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Diameter-Independent Kinetics in the Vapor-Liquid-Solid Growth of Si Nanowires
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We examine individual Si nanowires grown by the vapor-liquid-solid mechanism, using real-time in situ
ultra high vacuum transmission electron microscopy. By directly observing Au-catalyzed growth of Si
wires from disilane, we show that the growth rate is independent of wire diameter, contrary to the expected
behavior. Our measurements show that the unique rate-limiting step here is the irreversible, kinetically
limited, dissociative adsorption of disilane directly on the catalyst surface. We also identify a novel

dependence of growth rate on wire taper.
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Semiconducting nanowires have gained attention re-
cently because of their potential applications in opto-
electronics, quantum computing, and sensors [I].
Nanowires are conveniently grown via the vapor-liquid-
solid (VLS) process [2], which was first studied four
decades ago for Si wires [2—4]. During VLS growth of
Si wires, material from the vapor is incorporated via a
liquid catalyst, commonly a Si-Au eutectic. This liquid
does not wet the Si surface, but instead forms small
droplets. Preferential incorporation of Si at these droplets
results in cylindrical pillars or “wires” of Si, which can be
as narrow as a few nanometers wide and several micro-
meters long, with wire diameter determined by droplet
size.

Although uniform wires with suitable properties have
been grown using the VLS process, optimization of nano-
scale wires for electronic applications requires a more
quantitative understanding of the wire growth mechanism.
Particular attention has focused on measurements of the
dependence of growth rate on diameter. The classic analy-
sis of Givargizov [4] concluded that narrower wires should
grow more slowly due to the Gibbs-Thomson effect, with a
critical diameter below which growth cannot occur.
However, experimental measurements for Si vary widely.
Some work confirms this behavior [4,5]. Other measure-
ments show the opposite [6], with narrower wires growing
more rapidly. These differences have been attributed to
different growth mechanisms, depending, e.g., on the Si
source. While these explanations are quite reasonable, the
direct inference of growth mechanism is difficult due to the
limitations of postgrowth imaging. Previous in situ obser-
vations have shown the overall VLS process but have not
yielded quantitative kinetics [7].

Here, we present quantitative in situ measurement of
VLS growth of individual nanowires. We focus on the
classic system, Au-mediated growth of Si wires, using
disilane (Si,Hg) as the Si source. Because wires often taper
during growth [8], we are able to follow the growth of
individual wires, measuring growth rate as the diameter
varies. We can also compare wires of very different diame-
ter growing simultaneously side by side.
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Surprisingly, we find no detectable dependence of
growth rate on wire diameter. We explain the absence of
the expected Gibbs-Thomson effect [4] by taking into ac-
count the irreversible character of dissociative adsorption.
Our measurements and analyses also resolve the question
[4] of what is the rate-limiting growth step—under our
conditions, the sole rate-limiting step is the dissociative
adsorption of disilane on the catalyst surface [3].

As a nanowire tapers, while we see no dependence of
growth rate on diameter, we do observe a dependence of
growth rate on the rate of tapering. This is normally a small
correction, but can become dramatic at the termination of
wire growth. The dependence arises because the droplet
acts as a reservoir of Si, and changes in droplet size
correspond to an additional source (or sink) of Si.

Si wire growth experiments are carried out in a multi-
chamber ultrahigh vacuum (UHV) system (base pressure
2 X 107'° Torr) composed of a transmission electron mi-
croscope (TEM) with in situ physical and chemical vapor
deposition facilities [9]. Phosphorous-doped Si(111) wa-
fers with a miscut <0.5° and a resistivity = 0.02 () cm are
used as substrates in our experiments. The samples
(1.5 mm wide, 4 mm long, and 0.6 mm thick) are first
chemically cleaned, mounted in the microscope with the
polished side vertical, and then degassed in UHV at 600 °C
for 2 h followed by annealing at 1250 °C for 30 s. Au thin
films, 2—3 nm thick, are deposited at room temperature by
thermal evaporation from a Knudsen cell at a rate of 3 X
1073 nm/s onto the samples in a preparation chamber at a
base pressure of 2 X 1078 Torr during deposition. The Au-
covered Si(111) samples are then transferred under UHV
to the microscope, a 300 kV Hitachi H-9000 TEM with
base pressure below 2 X 107!% Torr in the specimen re-
gion, and wire growth is initiated by resistively heating the
samples in an atmosphere of Si,Hg (purity 99.999%).

As soon as the samples are heated, the Au film agglom-
erates into Au-Si eutectic droplets. These act as the cata-
lysts for the formation of individual wires, most of which
grow perpendicular to the substrate and hence are imaged
with the electron beam perpendicular to the wire axis
(Fig. 1). Images are acquired at video rate (30 frames/s).

© 2006 The American Physical Society


http://dx.doi.org/10.1103/PhysRevLett.96.096105

PRL 96, 096105 (2006)

PHYSICAL REVIEW LETTERS

week ending
10 MARCH 2006

Growth is observed over a range of Si,Hg pressures (Pg;, p, )
from 1 X 1073-1 X 107> Torr, the maximum pressure
being limited to 1073 Torr by the design of the TEM.
Si,Hg was leaked continuously into the microscope col-
umn to ensure a constant Si,Hg pressure during wire
growth. A reasonable growth rate can be obtained using
temperatures in the range 500—650 °C, with typical growth
times between 3 and 6 h. Wires grown under continuous
and intermittent electron beam irradiation exhibit similar
growth rates, indicating that the electron beam does not
affect Si wire growth kinetics. Substrate temperatures are
calibrated before and after deposition using an infrared
pyrometer. After growth, the surface can be cleaned by
heating to 1250 °C, so that a series of growth experiments
can be carried out on the same sample at one area. For such
a series, the relative temperature can be measured to within
20°C, while for different samples the measurement un-
certainties in absolute temperature are ~50 °C.

Figure 1 is a typical bright field TEM image acquired
during Si wire growth. Note that all the wires grow in (111)
directions, with the tips composed of the expected Si-Au
eutectic droplets. The (111) interface between the Si-Au
eutectic and Si stays planar during growth. All the wires are
epitaxial and single crystal, with occasional twins on {111}
planes. The wire sidewalls are partially faceted into saw-
tooth structures [10], which are (barely) visible here. In this
particular growth experiment the wire diameters vary be-
tween 30 and 135 nm, but this depends on the deposition
temperature and on the uncontrolled agglomeration of the
Au film that occurs before growth [8].

As seen in Fig. 1, many wires taper visibly. Post-growth
observation of tapered wires can reflect direct growth on
the sidewall [3,11], with longer exposure giving wider
diameter toward the base. However, real-time observations
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FIG. 1. A typical bright field TEM image obtained from a Si
sample during the growth of Si nanowires by the VLS process at
a temperature 7 = 575°C and disilane pressure Pg,py = 5 X
107° Torr. Wires grow in the (111) direction and are observed in
transmission mode. Because of the limited depth of focus of the
image and the large area on which wires grow, many wires seen
in the image are out of focus.

confirm that here the catalyst droplet is shrinking over
time. This is illustrated in Fig. 2(a), which shows images
of a typical Si wire obtained at four successive times during
growth at 635°C and 1 X 107° Torr Si,Hg. In the final
image, the droplet disappears and the growth of this wire
stops. This shrinking is due to outdiffusion of Au [8],
which is itself a very interesting subject; here, it means
that we can measure the growth rate of individual wires as
the diameter varies, with all other factors held constant.

The measured length L and diameter d vs time ¢ are
shown for this wire in Fig. 2(b). As the diameter of this
wire decreases from 85 to 60 nm over a time of 1200 s, the
growth rate dL/dt of the wire remains constant. It is
important to note that the lack of dependence of dL/dt
on d for an individual wire could only be directly deter-
mined through real-time monitoring. There is an abrupt
change in growth rate between 1200 and 1300 s, when a
{111} facet appears on the sidewall. This change is related
to the taper angle and not the diameter per se, as discussed
below.

In addition to examining the dependence of growth rate
on diameter for a single wire, we can also compare dL/dt
for an ensemble of neighboring wires imaged simulta-
neously. Figure 3(a) is a typical plot of dL/dt vs d, for
wires grown at Pgy = 1079 Torr and T = 655°C.
Although there is some scatter, there is no systematic
dependence on d. In fact, a least-squares fit to a linear
dependence in Fig. 3(a) is virtually horizontal, correspond-
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FIG. 2. (a) Representative bright field TEM images of a Si
wire acquired at four successive times ¢ (indicated on the
images) during deposition at T =635°C and Pgy, =
1 X 107® Torr. ¢ is the time since measurements on this wire
began, although growth had been taking place for 4 h 17 min at
t = 0. For clarity, white arrows highlight a reference point on the
wire sidewall. (b) Length L (open squares) and diameter d (solid
circles) of the same wire as a function of . The straight line is a
least-squares fit to the first 1200 s.
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ing to a change of <1% in dL/dt as the wire diameter
changes by a factor of 3. Results similar to those shown in
Figs. 2 and 3(a) are obtained from measurements of over
50 wires grown under different pressures and temperatures
with diameters ranging from 30 to 150 nm. We find that
over the lifetime of every wire, dL/dt does not vary with d.

The in situ observations shown above also allow us to
measure the rate of direct growth on the wire sidewall. This
is a potentially important source of varying diameter which
cannot be distinguished, using postgrowth measurements
alone, from a decreasing catalyst droplet size. We find that
the noncatalyzed sidewall growth rate for the wire shown
in Fig. 2(a) is ~100 times slower than dL/dt.

We now consider the variation in growth rate with
pressure and temperature. Figure 3(b) shows dL/dt plotted
as a function of Pg; iy, at T = 575 °C. It can be seen that
dL/dt is proportional to Pg; ;; over 3 orders of magnitude
in pressure. Similar results were reported for Si wires
grown using SiH, at higher pressures (~10~! Torr) [12].
The proportionality is related to the reactive sticking
probability S of an incident Si,Hg molecule. From the
data, we can calculate S using the simple relation S =

W, where pg; is the Si atomic density =5 X

10% atoms/cm?3, A, is the cross-sectional area of the
wire, Agop (=2Ayir) is the surface area of the almost
hemispherical droplet, and F is the Si,Hg flux (estimated
from the measured pressure). For the data in Fig. 3(b), we
obtain S = 0.1 at T = 575 °C. The sidewall growth rates
are 2 orders of magnitude lower than that of the wires at
this 7, giving S ~ 1072 on the wire sidewalls.

The temperature dependence of dL/dr is shown in
Fig. 3(c). Assuming Arrhenius behavior and using linear
least-squares analysis of the data, we obtain an activation
energy of 0.53 = 0.02 eV for the VLS growth of Si wires.
Note that the activation energy we obtain is significantly
lower than the activation energy of =2 eV associated with
the same process on a noncatalyzed Si surface [13].

We can consistently explain all of these observations,
including the unexpected diameter-independence of the
growth rate, by one simple and natural assumption: that
the sole rate-limiting step for wire growth is the thermally

activated Au-catalyzed dissociative adsorption of disilane
directly on the catalyst droplet [3]. It has been generally
accepted, following the argument of Givargizov [4], that
the wire growth rate depends on the supersaturation and,
hence, on wire diameter via the Gibbs-Thomson effect.
This would be true for growth near equilibrium, or when
the growth rate reflects a kinetic competition between Si
adsorption and removal, as can occur, e.g., in Si-Cl-H
processes [4]. The rate of Si removal does exhibit a
Gibbs-Thomson effect, because the Si chemical potential
enters in the initial state, so a diameter dependence is
expected in this case. However, in our case, as in most
systems where VLS growth is studied, adsorption is an
irreversible process involving dissociation of the source
molecule in a strongly exothermic reaction. Si evaporation
is negligible at these temperatures; and there is no reactive
ambient to drive desorption. Therefore, the chemical po-
tential of Si in the wire or droplet is irrelevant to the growth
rate—for an incident molecule, S depends only on the
probability of being thermally activated over the dissocia-
tion barrier. In other words, S depends on the activation
energy to go from the initial state to the transition state; but
it does not depend on the final state, which is much lower in
free energy. Only the final state is affected by the wire
diameter [4,14].

This also answers (for our specific system) another
question posed by Givargizov [4]—whether the rate-
limiting step is (i) incorporation from the vapor into the
liquid, (ii) diffusion through the liquid, or (iii) incorpora-
tion from the liquid into the solid. In the absence of Si
evaporation, the growth rate is proportional to Pg; y,S.
Effects (ii) and (iii) both cause the Si chemical potential
at the droplet surface to depend on growth rate, and they
can affect the growth rate if and only if the reactive sticking
probability or evaporation rate depend on the Si chemical
potential. If, as argued above, S is independent of the Si
chemical potential in the droplet, then neither (ii) nor
(iii) can affect the growth rate. We find direct confirmation
of this independence from the linear dependence on pres-
sure, Fig. 3(b), which implies constant sticking probability,
despite the varying chemical potential. These conclusions
do not depend on the low pressure or on the specific
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FIG. 3 (color online). (a) dL/dt vs d for an ensemble of Si wires grown at Pgipy, = 1 X 107° Torr and T = 655 °C. The solid line is
a least-squares fit. The error bars represent the measurement uncertainties in growth rates. (b) Log-log plot of dL/dt of one particular
wire grown at varying pressure at a fixed temperature 7 = 575 °C. The solid line is the best (least-squares) fit of slope 1. (c) Arrhenius
plot of dL/dt vs T for 28 wires at Pg; 3 = 1 X 1079 Torr. Each data point represents an individual wire. The straight line is the least-

squares fit, with an activation energy of 0.53 = 0.02 eV.
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properties of disilane—they should apply in any system
where growth occurs by irreversible dissociative adsorp-
tion on the catalyst [14].

There is another potential source of diameter depen-
dence that is discussed extensively in the literature [15].
If the sticking probability S is independent of diameter, and
sticking occurs only on the catalyst particle (or on any
region whose area is proportional to the wire cross-
sectional area), the growth rate will be independent of
diameter. However, in some systems, material can adsorb
onto the wire sidewall or the surface between wires and
then diffuse to the catalyst particle, where it is incorporated
into the wire. With decreasing wire diameter, the area
contributing to growth decreases more slowly than the
wire cross-sectional area, giving an increase in the linear
growth rate. Since our wire growth rate is independent of
diameter, we conclude that only molecules directly inci-
dent on the catalyst particle contribute significantly to wire
growth.

Finally, we consider the deviations from uniform
growth rate, discussed above in Fig. 2. These variations
are an interesting consequence of the wire taper which
occurs as a result of Au diffusion from or to the eutectic
droplets. For example, in Fig. 2(b) we observe a drastic
increase in the growth rate towards the final stage of
wire growth, when the droplet is rapidly shrinking. We
infer that as the Au diffuses away, the shrinking
droplet maintains its composition by depositing excess
Si at the liquid-solid interface. This increases the growth
rate of the wire. The variation § in linear growth rate
due to changes in the droplet volume can be calculated
from a simple relationship 6 = —f 4V /7(d/2)?, where f
is the volume fraction of Si in the droplet and dV/dt
is the rate of change of droplet volume. Hence, wires
with increasing diameters exhibit a decrease in growth
rates while wires with decreasing diameters exhibit accel-
erated growth rates. The measured variations in growth rate
in Fig. 2 and for other strongly tapering wires (not shown)
are consistent with the behavior expected for this
mechanism.

In conclusion, in situ TEM experiments allow us to
determine quantitatively the kinetics of Au-catalyzed
growth of Si wires under well controlled growth condi-
tions. Our results provide insight into the physical pro-
cesses controlling the growth of nanowires in the Si/Au
system. We find that growth rates are independent of wire
diameter, and increase linearly with pressure. We show
that for wire growth from Si,Hg, under conditions of low
pressure and high temperature, dissociative adsorption of
Si;Hg at the Au-Si droplet surface is the rate-limiting
process, with negligible contribution from surface diffu-
sion of Si adsorbed away from the droplet. From the
growth rate measurements, we determine the reactive
sticking probabilities of Si;Hg at the droplet surface and
at the wire sidewall. We observed a novel dependence of

growth rate on wire taper, which we attribute to the depo-
sition of excess Si from the shrinking droplets.
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