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ABSTRACT: Low-temperature synthesis of crystalline silicon
and silicon-containing nanowires remains a challenge in
synthetic chemistry due to the lack of sufficiently reactive Si
precursors. We report that colloidal Si nanowires can be grown

Ga —
using tris(trimethylsilyl)silane or trisilane as the Si precursor cuen;” crcn, ‘

by a Ga-mediated solution—liquid—solid (SLS) approach at
temperatures of about 200 °C, which is more than 200 °C
lower than that reported in the previous literature. We further
demonstrate that the new Si chemistry can be adopted to
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incorporate Si atoms into III-V semiconductor lattices, which holds promise to produce a new Si-containing alloy
semiconductor nanowire. This development represents an important step toward low-temperature fabrication of Si nanowire-

based devices for broad applications.

1. INTRODUCTION

Silicon (Si) is the most important semiconductor in the
microelectronics industry. Continuous device miniaturization
has led to the emergence of the nanoelectronics industry, in
which Si nanowires (NWs) can play an essential role. For
example, proof-of-principle Si-NW-based electronic nano-
devices have been demonstrated. In the photovoltaics industry,
crystalline Si modules are the most frequently used and heavily
studied material. Device physics modeling has suggested that
radial p—n junction NW photovoltaic devices can potentially
achieve higher efliciency relative to the conventional planar
devices because the unique one-dimensional structure allows
both good light absorption and efficient charge carrier
collection.” This device concept has been demonstrated at
both a single NW level and oriented NW array level.>* In
addition, Si NW array-based energy conversion devices such as
solar water-splitting cells and lithium-ion batteries have also
been reported recently.”®

To date, the Si NW-based devices have been predominantly
fabricated by either top-down methods using single-crystalline
Si wafers or bottom-up methods using metal nanoparticles
(NPs) and molecular Si precursors via a vapor—liquid—solid
(VLS) mechanism.” Compared to the top-down methods, the
bottom-up methods offer greater flexibility in controlling NW
properties but generally require high growth temperatures even
for the metals that can form eutectic phase at low temperature
with Si. To achieve low-temperature (<400 °C) VLS growth of
Si NWs, the Si precursors must be activated (or dissociated)
first. This can be achieved by means of in situ H, plasma
treatment, which has resulted in the growth of Si NWs at
temperatures as low as 240 °C.°
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Semiconductor NW growth can also be achieved in solution
via a solution—liquid—solid (SLS) mechanism using metal NPs
with low melting points.” Compared to the VLS method, the
SLS method has the advantage of surface passivation, ease of
implementation, and large-scale production.'® As such, the SLS
approach is potentially promising for cost-effective solution-
processable fabrication of NW-based devices. Recently, metal
NP-mediated SLS growth of Si NWs or nanorods has been
reported.'' ~"? However, the growth temperatures are mostly
higher than 410 °C because the precursor activation method
employed in the VLS growth cannot be directly adopted in the
solution-phase synthesis. Very recently, it was reported that
short Si nanorods (<50 nm in length) could be grown by a Sn-
seeded SLS method using cyclohexasilane as the Si precursor at
temperatures as low as 200 °C."* In general, it remains a big
challenge in the SLS chemistry to achieve Si NW growth at low
temperatures.

Herein we report that both tris(trimethylsilyl)silane
[(TMS);SiH], which is widely used as a radical-based reducing
agent in organic synthesis,'> and trisilane can be used as the Si
precursor for Ga-catalyzed SLS growth of colloidal Si NWs at
temperatures of about 200 °C, which is more than 200 °C
lower than the previously reported SLS growth temperatures
and also lower than that achieved in the VLS growth. In
addition, we demonstrate that Si atoms can be incorporated
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into III-V semiconductor NW lattices, which holds great
promise to grow new alloy semiconductor NWs with tunable
properties.

2. RESULTS AND DISCUSSION

Ga was chosen as our SLS catalyst for two reasons. First, the
Ga—Si system has a very low eutectic temperature of 30 °C
(Supporting Information, Figure S1), which is ideal for low-
temperature growth of Si NWs. Second, Ga NPs are readily
accessible through thermal decomposition of organometallic Ga
precursors.'® Our synthesis was conducted in a noncoordinat-
ing saturated hydrocarbon solvent such as hexadecane and
squalane. No surfactants were added. In a typical synthesis, a
mixed precursor solution containing 0.15 mmol of triethylgal-
lium (TEG) and 1 mmol of (TMS);SiH in 2 g of hexadecane
was quickly injected into a preheated hexadecane (1S5 g) under
vigorous magnetic stirring at a certain temperature in the range
0f 200—300 °C. The reaction mixture remained clear for a short
period of time and then turned to yellowish, indicting
formation of Ga NPs. After this, the solution gradually changed
to dark brown, indicating NW growth.

The transmission electron microscopy (TEM) image of an
as-grown sample prepared at 274 °C shows NWs with attached
NPs at one end (Figure la). We note that some NPs are
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Figure 1. (a) TEM image of an as-grown sample synthesized using
triethylgallium and tris(trimethylsilyl)silane precursors in hexadecane
at 274 °C, showing nanowires with attached nanoparticles at one end.
(b) EDS spectra collected from the nanoparticle (top panel, in blue)
and the nanowire (bottom panel, in red). The Cu and C signals are
from the Cu TEM grids with C support. The Al signals are from the Al
sample holder. (c) HRTEM image of a single nanowire.

detached from the wires, which is likely due to the
ultrasonication step in the NW purification process for
preparing TEM samples. Energy-dispersive X-ray spectra
(EDS) collected from the NP and the NW show Ga and Si
signals, respectively, confirming the Ga-catalyzed SLS growth of
Si NWs (Figure 1b). No Si was detected in the NP, which is
consistent with the very low solubility of Si in Ga (Figure S1).

The weak oxygen peaks in the EDS spectra suggest that both
the Ga NPs and the Si NWs are surface oxidized. The expected
diamond cubic crystal structure of the Si NWs was confirmed
by powder X-ray diffraction (XRD, see Figure S2 in the
Supporting Information). The high-resolution TEM (HRTEM)
image of a single NW (Figure 1c) shows the single-crystalline
nature of the wires. The spacing of the well-resolved lattice
fringes perpendicular to the NW growth direction was
measured to be 0.315 nm, which is consistent with the d
spacing of the (111) planes in cubic Si and indicates the (111)
wire growth direction. The amorphous layer on the nanowire
surface is composed of oxidized silicon and surface-adsorbed
organic molecules.

To find out the lower limit for the NW growth, we further
decreased the reaction temperature. Interestingly, we observed
NW growth at a temperature as low as 210 °C (Supporting
Information, Figure S3).

Scheme 1. Proposed Free-Radical Involved Solution—
Liquid—Solid (SLS) Growth of Colloidal Si Nanowires Using
Triethylgallium and Tris(trimethylsilyl)silane as the
Precursors at Low Temperatures
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To understand the dramatic growth temperature decrease of
Ga-catalyzed Si NWs, a control experiment was conducted in
the absence of TEG but showed no silicon nanowire growth,
indicating that TEG plays a critical role in catalyzing the
reaction. The role of TEG can be 2-fold. First, thermal
decomposition of TEG produces nanoscale gallium metal
particles in the solution, which were observed in the TEM
study. As proposed in many SLS mechanism studies,'”"
melted metal droplets can provide ideal surfaces, lowering the
energy barrier for precursor absorption and decomposition.
This could be the main reason that accounts for the sharply
decreased reaction temperature. Second, it is well-known that
thermal decomposition of TEG not only produces Ga metal
but also releases ethyl radicals.'” The active radical species
could help break the Si—Si or Si—H bond in the precursor as
analogous to the Si precursor activation pathway using H,
plasma treatment for the low-temperature gas-phase Si NW
growth. Particularly in the case of using (TMS),SiH as the Si
source, the alkyl radical can react with (TMS),SiH to generate
(TMS),Sie radicals. We believe that (TMS),Sie radicals serve
as the active species for silicon growth and that the ethyl-free
radical accelerated the production of silyl radicals.'®'” Other
control experiments in replacement of (TMS);SiH with
organosilianes that have similar molecular structures but are
more difficult to form free radicals, including [(TMS);SiCl]
and tetrakis(trimethylsilyl)silane [(TMS),Si], failed to grow Si
NWs, which further supports our proposed reaction pathway.

Recently, Si-containing IV—III—V semiconductor films have
been synthesized at high temperatures (~S00 °C) by a gas-
phase molecular beam epitaxy (MBE) method.”"~** Another
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work demonstrated that Si can be used as dopants in III-V
materials.”” Theoretical calculations have shown that these
materials would be promising for solar energy conversion due
to significantly enhanced visible-light absorption relative to Si.”*
Because of our success in the Si NW growth discussed above,
we next investigated the possibility of using (TMS),SiH to
incorporate Si atoms into other semiconductor lattices to
produce new silicon-containing alloy NWs in a solution-phase
synthesis at low temperatures. Owing to our previous success in
self-seeded SLS growth of GaP NWs,'® we naturally combined
the Si and GaP syntheses at the same growth conditions
(shown below).

Figure 2a and b show the low- and high-magnification bright-
field TEM images of Ga-removed GaP NWs synthesized using
TEG and tris(trimethylsilyl)phosphine [(TMS);P] precursors
in hexadecane at 278 °C. The wires are typically longer than 1
pum and have relatively uniform diameter along the length of the
wire. When we introduced an increasing amount of (TMS),SiH
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Figure 2. (a) and (b) Low- and high-magnification TEM images of
Ga-removed GaP nanowires synthesized using TEG and (TMS);P
precursors in hexadecane at 278 °C. (c) and (d) Low- and high-
magnification TEM images of Ga-removed Si—GaP mixture nanowires
synthesized using TEG, (TMS);P, and (TMS);SiH precursors in
hexadecane at 277 °C. The initial Si:GaP ratio was 1:1. (e) High-angle
annular dark field (HAADF) image of a single Si—GaP mixture
nanowire. The red arrow shows an EELS line scan pathway. (f) The
intensity of HAADF, Ga, and Si signals vs distance along the line scan
pathway shown in (e).

into the GaP growth solution, the obtained wires became
shorter and more tapered and frequently exhibited diameter
expansion at the larger-diameter end (Figure 2c and d),
indicating that the growth behavior of the new wires is quite
different from that of GaP. A high-angle annular dark field
(HAADF) image of a single wire (Figure 2e) exhibits
substantial Z-contrast along the growth direction because of
the largely different atomic numbers of Si (Z = 14) and Ga (Z =
31).> Electron energy loss spectra (EELS) were collected along
the wire length from a point near the small-diameter end
(corresponding to the initial growth) all the way to the large-
diameter end (corresponding to the final growth). They reveal
the presence of four distinct growth stages (Figure 2f). During
the initial wire growth for ~150 nm, GaP dominated. Then, an
increasing amount of Si was incorporate into the wire for a
distance of ~200 nm, forming a Six(GaP)y region. Si dominated
at the third stage. Finally, GaP dominated again, which is likely
due to the complete consumption of the in situ generated
(TMS),Sie radicals or the further GaP growth during the
cooling process. This inhomogeneous distribution of elements
along the length of the nanowire suggested unbalanced
reactivities of the molecular precursors during the nanowire
growth. Although further efforts are needed to fully understand
this complex NW growth behavior, our results have already
demonstrated the possibility of incorporating Si into other
semiconductor lattices at low temperatures.

An interesting question regarding the Si,(GaP), region in the
NW is whether the element distributions are atomically
homogeneous or not. To address this question, we next used
a TEAM 0.5 microscope, which is a double-aberration-
corrected transmission electron microscope capable of
producing images with S0 pm resolution,”® to acquire an
atomically resolved Z-contrast image of the Six(GaP)y region in
the (110) projection (Figure 3a). This allowed us to identify
composition fluctuations locally by detecting the asymmetrical
GaP dumbbells and the symmetrical Si dumbbells (Figure 3b—
d). The image shows that GaP- and Si-rich nanometer-sized
domains exist, indicating compositional inhomogeneity in the
Si,(GaP), region, while the crystal structure of each component
is maintained. This implies that lattice mismatched growth
occurred since the lattice parameters of Si (a = 0.543 nm) differ
from the ones of GaP (a = 0.545 nm). Interestingly, we
frequently observed the transition from the Ga—P dumbbells to
the P—Ga dumbbells separated by Si—Si dumbbells, indicating
the polarity reversal of GaP across the Si-rich region (Figure
3b), which can significantly alter the properties of the
materials.”’”

On the basis of the clear evidence of nanoscale mixing of
GaP and Sj, an intriguing tunable property one may expect is
the tunable bandgap. Using 80 kV monochromated valence
EELS (VEELS)*® " measurements by the TEAM 1 micro-
scope, we successfully measured the bandgap change along a
single NW (Figure 4). Monochromated VEELS provides high
spatial resolution while maintaining good energy resolution
(~100 meV) (Figure S4), offering the opportunity of detecting
bandgap changes on the tens of nanometer level. For the
bandgap measurement (Figure S4), the influence of zero-loss
peak was removed using a power-law subtraction,”"** and the
bandgap values were obtained by fitting the intensity onset with
(E - Eg)3/ 2 type function as both GaP and Si are indirect
bandgaps.””***" As shown in Figure 4, the bandgap values
approach to the theoretical 2.3 eV of GaP at the two ends of
GaP-dominated regions, whereas in the mixture region, the
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Figure 3. (a) Atomically resolved Z-contrast image acquired from the
Si.(GaP), region in the (110) projection. The asymmetrical GaP and
symmetrical Si dumbbells can be seen in this projection. The white
box highlights a transition from the Ga—P dumbbell to the P—Ga
dumbbell separated by Si—Si dumbbells. (b) Structural model of the
polarity reversal of the GaP lattice induced by the nonpolar Si lattice.
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Figure 4. Bandgap values vs distance along the line scan through a
single NW. Inset is the corresponding HAADF image. Scale bar, 100
nm.

bandgaps tend to decrease to the level of Si (1.1 eV). The
probable reason that the edge bandgap only approaches but is
not equal to 2.3 eV is that the GaP-dominated region at the end
of the wire is not purely GaP. They still have sparse silicon
atoms distributed within the lattice. The fluctuation of some
data points may be attributed to the random distribution of
GaP- and Si-rich domains in the mixture region, which also
confirms our previous conclusion of the compositional
inhomogeneity.

To further balance the precursor reactivities in order to
achieve homogeneous growth of Si-containing alloy nanowires,
we replaced (TMS),;SiH with trisilane (Si;Hg), which is a
highly pyrophoric Si precursor with higher reactivity. Different
from the relatively short tapered wires (Figure 2d), less-tapered
long wires were obtained by using TEG, (TMS);P, and Si;Hy

precursors at a lower temperature of 180 °C (Figure SS). EDS
analysis along the length of individual nanowires showed much
more homogeneous Si distribution (Figure S6), indicating that
the reactivities of the three precursors were better balanced.
However, HRTEM images still showed GaP- and Si-rich
nanometer-sized domains. Further efforts such as using single-
source precursors are necessary to achieve growth of new Si-
containing alloy nanowires with atomically homogeneous
composition.

3. CONCLUSION

In summary, we have shown that both (TMS),SiH, a free
radical-based reducing agent in organic synthesis, and Si;Hg are
sufficiently reactive Si precursors for the Ga-catalyzed SLS
growth of colloidal Si NWs at record low temperatures. Unlike
Au, which is the most widely used catalyst material for the
growth of Si NWs but is known to be deleterious to the
electronic properties of Si, Ga is a shallow p-type acceptor and
will not introduce trap sites that serve as the undesired
electron—hole recombination centers.”®> Therefore, our low-
temperature Ga-catalyzed synthesis holds great promise for
cost-effective solution-processable fabrication of Si NW-based
devices that would find applications in broad fields such as
electronics and energy conversions. In addition, we also
demonstrated the possibility of incorporating Si atoms into
M-V semiconductor NWs at low temperatures, which could
open new avenues for growing novel alloy semiconductor NWs
with tunable properties.
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