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In this paper, silicon nanowires were prepared by chemical vapor deposition (CVD) in the 

presence of gold catalyst. We discussed the effects of gold film thickness and annealing 

time on droplet diameter and silicon nanowire diameter. The study revealed that the 

diameter of silicon nanowires increases with the increase of the thickness of the gold film. 

With the increase of annealing time, the number of alloy droplets decreases, and the 

diameter increases. The average diameter of silicon nanowires decreases first and then 

increases. The results provide useful information for long-time annealing of silicon 

nanowires. 

 

(Received April 16, 2021; Accepted August 18, 2021) 

 

Keywords: Silicon nanowires, Annealing, Alloy droplets, VLS growth mechanism 

 

 

1. Introduction 
 

In recent years, silicon nanowires (SiNWs) have been widely used in many fields such as 

biosensors, field-effect transistors, photocatalytic and solar cells due to their unique properties [1-

7]. The earliest studies of SiNWs date back to the mid-20th century. When Treuting and Arnold[8] 

first created silicon whiskers with <111> orientation on their crystal surfaces. In 1964, Wagner and 

Ellis [9] proposed the earliest gas-liquid-solid growth mechanism of SiNWs, which was also one 

of the most common growth mechanisms in the preparation of SiNWs. Then, because of the 

limitations of its technology and application, the study of SiNWs began to enter a window period, 

during which there was no great progress in its research. It was not until the advent of carbon 

nanotubes in 1991 that many researchers began to consider silicon, a carbon homolog [10]. SiNWs 

and silicon nanotubes have become a hot spot of scientific research. Initially, researchers used the 

electron beam lithography combined with reactive ion etching [11-13] to produce SiNWs, but this 

time-consuming, complex and expensive method has not been widely used, and scanning 

tunneling microscopes were few in number and present major problems in detecting 

characterization. In 1998, Lieber and Zhang [14-15] prepared a large number of SiNWs by laser 

ablation method based on VLS growth mechanism. Since then, many researchers have become 

increasingly interested in the uncharted territory of SiNWs. At present, there are two ways to grow 

SiNWs: "top-down" and "bottom-up". "Top-down" means using large substrates (cm to micron) to 

etch the nanowire structures we need using the corresponding etching technology; "Bottom-up" is 

to use small structural units (atoms, molecules, etc.) to form a relatively large and complex 

structural system (nanometer scale) through interaction and self-assembly, similar to building a 

house from the foundation, step by step up to build a complex and beautiful overall structure. 

There are many methods to prepare SiNWs, such as molecular beam epitaxy (MBE), laser ablation 

(LA), oxide assisted growth (OAG), solution method, chemical vapor deposition (CVD) [16-19], 

etc. Among them, the most commonly used method is the CVD, which requires lower process 

conditions, simple equipment, easy to manufacture, and the product can be prepared in large 

quantities. These methods usually require the involvement of the catalyst. Common catalysts 

include Al, Zn, Cu, Sn, Pt, In, Fe, Au [15,19-25], etc. Au has the most stable chemical properties, 

which is suitable for the preparation of SiNWs by the method described in this paper. Only a few 
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nanometers to tens of nanometers, the dosage is small, the cost is low, and the product is not easy 

to be polluted. In the current research reports on the preparation of SiNWs using Au catalyst, few 

researchers have studied the effects of the thickness of the gold film and annealing time on the 

growth of alloy droplets and SiNWs. Hannon's group [26] studied the effect of Au surface 

migration on the growth of SiNWs, and the annealing time was up to 250s. Gomatsi [27] studied 

the influence of gold film thickness and annealing conditions on the VLS-assisted growth of ZnO 

nanostructure in 2014 and focused on the morphology of the formed nanoparticles. The 

experimental results were consistent with the theoretical prediction, which is of great help and 

reference for the study in this paper. So that our study to fill a small gap in the growth of silicon 

nanowire research. 

 
 
2. Experimental section 
 

Materials: H2 (99.999%) and Ar (99.999%) were purchased from Shen Jian (Guiyang, 

China). Silicon tetrachloride (SiCl4, 99.5%) was purchased from Aladdin (Shanghai, China) and 

wafers (1×1 cm P-type < 111 > crystalline, resistivity 1-100Ω·cm) were purchased from Richter 

Silicon Materials (Zhejiang, China). 

SiNWs were grown in a high-temperature tube furnace by chemical vapor deposition 

(CVD). First, a silicon wafer of a certain coating thickness is placed in the ceramic boat, then the 

ceramic boat is placed in the middle of the quartz tube, and then the quartz tube is placed in a high-

temperature tubular furnace (the ceramic boat is in the constant temperature area of the tubular 

furnace). The two ends of the quartz tube are connected to other equipment through a 

Polytetrafluoroethylene (PTFE) tube. The tubular furnace was programmed to heat up to 950℃ 

(the heating rate is shown in the Fig. 1). During the heating process, the Ar (1000 sccm) was used 

to purge (remove the oxygen in the system) and then annealed to form Au-Si alloy droplets. Then 

SiCl4 (60 sccm) and H2 (800 sccm) were added and reacted at annealing temperature for 20 min. 

After the reaction is completed, the samples are taken out after cooling to room temperature in the 

tube furnace, and the samples are sealed for storage. 

Alloy droplets and SiNWs were grown on silicon substrates were characterized by 

scanning electron microscopy (Nova Nano SEM450), energy dispersive spectroscopy (EDS), laser 

confocal microscopic Raman spectrometer (DXR), X-ray diffraction (XRD), and transmission 

electron microscopy (TEM). 

 

 

Fig 1. Heat-up diagram of the tube furnace 

 
 
3. Results and discussion 
 

3.1 Conditions for growth of SiNWs 

Fig. 2 shows the growth diagram of SiNWs prepared by gold catalysis. As shown in Fig. 

2(a), and (b), as shown in the Au after heat treatment and Si substrates to form molten Au-Si alloy 

droplets, molten Au-Si alloy droplet absorption SiCl4 decomposition of silicon atoms under high 

temperature, silicon atoms into the alloy droplet continuously to the saturated state, at this point, 
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the silicon nanometer line from the bottom of alloy droplets precipitation (Fig. 2(c)), the silicon 

atoms, ongoing SiNWs growth continuously. This is how SiNWs grow in the presence of a gold 

catalyst. 
 

 
 

Fig. 2. Schematic diagram of gold-catalyzed growth of SiNWs: (a) Gold spraying (b) Alloy droplet 

formation after annealing; (c) SiNWs synthesis; (d) Growth profile of SiNWs. 

 

 

To verify whether the method requires a gold catalyst and annealing treatment, we 

experimented with Fig. 3. Fig. 3(a) shows gold catalyst and no annealing treatment. Fig. 3(b) 

shows no gold catalyst and no annealing treatment. Fig 3c shows annealing treatment without gold 

catalyst. We can see that there is no nanowire in Fig. 3(a)-(c), and only linear structure appears in 

the SEM image of Fig. 3(d) (with gold catalyst and annealing treatment). After the above 

comparative analysis, we can determine that the preparation of SiNWs in this method requires 

both gold catalyst and annealing treatment. 

 

 

 
 

Fig. 3. SEM images of the growth conditions of SiNWs under this method: (a) gold catalyst, unannealed;  

(b) gold-free catalyst, unannealed; (c) gold-free catalyst, annealed;(d) gold catalyst, annealed. 

 

 

3.2. Effect of Au film thickness on SiNWs growth 
Fig. 4 discusses the effect of gold film thickness on the growth of SiNWs. Fig. 4(a)-(d) 

show SEM images of SiNWs with different gold film thicknesses at 950℃, annealing time 0.5 h, 
and reaction time 20 min. The gold film thickness is 0 nm, 2 nm, 4 nm, and 6 nm. In Fig. 4(a), 
where there is no gold film on the substrate, we can see that only silicon particles appear and no 
nanowires are generated. In Fig. 4(b)-(d), when the gold film thickness is 2 nm, 4 nm, and 6 nm, 
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SiNWs all appear. It is also proved that annealing and the presence of gold catalyst is necessary for 
the formation of SiNWs in this experimental method. 

To discuss quantitatively the features of nanowires and their changes vs the thickness of 
the gold film, we illustrate in Fig. 4(b΄), (c΄), and(d΄) the particle size distributions (PSDs) as 
obtained by the image analysis software. The mean particle size diameter <d> is labeled in each 
plot. The histograms demonstrate that both the mean particle size and the width of the PSDs 
increase with increasing film thickness. For the thinnest Au film (2nm), the SiNWs sizes range 
from 15 to 40nm with the average diameter is 24.16 nm, and the distribution is uniform, which is 
in the proper range for SiNWs to be used in a variety of electronic devices. When the gold film is 
increased to 4 nm, the PSDs range from 15 to 45 nm and the average diameter is 28 nm. 
Comparing with 2 nm, the average diameter is increased, and the distribution range has a little 
change. For the thicker Au film (6nm), the PSDs become broader, ranging from 15 to 80 nm with 
a mean size of d=36.11 nm. At this time, the scanning electron microscope (SEM) image is not as 
uniform as other images, and the clustering of nanowires appeared. We suspect that due to the gold 
film thicker, and the size of the Au-Si alloy droplets formed during the annealing process was 
greatly different so that the SiNWs are different in diameter, Starting knot, and the clustering 
phenomenon.  

In summary, the mean diameter and the PSDs width increase systematically with the 
nominal Au film thickness. On the other hand, the gold film is "too thick", forming a wider PSD, 
which is not conducive to the homogenization of SiNWs. 

 

 

 
 

 
 

Fig. 4. SEM images of SiNWs with different gold film thicknesses: (a) 0 nm; (b) 2 nm; (c) 4 nm; (d) 6 

nm; (b΄), (c΄) and (d΄) are the histograms of PSD  corresponding to (b), (c) and (d) respectively, and 

the average diameter and deviation are marked in them. 
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3.3. Effect of annealing time on the growth of SiNWs 

According to the above experimental results, when the thickness of the gold film is 2 nm, 

the growth of SiNWs is better. Therefore, we chose a 2nm thickness of the gold film to study the 

effects of different annealing times on the morphology of Au-Si alloy droplets and the growth of 

SiNWs.  

 
 

Fig. 5. Growth diagram of Au-Si alloy droplet with increasing annealing time. 

 

 

Figures 6a-c show the SEM images of annealing at 1000°C and reaction at 950°C with a 

gold film thickness of 2 nm and annealing times of 0.5 h, 1 h, and 1.5 h, respectively. We can see a 

large number of spherical droplets of different sizes on the surface of the silicon substrate. To 

further investigate the effect of annealing time on the droplets of the Au-Si alloy, we also made 

histograms of the PSDs. We can see that the PSDs widths of the three are not very different, but 

the mean diameter of the alloy droplets increases sequentially. The PSDs range from 20 to 100 nm 

and the average droplet diameter is 53.17 nm at an annealing time of 0.5 h; When the annealing 

time is 1 h, the PSDs range from 30 to 100 nm, and the mean droplet diameter is 55.46 nm, 

Finally, the annealing time is 1.5 hours, the PSDs range from 30 to 110 nm with the mean droplet 

diameter is 56.57 nm. From this, we can speculate that the effect of increasing annealing time on 

PSDs is almost negligible, but the mean diameter of alloy droplets gradually increases with the 

increase of annealing time.  

At the same time, we selected the average number of alloy droplets in several 1x1 regions 

with different annealing times (Fig. 6(d)). The number of alloy droplets decreases with the 

increase of annealing time, which is due to the surface migration of Au. As the annealing time 

increases, the small droplets on the substrate surface tend to move toward the larger droplets and 

gradually approach and then are completely absorbed, finally leading to an increase in size and 

diameter and a decrease in number.  

Fig. 7(a)-(c) are the SEM images of SiNWs corresponding to Fig. 6(a)-(c) under the above 

conditions. Similarly, to intuitively express the diameter distribution of SiNWs, we drew the 

diameter distribution histogram of SiNWs (Fig. 7(d)-(f)), in which the diameter and deviation of 

SiNWs were also marked. In terms of PSDs width, there was not much difference among the three 

conditions. However, with the annealing time from 0.5 h to 1 h and then to 1.5 h, the diameter of 

the SiNWs, including the deviation, showed a trend of decreasing at first and then increasing. 

Therefore, we speculated that there may be an optimal annealing time during the growth process of 

SiNWs. In a certain range, the elongation of annealing time was beneficial to the uniform growth 

of SiNWs and the reduction of PSD width. If the annealing time is extended after the critical 

annealing time, the diameter difference of the SiNWs generated will be large and the deviation 

will be large, that is, the width of the PSDs will be large, which is not conducive to the subsequent 

practical application of the SiNWs. On the other hand, the influence of annealing time on the alloy 

droplet is studied. It is concluded that the diameter of the alloy droplet will increase with the 

extension of the annealing time. When the alloy droplets grow to a certain extent and break up 

[27], new SiNWs will grow from the original SiNWs, leading to branching and finally forming the 

above-mentioned clusters. The larger the diameter differences of the nanowires, the more uneven 

the growth. 

In conclusion, with the increase of annealing time, the diameter of alloy droplets gradually 

increases and the number decreases, and the morphology is not affected. The diameter of silicon 

nanowire decreases first and then increases with the increase of annealing time, but the longer the 

annealing time is not necessarily better.
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Fig. 6. SEM images and PSD histograms of alloy droplet with different annealing time: (a) 0.5 h; (b) 

1 h; (c) 1.5 h; (a΄),(b΄), and (c΄) correspond to a, b, and c; (d) Alloy droplet count in 1×1 cm 

region(It is visible to the naked eye under this scale). 
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Fig. 7. SEM images of SiNWs at different annealing time: (a)0.5h; (b)1h; (c)1.5h;  

(d), (e), and (f) are histograms of PSD corresponding to (a), (b), and (c). 

 
 

Table 1. The summary of the calculated specifications for Au-Si alloy droplets and SiNWs. 

 

Annealing 

time(h) 

The average diameter 

of SiNWs(nm) 

The average diameter of 

alloy droplet(nm) 

the areal density of 

alloy droplet(cm
-2

) 

0.5 92.47 53.17 59 

1.0 61.25 55.46 33 

1.5 69.87 56.57 21 

 

 

We selected the samples annealed at 1000°C, reacted at 950°C, and the thickness of the 

gold film was 2 nm, and the annealing time was 1.0 h for the following discussion. 

Fig. 8(a) shows the Raman spectra of SiNWs obtained under this condition, which was 

similar to bulk silicon materials. The main difference was in the frequency shift and half-peak 

width, the spike shifted from 521 cm-1 to 512.4 cm-1, the half-peak width increased from 4 cm-1 

to 6 cm-1, there were weak sub-peaks at 302 cm-1 and 964 cm-1, respectively, and the transverse 

acoustic double-phonon peak of the bulk silicon material(2TA) and transverse optical two-photon 

peak(2TO) scattering correspond to the primary cause of the red-shift, which was the phonon-

limiting effect of the nanocrystals, while the increase in half-peak width may be due to inter-lattice 

mismatch and temperature determination.  
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Fig. 8. Other characterization of SiNWs: (a) Raman; (b) XRD 

 

 

Fig. 8(b) shows the XRD spectroscopy results of SiNWs, which shows that the resulting 

SiNWs have a similar structure to bulk silicon materials, the main lattice directions are Si(111), 

Si(220), and Si(311) at 28.5°, 47.4°, and 56.2° respectively, which differ from bulk silicon with a 

broad peak of 0.136 nm near 21°, the phenomenon may be attributed to the surface oxidation of 

SiNWs after synthesis and corresponds to the results of XRD spectra of silicon dioxide(SiO2) [28]. 

 

 

 
 

Fig. 9. (a) TEM image of SiNWs; (b) A magnified pattern of the specified region; (c) SAED model  

was taken from (a); (d) EDX diagram of the SiNWs. 

 

 

To further determine the crystal structure of SiNWs, the samples were characterized by 

TEM. Fig 9a showed a typical high-magnification TEM image of the prepared SiNWs. Fig. 9(b) 

was the local magnification of the single silicon nanowire, showing relatively uniform lattice 

spacing. Combined with Fig. 9(c), it can be seen that the silicon nanowire was monocrystalline 

silicon, mainly along the line of <111>; the direction grows with 0.323nm lattice spacing. The 

EDX energy spectrum in Fig. 9(d) shows that the Si: O content of the samples are about 4:1, 

indicating that the primary product produced was not silicon oxide. TEM images and EDX 

analysis showed that the linear structure on the surface of the matrix was SiNWs. In our 

experiment, no additional oxygen was provided. The main reasons for the appearance of oxygen 

element in the EDX energy spectrum are as follow: First, the carrier gas contained a small amount 
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of oxygen, which leaded to the oxidation of silicon crystals [29]; Secondly, the presence of trace 

oxygen in the system caused the oxidation of the SiNWs. Due to the high surface activity of 

SiNWs and the presence of a large number of suspension bonds, they were easily oxidized to 

silicon oxide.  

 

 

4. Conclusions 
 

In the VLS process, we used SiCl4 as the precursor to prepare SiNWs under the conditions 

of gold catalyst and annealing. The influence of gold film thickness on SiNWs, the influence of 

annealing time on alloy droplets, and the influence of annealing time on SiNWs were 

systematically studied. The conclusions are as follows: (ⅰ) The presence of catalyst and annealing 

are necessary for the preparation of SiNWs by this method; (ⅱ) The diameter of SiNWs increases 

with the increase of gold film thickness; (ⅲ) With the increase of annealing time, the diameter of 

alloy droplets increases, but the number decreases, and the diameter of SiNWs decreases first and 

then increases; (ⅳ) The reason why the SiNWs will aggregate in the growth process may be that 

alloy droplets break when they reach a certain size, scattering small particles, forming a secondary 

catalytic effect, and a lot of small new SiNWs will grow. As time goes by, more and more SiNWs 

will aggregate gradually. 
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