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ABSTRACT: Semiconductor nanowire production through
vapor- and solution-based processes has propelled nanowire
systems toward a wide range of technological applications.
Although vapor-based nanowire syntheses enable precise
control over nanowire composition and phase, they typically
employ batch processes with specialized pressure management
systems, limiting throughput. Solution-based nanowire growth
processes have improved scalability but can require even more
extensive pressure and temperature management systems. Here,
we demonstrate a solution-based nanowire growth process that
utilizes the large Young—Laplace interfacial surface pressures
and collective heating effects of colloidal metal nanocrystals
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under irradiation to drive nanowire growth photothermally. Laser irradiation of a solution containing metal nanocrystals and
semiconductor precursors facilitates rapid heating, precursor decomposition, and nanowire growth on a benchtop in simple
glassware under standard conditions, potentially enabling a range of solution-based experiments including in-line
combinatorial identification of optimized reaction parameters, in situ measurements, and the production of nanowires with

complex compositions.
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ight absorption can be used as a handle to initiate

chemical reactions in a wide range of materials,

enabling key processes for diverse applications. For
example, light absorption by photosensitive molecules has been
used to engineer advanced biomaterials"” as well as to initiate
surface reactions, which impart additional functionality to
inorganic materials.”* Inorganic nanomaterials can also
participate in light-driven energy transfer processes to drive
chemical reactions’ ' and phase transformations.”~"” For
instance, the solar irradiation of plasmonic colloidal metal
nanoparticles has been used to generate steam for off-grid
water purification and to sterilize medical instru-
ments.'”'*"*7*° It has been shown that colloidal metal
nanoparticles under irradiation can locally superheat water to
temperatures greater than 300 °C without boiling due to the
large Young—Laplace interfacial pressures that suppress bubble
nucleation on highly curved nanoscale surfaces.”' >’ This
important thermodynamic effect—where the Young—Laplace
interfacial pressure, AP, is defined by the interfacial energy, 7,
times the harmonic sum of the principle axes of curvature (1/r,
+ 1/r,) of the interface (e.g., AP = 2y/r for a sphere)—can lead
to a much wider range of accessible temperatures to drive
liquid-phase chemistry at nanoscale interfaces. While conven-
tional liquid reactor systems are typically heated via thermal
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conduction across the interface between the reactor sidewall
and the fluid, when the heat source is decoupled from the
reactor sidewalls, bubble nucleation can be avoided, thereby
increasing the accessible temperature range at standard
pressures. Taking advantage of the nanoscale Young—Laplace
effect, the irradiation of metal nanocrystals has been used to
induce high-temperature reaction conditions at nanocrystal
surfaces in a low-cost manner, fabricate crystalline inorganic
nanomaterials,*>° and weld heterojunctions between nano-
wires."”

Metal nanocrystals are also essential for the growth of
anisotropic semiconductor nanowires,””*® which have great
potential in optoelectronic,””*" sensing,’"** energy conver-
sion,>>™*° and energy storage applications..‘%_‘?’8 Typically,
semiconductor nanowires are grown via thermal decomposi-
tion of a semiconductor precursor and subsequent diffusion of
semiconductor atoms into a metal nanocrystal seed. Upon
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Figure 1. Illustration of contact-free, laser-driven, colloidal semiconductor nanowire growth in a high boiling point organic solvent on the
benchtop in a quartz cuvette. (i—iii) The irradiation of colloidal metal nanocrystals with a collimated laser enables accumulation of thermal
energy in solution, which can then be used to drive chemistry—such as the decomposition of molecular precursors—thus facilitating the
contact-free, solution-based, photothermal synthesis of semiconductor nanowires.

saturation, the alloyed semiconductor-metal seeds facilitate
nucleation and growth of crystalline semiconductor nano-
wires.”” Although nanowire syntheses typically involve globally
heating the reactor, some reports have used metal nanocrystals
as both seeds for semiconductor nanowire growth and local
heat sources under irradiation to drive precursor decom-
position and diffusion.'””"* For example, irradiating metal
nanoparticle-decorated substrates in a modified chemical vapor
deposition chamber enabled site-specific heating and,
ultimately, plasmon-assisted growth of nanowire arrays'’ as
well as single nanowires.'"”'* The irradiation of substrates
decorated with metal nanoparticles submerged in solution has
also been used to synthesize certain types of nanowires.””~*!
However, the growth of semiconductor nanowires dispersed in
solution through laser irradiation of colloidal metal nanocryst-
als, which advantageously exploits the nanoscale Young—
Laplace effect, remains largely unexplored.

In this work, we capitalize on the ability of colloidal metal
nanoparticles to both photothermally heat under irradiation
and to act as growth-directing seeds for the synthesis of
semiconductor nanowires through a one-step, colloidal
process. Rather than relying on global heating of the entire
reactor system as in conventional colloidal syntheses, this
approach transduces light into heat directly at the site of
nanowire growth, thereby relaxing reactor design constraints to
enable benchtop growth of semiconductor nanowires without
the need for specialized, high-temperature, or high-pressure
equipment. Through a combination of infrared thermal
imaging and heat transfer models, we confirm that colloidal
metal nanocrystals irradiated with a collimated near-infrared
laser can reach the high temperatures (>200 °C) required for
solution-phase nanowire synthesis due to a combination of the
Young—Laplace effect and the collective heating effects of
colloidal metallic nanoparticles and show the versatility of the
process by growing three different example nanowire systems.
This demonstrates a generalizable process for semiconductor
nanowire growth that can be performed on a benchtop in
either batch or continuous operation, for potential rapid, high-
throughput screening and parameter optimization of semi-
conductor nanowire growth.

RESULTS AND DISCUSSION

This contact-free, laser-driven, solution-based nanowire growth
process is detailed in Figure 1, which depicts a cuvette
containing a dispersion of metal nanocrystals and molecular
precursors (Figure 1i) in an organic solvent. Upon irradiation
(Figure 1ii), the nanocrystals transduce the incident photons
into thermal energy, which drives the decomposition of
molecular semiconductor precursors, thereby inducing the
formation of a saturated metal-semiconductor alloy that
enables seeded nanowire growth (Figure liii).

‘While numerous studies have examined the heating of metal
nanocrystals under irradiation, most investiéations have
focused on noble metals, such as gold.w_m’m’zz’4 To examine
the potential heating effects enabled by contact-free irradiation
of the low-melting point colloidal metal nanocrystals used in
this study (Figure S1, Supporting Information (SI)), we
irradiated bismuth nanocrystals in a 1 cm path length cuvette
at a range of concentrations (Figure 2; Figure S2, Supporting
Information), denoted by the optical density (defined as the
ratio between the transmitted and incident irradiation
intensity) of the bismuth nanocrystal dispersion at the
excitation wavelength, A = 1070 nm (abbreviated as OD ).
Thermographic infrared images of a bismuth nanocrystal
dispersion (ODjo;, = 0.52) in octadecene in a cuvette under
irradiation (Figure 2a—d; Movie S1, Supporting Information)
demonstrate the photothermal transduction characteristics of
the colloidal nanocrystals, as compared to neat solvent under
identical excitation conditions (Figure 2e—h; Movie SI,
Supporting Information). As the optical density of the Bi
nanocrystal dispersion increases, the maximum temperature
achieved increases to 191 °C (Figure 2i; Figure S2, Supporting
Information), while the maximum cuvette temperature
increases by only 17 °C over the same time period with only
neat solvent present. Therefore, the observed temperature
increase of the nanocrystal dispersions is due to photothermal
transduction by the bismuth nanocrystals. We note that the
thermographic images only reflect the temperature of the
cuvette surface because the walls of the quartz cuvette absorb
the long-wavelength infrared light used in thermographic
imaging. Thus, the reaction volume is at a higher temperature
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Figure 2. Time-dependent temperature of bismuth nanocrystal
dispersions under continuous, near-infrared irradiation. (a—d)
Thermographic infrared images illustrating the evolution of
temperature during irradiation of a bismuth nanocrystal dispersion
(ODygyy = 0.52) in a quartz cuvette with a near-infrared laser
(1070 nm, 15 W), along with (e—h) a corresponding set of control
images recorded for neat octadecene under identical irradiation
conditions (1070 nm, 15 W) in the absence of nanocrystals (Movie
S1, Supporting Information). Temperature labels correspond to
the maximum temperature recorded in each image. (i) Time-
dependent temperature profiles for a series of bismuth nanocrystal
concentrations (OD;o,, = 0.03—0.52) under 1070 nm irradiation
(15 W).

due to the heat transfer resistance of both the solvent volume
and the quartz cuvette walls (vide infra).

In addition to measuring the time dependence of the
temperature profile on the bismuth nanocrystal concentration,
we used COMSOL Multiphysics software to simulate the
surface temperature of an irradiated cuvette containing a
bismuth nanocrystal dispersion (Figure S3, Supporting
Information). These numerical solutions accurately predict
the surface temperature of the cuvette at low bismuth
nanocrystal concentrations; however, the predicted temper-
atures diverge from the experimentally measured values at
higher nanocrystal concentrations and higher irradiances. The
divergent numerical solutions at higher bismuth nanocrystal
concentrations are likely due to high-temperature effects, such
as solvent convection and reflux, Ostwald ripening, or
coalescence of bismuth nanocrystals, which are not included
in the model. With these caveats, the numerical model
provides an upper bound for the internal temperature profiles
and demonstrates that the nanocrystals in the center of the
cuvette reach high temperatures under laser irradiation (Figure
S3, Supporting Information). Using an analytical solution
based on a Mie theory source term,” we also calculated the

temperatures of a single bismuth or indium nanocrystal
(discussed later) suspended in an infinite bath of the growth
solution. In this formalism, isolated bismuth and indium
nanocrystals heat very little relative (AT < 1 K) to their
surrounding solution volume and cannot decompose molecular
precursors to drive nanowire growth (Figure S9, Supporting
Information). The discrepancy between single-particle calcu-
lations and measured temperatures suggests that the nano-
crystals heat via the collective scattering and absorption of
photons. This is in agreement with previous work performed
with gold nanoparticles in an aqueous solution under
irradiation.”'#'®** Baffou et al. identified a dimensionless
number, &, to describe when collective heating effects become
prominent in arrays of metal nanocrystals: & = p*/3RD, where
p is the mean first neighbor interdistance, R is the radius of the
nanoparticle, and D is the characteristic illumination size.**
Under these conditions, £ is on the order of 1073, indicating
that collective heating effects dominate. As a result, reaching
the threshold temperature for nanowire growth depends on
many factors, including the nanocrystal concentration, the
thermal properties of the dispersion, and the irradiance of the
incident laser.

Combined, these calculations and experimental results
demonstrate that, while irradiated nanocrystals are responsible
for heating the solution, temperature gradients between an
individual nanocrystal and the surrounding solution are
minimal. However, large temperature gradients do exist as a
consequence of the gradients in irradiance that are present in
the system (i.e., between irradiated and nonirradiated portions
of the solution) and gradients arising from the low thermal
conductivity solvent (i.e., between the center and edge of the
irradiated region). These effects produce gradients in temper-
ature at length scales on the order of ~0.1 mm, but not at the
nanometer scale. As a lower bound, the finite-element model
predicts that nanocrystals in the center of the cuvette are at
least 10% (Kelvin scale) higher in temperature than the
maximum surface temperature of the cuvette. For example, our
simulations show that a cuvette with a surface temperature of
630 K (363 °C) has a temperature of ~700 K (430 °C) in the
center of the reaction volume.

We next incorporated II—VI molecular precursors into the
colloidal nanocrystal solution in an attempt to drive solution-
liquid-solid (SLS) nanowire growth via photothermal heating.
In a typical laser-driven synthesis, a solution of colloidal
nanocrystals and molecular precursors in a cuvette was
irradiated with a collimated laser. The optical density of the
dispersion was observed to increase dramatically within the
first 30 s of irradiation. When the laser was blocked, the
reaction product rapidly flocculated, indicating a substantial
change in morphology relative to the starting nanocrystals.
Bright-field transmission electron microscopy (TEM) imaging
(Figure 3b—d) clearly demonstrates that laser heating did not
result in homogeneously nucleated CdSe byproducts upon
precursor decomposition. Rather, the bismuth nanocrystal
seeds act as growth-directing agents to produce CdSe
nanowires via a photothermally driven SLS growth mechanism.
Compared to previous two-step, optically driven II-IV
nanowire growth processes,”’ the CdSe nanowire synthesis
performed here was carried out in a single step. TEM images
(Figure 3b—d) highlight the narrow nanowire diameters (7.3 +
1.9 nm, Figure SS, Supporting Information) achieved via this
photothermally driven process. High-resolution TEM (HR-
TEM) imaging (Figure 3d) shows that the CdSe nanowires
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Figure 3. Examples of contact-free, solution-based, laser-driven nanowire growth on the benchtop for nanowire systems with both ionic and
covalent character, produced using different metal nanocrystal seeds under 1070 nm excitation. (a—e) Narrow-diameter, polytypic wurtzite/
zinc-blende CdSe nanowires (hexagonal reflection indices denoted in parentheses) grown from Bi nanocrystal seeds using cadmium oleate
and trioctylphosphine selenide precursors. (f—j) Diamond-cubic, Bi-seeded Ge nanowires produced via photothermal decomposition of
diphenylgermane. (k—o) In-seeded Ge nanowires grown using In nanocrystal seeds as photothermal heat sources. Both nanowire
(highlighted with asterisks) and nanocrystal seed materials are indexed in each X-ray diffractogram.

exhibit the (0001) growth direction that is typical of
anisotropic wurtzite-phase CdSe. X-ray diffraction (XRD)
indicates that the CdSe nanowires are a mixture of wurtzite
and zinc-blende phases, as is commonly observed in most
CdSe nanowire syntheses; the mixture of the two phases can
be attributed to the minimal energy difference between (111)
zinc-blende and (0001) wurtzite nanowire growth.*> Notably,
XRD also shows an increased intensity of the (002) and (111)
reflections for wurtzite and zinc-blende, respectively, which is
consistent with previously reported CdSe nanowire growth
directions associated with each phase (Figure 3e).”” HR-TEM
also indicates stacking faults along the length of the CdSe
nanowire. Despite the temperature gradients, convection, and
precursor diffusion that occurs during irradiation of the
cuvette, analysis of the nanowire product indicates that the
diameter distributions, morphologies, and growth directions of
nanowires produced by photothermal heating are quite similar
to those produced by conventional solution-liquid-solid (SLS)-
based growth methods (see SI for further detailed
discussion).””> We also note that, under the irradiances
investigated here, nanocrystal concentrations as low as
OD 7y = 0.07 were still sufficient to photothermally synthesize
semiconductor nanowires. The nanoparticle concentration
could likely be further decreased by utilizing a focused
beam,"” increasing the irradiance, and optimizing the photo-
thermal transduction characteristics of the excitation-source/
nanocrystal pair. Control experiments based on the irradiation
of CdSe molecular precursor solutions in the absence of
bismuth nanocrystals resulted in minor temperature increases
(Figure S2, Supporting Information) and no detectible
precursor decomposition or nanowire growth. These results
clearly demonstrate that, under irradiation, the bismuth
nanocrystal dispersion heats rapidly, facilitating decomposition
of the cadmium and selenium molecular precursors and

subsequent solution-based growth of bismuth-seeded CdSe
nanowires.

Notably, typical nanocrystal-seeded, SLS-based CdSe nano-
wire growth processes require the use of a Schlenk line and
reaction temperatures in the range of 230—350 °C. Here, heat
transduced by the nanocrystals in the contact-free, photo-
thermal growth reaction enabled the same high temperature
process to be carried out in a standard quartz cuvette on a
benchtop. This is emphasized by the observation that the
OD,y;0 = 0.07 Bi nanocrystal dispersion resulted in the
successful growth of CdSe nanowires, despite the fact that the
surface of the cuvette only reached a maximum temperature of
136 °C (Figure S2, Supporting Information). This result
further indicates that the temperature at the nanocrystal-
solvent interface is higher than the measured surface
temperature of the cuvette. In addition to using a quartz
cuvette as a reaction vessel, we have also successfully employed
a simple nuclear magnetic resonance (NMR) tube combined
with a low-cost, low-power (2 W), 808 nm diode to grow Bi-
seeded CdSe nanowires (Movie S2, Supporting Information),
demonstrating that optically driven nanowire growth can be
carried out using a variety of excitation powers and
wavelengths.

While this represents a successful demonstration of solution-
based, photothermally driven seeded nanowire growth, CdSe
has a large degree of ionic character, and material systems that
are more covalent (such as Si and Ge) typically have much
higher crystallization barriers and, therefore, require signifi-
cantly hlgher temperatures (>300 °C) for nanowire
growth.*** To investigate the versatility of the photo-
thermally driven nanowire growth process, we also targeted the
production of group-IV semiconductor nanowires, using the
same bismuth nanocrystal seeds to drive the reaction. In this
scenario, colloidal bismuth nanocrystals under near-infrared
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Figure 4. Demonstration of continuous, laser-driven nanowire growth under flow. (a) Flow cell schematic along with (b—d) associated
images of the reaction zone (b) containing only octadecene, (c) during injection of Bi nanocrystal seeds (OD,y,, = 0.07) and II-VI
molecular precursors, and (d) after irradiation under flow. (e) Characteristic TEM images of the Bi-seeded CdSe nanowire product. (f—h)
Snapshots from an infrared thermal imaging camera, showing spatial and temporal evolution of temperature profiles of the flow cell after 1,
2.5, and S min of 1070 nm irradiation under continuous flow (0.05 mL/min). Temperature labels correspond to the maximum temperature
recorded in each image. (i—k) A comparison of the radially averaged FLIR temperatures (solid line) and analytically predicted temperatures
(dashed line) of the flow cell after 1, 2.5, and 5 min of photothermal heating.

irradiation once again act both as heat sources and as seeds for
nanowire growth, driving the decomposition of the diphe-
nylgermane precursor to facilitate the optically driven SLS
growth of Ge nanowires (Figure 3f—j) without the need for a
vacuum system, Schlenk line, or supercritical reactor system.
Bright-field TEM images (Figure 3g—i) demonstrate the
growth of crystalline Ge nanowires with diameters of 15.6 +
7.8 nm (Figure S6, Supporting Information) and a (111)
growth direction, which is characteristic of high-temperature
growth of Ge nanowires.”’ While the XRD diffractogram
(Figure 3j) clearly shows the presence of both crystalline Bi
and Ge, the Bi-seeded Ge nanowires synthesized through
contact-free photothermal heating were typically observed to
have a tortuous morphology, likely due to the small volume of
solution that was irradiated, and subsequent convection of
nanowires into and out of the beam.

To demonstrate the generality of this approach, we next
investigated whether indium nanocrystals could be used for
laser-driven nanowire growth. While indium has been used to
grow germanium nanowires via vapor-liquid-solid growth®'
and other types of semiconductor nanowires through modified
SLS growth,™® previous work has primarily employed the use of
evaporated In thin films to seed growth. Here, we demonstrate
the use of colloidal In nanocrystals (Figure S7, Supporting
Information) as photothermal heat transducers under incident
near-infrared irradiation to decompose diphenylgermane in
solution, once again enabling the laser-driven, seeded growth
of germanium nanowires in a cuvette (Figure 3k—o0). The In-
seeded Ge nanowires generated from this optically driven
process typically had shorter lengths and wider diameters
(Figure 3k—o; Figure S8, Supporting Information) than the
photothermally grown Bi-seeded Ge nanowires. These

morphological differences can likely be attributed to the
markedly lower melting point of In (156 °C) relative to Bi
(271 °C), which could result in rapid coalescence of In
nanoparticles upon heating, leading to larger seed particles and,
thus, larger nanowire diameters. The differences in surface
energies and contact angles for the two different nanocrystal
seeds could also contribute to differences in morphology.

All of these processes generated SLS-grown nanowires under
ambient conditions via photothermal heating without the use
of a Schlenk line, pressure vessel, insulation, or resistive
heating. Specifically, the high temperatures generated by
contact-free, optical heating of the metal nanocrystals rapidly
drive nanowire growth without the use of any high-temper-
ature equipment. In comparison, global resistive heating during
a conventional SLS nanowire growth reaction involves an
isothermal process in which the reaction vessel and chemical
components are at thermal equilibrium.

The versatility of this growth strategy naturally lends itself
toward the integration of spectroscopic methods that could be
used to study in situ nanowire growth dynamics and to rapidly
tune reaction conditions. However, in all of the above
nanowire growth demonstrations—using both quartz cuvettes
and NMR tubes as reaction vessels—the nanowire growth
solution inevitably developed convection currents due to the
volume of the photothermal heating zone and variations in
intensity across the Gaussian laser source relative to the
solution volume. To realize the potential of this contact-free,
colloidal nanocrystal-based semiconductor nanowire growth
process, as a proof of principle, we demonstrated the
photothermally driven growth of semiconductor nanowires
using a continuous-flow reactor to circumvent problems
associated with free convection and to validate laser-driven
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nanowire growth for future rapid screening of synthesis
parameters (Figure 4). We first constructed an optically
accessible reaction zone (Figure 4a), through which solutions
of II-VI semiconductor precursors and colloidal nanocrystals
could be injected simultaneously. Upon irradiation and while
under flow, the nanocrystals once again rapidly generated heat
to decompose the precursors and seed nanowire growth
(Figure 4d,e), eventually exiting the flow cell further
downstream. Converting this noncontact, laser-driven nano-
wire growth method into a continuous flow process is a further
step toward an easily accessible, low-cost, scalable system in
which nanowire growth dynamics and various growth
parameters can be rapidly scanned and spectroscopically
probed to enable real-time feedback and optimization of
material properties.

To determine the internal temperature of the flow cell
during heating, we analytically calculated the temperature
profile within the reactor volume during laser-driven nanowire
growth under flow.”> We include details of the derivation and
model, which should be valid for a wide range of flow rates, in
the Supporting Information.>® Briefly, we start from the energy
equation

2G5 =k ror\ or 0z S

oT 1 a( a:r) 0T
——|r=—+ =
o0z

(1)

where p, C, and v, are the density, heat capacity, and velocity
of the solution in the flow reactor; T, z, and r are the
temperature and axial and radial coordinates; and S is the
source term. We solve the equation for three different regions:
upstream of the irradiated region (S = 0), the region under
laser irradiation (S > 0), and downstream of the laser
irradiation (S = 0). At axial interfaces between these three
regions, we match the temperatures and flux; at axial interfaces
with inflow and outflow, we ensure the temperature is bounded
as z— =+ o0; and for radial interfaces, we use a Robin’s
boundary condition based on correlations for natural
conduction from a horizontal cylinder.”*

At low flow rates, that is, for small Peclet numbers (Pe < 10),
heat transport via both thermal conduction and thermal
convection is important and cannot be neglected. The Peclet
number is defined by Pe = R;{v,)/a, in which R, is the inner
radius of the tube, and ¢ is the thermal diffusivity of the fluid
(a, = k/p,C,). Thermal camera images (Figure 4f—h) of the
flow reactor clearly demonstrate axial diffusion of heat both
upstream and downstream of the incident laser spot,
experimentally verifying that axial conduction is taking place.
Figure 4 (panels i—k) shows the projected temperature
distribution on the surface of the flow cell and the analytically
calculated, radially averaged temperature. The analysis reveals
that there is a ~1% gradient between the center of the reactor
fluid volume and the surface of the chamber. This lack of a
radial thermal gradient suggests that the maximum temper-
ature during growth in the flow cell was ~188 °C based on
thermal camera images, which is less than the typical 230 °C
temperature used in bismuth-seeded CdSe nanowire syn-
thesis.”> We note that analytical temperature distributions of
both a bismuth-seeded CdSe nanowire and a bismuth
nanocrystal (Figures S9 and S10, Supporting Information) in
an infinite bath do not demonstrate appreciable heating above
ambient temperatures.'” It is possible that hot-electron effects
or exothermic precursor decomposition may contribute to the
energy required for semiconductor nanowire growth. To

examine these possibilities, we photothermally heated colloidal
bismuth nanocrystals in a cuvette and measured the surface
temperatures with and without CdSe precursors (Figures S2
and S4, Supporting Information). After 9 min, the surfaces of
the cuvettes containing the irradiated nanocrystal dispersions
with CdSe precursors present were 96 °C higher in
temperature than cuvettes without semiconductor precursors.
This additional heating may be associated with an exothermic
reaction of CdSe precursors, which may accelerate nanowire
synthesis. Alternatively, the growth of nanowires may generate
additional photon scattering or absorption effects that could
boost the absorption of light, thus generating more heat.
Supporting the above hypotheses, the analytically calculated
temperature distributions for the flow reactor best match the
measured temperature when the absorption efficiency and
solution thermal conductivity increase over time, which would
occur if either the growth of nanowires increases the
absorption coefficient of the solution®®*’—simultaneously
increasing the thermal conductivity—and/or if the reaction
is exothermic (Table S1, Supporting Information).

CONCLUSIONS

We have demonstrated that photothermal heating of colloidal
metal nanocrystals via laser irradiation is a versatile approach
to drive the solution-based synthesis of semiconductor
nanowires with both ionic and covalent character. In these
syntheses, Bi and In metal nanocrystals were used as contact-
free photothermal transducers that facilitate the rapid SLS
growth of semiconductor nanowires. Because these nanocryst-
als are dispersed in solution, rather than pinned to a substrate,
they have the potential to locally superheat the solvent due to
the large Young—Laplace interfacial surface pressure required
to nucleate a bubble. Consequently, both temperature and gas
handling constraints of the reactor are relaxed, enabling the use
of low-cost quartz cuvettes or NMR tubes as benchtop reactors
for nanowire synthesis. These results enable the translation
from a batch process to a scalable, continuous-flow process.
With further optimization, this optically driven synthesis could
enable the solution-based growth of nanowires that currently
cannot be synthesized in solution due to solvent boiling point
limitations. In addition, photothermal heating makes rapid
changes in temperature possible, which could facilitate the
production of complex, heterostructured nanowires or rational
dopant incorporation via solution-based methods. The ability
to quickly reach high temperatures near the metal nanocrystal
seed could potentially enable the nonequilibrium incorporation
of atomically precise semiconductor dopants during the
nanowire growth process, rather than during an additional
postsynthetic doping step. Moreover, because this process can
be performed on a benchtop in virtually any chemically inert,
optically accessible reaction vessel, it could enable the direct
integration of in situ scattering and spectroscopic techniques to
study solution-based nanowire growth dynamics, rapid
combinatorial scanning of nanowire chemistries, and optimize
nanowire growth conditions with real-time feedback. This
laser-driven nanowire growth strategy may also enable the
study of single-particle nanowire growth dynamics through
scattering measurements or the combination of in situ optical
spectroscopy with single-beam laser tweezers.'’

METHODS

Materials. All chemicals were used as received unless otherwise
noted. Bismuth(III) chloride (BiCl;, 99.99% trace metals basis),
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cadmium oxide (CdO, >99.9% trace metals basis), ethanol
(anhydrous, <0.005% water), indium(III) chloride (99.999% trace
metals basis), isopropanol (anhydrous, 99.5%), molecular sieves (3
A), n-butyllithium (1.3 M in n-heptane), 1-octadecene (ODE, 90%),
oleylamine (90%), oleic acid (degassed, 90%), sodium bis-
(trimethylsilyl)amide (1.0 M solution in tetrahydrofuran), squalane
(96%), Super-Hydride solution (1.0 M lithium triethylborohydride in
tetrahydrofuran), selenium (Se, <5 mm particle size, >99.999% trace
metals basis), tetrahydrofuran (THF, anhydrous, >99.9%), toluene
(anhydrous, 99.8%), and trioctylphosphine (TOP, 97%) were
purchased from Sigma. Diphenylgermane (>95%) was purchased
from Gelest. Poly(1-hexadecene-co-1-vinylpyrrolidinone) (PHD-co-
PVP) was provided by Ashland under the trade name Ganex V-216.
Toluene (Certified ACS, 99.8%) was purchased from Fisher. Ethanol
(200 proof) was purchased from Decon Laboratories.

Bismuth Nanocrystal Synthesis. Bismuth nanocrystals were
synthesized based on the protocol outlined by Wang et al.>* A 25 wt
% solution of PHD-co-PVP in 1-octadecene was dried over molecular
sieves for 1 week. BiCl; (2.6 X 107> mmol) was mixed at 800 rpm
with THF (570 yL) under nitrogen for 30 min. The solution of PHD-
co-PVP in octadecene (6.1 mL) was added to the flask under
continuous mixing at 900 rpm. The flask was cycled between nitrogen
and vacuum three times. A solution of 1.0 M sodium bis-
(trimethylsilyl)amide in THF (825 uL) was injected, and the flask
was stirred until a dark orange-brown color was observed (~10 min,
1100 rpm). The solution was then heated to 200 °C for 17 h, cooled,
and then transferred into a nitrogen-filled glovebox for storage.
Bismuth nanocrystals were handled under nitrogen for cleaning.
Nanocrystals were washed five times using a 1:4 ratio of anhydrous
hexanes:ethanol and centrifugation (6800 RCF for 10 min) to remove
excess PHD-co-PVP prior to use for nanowire growth. The average
diameter of the bismuth nanocrystal seeds was 52 + 8 nm.

Indium Nanocrystal Synthesis. Indium nanocrystals were
synthesized using the protocol outlined by He et al>® InCly (1.4 x
107" mmol) was measured in the glovebox, transferred into a three-
neck flask, and attached to a Schlenk line. The flask was purged with
nitrogen and then transitioned between vacuum and nitrogen
atmosphere three times. Oleylamine (13 mL) was added to the
flask, which was heated to 100 °C while mixing (1000 rpm) and then
placed under vacuum for an additional 45 min. The mixture was
blanketed with nitrogen and further heated to 160 °C. A solution of
1.3 M n-butyllithium in n-heptane (1.3 mL) was injected into the
flask, followed by an injection of 1.0 M Super-Hydride solution (300
uL). The reaction was allowed to run for 10 s, whereupon 12 mL of
anhydrous toluene was injected to cool the solution and quench the
reaction. At 50 °C, oleic acid (400 uL) was added to stabilize the
nanocrystals. Nanocrystals were then transferred into a glovebox and
handled under nitrogen for cleaning. Anhydrous ethanol (12 mL) was
added to the dispersion, which was centrifuged at 4180 RCF for 10
min. The supernatant was discarded, and the nanocrystals were
washed with a 2:1 ratio of anhydrous hexanes:ethanol three more
times. The average diameter of the indium nanocrystal seeds was 16 +
2 nm.

Cadmium Oleate. Using standard Schlenk line techniques, 0.15
M cadmium oleate in l-octadecene (ODE) was prepared by
combining 210 mg of CdO, 2.7 g of oleic acid, and 5.2 g of ODE
in a flask. The mixture was blanketed with nitrogen and stirred at 800
rpm, heated to 110 °C, and placed under vacuum for 30 min. The
mixture was cooled to room temperature under nitrogen and
transferred to a glovebox, whereupon 1 mL of trioctylphosphine
(TOP) was added and mixed for 15 min.

Trioctylphospine-Selenide (TOP:Se). A 1.0 M stock solution of
TOP:Se was prepared in a nitrogen-filled glovebox by stirring 238 mg
of Se in 5 mL of TOP overnight, until dissolved.

Nanowire Precursor Solutions for Photothermal Nanowire
Growth. All nanowire precursor growth solutions were prepared and
mixed under a nitrogen atmosphere in a quartz cuvette, which was
lined with a thin layer of Teflon tape prior to sealing with a screw cap.
The cap was then wrapped with Parafilm to avoid inadvertent
nanocrystal oxidation.

Bi-Seeded Cadmium Selenide Nanowire Growth Solution.
The Bi-seeded CdSe nanowire precursor growth solution was
prepared under a nitrogen atmosphere in a quartz cuvette. 50 uL of
a Bi nanocrystal dispersion (1.34 mg elemental Bi/L) in hexane, 125
uL of Cd-oleate (0.15 M in ODE), and 213 uL of TOP:Se (1.0 M in
ODE) were combined and mixed in a screw-top quartz cuvette.

Bi-Seeded Germanium Nanowire Growth Solution. The Bi-
seeded Ge nanowire precursor growth solution was prepared under a
nitrogen atmosphere in a quartz cuvette. S0 uL of a Bi nanocrystal
dispersion (1.34 mg elemental Bi/L) in hexane, 100 uL of
diphenylgermane (DPG), and 150 uL of squalane were combined
and mixed in a screw-top quartz cuvette.

In-Seeded Germanium Nanowire Growth Solution. The In-
seeded Ge nanowire precursor growth solution was prepared under a
nitrogen atmosphere in a quartz cuvette. 50 yL of an In nanocrystal
dispersion in hexane, 100 uL of diphenylgermane (DPG), and 150 uL
of squalane were combined and mixed in a screw-top quartz cuvette.

Laser-Driven Nanowire Growth. Nanowire precursor growth
solutions consisting of metal nanocrystals, molecular semiconductor
precursors, and degassed solvents (squalane or ODE) were loaded
into a screw-top quartz cuvette in the glovebox, where the top of the
cuvette was lined with Teflon and then wrapped with Parafilm to
prevent oxidation of nanocrystals. The cuvette with the growth
solution was transferred out of the glovebox and subsequently
irradiated with an unpolarized, Gaussian, near-infrared fiber laser (A =
1070 nm) with a spot size of S mm at a range of powers (15—70 W)
and times (5—20 min). The resulting product was washed with a 2:1
ratio of toluene and ethanol, collected by centrifugation at 19 000
RCF, dispersed in toluene, and washed two more times.

Continuous-Flow Photothermal Nanowire Growth. For a
typical continuous flow-based, photothermally driven nanowire
growth synthesis, a glass tube with an inner diameter, outer diameter,
and length of 4, S, and 95 mm, respectively, was sealed under a
nitrogen atmosphere with two small rubber septa. The reaction vessel
was prefilled with degassed 1-octadecene to displace all nitrogen prior
to injection of the nanowire growth solution. The nanowire precursor
growth solution, consisting of 60 yL of a Bi nanocrystal dispersion
(1.34 mmol/L), 750 uL of Cd-oleate (0.15 M), 1.3 mL of TOP:Se
(1.0 M), and 240 uL of degassed ODE, was prepared in a nitrogen-
filled glovebox and loaded into a syringe. The needle of the precursor
syringe was inserted through a rubber septum leading into the
reaction vessel, and the syringe was fixed onto a syringe pump in order
to control the flow rate (5 mL/h). A second needle was inserted into
the other rubber septum on the exit side of the reaction vessel, leading
to a glass vial used to collect the nanowire product. Prior to injecting
the nanowire precursor growth solution, the laser was aligned to
irradiate the center of the reaction vessel. After injecting the glass
reactor vessel with the nanowire precursor solution, the reactor was
irradiated with an unpolarized, Gaussian, near-infrared fiber laser (4 =
1070 nm) at S W. The product was washed with a 2:1:1 ratio of
toluene:chloroform:ethanol, collected by centrifugation at 19 000
RCF, dispersed into toluene, and washed two more times prior to
sample characterization.

Materials Characterization. TEM images were acquired with an
FEI Tecnai G2 F20 Supertwin TEM operating with a 200 kV
accelerating voltage and were analyzed using Image] Software. XRD
scans were collected using a Bruker D8 Discover equipped with an
IuS 2-D XRD detector system and were analyzed using EVA software.
Inductively coupled plasma optical emission spectroscopy (ICP-OES)
was performed with a PerkinElmer Optima 8300 spectrophotometer.
UV—vis extinction spectra were collected using an Agilent Cary 60
UV—vis spectrophotometer. Time-dependent infrared thermal
imaging was performed with an FLIR A32S5sc camera using the 0—
350 °C temperature range setting, and the resulting videos were
analyzed using ResearchIR software.
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