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Abstract Needle-like silicon nanowires have been grown

using gold colloid as the catalyst and silane (SiH4) as the

precursor by very high frequency plasma enhanced chem-

ical vapor deposition (VHF-PECVD). Si nanowires pro-

duced by this method were unique with sharpness below

3 nm. High resolution transmission electron microscopy

(HRTEM) and X-ray diffraction technique (XRD) con-

firmed the single crystalline growth of the Si nanowires

with (111) crystalline structure. Raman spectroscopy also

has revealed the presence of crystalline Si in the grown Si

nanowire body. In this research, presence of a gold nano-

particle on tip of the nanowires proved vapor–liquid–solid

growth mechanism.

Introduction

One-dimensional nanostructures have attracted extensive

interest due to their potential uses in nanoelectronic and

optoelectronic devices and fundamental importance for the

study of size-dependent chemical and physical phenomena

[1–3]. Among these one-dimensional nanomaterials, sili-

con nanowires (SiNWs) have attracted much attention due

to their fitness with conventional silicon-based integrated

circuit (IC) technology. SiNWs are particularly favorable

to be used as building block to fabricate nanoscale devices

such as nanotransistors [4], metal–oxide–semiconductor

field effect transistors (MOSFETs) [5], sensors [6], logic

device [7], and solar cells [8]. Small diameter SiNWs are

fronted as attractive nanomaterials due to their quantum

size effect for future devices. Theoretical calculations

indicate that essential quantum size effects will happen for

a SiNW with diameter of below 10 nm [9].

In the past few years, several researchers have reported

the synthesis of SiNWs using various methods, including

laser ablation [10], supercritical fluid solution-phase [11],

thermal vapor deposition [12], rapid chemical etching

technique [13], chemical vapor deposition (CVD) [14], and

plasma enhanced chemical vapor deposition (PECVD)

[15]. Among chemical techniques PECVD is one of the

most advanced techniques. The PECVD technique is a

directional deposition method. In PECVD process a gas

such as silane and the subsequent metal catalyst moderates

growth of SiNWs. This involves a mechanism that is

famous as vapor–liquid–solid (VLS) and was first proposed

by Wagner and Ellis [16]. The VLS fabrication mechanism

is the most successful synthesis method for fabrication

single crystalline Si nanowires with high production yields

[17]. In the VLS mechanism, a metal catalyst as Au is

deposited onto a substrate as silicon. This catalyst can be

thin layers or nanoparticles. Usually Au nanoparticles

catalysts have a remarkable capacity to control SiNW

sizes.

In this present research, very high frequency plasma

enhanced chemical vapor deposition (VHF-PECVD) was

used for growth of Au-catalyzed SiNWs on Si substrate.

Theoretical and experimental consideration indicates

that the VHF-PECVD has advantages such as high depo-

sition speed, good quality, higher electron density, lower

plasma potential and photovoltaic performance due to

reduced ion bombardment compared to the conventional

RF (13.56 MHz) PECVD [18, 19]. In this technique

nanowires can be grown with good crystallinity and high

growth rate at lower substrate temperature compared to

other methods. The morphology of Si nanowires was

H. Hamidinezhad (&) � Y. Wahab � Z. Othaman

Ibnu Sina Institute for Fundamental Science Studies (IIS), UTM,

Skudai 81310, Johor, Malaysia

e-mail: habib_hamidinezhad@yahoo.com

123

J Mater Sci (2011) 46:5085–5089

DOI 10.1007/s10853-011-5435-6



different from previously grown Si nanowires by con-

ventional VLS methods [20, 21]. Our Si nanowires are

needle-like with a unique sharpness below 3 nm. These

nanoneedles are sharper than nanoneedles fabricated in last

report [22].

Experiments

SiNWs were synthesized with an Au catalyst on a Si (111)

wafer by the VHF-PECVD method in vacuum. In this

study, Si wafer was coated with 30 nm sized gold colloid

particle solution as a catalyst. The size of Au catalytic

plays an important role on diameter of SiNWs in VLS

mechanism because it takes a place at droplet interface

[23]. To obtain small diameter catalysts, the Au-coated

substrate was heated at the temperature of 500 �C during

5 min. For the synthesis of the SiNWs, pure SiH4

(99.9995%) gas as the Si source with 10 sccm was intro-

duced to VHF-PECVD vacuum reactor at the pressure

of 77 mtorr for 10 min. The power of RF plasma and

frequency were 15 W and 150 MHz respectively. During

the deposition, the substrate temperature has been held at

370 �C. The as-grown SiNWs were then analyzed using a

field emission scanning electron microscope (FESEM,

JEOL, JSM-6701F) and high resolution transmission

electron microscopy (HRTEM, JEOL, JEM-2100). The

elemental composition of the ultra-sharped SiNWs and

their crystal phase were analyzed through an X-ray dif-

fraction technique (XRD), with Cu Ka radiation and an

energy dispersive X-ray spectrometer (EDX). Raman

spectroscopy was performed using a spectrum GX (NIR,

FT-Raman) system with an Nd crystal laser source and

1 lm spot size.

Results and discussion

Figure 1 shows the FESEM image of SiNWs synthesized

on Si (111) substrates using a gold-catalyzed VHF-PECVD

method under the experimental conditions described in the

figure caption. According to figure, a population of needle-

like ultra-sharp pointed nanowires with lengths ranging

from 4 to 5 lm was grown on Si wafer. Adjusting the RF

power and the temperature leads to the controlled growth

of ultra-sharp pointed SiNWs, as seen in Fig. 1.

Figure 2 shows the EDX spectra of the nanowires. EDX

shows that these nanowires are composed mainly of Si and

Au (93.37 and 6.62 at.%, respectively).

Figure 3 displays low magnification TEM and HRTEM

images of uppermost part of SiNWs generated in this

research. The low magnified TEM (Fig. 3a) provides fur-

ther information regarding the structure of grown SiNWs.

From this image, it can be seen that the wire has needle-

like structure with ultra-sharp pointed tip. This result cor-

responds to the results obtained with the FESSEM image.

In Fig. 3b a very small Au catalyst particle is also observed

at the tips of ultra-sharp SiNWs. The morphology verifies

that the SiNWs were obtained by Au-catalyzed VLS

growth mechanism. Before growth of nanowires, the size

of gold colloid solution deposited on silicon substrate was

30 nm. However, the Au catalyst size on tip of nano-

wires at the end of synthesis decreased 10 to 15 times of

the nominal size at the beginning. Figure 3c shows the

HRTEM image of SiNW grown in this experiment. The

structure is further confirmed by HRTEM characterization

of Si nanowire. HRTEM image reveals that each nanowire

consists of single crystalline structure. According to the

HRTEM measurement and the following calculation by the

software of the HRTEM digital micrograph, the inter-

planar spacing of crystals is about 0.314 nm, matching well

Fig. 1 FESEM image of ultra-sharp pointed silicon nanowires

synthesized with gold colloid as catalyst on Si (111)-oriented using

VHF-PECVD method. The nanowires were grown for 15 min at

temperature of 370 �C and RF power of 15 W

Fig. 2 The EDX spectra of the ultra-sharp pointed SiNWs
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with the {1 1 1} plane of silicon and the growth of the

nanowire is along the h1 1 1i direction.

Figure 4 shows the XRD spectrum of the ultra-sharp

pointed SiNWs grown on the Si substrate, which displays

high-intensity peak of the Si (1 1 1) indicating that the

SiNWs were the well single crystalline structure. The

spectrum also exhibited the growth direction of the SiNWs

was h111i orientation, which is consistent to the results of

the HRTEM (Fig. 3). Calculated from the inter-planar

spacing of the most intense (111) peak (d = 0.314 nm), the

lattice parameter of the SiNWs was obtained as

a = 0.5452 nm; which is larger than the standard value

a = 0.5430 nm for bulk silicon. This reveals that there is a

slight lattice expansion and distortion in the SiNWs

structure. There is not any trace of oxygen peaks in the

XRD spectrum. Au peak was also detected because the

gold nanoparticles as catalyst were located on the top of

tapered SiNWs as shown in HRTEM images.

Most of the Si nanowires produced by Au catalyst have

had uniform diameters of higher than 10 nm [20, 24]. The

tip radius of produced nanocone by other researchers via

VLS mechanism also was in range of 10–200 nm [22, 25,

26]. Thus, our ultra-sharp pointed Si nanowires with an

unprecedented sharpness of below 3 nm are unique in the

category of Au-catalyzed grown Si nanowires via VLS

mechanism using PECVD method.

Fig. 3 a The low magnified TEM grown SiNW reveals that the wire

is needle-like structure with ultra-sharp pointed tip. b A very small Au

catalyst particle (black spot) placed at the tips of the ultra-sharp

SiNW. The size of Au particle and tip of wire are 1.85 and 2.408 nm,

respectively. c The HRTEM image of a section of SiNW shown in

white box drowns in Fig. 3a reveals that each nanowire consists of

crystalline structure with interplanar spacing of crystals about

0.314 nm, matching well with the h1 1 1i growth direction

Fig. 4 The XRD spectrum of the ultra-sharp pointed SiNWs grown

on the Si substrate

Fig. 5 Raman spectrum of a single crystalline of ultra-sharp pointed

SiNW (solid line) and silicon wafer (dashed line) at room temper-

ature. The ultra-sharp pointed SiNW has an asymmetry peak centered

at 516 cm-1. The sharp peak at 522 cm-1 corresponds to crystalline

Si substrate

J Mater Sci (2011) 46:5085–5089 5087

123



Figure 5 shows the Raman spectra of the as-grown

SiNWs (solid line) and a single crystalline Si wafer (dashed

line). Raman spectroscopy is very sensitive to the lattice

structure and the crystal symmetry. The Peak energy, the

peak width, and the symmetry in Raman Spectra change

with reduction of the Si nanowires size [27]. As seen in

Fig. 5 the as-grown SiNWs has an asymmetry Raman peak

centered at 516 cm-1 where this peak is remarked to be the

first-order transverse optical photon mode (TO). The high

symmetric peak centered at 522 cm-1 is related to bulk

crystalline silicon. Important downshift of the asymmetri-

cal TO peak shown from 522 cm-1 of bulk silicon to

516 cm-1 of SiNWs is due to the diameter decrease of the

SiNWs [28]. Here, size confinement or nanoscale size of

wires is the reason of asymmetry and broadened width of

peak in spectrum. This is a sign of phonon confinement

[29]. Raman spectroscopy taken from SiNWs reveals that

their structure is crystalline. This is consistent with the

HRTEM analysis in Fig. 3c.

A comparison between VHF-PECVD method with those

of some other researchers for the growth of Si nanoneedles

and nanowires is shown in Table 1. According to the table,

the tip diameter and the growth temperature of nanowires

produced by VHF-PECVD method are remarkably lower

than those of the nanoneedles and nanowires grown using

other systems. Furthermore, grown nanoneedles using

VHF-PECVD method in this research have only single

crystalline structure, while others results show nanoneedles

and nanowires having crystalline core and amorphous shell

structures.

It should be noted that in the present work, the growth rate

of Si nanowires, around 500 nm/min, was approached dur-

ing 10 min deposition. This value is significantly higher than

the usual growth rates (12–50 nm/min) of Si nanowires

grown by classical CVD, low pressure CVD (LPCVD) and

conventional medium frequency of 13.56 MHz PECVD

methods [15, 24, 30, 31]. This fast growth rate is probably

due to plasma power which causes high decomposition of the

SiH4 gas.

The existence of Au peak in spectra confirmed that the

Au catalyst-assisted VLS mechanism was occurred during

the growth process. The VLS mechanism correctly

describes the gold-catalyzed CVD growth of nanowires. In

this mechanism, the silane (SiH4) molecules at first

decompose onto the surface of gold catalyst nanoparticles

in the form of silicon. Then, the silicon atoms dissolve into

the liquid gold particles result in formation of Au–Si alloy.

The continuing adsorption of the Si in Au–Si liquid drop-

lets leads to supersaturating of the alloy which brings about

growth of a solid silicon core in the bottom of the droplet.

The Au–Si droplet remains at the top of the solid silicon

and can accepts more silicon atom from the source. As a

result, the solid silicon grows in the liquid-solid interface

leading to growing nanowire. Therefore, the VLS reaction

includes three distinct stages: (a) diffusion of silicon atoms

from the vapour source to the vapour/Au–Si droplet

interface; (b) diffusion of silicon atoms into the liquid

droplet; (c) precipitation of Si atoms at the droplet/nano-

wire interface. The decomposition of SiH4 gas is a ther-

mally activated process in which the activation energy

of the CVD grown SiNWs with an Au-catalyzed was

found in compliance with the activation energy of SiH4

decomposition [32]. With utilizing the plasma activation to

CVD system for growth of SiNWs, the VLS mechanism is

no longer valid, since the plasma deposition is a non-

equilibrium process thermodynamically. Moreover, VHF-

PECVD causes SiH4 to pre-dissociate to an ionized gas.

Accordingly, the silicon atoms have a greater diffusion and

adsorption potential in VHF-PECVD than in CVD. As the

SiH4 molecules are dissociated in the plasma, the growth

process is not limited by SiH4 decomposition rate as in

CVD and other factors start playing a role.

The other main effect of the very high frequency plasma

enhanced CVD system is the non-catalyzed Si sidewall

deposition. This type of deposition causes tapering of Si

nanowires in VHF-PECVD, where it allows production of

Si nanoneedles with ultra-sharped tip. As shown in

HRTEM image (Fig. 3c), the Si nanoneedle consists of the

crystalline Si structure. The VHF-PECVD growth condi-

tions promoted the growth of crystalline Si layers on the

surface of the nanoneedle sidewall without gold catalytic

nanoparticles during the growth of nanowire.

Synthesizing needle-like SiNWs below 3 nm in tip will

open up the door to fabricate worthwhile devices where

quantum effects play a significant role. These ultra-sharp

nanoneedles can be used as tips of special microscopes, for

Table 1 Characteristic of nanowires and nanoneedles grown using various methods

Method Tip diameter (nm) Structure Growth rate (nm/min) Growth temperature (�C)

VHF-PECVD [present research] \3 Crystalline 500 370

PECVD [22] \10 Crystalline/amorphous 1000 400

LPCVD [30] 40 Crystalline/amorphous 50 500

PECVD [15] \30 Crystalline/amorphous 12 380

CVD [24] 50–60 – 50 400–500
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instance atomic force microscopy (AFM), due to their

low apex angle (\5�). These Si nanowires also would be

beneficial for field emission and solar cell applications as

good light absorbers [8, 33, 34].

Conclusions

In summary, ultra-sharp pointed tip Si nanowires have been

synthesized by VHF-PECVD method using VLS mecha-

nism. Using this method single crystalline ultra-sharped

SiNWs were fabricated with very fast growth rates at low

synthesis temperatures. These needle-like wires are used in

nanodevices.
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