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ABSTRACT: The fabrication of arrays of silicon nanowires (Si NWs) with well-defined 

surface coverage using the vapor-liquid-solid (VLS) process requires a good control of the 

density and size distribution for the metal catalyst. We report on a cost-effective bottom-up 
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approach to produce Si NWs by a low-temperature deposition technology using plasma-

enhanced chemical vapor deposition (PECVD) and tin dioxide (SnO2) nanoparticles as the 

source of tin catalyst. This strategy offers a straightforward method to select specific particle 

sizes by conventional colloidal techniques, and to tune the surface coverage using a 

polyelectrolyte layer to efficiently immobilize the particles on the substrate by electrostatic 

grafting. After a further step of reduction into tin metal droplets using hydrogen plasma 

treatment, the catalyst particles are used for the growth of Si NWs. This approach allows to 

produce controlled Si NWs arrays which can be used as a template for radial-junction thin film 

solar cells. 
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1.  INTRODUCTION 

Solar energy is one important renewable energy source for the future. Photovoltaic (PV) solar cells 

provide a seducing shortcut to directly convert sunlight into a very convenient form of energy which is 

electricity. In 2005, Kayes et al. fabricated radial junction (RJ) solar cells based on coaxial silicon 

nanowires (Si NWs) [1]. This new generation of cost-effective solar cells has been further improved 

and has already resulted in an efficiency of 9.2 % with a single p-i-n RJ (p-core Si NW) and 100 nm 

thick absorber layer [2]. The radial junction architecture benefits from strong light trapping and 

efficient carrier collection [3], leading to an increase in overall efficiency of the RJ solar cells. Optical 

modeling indicates that the density of Si NWs should be of the order of 10
8
 NW/cm

2
 for optimized 

performance [4]. Simulations have also shown that the n-i-p structure (with n-core Si NW) should give 

higher power conversion efficiency (as high as 12 %) [5] than the p-i-n configuration. Moreover, 

tandem structures result in a larger absorption spectrum and higher open circuit voltage (Voc) that have 

a potential for improving further the performance of RJ solar cells [6]. At the present stage, optical 

design is mainly based on the control of the density, size distribution, and morphology of the Si NWs 

forest. In addition, the PV functionality relies strongly on the uniformity and quality of intrinsic and 

doped layers around the Si NW cores, which enforces a sufficient space between NWs for the 

subsequent formation of radial junctions. 

Vapor-liquid-solid (VLS) growth is a bottom-up technique for the fabrication of Si NWs [7]. This 

process involves the use of a metal catalyst that acts as a seed for the growth of NWs, which is usually 

achieved by chemical vapor deposition (CVD), but it can also be carried out by plasma-enhanced 

CVD (PECVD) at lower temperatures. Gold [8], aluminum [9], bismuth [10], indium [11], and tin 

[11,12] have been employed as catalysts for the growth of Si NWs in the past. Sn is a good candidate 

because of its low melting temperature (231.9 °C), low cost, abundance, and ability to prevent the 

formation of deep defect levels in the silicon lattice. Moreover, it was recently shown that it is possible 

to catalyze Si NWs in the metastable hexagonal-diamond structure [13], the calculated band structure 

of which presents several interesting features, including a direct band gap in thin NWs [14]. 
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First attempts to grow Si NWs through the surface reduction of SnO2 or ITO coatings by H2 plasma 

treatment have already been reported [12]. Better defined catalyst distributions were achieved using 

thermal evaporation of Sn in high vacuum, which led to the formation of a thin film of Sn on the 

substrate [12,15,16]. Upon dewetting, this evaporated Sn layer forms isolated droplets. In order to 

have forests of Si NWs with uniform diameter and length, a narrow size distribution of the tin catalyst 

is necessary, with mean particle sizes around 50 nm. As already mentioned, the final NW density has a 

large impact on light absorption and therefore on the short circuit current of radial junction solar cells, 

so that a well-defined density of Sn droplets is also required to optimize NW based devices. The 

standard approach for controlling the Si NWs density is to control the density of catalyst particles by 

varying the thickness of the thermally evaporated tin film [12,15,16]. However, it is not easy to 

independently tune the size of the Sn droplets and their density by the thermal evaporation of Sn or 

surface reduction of SnO2 coatings [17]. For instance, large spacing between Sn droplets of around 1 

μm with 10 to 100 nm particle sizes cannot be achieved. An efficient alternative is to use electron 

beam lithography to obtain well-defined catalyst size and specific localization, but such process is 

obviously expensive and hardly scalable. 

The present work investigates an alternative method for the control of the catalyst distribution 

using colloidal solutions of SnO2 nanoparticles (NPs) deposited onto the surface by wet-chemical 

routes. In particular, we aim at NPs’ density smaller than 10
8
 cm

-2
, which cannot be obtained with 

evaporated Sn for future tandem architecture. Solutions of SnO2 NPs can be obtained by direct 

synthesis using conventional colloidal chemistry [18,19]. Herein, we focus on a very simple and 

scalable approach based on the dispersion of particles extracted from commercially available SnO2 

nanocrystalline powders. The main challenges are related to the size selection (targeted to be around 

50 nm with low size polydispersity) and appropriate dispersion of particles extracted from the initial 

powder to form colloids that are stable over time. Starting from these colloidal suspensions, different 

methods can be used for their deposition on a substrate such as spin or dip-coating, but electrostatic 

grafting was preferred considering the ability to have uniform distributions on the surface and a simple 
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control of the particles density [20,21]. At first, a monolayer of a charged polymer is deposited on the 

substrate, with an electric charge opposite to that of the SnO2 NPs. In a second step, the substrate is 

immersed for a given duration in the colloidal solution, and then rinsed extensively to remove non-

grafted particles. With the assistance of the hydrogen plasma, the reduction of SnO2 into Sn can be 

realized at a relatively low temperature (~ 250 °C) as compared to thermal treatment in a hydrogen 

atmosphere for which the onset of reduction is above 490 °C [22]. In this work, we studied plasma-

assisted reduction from SnO2 to metallic Sn and its impact on the final distribution of the Sn catalyst. 

Then, the density of Si NWs was eventually investigated in relation to the Sn droplets with controlled 

distribution. 

2.  EXPERIMENTAL SECTION 

Tin dioxide NP powder with a purity of 99.5 % and 55 nm nominal particle size was purchased from 

Goodfellow. The as-received powder mostly contains micrometer-sized aggregates and requires a 

preliminary step of ball milling before dispersion in alkaline aqueous solution. The tin dioxide powder 

(4.5 g) was mixed with 14 mL diethylene glycol (DEG, ≥99.0 %, Sigma-Aldrich) and placed with 

150 zirconia balls of 5 mm-diameter in a 40 mL ZrO2 bowl. This mixture was ball-milled using a 

FRITSCH Pulverisette 6 for 10 cycles of 15 min at 600 rpm with a rest time of 6 min between each 

cycle to minimize heating. The concentrated suspension was then dropwise added into a solution of 

tetramethylammonium hydroxide (TMAOH) obtained from a 25 wt% TMAOH solution (Sigma-

Aldrich) after dilution with ultrapure water to tune the pH value from 9 to 13. A volume of 1 mL of 

SnO2/DEG mixture diluted in 99 mL of TMAOH solution corresponds to a concentration of about 

3.2 g/L. Particle size selection was achieved by differential centrifugation (Fisher Bioblock Scientific 

Sigma 3K10) with accelerations ranging from 1,000 to 11,000 g (gravity) for 5 min. After elimination 

of the precipitate, nanoparticles were recovered from the supernatant. Their immobilization was 

achieved onto silicon wafers after a preliminary cleaning. This step consists of immersing the substrate 

in 3 % TFD4 solution in water for 20 min followed by extensive rinsing with water, drying using a N2 
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gas stream and UV/ozone treatment at 50 °C for 15 min to remove residual organic contaminations. 

Poly(diallyldimethylammonium) chloride (PDDAc, molecular weight 100,000 - 200,000) was 

purchased from Aldrich (20 wt% solution of PDDAc in water). The cleaned silicon wafers were 

immersed in a diluted 0.2 wt% PDDAc aqueous solution for 10 min, then thoroughly rinsed with 

deionized water and blown dried under a stream of nitrogen. The Si wafer surface was thus 

functionalized by a PDDA
+
, Cl

-
 monolayer. 1 mL of SnO2 colloidal suspension was then deposited on 

the substrate and left for 5 min, then rinsed with deionized water and dried by nitrogen gas flow. The 

resulting samples were heated up to 450 °C in the air for 1.5 hours (with 5 °C/min ramping) to remove 

the PDDA overlay. 

Two different procedures were carried out to reduce SnO2 to metallic Sn: (i) hydrogen plasma 

treatment in a plasma reactor using a flow rate of 100 sccm (standard cubic centimeters per minute) H2 

under 0.8 mbar pressure at 400 °C for 10 min and a RF power of 10 Watt; or (ii) thermal treatment 

under reductive atmosphere (10% H2 and 90 % Ar) at 700 °C at a pressure of 1 bar for 30 min. After 

these reduction steps, the samples were taken out into the air. Some reduced Sn droplets were 

recovered for analysis by transmission electron microscopy (TEM). These particles were transferred to 

a TEM grid by scratching with a tweezer and immersing in a little amount of isopropanol. 

The Si NWs were grown on plasma-treated substrates previously characterized by scanning 

electron microscopy (SEM). Because of oxidation in air, growth involved several steps: H2 plasma 

treatment at 400 °C for 2 min, RF power of 10 Watt, followed by stopping the plasma, introducing 1 

sccm silane (SiH4) at the same temperature, waiting around 5 min and starting again the plasma with a 

RF power of 2 Watt for 60 min. The corresponding deposition rate of a-Si:H on reference Corning 

glass is 9.3 Å/min. Some Si NWs were transferred to TEM grids using the procedure described above 

for the tin particles.  

Size, zeta potential, and dispersion state of the colloids, were characterized by Dynamic Light 

Scattering (DLS) using a Malvern Nano ZS zetasizer. A PANalytical X-Pert diffractometer equipped 

with Cu K radiation was used to characterize the commercial SnO2 powder. Microstructural 
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characterizations were carried out by SEM and TEM. We used a Hitachi S4800 FEG-SEM operating 

at 10 kV. Size distribution, surface density and nearest neighbor distances of SnO2 NPs were 

determined by analysis of the SEM images using the ImageJ software [23]. Statistics were carried out 

over more than 1000 particles. TEM imaging was carried out with a FEI Titan G2 ETEM (NanoMAX) 

operating at 300 kV and equipped with an objective lens Cs corrector, a High Angle Annular Dark 

Field (HAADF) Scanning Transmission Electron Microscopy (STEM) module and an energy-

dispersive X-ray spectroscopy (EDS) detector.  

3.  RESULTS AND DISCUSSION 

Preparation of SnO2 dispersions and deposition onto silicon substrates. The commercial SnO2 

cassiterite nanopowder consists of tens of micrometer aggregates made of 55 nm primary 

nanoparticles (see Figure S1 in supplementary information). The powder was first dispersed in DEG 

and disaggregated by ball milling [24]. DEG was chosen because this solvent is polar and helps the 

dispersion by interacting with the surface of the NPs. Aliquots of this grounded suspension were then 

added to a TMAOH aqueous solution in order to ensure electrostatic repulsions between particles, as 

the point of zero charge (PZC) of SnO2 cassiterite is 3.5-4.5 [25,26]. A colloidal solution with a 

particle concentration of ~3.2 g/L was prepared, starting from the 320 g/L grounded powder in DEG 

(hereafter named as 100-time diluted solution). Figure 1(a) shows the zeta potential of SnO2 NPs in 

TMAOH solutions of pH values ranging between 9 and 13, after a preliminary centrifugation at 

3,500 g to remove residual aggregates. The negative sign of the zeta potential indicates negatively 

charged SnO2 particles. Usually, an absolute value over 30 mV is considered as a good indication of 

colloidal stability. For the 100-time diluted solution, we thus selected a pH of 12 as it yields the 

highest zeta potential absolute value. Such a suspension is stable over a week. 
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Figure 1. (a) Zeta potential of SnO2 NPs after dilution (1/100 v/v) in TMAOH solutions of different pH values and 

centrifugation at 3,500 g for 5 min; The solid line is a guide to the eye (b) Size distribution of SnO2 NPs in the supernatant 

for pH 12 TMAOH solutions after centrifugation at 1,000, 3,500, 7,000 and 11,000 g for 5 min. 

The next step is a centrifugation to select individual particles and decrease the width of the size 

distribution. Indeed, high acceleration makes sedimentation of particles much faster with a size-

dependent rate, so that big particles are recovered as a precipitate and the smallest ones remain in the 

supernatant. The diameter of these latter particles is directly dependent on the centrifugation speed as 

illustrated in Figure 1(b). This plot shows the size distribution of SnO2 NPs in the supernatant after 

5 min centrifugation at accelerations of 1,000, 3,500, 7,000 and 11,000 g, with a wider distribution and 

larger mean size observed for the solution centrifuged at 1,000 g as compared to the other cases. 

At this stage, the SnO2 NPs were deposited on silicon substrates. First, a thin layer of PDDAc was 

adsorbed onto the surface to graft the SnO2 NPs and avoid their aggregation upon evaporation of the 

solvent. Then, this functionalized surface was immersed in the colloidal solution of size selected SnO2 

particles. The SEM images of Figures 2(a) to 2(d) are representative of the surface coverage after 5 

min immersion using the SnO2 suspensions of Figure 1(b), i.e. centrifuged at increasing acceleration. 

Statistical analyses of the particle sizes are in fair agreement with the DLS results: both the mean 
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value and the width of the size distribution decrease with the increase of the centrifugation speed, as 

shown in Figure 2(e). However, the mean particle size is systematically smaller than the one 

determined by DLS in the colloidal solution, as clearly observed after centrifugation at 1,000 g. To 

some extent, this could account for a higher adsorption rate of small particles (diameter around 30 nm) 

with respect to big ones. The area density of SnO2 nanoparticles also decreases from 1.3×10
9
 NP/cm

-2
 

to 1.4×10
8
 NP/cm

-2
 by increasing the centrifugation speed from 1,000 to 11,000 g. It results in an 

increase of the mean value of nearest neighbor distances, which are equal to ~150, 200, 270 and 

420 nm in Figures 2(a) to 2(d), respectively. These SEM images also show that at 1,000 g and to a 

lesser extent at 3,500 g, some particles are still in the form of aggregates while at higher centrifugation 

speed they can be considered as individual ones. 

 

Figure 2. (a to d) SEM images representative of the distribution of SnO2 NPs after 5 min immersion of the Si/PDDAc 

substrate in colloidal solutions centrifuged at: (a) 1,000, (b) 3,500, (c) 7,000 and (d) 11,000 g. Scale bar 500 nm. (e) Size 

distribution determined from selected SEM images with 10 nm bin size. Solid lines correspond to fits by lognormal functions. 
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The surface coverage decreases with the increase of the centrifugation speed, reflecting a decreased 

concentration of SnO2 NPs in the TMAOH solutions. Indeed, if we compare the NP density for 100-

time dilution ( 3.2 g/L solution) vs. 1000-time dilution ( 0.3 g/L) of the original DEG/SnO2 mixture, 

we find a similar decrease of the surface coverage. Figures 3(a), 3(b) and 3(c) compare qualitatively 

and quantitatively the as-obtained densities for colloidal solutions that were both first centrifuged at 

3,500 g for 5 min. This density of SnO2 NPs is almost four times smaller in the case of the 1000-time 

dilution, with a mean nearest neighbor distance that increases from 200 nm to 370 nm with respect to 

the 100-time diluted solution. Moreover, the size distributions are nearly the same for the two 

dilutions. It means that the size polydispersity is mainly dependent on the acceleration of 

centrifugation. However, it is worth mentioning that the dilution should be performed before the size 

selective centrifugation steps. Otherwise, we found rather surprisingly that particles on the substrate 

are much more aggregated, whereas the distributions in the solution are comparable from DLS data. 

The reason for this difference remains unclear yet. 

The present colloidal approach to control the density and the size of the catalyst NPs appears more 

accurate than thermal evaporation because those two quantities can be tuned independently. Moreover, 

low densities of SnO2 NPs can be obtained in a straightforward and repeatable way. 
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Figure 3. SEM images of SnO2 NPs grafted onto functionalized Si/PDDAc surfaces using 1/100 v/v (a) and 1/1000 v/v (b) 

diluted solutions of the initial DEG/SnO2 NP mixture and the same immersion time of 5 min. A preliminary centrifugation at 

3,500 g for 5 min was performed before grafting. Scale bars: 1 μm in (a) and (b). (c) Size distribution of the SnO2 NPs for 

dilutions (a) and (b), with 20 nm bin size. Solid lines are fits by lognormal functions. 

 

Hydrogen reduction of SnO2 NPs. We compared two reduction paths to turn the SnO2 particles 

into metallic Sn: hydrogen plasma treatment and thermal reduction under H2/Ar atmosphere. Figures 4 

and S2 in the ESI show the effect of the above-mentioned treatments on SnO2 NPs characterized by 

SEM. In the case of the hydrogen plasma treatment at 400 °C, the morphology of the NPs is strongly 

modified from slightly faceted to spherical likely because of a partial or complete transformation in a 

melt state (Sn: Tm = 231.9 °C). In addition, for well separated particles such as those targeted in the 

present work, this treatment does not lead to significant tin diffusion or droplet coalescence. Indeed, 

the comparison of Figures 4(c) and 4(d) or 4(e) and 4(f) shows similar distribution and localization of 

the catalyst particles before and after the plasma treatment. We do not expect a substantial change in 

the particle size upon reduction, except when coalescence occurs, because of the similar density of 

SnO2 cassiterite and β-Sn (7.0 and 7.3 g/cm
3
, respectively). On the other hand, the thermal treatment 
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at 700 °C under H2/Ar atmosphere did not modify the morphology of the catalyst particles. It only led 

to the formation of tiny dots of diameters of less than 5 nm at the particle surface, see Figures S2(a) 

and S2(b) in supplementary information.  

 

Figure 4. Top view SEM image of the same aggregate of SnO2 particles (a) before and (b) after hydrogen plasma treatment 

at 400 °C. SnO2 NPs deposited from the 100-time diluted solution after centrifugation at 3,500 g for 5 min with a rather large 

density (~ 9×108 NP/cm2) (c) before and (d) after plasma reduction. SnO2 NPs with lower density (~ 8×107 NP/cm2) obtained 

from the 1000-time diluted solution after centrifugation at 11,000 g for 5 min (e) before and (f) after plasma reduction. Scale 

bars: 200 nm (a-b), 500 nm (c-f), respectively. 

 

To study this reduction step more quantitatively, we have performed chemical mapping by STEM-

EDS on catalyst particles transferred on a TEM grid after the H2 plasma treatment and one month 

storage in ambient air. The comparison is made with pristine SnO2 particles. Figure 5 summarizes the 

results of EDS elemental analysis. Figure 5(b) shows the intensity of oxygen Kα and tin L peaks, 

corresponding to the SnO2 NP shown in Figure 5(a). The oxygen is present at the same concentration 

everywhere in the particle. Figure 5(d) shows the intensity of oxygen Kα and tin L peaks in two 

selected parts of the H2 plasma-treated NP shown in Figure 5(c): the peak intensity ratio corresponds 

to the SnO2 reference at the NP surface, but there is a much smaller oxygen signal in the center. Figure 

5(e) shows the chemical map corresponding to the high-angle annular dark field (HAADF) image of 

Figure 5(c) and 5(f) displays the quantitative concentrations deduced from the two spectra in Figure 
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5(d). It is clear that the oxygen is mostly concentrated in the shell part. The atomic ratio between Sn 

and O is ~8:1 at the central part and ~1:1.8 in the shell part. The oxygen fraction of 11% in the central 

zone is mostly because we are also probing part of the outer shell. These data indicate that the central 

region of the SnO2 NPs has been fully reduced by hydrogen plasma treatment but that the outside shell 

was re-oxidized after exposition to the air. As reported by other authors, hydrogen plasma reduction is 

thus much more efficient than the thermal reduction in hydrogen [22,27,28]. Moreover, the growth of 

Si NWs can be achieved in the same chamber just after plasma treatment, allowing for a single pump-

down process. 

 

 

Figure 5. (a) STEM-HAADF image of a SnO2 NP; (b) EDS spectrum corresponding to the region surrounded by the purple 

line in (a); (c) STEM-HAADF image of H2-plasma reduced NP after storage in air for one month; (d) EDS spectrum (green 

solid line) recorded in the shell part of the particle shown in (c) and spectrum (red dashed line) recorded in the central part; 

(e) Element mapping of Sn (green) and O (pink) in STEM image (c); (f) Chart of quantitative results for Sn (green) and O 

(pink) in the central and shell parts. Scale bars in (a), (c) and (e) correspond to 50 nm. 
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Growth of Si NWs from the reduced metallic Sn droplets. After hydrogen plasma treatment, the 

distribution of metallic Sn droplets was characterized by SEM. Then, the samples were loaded in the 

plasma chamber again for NW growth as described in the experimental part. Note that separate 

reducing and growth steps are not necessary, and can be performed in a single pump-down. Here SEM 

observations were performed in between in order to precisely quantify the number of Si NWs formed 

per Sn catalyst drops. The Si NWs obtained by plasma-assisted VLS growth from the catalysts 

particles of Figures 4(d) and 4(f) are shown in Figures 6(a) and 6(b), respectively. Because the growth 

yield (the number of Si NWs divided by the number of catalyst nanoparticles) is generally small [29], 

the number of Si NWs formed is much lower than the density of Sn droplets. Nevertheless, the 

comparison of Figures 6(a) and 6(b) indicates that the final number of Si NWs is proportional to the 

initial density of catalysts. The ratio of number of NWs to the number of initial SnO2 NPs is about 

2:100. 

In previous studies using evaporated Sn, the NW density could be controlled between 2×10
8 

- 

6×10
8
 NW/cm

2 
[17]. We have prepared many samples with reduced density using the present 

approach. For instance, the densities of Si NWs are ~ 2×10
6
 NW/cm

2
 and ~ 2×10

7
 NW/cm

2
 in the two 

cases shown in Figure 6(a) and 6(b). The use of colloidal solutions of catalyst particles that can be 

diluted on-demand can thus easily expand the range of Si NWs density down to less than 10
6
 NW/cm

2
. 
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Figure 6. Top view SEM image of Si NWs grown by VLS using reduced Sn droplets acting as catalysts. Si NWs with 

density (a) ~ 2×107 NW/cm2 and (b) ~ 2×106 NW/cm2. Scale bar 10 µm. 

Some Si NWs from the sample in Figure 6(a) were transferred to a TEM grid. Figure 7 shows a 

microstructure for a single NW, with a Sn droplet at the tip and a crystalline structure all along the 

wire. Fast Fourier Transform (FFT) analyses of selected regions are displayed in Figures 8(b), 9(b) 

and 9(c). They show that the core of the NW is a single crystal, most probably twinned (the pattern is 

not a standard diamond-cubic silicon pattern). However, there is a clear difference between the FFT 

patterns in Figure 9(b) and 9(c) taken at spots B-1 and B-2 at the bottom of the NW, which represent 

the core and shell regions respectively. The core is crystalline while the shell, at that level, is 

amorphous.  
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Figure 7. TEM image of one Si NW with a Sn droplet at the tip with two selected regions spot A and spot B.  

 

Figure 8. (a) HR-TEM image from spot A (red square) in Figure 7. (b) Fast Fourier Transform of the region into spot A-1 

(green square) in (a). 
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Figure 9. (a) HR-TEM image from spot B (orange square) in Figure 7. Fast Fourier Transform images (b) and (c) of the 

regions into the spots B-1 (blue square) and B-2 (yellow square) in (a), respectively. 

4.  CONCLUSIONS 

This work has shown the potential and versatility of using SnO2 nanoparticles as the source of tin 

catalyst for the growth of Si NWs. This method allows tuning the density of the catalyst droplets from 

10
9
 cm

-2
 down to at least 10

7
 cm

-2
 in a reliable and reproducible way. The SnO2 nanoparticles were 

fully reduced to metallic tin droplets at 400 °C in a H2 plasma treatment. This allows performing both 

SnO2 reduction and Si NW growth by plasma-assisted VLS in a single pump down process. We have 

successfully grown crystalline Si NWs using Sn reduced from SnO2 NPs and verified its crystalline 

structure by TEM. Finally by combining this new approach of using SnO2 NPs as precursor catalysts 

and previous results based on Sn thermal evaporation, it is possible to control the density of Si NWs 

within three orders of magnitudes, from 10
9
 down to 10

6
 cm

-2
. Decreasing the density of grown NWs 

is necessary for the future development of tandem radial junction devices which involve a larger 

number of layers, leading to significantly larger diameters. 
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