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Chapter 1. Introduction 

1.1 Energy crisis and global warming 

As the development of the modern world becomes faster, energy issue has been raised up as a crisis. 

The release of greenhouse gas from the consumption fossil fuel has contributed to increasing of the 

average surface temperature of this planet for 1.18 degrees Celsius since the late 19th century, as shown 

in figure 1.1 [1]. One of the promising renewable and harmless sources is the solar energy. The global 

solar energy consumption has been raised from 0.06% to 1.1% since 2000 [2]. However, there is still a 

far way to meet the goal of carbon neutrality which humans expect to achieve the goal by the mid-century. 

Thus, it is in high demand to improve the fabricating technique of solar cells and promote the usage of 

the technique. One of the conventional methods to suppress the reflectance is coating an antireflection 

layer above the silicon (Si) substrate [3]. However, the reflection loss from the coating layer cannot be 

ignored and the manufacture of this layer is expensive because of the requirement of high precision. 

Surface texturing with nanocone structure on the Si substrate (so called black Si) is another method to 

reduce the optical loss due to the multiple reflections of light among the nanocone. This is a promising 

method to increase the solar energy conversion efficient without the deposition of an antireflection layer 

[4ï7]. 

 

 

Figure 1.1 The change in global surface temperature from 1880 to 2020 relative to 1951ï1980 

average temperatures [1]. 

 

1.2 Application of Si-nanocone (NCs) 

Nanocone structure is a conical structure with a size of 0.1 to 10 ɛm, as shown in figure 1.2. It can 

be fabricated on many materials to improve the physical or optical performance. To improve properties 

of the material, density of nanocone laid on the surface is usually over 10 ɛm-2. 
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Figure 1.2 A scanning electron micrograph of nanocone structure on silicon surface in a tilted view 

of 30°. 

 

 

Figure 1.3 (a) Photographs of amorphous Si thin film (left), nanowire arrays (middle), and nanocone 

arrays (right). (b) Schematic illustration of hemispherical measurement using integrating sphere. (c) 

Measured results of absorption on samples with amorphous thin film, nanowire arrays, and nanocone 

arrays as top layer over different angles of incidence (at wavelength of 488 nm). Reprinted with 

permission from [8].Copyright 2009 American Chemical Society. 

 

Nanocones array can significantly increase the absorption of the incident light. J. Zhu et al. have 

compared the absorption ability among silicon thin film, nanowires array, and nanocones array. At 

incident angles up to 60°, the absorption for Si-NCs was more than 90% which is much better than thin 

films (45%) and nanowire arrays (70%), as shown in figure 1.3 [8]. Nanocones structure has also been 

designed on the double-side of an ultrathin (1736 nm) Si film for the light trapping [9]. After optimizing 

the structure, the photocurrent of the solar cell reached 34.6 mA/cm2, which is close to the Yablonovitch 

limit  [10, 11]. Jeong coated conductive polymer on the Si-NCs as a hybrid Si / organic solar cell. This 
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nanocones structure enhanced the light absorption leading to a power conversion efficiency above 11% 

[12]. One year later in 2013, they have increased the efficiency to 13.7% by designing the Si-NCs on the 

front side of the device, but the emitter layer at the back, as shown in figure 1.4, to prevent the Auger 

and surface recombinations of charge carriers [13]. 

 

 

Figure 1.4 (a) Optical image of the back (top, left) and front (top, right) side of the 10-ɛm-thick Si 

solar cell. Inset shows the optical microscope image of the interdigitated metal electrodes. Scanning 

electron microscope (SEM) images of cross-sectional view of the device (bottom, left) and cross-

sectional view of the nanocones (bottom, right). The thin layer at the top of the nanocones is an 80-nm-

thick SiO2 layer. Scale bars are 2 mm (top), 5 ɛm (bottom, left) and 400 nm (bottom, right). (b) Schematic 

illustration of the device. Reprint by permission from Springer Nature Communications [13], Copyright 

2013. 

 

 

Figure 1.5 Emission from blackbody at 1300 K (blue line) and a selective emitter (yellow). 

Schematic of a thermophotovoltaic cell is shown in the inset [14]. 
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Besides the solar cell, Si nanocones can be applied on many other fields. Similar to the solar cell, a 

thermophotovoltaic cell can transfer the heat energy to the electron energy via the thermal radiation [15, 

16]. Matters with temperature radiate light to the outside due to the Plank law. As shown in the inset of 

Figure 1.5, the light emitted from a thermal emitter can be converted to electricity through a photovoltaic 

cell with a band gap energy defined by the corresponding wavelength ɚEg. Figure 1.5 shows a spectrum 

curve of the blackbody radiation at 1300 K (blue line). Suppose that ɚEg for a specific photovoltaic cell 

is 2.2 ɛm. Then, only the emission light of which wavelength shorter than 2.2 ɛm can contribute to the 

energy conversion. Thus, if the thermal radiation spectrum of a selective emitter almost concentrates in 

the yellow region shown in Figure 1.5, the conversion coefficient can be increased. Si-NCs was designed 

as the thermal emitter for the thermophotovoltaic system in [17]. The system efficiency is 11.2% at an 

emitter temperature of 1338 K. 

 

 

Figure 1.6 Potential-energy diagram illustrating the effect of an external electric field on the energy 

barrier for electrons at a metal surface. Reproduced from [19]. Copyright © 2003 Elsevier Masson SAS. 

All rights reserved. 
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Figure 1.7 SEM images of the Si cone arrays (a) on silicon and (b) on porous Si [19]. © IOP 

Publishing. Reproduced with permission. All rights reserved. The porous structure can be seen in a higher 

resolution image.  

 

Another application of the Si-NCs is field emitter. Electrons can be extracted from the material under 

a strong electric field via the quantum tunneling effect as shown in Figure 1.6 [18, 19]. Electrons close 

to the Fermi level will escape to vacuum with a potential smaller than the barrier energy. On the nanocone 

structure, the high curvature tip will strongly increase the electric potential around. Q. Wang 

demonstrated that properties of field emission of Si-NCs on porous Si are much better than those of the 

Si-NCs on Si due to their higher aspect ratio as shown in Figure 1.7 [20]. Moreover, coating with carbon 

thin layer enhanced the field emission ability of Si-NCs. A field emitter with Si-NCs structure performed 

high current density of 100 A cm-1 and long-life time over than 100 h, demonstrated by S. A. Guerrera 

et al. [21]. 

1.3 Fabrication of Si-NCs 

1.3.1 Chemical process 

The mainstream techniques of making Si-NCs are based on the etching process in dry or wet 

environment due to the chemical properties of Si. For dry etching, one of the typical methods is reactive 

ion etching (RIE) [22ï24]. As shown in Figure 1.8, gas with fluorine, such as SF6, is ionized in a vacuum 

chamber with a radio frequency (RF) power. Fluorine radicals will erode both the Si substrate and the 

oxide layer above and generate volatile SiF4 with the following reaction: 

4Si+4F SiF¶ .                                                                                     (1.1) 

With the support of oxygen, etching products SiFy will react with oxygen radicals forming a passivated 

layer on the sample surface 

y x ySiF +xO SiO F¶
.                                                                                    (1.2) 
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However, this silicon oxyfluoride layer is unstable and dissociates under the ion bombardment of 

plasma. Thus, anisotropic etching can be accomplished with substate bias which leads to the incident 

ions vertical to the substrate. The formation of the passivation layer on the vertical side wall keeps the Si 

substrate from further erosion by fluorine radicals, while on the horizontal surface the oxyfluoride layer 

is removed by the impinging of ions. Jansen used SF6/O2/CHF3 mixture gases for the RIE of silicon and 

polymers with aluminum mask on the surface [25]. The tilted angle of the sidewall of the trench can be 

easily changed by adjusting the RF power and gas mixture. Si-NCs with the height of 300-500 nm and 

distance between the structures of 300ï500 nm have been made by mask-less RIE method [26]. O2 and 

SF6 gas with a flow ratio of O2:SF6= 1:1 was employed and ionized by a RF platen with power of 100 

W. Savin fabricated Si-NCs with a typical height of 800 nm and width of 200 nm by RIE for making a 

solar cell [27]. They demonstrated that the efficiency of the solar cell can reach 22% after a Al2O3 layer 

of 20 nm was coated on the top of the cone. 

 

 

Figure 1.8 Schematic of inductive coupled plasma system used for RIE [28]. 

 

Surface texturing of Si in a wet process is called wet chemical etching [29ï31]. The solution consists 

of HF and some oxidizing agents such as HNO3. Reaction processes of the Si dissolution are described 

by following equations: 

3 2 23Si+4HNO SiO +4NO+2H O                                                                       (1.3) 

2 2 6 2SiO +6HF H SiF +2H O                                                                               (1.4) 

3 2 6 23Si+4HNO +18HF 3H SiF +4NO+8H O                                                               (1.5) 
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Figure 1.9 SEM images of the silicon wafers without (etching time being (A) 10 s, (B) 30 s, (C) 50s, 

(D) 70 s, and (E) 90 s) and with (etching time being (a) 10 s, (b) 30 s, (c) 50s, (d) 70 s, and (e) 90 s) HF 

treatment [30]. 

 

In order to form a nanocones structure, Koynov deposited a small amount of metal (Au) with a 

nominal thickness of 1-2 nm on the Si before the etching [32]. Nanometer size clusters of Au can be 

formed discontinuously on the Si surface and partially protect the surface from etching. Chen prepared a 

mixed solution of 15 vol. % HF and 5 vol. % H2O2 for the texturing of silicon surface. As shown in 

Figure 1.9, the length of nanocones and the space between them increase with the etching time [30]. 

1.3.2 Irradiation of noble gas plasma 

Different from the chemical etching, surface texturing by helium (He), argon (Ar), or neon (Ne), 

plasma is primarily driven by physical processes. Cone structure has been reported over a wide range of 

materials and bombardment conditions. For example, Wehner has observed cone formation on more than 

10 materials including molybdenum (Mo), iron (Fe), copper (Cu), and gold (Au) with Ar or xenon (Xe) 

plasma irradiation [33]. Kajita have observed cone structure on the surface of titanium (Ti) and stainless 

steel at surface temperature of 550 K, as shown in Figure 1.10 [34]. The impinging ion was He with an 

energy of 75 eV. Figure 1.11 (b) shows the nanocones structure formed on chromium (Cr) with He plasma 

irradiation at a low ion energy of ~80 eV [35]. Sputtering yield represented by the light emission intensity 

of Cr decreased as the time passes, as shown in Figure 1.11 (a). However, Ne plasma exposure did not 

lead to the formation of nanocones structure. Tanyeli exposed Cu into high flux (5ï7×1023 m-2s-1) and 

low energy (<100 eV) He plasma [36]. Surface of Cu was roughened at the temperature of 500 . Cone 

structures appeared when the surface temperature is higher than 650 . 
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Figure 1.10 TEM micrographs of the (a) Ti and (b) stainless-steel samples, respectively, exposed to 

the He plasma. Reprinted from [34], with the permission of AIP Publishing. 

 

 

Figure 1.11 Typical Cr sputtering experimental result in NAGDIS-II. (a) Time evolution of the 

intensity ratio, Cr I 425.4 nm/He I 438.8, measured in front of a Cr sample during He plasma exposure. 

(b) SEM image of the Cr sample after the He plasma exposure. A photograph of the entire Cr sample is 

shown in the inset [35]. 
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Si-NCs structure is also of great interest to be fabricated by plasma irradiation especially with low 

ion energy. Under the bombardment of He ion over an energy of 55 eV, nanocones structure was formed 

on the Si surface conducted by Takamura [37]. The density and diameter of the nanocones were quite 

different when changing the surface temperature and the ion fluence. Because the bombardment energy 

was low, the main body of the cone structure remained good crystalline structure which is the same as 

the substrate. By comparing the covered region and the exposed region of the Si surface, physical 

sputtering was concluded as the main process of the Si-NCs formation. Thompson observed 

nanostructure on the Si surface at even lower He ion energy (24 eV) which is closed to the threshold of 

sputtering yield [38]. However, significant modification can be observed only when the surface 

temperature is over 600 . Moreover, the morphology was nonuniform which is likely due to the present 

of sample mask, as shown in Figure 1.12. Wu et al. conducted Si sputtering experiment in CH4, N2, and 

H2 mixed plasma. Morphology of formed Si-NCs was significantly influenced by the ratio of CH4 / (H2 

+ N2) [39]. The increase of plasma temperature and ion fluence can enhance the growth of Si-NCs. In Ar 

plasma with high ion energy (1.5 keV), Si-NCs structure was formed resulting in the suppression of 

optical reflectance less than 11% over the wavelength of 350ï2000 nm [40]. 

 

 

Figure 1.12 Silicon surface exposed to 24 eV helium plasma at 600 ± 6  in the region near the 

sample mask. Region close to the sample center (a), in intermediate position (bïe), and close to the mask 

(f) [38]. 

 

The formation the Si-NCs with plasma irradiation is broadly explained by the impurity during the 

ion bombardment. Tanemura have reported that nanocone structure cannot be identified without Mo 

impurity introduced [41]. Figure 1.13 shows the surface morphology of Si after 1.5 keV Ar ion irradiation 

for 45 min with and without metal incorporation. Si-NCs were observed only when samples were fixed 

by a stainless-steel cap from which Fe and Cr originate [40]. In a similar plasma condition, cone structure 

was formed on the silicon surface covered by a stainless-steel mask [42]. However, the mechanism of 

impurity-induced Si-NCs is still in discussion. In [42], Fe and Cr or Ni impurities are seemed as melted 

catalytic-sphere to lead the nanocone growth. This mechanism is called vapor-liquid-solid (VSL) 

proposed by R. S. Wagner and Ellis, as shown in figure 1.14 [43]. Zhou believed that the initial 

protrusions on the surface were formed by the protection of impurity atoms cluster due to the surface 

diffusion [40]. Tanemura depicted the cone formation process in 4 steps: (1) the deposition of impurity 
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atoms on the substrate surface, (2) the nucleation of impurity cluster or island due to the surface diffusion, 

(3) formation of protrusions with the proception of impurity clusters during the sputtering, (4) evolution 

of conical structures from the protrusions due to the angular dependence of the sputtering yield [41]. At 

a lower Ar ion energy (300 eV), impurity-induced tensile stress was suggested that plays a dominant role 

in driving the nanocone formation, because the stress changed from compressive to tensile after Mo was 

introduced [44, 45]. However, in Novakowskiôs study of 100 eV He ion irradiation, he preferred the 

growth of Si-NCs is because of the formation of SiC during exposure rather than the small amount 

(relative concentration is ~0.18%) of examined Ta. 

 

 

Figure 1.13 SEM images of the Si samples irradiated by 1.5 keV Ar ions at a current density of 1000 

ɛA cmï2 for 45 min with [in (a), (b)] and without [in (c), (d)] metal incorporation. Birdôs-eye view [in 

(a), (c)]. Cross-section view [in (b), (d)]. Reprinted from [40], with the permission of AIP Publishing. 
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Figure 1.14 Schematic illustration: Growth of a silicon crystal by VLS. (a) Initial condition with 

liquid droplet on substrate. (b) Growing crystal with liquid droplet at the tip. Reprint from [43], with the 

permission of AIP Publishing. 

 

1.3.3 Remaining issues 

Compared with the conventional method (RIE, wet chemical etching) of Si-NCs fabrication, plasma 

irradiation has several advantages such as, toxicity-free environment, economical, mask-less, one step 

simple process, and rare surface damage. However, this technology is not mature enough. Some of the 

issues yet to be solved are listed below: 

1. The mechanism of Si-NCs formation by low energy He plasma irradiation has not been fully 

understood. Although sputtering is the major process during the ion bombardment, to explain 

the formation of conical structure, more mechanisms should be taken into account. 

2. It is difficult to form a uniform morphology in a large area because of the design of the sample 

stage/holder. 

3. The relation between experiment parameters and features of Si-NCs have not been found. 

Thus, it is difficult to predict and customize the irradiated structure to meet the industrial 

requirement. 

4. The performance of plasma-induced Si-NCs structure in applications, such as solar cell system 

or field emitter, have not been reported.  

1.4 Purpose of the thesis 

The purpose of this research is to discuss part of the issues mentioned above by investigating the Si-

NCs formation under He plasma irradiation. It is beneficial to both the fabrication of Si-NCs and the 

understanding of plasma material interaction. The main research is outlined as follow and structured in 

figure 1.15: 
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1. (Chapter 3) Form the Si-NCs by low energy He plasma irradiation with different sample 

temperature, He ion fluence, and species of impurity seed, so as to find out the main factors which 

influence the Si surface morphology. Besides, the material of sample cover was changed to introduce 

different species of impurity seed, because impurity effect has been reported in many studies. After 

irradiation, real sputtering yields for different morphology of Si-NCs have been calculated via the erosion 

depth and compared with value on a flat surface. The mechanism of low energy plasma-induced Si-NCs 

formation was elementarily discussed. 

2. (Chapter 4) Using Mont-Carlo method to simulate the formation of Si-NCs. Clusters of Mo were 

set at on the surface to represent the deposited Mo impurities. Growth of nanocone under the ion 

bombardment in both vertical and tilted direction was compared with the phenomena observed in 

experiments to verify the hypothetical mechanism. Line-of-sight redeposition effect of Si was involved 

in the simulation. 

3. (Chapter 5) Design of experiment was improved in a more controllable manner by installing a Mo 

sputtering wire in front of the Si substrate. Parameters which significantly change the Si surface 

morphology can be quantified. It revealed the relation between experimental parameters and features of 

Si-NCs. By comparing the energy dispersive X-ray spectrometer (EDX) mapping result of nanocones 

with different features, a model that illustrate the process of Si-NCs formation was build up. The relation 

between optical reflection of the irradiated surface and features of Si-NCs was also discussed. 

The mechanism of Si-NCs formation by low energy He plasma irradiation can be built by 

synthesizing each small piece of the mechanism summarized in the individual study. By the 

understanding of the mechanism, this study concludes that the control of impurity (Mo) ratio to He flux 

can be a potential method to fabricate Si-NCs with tunable structure. 
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Figure 1.15 Outline of the purpose of this research and the relation between each work. 

  






























































































































