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Integrated nanowire (NW) ensembles can be used in various
applications in electronic circuits, biological probes, and
energy conversion systems.™! The self-organization of nano-
wires requires spontaneous ordering over a large anisotropic
energy barrier set at the different length scales in the axial and
radial directions. Herein, we report a simple and robust
growth mechanism that coherently directs the nanowire
growth directions by introducing a local temperature gradient
as the local kinetic variable during the conventional vapor—
liquid-solid (VLS) growth. This NW growth, which is the
earliest and prevailing synthetic route for semiconductor
NWs, typically occurs in spatially uniform heating zones that
surround the growing crystals on substrates; thus, all the
reactions for NW growth at the VLS phase boundaries are
isothermal.”® The differences in the chemical potentials of
the growth species are the thermodynamic driving force for
the VLS growth, which occurs uniformly along the VLS
interfaces, through which the growth species diffuse.”’ The
crystallographic orientation of a NW is thermodynamically
determined at the LS interface within the eutectic liquid
droplet of given size and geometry during the initial
nucleation.'!! Nevertheless, the embryonic NWs nucleate
in an isotropically random manner at the edges of the
hemispheric droplets,">' thus leading to an unpredictable
growth direction, unless external constraints such as direc-
tional epitaxy' and guiding templates are imposed.!"!
Consequently, the systematic integration of VLS NWs usually
requires supplementary processes after the NW growth.2!]
In principle, however, any local variation in the interfacial
thermodynamics, that is, local temperature variations at the
interfaces, can influence the elemental growth behavior. In
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our growth scheme, we imposed a temperature gradient
normal to the substrate plane during the VLS Si NW growth,
and observed that the NW growth parallel to the local
temperature gradient is spontaneous and directional, with a
significantly increased growth rate compared to the isother-
mal growth. We also provide a phenomenological model for
the directional NW growth within the framework of the
interfacial thermodynamic stability. In particular, we discuss
the role of the temperature gradient on the redistribution of a
local kinetic variable, that is, local interfacial supersaturation,
on the thermodynamic stability at the fluctuating VL and LS
interfaces. Our growth scheme provides practical implication
for the growth of integrated NW ensembles.

The design of our VLS chemical vapor reactor (Fig-
ure 1a), is much the same as the conventional hot-wall tube
furnace,”*? except that the susceptor underneath the growth
substrates can be cooled by air circulation (Figure S1 in the
Supporting information). One can thus expect that the VLS
growth is not isothermal, and instead that a stable temper-
ature gradient is established perpendicular to the substrate.
For example, when the reactor wall is heated at 650 °C by the
furnace, the substrate temperature is maintained at 490°C
under air cooling. Figure 1b shows the simulated temperature
distribution within the reactor.

We wish to emphasize two aspects of our main observa-
tions. Firstly, the Si NW growth directions are vertical over the
large areas (region A in Figure 1c¢). This observation is
consistent with the direction of the temperature gradient.
Secondly, the axial growth rate is unprecedentedly enhanced
compared to the isothermal growth (see also Figure 3). The
tendency to vertically aligned NW growth is found regardless
of the types of substrates or the catalyst density, as similar
behavior is observed on quartz, indium tin oxide, and alumina
substrates (Figure S2 in the Supporting Information). Appa-
rently, the growth direction is not dictated by possible
epitaxial relations with crystalline substrates. Moreover,
when Si NWs are grown on the edge of the substrate, over
which the temperature gradient is radially distributed,
(Figure 1c, region B), the NW growth direction precisely
follows the temperature gradients at all different positions
along the edge. The length of the NW growth is proportional
to the magnitude of the temperature gradients, which increase
with the proximity of lateral position to the edge (Figure 1d).
These observations unequivocally demonstrate that the NW
growth velocity, that is, its direction and magnitude, follows
the local temperature gradient.

We found two additional features by examining the
individual NWs along the entire length from the bottom to
top, as in the time-lapse SEM images (Figure 2a—e). In the
very early growth stage (Figure 2a,b), the individual NWs
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Figure 1. a) lllustration of the VLS reactor used in this study. b) Three-
dimensional computational simulation of the temperature profile
(filled colors) and its gradient (arrows) within the reactor for the Si
NW growth on SiO,/Si substrates using 10% of SiH, premixed in He
as the vapor precursors. c) Cross-sectional scanning electron micro-
scopy (SEM) view of Si NWs grown at regions A and B in (b) for

46 min. d) The measured NW length (I, open circle) and the simulated
temperature gradient (VT, above 10 um (black line) and 100 pm
(green line) from the substrate) along the position of substrate from
an edge. The inset shows a magnification of the temperature profile
and its gradient near region B in (b).

point in random directions, but subsequently they grow in a
straight vertical direction (Figure 2c—¢). In addition, as seen
in Figure 2 f, we observed reproducible unique kinks near the
catalytic tips (yellow boxes in Figure 2 c—e). For instance, out
of the 146 NWs counted in Figure 2 e, we found that 144 NWs
exhibited abrupt kinks near the NW tips. We attribute this
local nonlinearity during the very early and final growth
stages to the variation of the substrate temperature that
inevitably arises from the temperature gradient in our growth
sequences. As shown in Figure 2 g, when the cold SiH, vapor
was initially introduced into the reactor with a temperature
gradient, the substrate temperature decreased during the
initial 3.5 minutes. The substrate temperature then remained
at 495°C in a steady flow of the vapor precursor. Notably, the
time sequence of the initial curvature of the NWs corresponds
to the initial temperature decrease, hence the finite incuba-
tion time for the stable temperature gradient (Figure S3b in
the Supporting Information). As mentioned above, the NW
growth direction in the stable temperature gradient is straight.
During the pumping out of the vapor precursor in order to
stop the growth in the last sequence, a residual NW growth
from depleting vapor precursors still occurred. The concom-
itant rapid temperature increase may be responsible for the
kinks near the tip. This observation is reminiscent of an earlier
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Figure 2. SEM views of Si NWs grown for a) 3.5 min, b) 6 min,

¢) 8.5 min, d) 11 min, and e) 16 min. f) Magnified view of the kinks
near the catalytic tips as observed in the yellow rectangle in (c)—(e).
g) Temperature of the substrate (T, red line) and the temperature
difference between the substrate and the furnace wall (AT, blue line)
with growth time (t). The inset shows the NWs grown in the
corresponding growth time.
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Figure 3. The measured NW length (/) as a function of growth time (t)
with temperature gradient (solid red symbols) and with the isothermal
growth at 490°C (open red symbols) using SiH, diluted in He. The
similar data collected using SiH, diluted in H, (solid and open blue
rectangles).

report in which the morphological stability upon the temper-
ature change, such as the configuration of the wetting angles
of the eutectic liquid droplets at the LS interface, was
attributed to the formation of kinks and branches during the
VLS growth of Si whiskers.”**) All the aforementioned
observations unanimously support the conclusion that the
directional NW growth is consistent along the temperature
gradient, and any deviation in stability of the temperature
gradient is responsible for the random directional growth.
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The presence of the temperature gradient during the VLS
growth is also manifested in the axial NW growth kinetics. We
have observed that the axial growth rate is an order of
magnitude greater than the isothermal NW growth at 490°C
(Figure 3). For comparison, we carried out further control
experiments of the Si NW growth in an identical temperature
gradient using SiH, diluted in H, instead of He. We found that
the axial growth rate under the temperature gradient was also
enhanced severalfold compared to that of the isothermal
growth, although the rates are less than those of growth using
SiH, diluted in He. Nevertheless, we have not observed any
directional growth using SiH, premixed in H, in the temper-
ature gradient under any growth conditions (Figure S4 in the
Supporting Information).

Based on our observations, we provide a phenomenolog-
ical model of the roles of the temperature gradient by re-
examining the VLS process at the VL and LS interfaces, as
represented in Figure 4a—c. The prime driving force for the
VLS growth is supersaturation, that is, the differences in the
chemical potentials u of the growth species in the VLS phases,
such as Auyy = py—py and Aug = py —us.?>?* It is at the VL
interfaces that the axial growth kinetics is controlled.[®1%27
For example, during the Si VLS NW growth, the dissociative
adsorption of SiH, vapors on the Au-Si eutectic liquid
droplets is recognized as the rate-limiting step.’! Thus, the
presence of the temperature gradient during the VLS growth
must manifest itself in the faster catalytic decomposition
kinetics of the vapor precursors. The homogeneous decom-
position kinetics of SiH, in the vapor phase are thermally
activated, and are also strongly dependent on the types of the
carrier gases, that is, H, or He in our study. At the furnace
temperature of 650°C, a significant fraction (mole fraction
~80%) of SiH, in He is readily decomposed into more
reactant isomers such as SiH,, even before the precursor
arrives at the eutectic liquid catalysts.” Thereon, the energy
barrier for the dissociative adsorption of SiH, into the eutectic
droplets is significantly lowered. Furthermore, in comparison
with the isothermal growth, the higher vapor concentration
can be effectively built up near the colder catalysts by thermal
diffusion in the vapor phase along the temperature gradi-
ent.”® Conceptually, this faster decomposition process at the
VL interface locally increases the chemical potential in the
eutectic liquid (marked as x;" in Figure 4b), compared to that
during the isothermal growth (marked ; in Figure 4 a). In the
isothermal VLS growth, the crystallographic direction along
the NW axis is thermodynamically determined at the LS
interfaces during the nucleation stage by interfacial energet-
ics, which are often parameterized as the wetting angle at the
three-phase boundary (TPB).'""*] The LS interfaces are
usually faceted with a single-crystal plane that is perpendic-
ular to the growth direction. For example, the NW crystal-
lization advances at the LS interfaces by layer-by-layer
growth, preferentially nucleated each time from either
TPBs,?! although it often involves the propagation of several
atomic layers."®* The conceptual growth velocity v, is
homogeneous and perpendicular to the LS interface (blue
arrows in Figure 4a). However, in the presence of a vertical
temperature gradient VT, the planar interfacial stability can
be perturbed because of the local variation in the interfacial
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Figure 4. Schematic diagram of a) the isothermal VLS growth of Si
NWs, b) VLS-grown Si NWs under the temperature gradient, and

c) the vertically VLS-grown Si NW under the temperature gradient in
the steady-state growth regime. d) TEM images (upper), diffraction
patterns (lower left), and the magnified view of the kink (lower right)
marked by the yellow rectangle in the upper panel. ) SEM image
(upper) and magnified view (lower) of reversibly direction-guided Si
NWs. The kinked regions have orange lines superimposed on them for
clarity.

chemical potential in the solid u¢ and thus the local Aug |,
which arises from the non-uniform temperature profile.
Figure 4b shows how the interface-normal temperature
gradient VT -7 impressed by the vertical VT starts to
override the pre-existing thermodynamic interfacial stability,
and thus the lower-right edge is subject to a greater VT - 71
(marked by red arrows) that is in turn proportional to the
local Aug; . This latter value is now much higher than that in
the isothermal growth case, because of the higher Ay, as
discussed above. The nonuniform temperature profile also
can break the symmetry of the nucleation kinetics at the
opposite TPBs (SL1 and SL2 in Figure 4b). The combination
of these factors can instigate a spatially nonuniform advance
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of the LS interface, thus the local v, is faster (slower) at the
lower-right (upper-left) edge, subject to higher (lower) Aug ,
until the fluctuating interface become aligned perpendicular
to the imposed temperature gradient in another steady-state
growth regime (as in Figure 4c). As a macroscopic conse-
quence of this local fluctuation of Aug; at the LS interface, the
NW growth proceeds by changing its direction to become
parallel to the temperature gradient. The observation that the
Si NW growth using SiH, in H, is not directional and has a
lower rate than the growth in He is very intriguing. The
difference between the vapor precursors in H, and He is that
only 10% of the precursor decomposes into more reactant
isomers for SiH, diluted in H,.? This process results in a
lower y; value for the growth by SiH, diluted in H, ; this value
may then not be high enough to dictate the growth direction.

It was found that our Si NWs possess the coherent
crystallographic orientation such as [111] or [112]along the
entire NW length. It is difficult to directly observe any
crystallinity variation over the NW directional change using
TEM, since the growth direction varies over the significant
length over a few micrometers. Nevertheless, possible reasons
for the abrupt kinks are provided by Figure 2 f, where the VT
value must drastically change in the last growth stage. For
example, in Figure 4d, the Si NW is initially aligned along the
[111] direction, but is temporarily aligned along the [011]
direction at the kink and returns to the [111] direction after
the kink. While the [111] orientation is thermodynamically
stable for Si NWs that are approximately 80 nm thick, the
(011) plane stacking is metastable, but can provide a faster
growth pathway during the kink formation. We have con-
sistently observed these metastable stacking motifs of the
lower packing density planes during the kink formation
(Figure S5 in the Supporting Information). Out of more than
40 NWs investigated by TEM, we found the [111]-[011];—
[111] directional change at the kink occurred in 32 NWs and
the [112]-[011]ju—[112] change occurred in the remaining
NWs. This finding suggests that the NW directional change
can be kinetically driven over the thermodynamic balance
established for the crystallographic orientation. This change is
analogous to the kinetically controlled anisotropic growth of
colloidal nanocrystals into various nonspherical shapes.?>*!
Indeed, we intermittently turned this kinetic driving force on
and off during the NW growth (under AT)) by pausing (thus
AT approached zero) and resuming (thus AT, is re-estab-
lished) the vapor feeding (Figure 4¢), and confirmed that the
reversible directional guiding of NWs can occur after the
complicated kink formation. This result signifies that the VLS
NW growth can by kinetically driven by local kinetic
manipulation of the interfacial thermodynamic balances.

In summary, we demonstrate a directional VLS NW
growth with local kinetic control over the VLS interfaces by
imposing a local temperature gradient. In this case, the local
temperature gradient as the local kinetic variable is man-
ifested both at the LS and VL interfaces by directional NW
growth with fast kinetics.
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Experimental Section

Directional nanowire growth: Si NWs were grown in a quartz tube
reactor 2inches in diameter, surrounded by a uniform heating
element. The quartz susceptor underneath the growth substrates,
which was connected by two inner cores open the atmosphere for air-
circulation cooling, was inserted into the quartz tube reactor under
the given growth conditions. The typical NW growth was carried out
using 10% SiH, premixed in He, at a flow rate of 50 sccm at a total
pressure of 50 Torr. The nanometer-scale Au catalysts were prepared
by deposition of either 2 nm thick Au films or a dispersion of colloidal
Au nanoparticles of 20 nm in diameter on SiO,/Si (100), indium tin
oxide, quartz, or alumina substrates. Temperature distribution and
gradient in our CVD reactor were estimated by computing the three-
dimensional heat transfer model, in which partial differential
equations of heat conduction were resolved by the finite element
method using COMSOL Multiphysics software.
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