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H2-Assistance One-Step Growth of Si Nanowires and Their Growth Mechanism *
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Large-scale nanowires are grown on Si wafers by the catalyst-free one-step thermal reaction method in Ar/H2

mixture atmosphere at 1000 ∘C. The x-ray diffraction and energy dispersive x-ray spectroscopy results reveal that
the final nanowires are of silicon nanostructures. The field emission scanning electron microscopy shows that these
self-organized Si nanowires (SiNWs) possess curly crowns with diameters varying from 10 to 300 nm and lengths
of up to several hundreds of micrometers. The transmission electron microscopy indicates that the nanowires are
pure Si with amorphous structures. All the measurement results show that no silicon oxide is generated in our
products. The growth mechanism is proposed tentatively. Silicon oxide is reduced into Si nanoparticles under the
Ar/H2 mixture, which is the main reason for the formation of such SiNWs. Our experiments offer a method of
preparing Si nanostructures by simply reducing silicon oxide at high temperature.
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Silicon nanowires (SiNWs) have higher carrier mo-
bility, a larger surface-to-volume ratio and a longer
minority carrier diffusion length than single-crystal
bulk silicon materials and can bear large stress with-
out pulverization, which make them suitable for fabri-
cating high-performance nanoelectronic and nanopho-
tonic devices.[12] Since SiNW-related nanodevices are
compatible with the current Si-based microelectronics
manufacturing process, many new nanodevices, such
as field effect transistors (FET), solar cells, sensors,
lithium battery and thermoelectric conversion devices,
have been made in SiNWs.[2−7] To develop such nan-
odevices, SiNWs have been synthesized by using meth-
ods such as laser ablation,[8] chemical vapor depo-
sition (CVD),[9−13] thermal evaporation,[14,15] solu-
tion synthetic method[16−18] and electroless etching
method.[19] However, during the growth process of
SiNWs, metal nanoparticles, especially gold, are gener-
ally used as the catalyst to direct the growth of SiNWs
leading to the coexistence of gold nanoparticles and
the SiNWs. These gold nanoparticles can induce deep
levels in SiNWs and become trap canters, which could
degrade the optical and electronic properties of such
SiNW-based nanodevices. Moreover, most SiNWs are
often surrounded by amorphous silicon oxide shells,
which seriously influence the nanodevice applications.
For example, the decrease of chemical sensitivity of
SiNWs to the NH3 gas and water vapor by the sili-
con oxide sheath has been reported by Zhou et al.[20]

Therefore, the fabrication of high-quality SiNWs with-
out an amorphous silicon oxide sheath and metal con-

taminations is the key issue to enhance the perfor-
mance of nanodevices based on SiNWs. In addition,
various materials, including Si powder, SiCl4, SiH4,
SiO powder and diphenylsilane, have been used as the
growth source to synthesize SiNWs. Few reports have
concerned the preparation of SiNWs by Si wafers ex-
cept that they are grown by chemical etching and laser
ablation methods.[8] However, in Ref. [8], no SiNWs
could be obtained when the laser target was fabricated
by pure SiO2. In this work, SiNWs with curly crowns
are grown on Si wafers by simply heating Si wafers
in the H2/Ar mixture ambient. Our experiments show
that Si oxide deposited on the surface of the Si wafers
is the main reason for forming such SiNWs and a new
mechanism will be proposed to explain its growth pro-
cess.

SiNWs were synthesized by heating Si wafers with-
out a catalyst. Before growth, the Si wafers were
cleaned in an ultrasonic bath with acetone for 20 min,
then rinsed with de-ionized water and dried under
flowing nitrogen. Four pieces of Si (100) wafers were
loaded onto a ceramic boat placed in the center of
an alumina tube inside a horizontal tube furnace. Af-
ter the reactor was purged with argon several times
to remove residual oxygen and moisture, the system
was elevated at a rate of 20∘C/min under argon at-
mosphere. Once the temperature reached 1000∘C, hy-
drogen was subsequently introduced into the chamber
with a H2/Ar volume ratio of 4:96 at a flux of 80 sccm.
The working pressure of the alumina tube was main-
tained at normal pressure and the reaction proceeded
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for 2 h and then the furnace was cooled down slowly
to room temperature in the argon atmosphere. White
products were found deposited on the surface of the
wafers.
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Fig. 1. SEM and TEM images of silicon nanowires: (a)
low-magnification SEM (top view), (b) high-magnification
SEM image, (c) low-resolution TEM image of one silicon
nanowire with curly crown, (d) high-resolution TEM im-
age of a single silicon nanowire.
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Fig. 2. (Colour online) EDX analysis of a single silicon
nanowire.

The structure and morphology of the synthe-
sized products were characterized by x-ray diffrac-
tion (XRD) with a Cu K𝛼 radiation source (𝜆 =
0.1542nm), field emission scanning electron mi-
croscopy (FE-SEM) and transmission electron mi-
croscopy (TEM). The composition was analyzed by
energy dispersive x-ray spectroscopy (EDX), which is
attached to the TEM system. All tests were performed
at room temperature.

The FE-SEM and TEM images of the products
shown in Fig. 1 reveal that the as-grown Si nanos-
tructures possess a wire-like morphology with a curly
crown. Figure 1(a) shows the low magnification top
view of the sample, where a large number of SiNWs
are observed. From the enlarged view of this sample
(shown in Fig. 1(b)), we can see that diameters of the
SiNWs exhibit wide distributions, which range from 10
to 300 nm, whereas most of the nanowires have diam-
eters of 100–200 nm and the lengths are in the range

of 200–500µm. Figure 1(c) is a low-resolution TEM
image of a single nanowire, where the curly crown lo-
cated on the top of a nanowire is clearly exhibited. Fig-
ure 1(d) shows the high-resolution transmission elec-
tron microscopy (HRTEM) of a single Si nanowire,
butm unfortunately, clear parallel fringes can not be
observed, indicating that these SiNWs are of amor-
phous structures. Moreover, no amorphous oxide layer
is observed in this picture.
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Fig. 3. The 𝜃–2𝜃 XRD diffraction pattern of the as-
deposited silicon nanowires.
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Fig. 4. Schematic illustration of the growth mechanism.

The EDX spectrum taken from a single nanowire is
shown in Fig. 2. Three peaks corresponding to Cu and
Si are found in this spectrum. Except the Cu peaks
come from the Cu grid, no peak of O appears, which
demonstrates that the compositions of these products
are pure SiNWs without any oxide shells.

Figure 3 shows the XRD pattern of the SiNWs. It
is clearly seen that only a peak indexed to (100) Si is
observed in this pattern, demonstrating that the (100)
direction is the preferred growth direction. No trace of
SiO2 or any other Si compound phases in the detec-
tion limit of the XRD exist, which suggests that no
amorphous oxide shells are observed in these SiNWs.
This is in agreement with the EDX result as shown
in Fig. 2. In order to explain the reason for forming
SiNWs on the Si wafers, two other experiments were
carried out under the same growth conditions except
that the wafers were cleaned by HF solution to re-
move the surface oxide layers and no hydrogen was
introduced into the growth chamber, respectively. The
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SEM results suggest that no nanowire can be observed
in the above two conditions. Hence, silicon oxide on
the surface of Si wafers and hydrogen may play an
important role in the formation of wire-shaped nanos-
tructures.

5 mm

Fig. 5. SEM image of the Si nanorods grown at 1000∘C
in Ar/H2 mixture for about 1 h.

Based on the above-mentioned results and com-
pared with the previous reports about SiNWs grown
by the laser ablation method, the possible growth
mechanism of these SiNWs is tentatively proposed.
The growth process of the SiNWs can be divided into
three steps. Firstly, the top Si dioxide layer formed
by natural oxidation Si wafer in air reacts with Si
to form Si suboxide (SiO𝑥, 𝑥 ≤2), which decomposes
thermally into Si nanoparticles and water vapor in the
H2/Ar mixture. The detailed reaction can be given by
SiO𝑥(s)+H2(g)=Si(s)+𝑥H2O(g), where s and g rep-
resent solid and gas, respectively. Subsequently, the
grown Si nanoparticles are deposited onto the lower
layer of the Si suboxide. Then residual Si suboxide
reacts continuously with H2 to form more Si nanopat-
icles. These freshly formed Si nanoparticles deposited
on the top of the Si nuclei or surrounded them, precip-
itating the growth of the SiNWs. Finally, Si nanowires
are formed on the surface of the Si wafers. The pos-
sible growth mechanism is shown in Fig. 4. According
to this growth mode, SiO2 and H2 are two important
factors contributing to the formation of such SiNWs.
In our experiment, SiO2 acted as the source material
and a special catalyst promotes the one-dimensional
growth of SiNWs. H2 is used as a reducing agent that
can support Si nanopaticles to generate nanowires. To
confirm the above deduction, the products grown for
1 h are shown in Fig. 5, SiNWs with crown are found
to stand on a silicon wafer after synthesized under the
same reaction conditions, which further support the
deduction of the growth mechanism that the SiNWs
firstly stand and then lie on the silicon substrate. In
addition, the reason for forming a curly crown at the

top of each silicon nanowire is unclear, different sur-
face energies among the growth surfaces may lead to
the bending of the initial silicon wafer. Further work
is in progress.

In summary, large-scale SiNWs without amor-
phous silicon oxide sheath have been synthesized di-
rectly on Si wafers via a simple one-step thermal re-
action method. The SiNWs are amorphous Si with di-
ameters of 10–300 nm and the lengths of 200–500µm.
SEM and XRD results indicate that SiO2 grown on
the surface of Si wafers and H2 may play critical roles
in the formation and growth of SiNWs. The success of
our experiment could offer opportunities for preparing
SiNWs by reducing SiO2 in Ar/H2 mixture, as well as
for further fundamental research. The growth mecha-
nism is proposed tentatively and further experiments
should be carried out in future.

References
[1] Cui Y and Lieber C M 2001 Science 291 851
[2] Gunawan O, Sekaric L, Majumdar A, Rooks M, Appen-

zeller J, Sleight J W, Guha S and Haensch W 2008 Nano
Lett. 8 1566

[3] Zheng G F, Lu W, Jin S and Lieber C M 2004 Adv. Mater.
16 1890

[4] Tian B, Zheng X L, Kempa T J, Fang Y, Yu N F, Yu G H,
Huang J L and Lieber C M 2007 Nature 449 885

[5] Li Z, Chen Y, Li X, Kamins T I, Nauka K and Williams R
S 2004 Nano Lett. 4 245

[6] Chan C K, Peng H, Liu G, McIlwrath K, Zhang X F, Hug-
gins R A and Cui Y 2008 Nature Nanotechnol. 3 31

[7] Hochbaum A I, Chen R K, Delgado R D, Liang W J, Gar-
nett E C, Najarian M, Majumdar A and Yang P D 2008
Nature 451 163

[8] Morales A M and Lieber C M 1998 Science 279 208
[9] Wu Y, Cui Y, Huynh L, Barrelet C J, Bell D C and Lieber

C M 2004 Nano Lett. 4 433
[10] Li W N, Ding Y S, Yuan J K, Gomez S, Suib S L, Galasso

F S and DiCarlo J F 2005 J. Phys. Chem. B 109 3291
[11] Ge S P, Jiang K L, Lu X X, Chen Y F, Wang R and Fan S

S 2005 Adv. Mater. 17 56
[12] Renard V T, Jublot M, Gergaud P, Cherns P, Rouchon D,

Chabli A and Jousseaume V 2009 Nature Nanotechnol. 4
654

[13] Shi X L et al 2008 Sci. Chin. E Tech. Sci. 51 1433
[14] Niu J J, Sha J and Yang D 2004 Physica E 24 278
[15] Pan Z W, Dai Z R, Lee S T and Wang Z L 2001 J. Phys.

Chem. B 105 2507
[16] Holmes J D, Johnston K P, Doty R C and Korgel B A 2000

Science 287 1471
[17] Hou Z L, Zhou H F, Yuan J, Kang Y Q, Yang H J, Jin H

B and Cao M S 2011 Chin. Phys. Lett. 28 037702
[18] Cheng J, Zou X P, Song W L, Cao M S, Su Y, Yang G Q,

Lu X M and Zhang F X 2010 Chin. Phys. Lett. 27 057302
[19] Peng K Q, Hu J J, Yan Y J, Wu Y, Fang H, Xu Y, Lee S

T and Zhu J 2006 Adv. Funct. Mater. 16 387
[20] Zhou X T, Hu J Q, Li C P, Ma D D, Lee C S and Lee S T

2003 Chem. Phys. Lett. 369 220

106104-3

http://cpl.iphy.ac.cn
http://dx.doi.org/10.1126/science.291.5505.851
http://dx.doi.org/10.1021/nl072646w
http://dx.doi.org/10.1002/adma.200400472
http://dx.doi.org/10.1038/nature06181
http://dx.doi.org/10.1021/nl034958e
http://dx.doi.org/10.1038/nnano.2007.411
http://dx.doi.org/10.1038/nature06381
http://dx.doi.org/10.1126/science.279.5348.208
http://dx.doi.org/10.1021/nl035162i
http://dx.doi.org/10.1021/jp0449298
http://dx.doi.org/10.1002/adma.200400474
http://dx.doi.org/10.1038/nnano.2009.234
http://dx.doi.org/10.1007/s11431-008-0116-7
http://dx.doi.org/10.1016/j.physe.2004.05.002
http://dx.doi.org/10.1021/jp004253q
http://dx.doi.org/10.1126/science.287.5457.1471
http://dx.doi.org/10.1088/0256-307X/28/3/037702
http://dx.doi.org/10.1088/0256-307X/27/5/057302
http://dx.doi.org/10.1002/adfm.200500392
http://dx.doi.org/10.1016/S0009-2614(02)02008-0

	Title
	Fig. 1
	Fig. 2
	Fig. 3
	Fig. 4
	Fig. 5
	References

