the TEM
column, it is clear from these results that Au-catalyzed
dissolution of thewires is highly dependent onpressure,
requiring low pressure for the reproducible dissolution
of entirewires.We speculate that the slight dependence
of wire degradation on oxygen partial pressure is in-
dicative of a secondary, much slower, vaporization
directly from the nanowire sidewalls. This conclusion is
consistent with the findings of Klamchuen et al., who
found that a dependence of SnO2 nanowire growth on
oxygen partial pressure was indicative of competing
mechanisms at the SV and LV interfaces.36

Figure 4. Kinetics of Au-catalyzed SnO2 nanowire dissolution. (a, b, and d) Nanowires were heated from 450 to 750 �C at
0.2 �C/s, and then annealed at 750 �C while dissolution rate was measured. All wires were single-crystalline and underwent
dissolution into the droplet with no observable change in wire diameter. (a) Temperature at which droplet is first observed to
move, Tmove, as a function of the square of droplet diameter. (b) Dissolution rate as a function of Tmove. (c) Arrhenius plot of
dissolution rate as a function of 1/T, for two nanowires, yielding activation energies of 0.89 eV (closed circles) and 1.07 eV
(open circles). (d) Dissolution rate as a function of 1/droplet volume.
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CONCLUSIONS

In conclusion, the combination of kinetic studies
showing the correlation of Tmove with catalyst droplet
area and dissolution rate with droplet volume, the
observed lack of dependence of dissolution rate on
wire diameter, and the low pressures necessary for
observable wire dissolution allow us to consistently
explain our observations in terms of SLV dissolution of
our nanowires, dependent on two crucial steps: (1) the
ability of the catalyst droplet to overcome adhesion to

the substrate, such that a steady state may be
reached between Sn incorporation and ejection,
and (2) the evaporation of the wire from the LV
interface. The method outlined herein should pro-
vide an experimental platform to explore several
features relevant to the VLS growth mechanism, such
as the saturation concentration of a reactant within a
VLS catalyst droplet and the use of VLS catalyst
metals for the controlled etching of semiconducting
materials.

METHODS
The nanowires were prepared using a VLS synthesis from the

literature.37 Before starting the VLS synthesis, a silicon substrate
was coated in a 20 nm layer of Au deposited by electron beam
evaporation. Pure SnO2 nanowires were grown by mixing SnO
(Alfa Aesar, purity, 99.996%) and graphite (Alfa Aesar, purity,
99.9995%) powders in a 1:1 molar ratio, and placing themixture
in a quartz tube about 5 in. upstream from a silicon substrate, all
contained within a CVD furnace. The system was pumped to
1.7 Torr under 100 sccm of flowing argon, heated to 950 �C at
20 �C/min, and held at that temperature for 30 min. In-doped
SnO2 nanowires were prepared under the same reaction con-
ditions using a 4:1:1 molar ratio of In2O3 (Alfa Aesar, purity,
99.99%)/SnO/graphite.
Nanowires were characterized using XRD (Bruker D8 Ad-

vanced and Bruker D8 Discover with Cu KR radiation), SEM
(Hitachi S-4300), TEM (JEOL 2010F at 200 keV and Hitachi
HF-3300 at 300 keV), and EDS (Oxford INCA detector). In situ
heating was performed using a Protochips Aduro heating stage,
and Camtasia screen recording software was used to record
videos. TEM samples were prepared by sonication of the as-
grown substrates in methanol, followed by dropcasting onto

the relevant commercial substrate�lacey carbon coated copper
for TEM imaging, or a Protochips Aduro thermal “E-chip” for
in situ TEM heating experiments. The Protochips E-chip com-
prises a 300 μm� 300 μm ceramic substrate which acts as both
sample support and heater. As such, temperature changes are
virtually instantaneous, resulting in isothermal conditions
across the entire supported sample.
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same heating profile (Chart S1); plots of nanowire kinetics for 15
single-crystalline nanowires (Figure S2); plots of nanowire
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