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We have measured the growth rate of silicon nanowi&s¥Ws), which were grown at temperatures
between 365 and 495 °C via the vapor-liquid-sdMLS) mechanism. We grew SiNWs using gold

as catalysts and monosilari8iH,) as a vapor phase reactant. Observing SiNWs by means of
transmission electron microscopy, we have found that SiNWs with smaller diameters grow slower
than those with larger ones, and the critical diameter at which growth stops completely exists. We
have estimated the critical diameter of SINWs to be about 2 nm. We have also measured the
temperature dependence of the growth rate of SINWs and estimated the activation energy of the
growth of SINWs to be 230 kJ/mol. @005 American Institute of Physics

[DOI: 10.1063/1.1888034

Nanowires, or nanorods are one of the most importansccm. According to the systematic measurement, we have
nanomaterials for future nanotechnology. Among variougound that, in the certain zone in the reaction tube, the dis-
processes of growing nanowires, chemical vapor depositiotribution of temperatures were much less changed when the
(CVD) via the vapor-liquid-solidVLS) mechanism has been gas was introduced up to 2000 sccm. Since the growth rate
most extensively studied. In fact, the precursors of electroniof SiNWs is extremely fast, it is important to avoid the
and MEMS devices have been fabricated from Si nanowireshange of temperature when a source gas is introduced. We
(SINWS).1? Nevertheless, a fundamental question remains offiound a zone of stable temperature distribution from 365 to
nanowires, that is the minimum diameter of them which is440 °C at the certain heater current and the other zone from
attainable by the growth method. In order to address thé15 to 495 °C at the other heater current. Utilizing this stable
question, the growth of nanowires is needed to study quartemperature distribution, we have grown SiNWs at the dif-
titativel%l. Previous studies dealt with only much thicker ferent growth temperatures simultaneously, in which the flow
wires>™ and the growth of actual nanowires, the diametergate was set constant at 1500 sccm. It is known that the
of which are smaller than 50 nm, has never been studiegoncentration gradient of a Sjtgas along the flow direction
systematically. In this letter, we have quantitatively exam-is small at low temperature from 400 to 500 °C and at a large
ined the growth of SINWs, and have found that the growthflow rat€ as in this work.
rate of SiNWs depends on both their diameter and growth ~ SiNWs were observed after growth by transmission elec-
temperatures. We have estimated the critical diameter dfon microscopy(TEM). The growth processes of SiNWs
SiNWs grown via the VLS mechanism to be about 2 nm. can virtually be pursued, for instance, at 400 fEigs.

We grew SiNWs by CVD, using gold as catalysts and1(0)-1(d)]. Precursors of S_iNWs were already formed just
monosilane(SiH,) as a vapor phase reactant, as in the preafter the growth of 15 $Fig. 1(b)]. After the growth for
vious stud)ﬁ First, we prepared several small pieces of
Si{111} substrates, the surfaces of which were terminated by
hydrogen(H).>’ Gold was deposited on these H-terminated
surfaces in a vacuum of 1®Pa. The average thickness of
gold was estimated to be 0.5 nm. After deposition, the sub-
strates were set up on the appropriate positions on a quartz
board, and then the board was loaded into the certain posi-
tion in a quartz reaction tube set in a furnace. The substrates
were preannealed in the reaction tube at the growth tempera-
tures for 1 h, forming nanocatalysts of various sizes. Accord-
ingly, nanowires of different diameters were grown from the
substrates. Finally, SiHgas, which was diluted to 1% in
argon, was introduced into the reaction tube at a flow rate of
1500 sccm and the total pressure in the reactor was held
constant at 98 kPa. Utilizing the temperature distribution in
the reaction tube, we could grow SiINWs at different growth
temperatures simultaneously, as mentioned below.

Before the growth of SINWs, we measured the tempera-
ture distribution in the reaction tube, changing both the

heater current and the flow rate of Silgases up to 2000

FIG. 1. Post-growth TEM observation of SiNWs. Growth time and growth
temperature aréa) 900 s at 365 °Cfb) 15 s, (b) 180 s, and(c) 900 s at
dElectronic mail: takeda@phys.sci.osaka-u.ac.jp 400 °C, respectively.
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FIG. 2. Length of SiNWs asa function of growth t?me at temperatures fromFIG. 4. Correlation between the length and the diameter of SINWs grown at
356 to 440 °C. Error bars indicate standard deviations. Data at the very earl)(30 °Cfor 30 s

stage are enlarged in the inset.

180 s, we find SiINW$Fig. 1(c)] at the top of which nano- Iysts and SiH as a source gas._As seen in Fig. 3, the activa-
catalysts locate, assuring us that they are grown via the VL80n energy of Siws with the diameters of 100-340 nm was
mechanism. After prolonged growth for 900 s, SINWs growesnmated to be 92 kJ/molwhile that for Siws with diam-
fully as shown in Fig. 1d). Comparing SiNWs grown at €ters of 0.5-1.eum was estimated to be 49.8 kJ/nfol.
400 °C[Fig. 1(d)] with those at 365 °GFig. 1(a)] for the These estimated energies are much _smaller Eaand this .
same growth time of 900 s, we find that growth rate dependg§ecrease  of Snergy  was attributed  to  catalytic
on growth temperature. SINWs grew straight in the temperadecompositioff**of SiH, at the surface of liquid droplefs’
tures higher than 400 °CFig. 1(d)], while those grown at Generally speaking, the growth rate of SiWs and SiNWs
lower temperatures below 400 °C were kinkglgs. 4@  may be governed by the decomposition of Sikhd/or the
and 1c)], as observed. crystallization at the liquid—solid interfade® In our prelimi-
Figure 2 summarizes the length of SINWs versus growtary experiment, the growth rate was varied according to the
time in the temperature range from 365 to 440 °C. Lengthgartial pressure of Siid Therefore, we suggest that the de-
of SiNWs are slightly dispersed, so we plot the averagedomposition of Silj is rate determining in our growth pro-
ones with the corresponding standard deviations. For SiNweesses as well as the previous studigs.
with kinks, we summed up the lengths of all the segments. As mentioned earlier, the length of SiNWs is dispersed
As seen in Fig. 2, the growth rate is gradually saturated agt any growth stages. This dispersion arises partly from the
SiINWSs grow. It is very likely that the temperature of a nano-dispersion of the diameter of SiNWs. We plot the length
catalyst decreases as a SINW grows, since the nanocatalygtrsus the diameter of SINWs at an early stage of growth
becomes away from a substrate. At the very early stage, howT=430 °C and=30 9, as shown in Fig. 4. The diameter of
ever, the dependence seems linear, as seen in the inset in AGost SINWSs ranges from 3 to 12 nm, while SiNWs with the
2. Therefore, we estimate the growth ratggat these early diameter larger than 40 nm are occasionally found. We have
stages. Estimating the growth rate at different growth temfound that SiNWs of smaller diameters are likely to grow
peratures,T, we summarizevy vs T as shown in Fig. 3. slower than those of larger diameters. Looking into Fig. 4,
Clearly, the growth of SiNWs is a thermal activation processone can estimate the critical diameter of SiINWs to be about
The growth rates range from 2010 nm/s at 365°C to 2-3 nm, at which the growth of SINWs is completely sup-
1.8X 10° nm/s at 495 °C. Assuming the Arrhenius equation,pressed. Givarigozdvdetermined the critical diameter of
the preexponential factdw and the apparent activation en- much thicker SiWs three decades ago, examining SiWs of
ergy E4 were roughly estimated to be KN nm/s and 0.05-5um in diameter. He found experimentally that the
230 kJ/mol, respectivelfE, well corresponds to the activa- growth rate is proportional to the square of supersaturation
tion energy of the decomposition of a Sildas, E,, which  and becomes zero at the critical diametks<50 nm. This
ranges between 213 and 234 kJ/mol in the temperaturelassical limit was accounted for by the Gibbs—Thomson ef-
range of 375-1200 °&'°™ E, has been estimated of much fect: the supersaturation of silicon becomes smaller in
thick silicon wires(Siws),*® which were grown by the simi- smaller catalysts of Au-Si liquid. Since then, no experimen-
lar CVD process as our growth process, using gold as catdal evidence has come up on the growth rate of either Siws
or SiINWs of much smaller diameter. Recently, SINWs were
grown by molecular-beam epitax¢MBE) at 525 °C, in

Temperature (°C)

g 700600 500 400 which sil_icon was s_upplied by not a source gas but an ordi-
' ' ' ' nary solid source in MBE and catalysts were gold. The
__103] w298 kimal ] growth rate of MBE-grown SiNWs from 70 to 200 nm of
§ 230 kJ/mol diameter was extremely low, i.e., about 600 nm/240 min,
g‘oz ] 7 and it increases with the decrease of diameter in contrary to
£ 107 0 0" N . ] both Givarigozov’s and our results. This peculiar behavior is
g ———— }‘Lk.\ attributed to surface diffusion of Si adatom on a substrate as
10°F [S}Lew etal 3 well as sidewalls of SINWSs, which only becomes evident in
e slow growth in MBE"
09 1 141103(52” (1}3K) 14 15 16 Returning to the ordinary VLS growth, the critical diam-

eter that we determined seems far beyond the Givarigozov

FIG. 3. Change of growth rate with temperature for SiNWs af limit. According to Givarigozov, the growth rateg IS rep-

=3-40 nm(this work), for SINWs ofd=100-340 nniLew et al. (Ref. 5] resented by the square of supersaturagiem u/kgT, multi-

and SiWs ofd=0.5-1.6xm [Bootsmaet al. (Ref. 3]. plied by b, which may depend on growth temperatufethe
Downloaded 17 Feb 2010 to 130.34.135.83. Redistribution subject to AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp
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partial pressure of source gas, and other parameters such ragjuirement, we should increase the vapor pressure of sili-
the diameters of SINWg]. Here,Au represents the differ- con, P and the vapor pressure of metR}, simultaneously,
ence of chemical potential between gas and solid phases, akdeping the ratio oP/P,, a maximum value. In this way, we

kg does the Boltzmann constant. Setting the partial pressurgan keep droplets as “liquids.” As a resudt, has thermody-

to be constant at this moment, we obtain namically no limit on the attainable minimum size until
vg(T,d) = YA(T,d)b(T,d). (1) reaching 15some growth kinl%tic limit that is prt_asently
) ) 15 unknown.” Recently, Wuet al.” reported that the minimum
The supersaturatiory can be rewritten as follow’’ diameter of SiNWs is 3 nm, which are grown at 435 °C using
y=2Q0kg T {d;X(T) - d™1], (2)  9old as catalyst with a Sitfas, the partial pressure of which

is 6.7 kPa. Even though the partial pressure of ,S846.8
where() is the atomic volume of Siy is the surface energy times as high as that in our study, the minimum size of
density of SINWs. The critical diameter of SINW&, may  giNws is the similar to our study. In another viewpoint, it is
depend orT and other parameters. The length of a SINW,  gomewhat unlikely that an extremely thin SINWSs, or atomic
is proportional to growth timet, at the early stage of growth: paing of Si grows even from metal clusters smaller than, for

L(T,d) =vg4t. ©)] instance 1 nm. In fact, small metal clusters which consist of
Chanai | h d to fit E only a few to several hundreds of gold atoms are very likely
anging several parameters, we have attempted to fit EQg; o on a H-terminated template surfaces in our condition.

(1.)’ (2), and(3) into our experimental datgig. 23 and % . We have nevertheless observed no thinner SiNWs with the
without success. We have not yet made a definite conclusm&i{meter smaller than 1 nm. Clearly, we need an atomistic

whether the theory can be adopted to the growth of thi . : . .
SiNWs systematically, and we deduce the two parameterr}sheory on the minimum diameter of SiINWSs. Classically, the

which well correlates with experiments. Assuming thais Critical diameter may be described by the potential barrier in

- a complex system of solid and liquid phases. Also, it is note-
gkiz?ne?ﬁee?;”%%sg%;ﬁztgoizgs not depend ot then we worthy that there is the minimum size of stable Si crystallite

with diamond-type structure around 1.8 AfhiChe minimum
vg(T,d) = YA(d)b(T), (4)  size of stable nucleolus may be one of important factor
which determines the diameter of SINWSs.

Finally, we have measured the growth rate of SINWs
guantitatively. We have analyzed a part of experimental data
vg(T) = v5a’ exp(— Eg/ksT), (5)  based in the classical theory; the activation energy is esti-

in which y, means the supersaturation of SiNWs with theMated to be 230 kJ/mol and the minimum diameter of

average diameter. We assume here Bamay not depend SiNWs is estimated to be 1.7 nm in our growth condition. All
ond or the curvature of nanocatalysts greatlydat 40 nm. the experimental data have not yet fully accounted for by the

E, that we determined above is based on this assumptiofi€rmodynamical theory, and we suggest that an atomistic

we obtain scribe the phenomena more precisely in addition to the ther-

, modynamical theory.
vg(T,d) = Y%(d)a’ exp(— Ey/kgT), (6)

Fitting our experimental data shown in Figs. 2 and Fig. 4

Given the Arrhenius plotFig. 3 and Eq.(4), vgy may be
expressed as follows:
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