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Abstract 

 

Thin film deposition using the reducing activity of ballistic electrons emitted from 

nanocrystalline silicon (nc-Si) diode has been investigated. Energetic electrons emitted from nc-Si 

electron emitters reduce positive ions in solution. First, thin group-IV film deposition was 

demonstrated by injecting ballistic electrons into a very small amount of semiconductor salt solution 

dripped on the emitter surface. Spectroscopic analyses revealed that when ballistic electrons were 

injected into SiCl4 or GeCl4 solution, thin Si or Ge films were deposited on the emitter surface. The 

Cl contamination of the deposited films was below the detection limit of EDX and XPS measurements. 

In the mixture solution of SiCl4+GeCl4, it was found that the SiGe thin film was also deposited.  

Subsequently, a thin film deposition scheme on various substrates including insulating substrates 

was developed. In this method, by irradiating ballistic electrons to a solution-coated substrate, a thin 

film can be deposited on various substrates like a printing method. By irradiating ballistic electrons 

close to the target Si and SiO2/Si substrates coated with the CuCl2 solution, thin Cu films were 

deposited on the target substrates. It was revealed that ballistic electrons directly reduced the Cu2+ 

ions in the solution followed by thin film deposition. Based on this result, printing deposition of thin 

group-IV semiconductor films such as Si and Ge were performed. Thin Si and Ge films were 

deposited on the target Cu substrates as in the case of printing deposition of thin Cu films. 

Spectroscopic measurements revealed that the deposited thin film consists of very small nanoclusters. 

It is shown that the thin film deposition process of the ballistic printing method can be explained by 

using thermodynamic nucleation model and reaction-diffusion law.  
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Chapter 1 

Introduction  

 

1.1 Background 

We own so many various semiconductor integrated circuits like laptop computers, smartphones, 

and other consumer electronics. The improving the functionality of semiconductor integrated circuits 

has been supported by lithography and thin film deposition technologies since Fairchild 

Semiconductor International, Inc. had developed the first silicon based integrated circuit in 1960s [1]. 

Modern circuits has required that metallic, semiconducting, and insulating layers in excess of twenty 

are deposited with appropriate thickness and quality [1]. As a method of depositing these thin films, 

a dry process such as chemical vapor deposition (CVD) or physical vapor deposition (PVD) technique 

has been mainly used in semiconductor industry [1-11]. 

It is often thought that integrated circuits are manufactured on rigid substrates such as glass and 

Si wafers, but it can also be fabricated on flexible materials like plastic which can be stretched and 

bent. Such a device is called a flexible device [12]. Various applications have already been proposed, 

such as wearable sensors and electronic paper, and thus it is anticipated that they will become big 

markets in the future [13]. (Fig. 1.1) From the viewpoint of production cost and compatibility with a 

substrate material, these flexible devices are often fabricated using printing techniques (inkjet or 

screen printing, etc.) and organic semiconductors [12]. By contrast, many inorganic semiconductors 

such as Si and Ge exhibit high carrier mobility and excellent stability. However, current thin Si and 

Ge film deposition techniques often require high temperature and high vacuum environment, resulting 

in high production cost. In addition, the plastic substrate often used for flexible devices plastically 

deforms above 200 ℃ [14]. Therefore, it is particularly important to deposit high-quality inorganic 

semiconductor films on various flexible substrates such as metal foils, plastic sheets, and papers at a 

low temperature like a printing method. 
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Figure 1.1 Research and development trend of flexible electronics. Development of material, 

evaluation, process, and device technologies has been desired to realize the next generation 

information terminal equipment [13]. 

 

1.2 Advanced thin film deposition techniques 

Thin film deposition has been conducted using either physical vapor, chemical vapor, or 

electrochemical process in correspondence to substrate materials. Especial attention has been paid on 

thin film deposition technique onto flexible substrates for both organic and inorganic semiconductors, 

as flexible electronics has intensively been developed in recent 20 years [14]. In this section, research 

trends in thin film deposition methods of inorganic semiconductors are summarized mainly for 

flexible substrates. 

 

1.2.1 Dry techniques 

CVD techniques are most widely used for depositing silicon [1-11]. Among them, thermal 

CVD (T-CVD) has a long history, and until the 1970s it had been used to deposit all epitaxial silicon 

films. Even in the current semiconductor process, T-CVD method has been still used in the formation 

of dielectric films. Thin film deposition proceeds through molecule decomposition induced by 
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thermal energy, so T-CVD basically has a high process temperature (~1000 ℃). The high-temperature 

processes may affect the junction depth, junction abruptness, and gate performance of transistors. 

Thus, as the importance of low temperature deposition is increased in the semiconductor process, 

alternative plasma-enhanced CVD (PE-CVD) has been mainly used. In addition, although ordinary 

amorphous Si (a-Si) film deposition by PE-CVD is performed at 250 ℃ [1,14], a thin a-Si film 

deposition at low temperature has also been studied for flexible electronics. For example, a-Si was 

deposited on a polyethylene terephthalate (PET) substrate at 75 ℃ by radio frequency plasma-

enhanced CVD (RF-PECVD) to fabricate thin-film transistors (TFTs) [14]. In general, when the film 

deposition temperature is lowered, the mobility of the a-Si thin film is remarkably decreased, and 

then the device performance tends to deteriorate. Although it is possible to improve the mobility by 

using a laser annealing process [15], it is necessary to a buffer layer such that the heat is not transferred 

to the plastic substrate.  

PVD techniques such as sputtering and vacuum deposition have been mainly used for metal 

layer formation in semiconductor manufacturing [1]. An oxide semiconductor such as ZnO can be 

formed at room temperature by PVD such as magnetron sputtering [16] or laser pulse deposition [17]. 

Polycrystalline ZnO thin films have been successfully formed on polyimide sheets by laser pulse 

deposition [17]. Since these materials have a large band gap and are transparent with respect to visible 

light, application as TFTs for flat panel display has been considered. Although the dry processes 

(CVD and PVD) has been widely used as a semiconductor film deposition technique in general, it 

requires a high vacuum, so the cost of film deposition tends to be high.  

 

1.2.2 Wet techniques 

Electroplating has been intensively studied by many researchers for advanced thin film 

deposition. This wet process is very simple and cost effective in comparison with dry processes such 

as CVD and PVD [18]. For example, in the recent ultra-large-scale integration (ULSI) technology, 

Cu films are formed by electroplating in order to form wiring layers [1,18-20]. Electroplating of thin 

semiconducting films has also been studied over many years [18]. Since Si and Ge have a very high 
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reduction potential, these compounds react with water and immediately form oxides. For this reason, 

it is necessary to use a non-aqueous solvent for electroplating of Si. Electroplating of Si and Ge using 

molten salts [21-23], organic solvents [24-32], and ionic liquids [33-36] has been reported. 

Application studies on electroplating of silicon have been conducted in the fields of solar cell [37] 

and lithium ion battery anode [38-40]. Deposited thin silicon films are, however, still poor in the film 

quality and crystallinity compared with those obtained from dry processes [18].  

Thin film deposition technology using a solution has the potential to realize a low cost process 

without vacuum system by combining with spin coating and printing technology [12]. Actually, 

deposition of a-Si or oxide semiconductors has been studied using a solution processes [41,42]. In 

these methods, a substrate coated with a mixture solution of cyclopentasilane and toluene [41], or a 

solution containing chemically synthesized ZnO nanoparticles [42] is annealed. However, in order to 

obtain a high carrier mobility film by these methods, it is necessary to set the sintering temperature 

to be higher than the decomposition temperature of plastics [41,42], and thus at present it is difficult 

to use it as a flexible device fabrication technology.  

 
1.2.3 Others 

Chemically synthesized nanowires and nanoribbons with single crystals have high mobility. 

Various nanowires and nanoribbons (Si, Ge, III-V group, and II-VI group semiconductors) for TFT 

channels have already been reported [14]. However, since the characteristics of these devices depend 

on the number of nanowires in the channels, there are variations in the characteristics between the 

devices. In addition, the mobility of one nanowire is as large as that of a single crystal, but the total 

output current of a device is small.  

In recent years, a technique of taking out thin wire/ribbon structures from a single crystal 

substrate and transferring it to a plastic substrate has been reported [43]. In this method, since the 

wires and the ribbons were taken out from the high quality substrate by etching technology, the 

performance of the fabricated devices was very high. Since the basic processes are done on the mother 

wafer, there is no temperature limitation for device fabrication. Although the fabricated devices have 
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high performance similar to that of semiconductor integrated circuits, since the existing 

semiconductor processes are used, the cost of the process is higher than that of the printing method.  

While the accelerated focused electron beam is usually used for microscope or lithography, 

possible applications to thin film deposition has also been investigated [44-47]. This deposition 

technique is called the electron-beam-induced deposition (EBID). A precursor gas such as 

metalorganic molecular are introduced into a scanning or transmission electron microscope chamber, 

and then high-energy electron irradiation leads to decomposition of adsorbed precursor gas on the 

substrate followed by thin film formation. The advantage of EBID is that fine patterns can be directly 

formed with high resolution. In fact, Pt dots with a width of 10 nm or less and 10 nm Pt nanowires 

were formed by EBID [46]. In addition, since the process is performed at room temperature, it is 

possible to form a thin film on a plastic substrate, and thus formation of Co, W, and Pt nanowires on 

polycarbonate (PC) has been reported [48]. However, there remains a serious problem in EBID that 

the purity and structure of the deposited thin films are poor because of incorporation of decomposed 

species into the thin films and significant irradiation damages during the process [46].  

 

1.3 Aim and objective of the present work 

As mentioned in the above section, it is required to deposit thin films at low temperatures on 

varied substrates including plastic flexible substrates. In this study, an alternative thin film deposition 

method is proposed utilizing the high reducing activity of ballistic hot electrons emitted from 

nanocrystal line silicon (nc-Si) diode [49-53]. In this method, a salt solution containing an objective 

material such as copper dichloride (CuCl2), silicon tetrachloride (SiCl4), or germanium tetrachloride 

(GeCl4) is coated on a target substrate, and then irradiated with ballistic electrons. The electrons 

injected into the solution preferentially reduce the target ions followed by thin film deposition. The 

schematic of ballistic electron printing is shown in Fig. 1.2. In conventional electroplating in SiCl4 or 

GeCl4 solution, it is necessary to apply a voltage higher than the respective electrochemical window 

of 3.76 or 1.24 V, respectively, as indicated in Fig. 1.3. As a consequence, unnecessary reactions 
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possibly proceed simultaneously with electroplating. In addition, as described in the above section, 

the deposited thin film is contaminated due to gas evolution and decomposition of solvent caused by 

the oxidation reaction at the anode electrode. In contrast, the electrons emitted from the nc-Si diode 

have energies high enough to reduce Si4+ or Ge4+ ions with a large reduction potential. It is noted that 

since the irradiated electrons directly reduce positive ions, it does not require an anode electrode in 

principle. From this feature, it looks that a thin film patterning can be achieved like a printing method 

by designing the electron irradiation area. It is expected that thin films with less contamination 

compared to electroplating or EBID can be formed due to no gas evolutions at the anode electrode.  

 

 
 

Figure 1.2 Schematic illustration of ballistic printing scheme using nc-Si ballistic hot electron emitter. 

Thin group-IV semiconductor films can be formed like printing method such as inkjet and screen 

printing. 
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Figure 1.3 Redox potential of each ion with respect to the standard hydrogen electrode [52,53].  

 

In this research, it is pursued to print thin group-IV semiconductor films such as Si and Ge by 

low temperature process utilizing nc-Si ballistic hot electron emitter. The overview of this research is 

shown in Fig. 1.4. The structure of this paper is as follows. In chapter 2, the operating mechanism of 

nc-Si ballistic hot electron emitter, fabrication method, and features are discussed. The chapter also 

describes the previous research on various application of ballistic electron emitters such as flat panel 

display, electron beam lithography, and thin film deposition. Subsequently, ballistic electrons are 

injected into a small amount of solution dripped on the emitter surface, and then thin film deposition 

due to the reducing activity of ballistic electrons are verified in Chapter 3. In addition to thin film 

deposition of Si and Ge, the results of deposition of SiGe thin film are also described. Based on the 
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results of Chapter 3, the printing deposition of Cu, Si, and Ge films in the setup of Fig. 1.2 is 

demonstrated in Chapter 4. A simplified deposition model of the printing mode is provided employing 

classical nucleation theory and reaction-diffusion law (Chapter 5). Finally, the summary of this 

research is described in Chapter 6.  

 

 

 

 

 

Figure 1.4 The overview of this research. 
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Chapter 2 

Nanocrystalline silicon ballistic hot electron emitters and their 

applications 

 

2.1 Introduction 

This chapter briefly summarizes the fabrication method, operation mechanism, characteristic 

features, and applications of nanocrystal line silicon (nc-Si) ballistic hot electron emitter. The nc-Si 

layer, which acts as an electron drift layer, is fabricated electrochemically by anodization process. 

In this layer, electrons are accelerated via multiple tunneling through nc-Si dots and transport under 

a ballistic mode. As a result, ballistic electrons with high directivity are uniformly emitted from the 

surface electrode. From these features, it can be applied not only to electron sources for flat panel 

displays and electron beam lithography but also to thin film deposition.  

 

2.2 Nanocrystalline porous silicon 

When a Si wafer substrate is anodized in a hydrofluoric acid (HF) solution, elution reaction of 

Si progresses self-organically, and then a porous Si layer is formed [54], as shown in Fig. 2.1. The 

structure of the porous Si layer can be controlled by the HF concentration, the carrier type and 

resistivity of the Si wafer, and the current density of anodization [55]. In the porous Si layer, the 

optical, thermal, and chemical properties change dramatically compared to bulk Si due to the increase 

in the Si surface area and the quantum confinement effect [54,55]. Although Si is an indirect transition 

semiconductor and thus does not emit visible light, it has been confirmed that porous Si emits visible 

light by band gap widening and its emission wavelength can be controlled from red to blue [56]. Also, 

both of the thermal conductivity and the heat capacity of the porous Si are remarkably lowered due 

to the carrier depletion [55]. By utilizing these properties, it is possible to apply to visible light 

emitting devices [56] and speakers using thermo-acoustic effect without mechanical vibration [57]. 
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Properties of porous Si are summarized in Table 2.1. On the other hand, when the nanoporous Si layer 

is oxidized under appropriate conditions, a chain structure is formed in which nanocrystal line Si (nc-

Si) dots are separated by thin oxide films. In this structure, the size of nc-Si dots is smaller than the 

mean free path of electrons in silicon (~4 nm), so that the electrons in the nc-Si layer are significantly 

suppressed in scattering, and thus exhibit ballistic behavior [58]. The mean free path of electrons in 

the nc-Si layer is greatly increased. Using this effect, it is possible to fabricate an electron emitter in 

which the nc-Si layer act as an electron drift layer. Details of the nc-Si emitter are described in the 

next section.  

 

 

 
 

Figure 2.1 Schematic illustration of anodization for porous silicon production. The structure of the 

porous silicon can be controlled by HF concentration, the current density, and the carrier type and 

resistivity of the Si substrate.  
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Table 2.1 Characteristic features of nanocrystal line silicon [56-58]. 

 

 

 

2.3 Nanocrystalline silicon ballistic hot electron emitter 

2.3.1 Emission mechanism and property 

The schematic of the nc-Si ballistic hot electron emitter is shown in Fig. 2.2. The electron 

emitter consists of Au surface electrode / nc-Si layer / n+-Si wafer substrate / Al back contact which 

has a structure similar to metal-insulator-semiconductor (MIS) diode [49]. The inset shows 

transmission electron microscope (TEM) image of the nc-Si layer. It seems that nc-Si dots are 

connected with a thin oxide film in between. When a positive bias is applied to the Au surface 

electrode of the emitter, electrons are injected from the Si substrate into the nc-Si layer. The electrons 

in the nc-Si layer are accelerated via multiple tunneling through the nc-Si dots. Finally ballistic hot 

electrons are emitted through the surface electrode. 

 



15 

 

 

Figure 2.2 Schematic illustration of the device structure of nc-Si ballistic hot electron emitter. By 

applying a positive bias voltage to the Au surface electrode, ballistic electrons are emitted through 

the surface electrode. The inset shows the TEM image of the nc-Si layer [49]. 

 

Figure 2.3 shows I-V characteristics of the nc-Si emitter. Electron emission starts from the 

vicinity of the applied voltage of 6 V, and electron current density of 100 μA/cm2 is obtained at 16 V. 

The Fowler-Nordheim (FN) plots obtained from Fig. 2.3 are shown in Fig. 2.4. The linear 

relationships suggest that the electron emission is basically originated from the field induced 

tunneling in the nc-Si layer. Figure 2.5 shows the energy distribution of electrons emitted from the 

nc-Si emitter at each bias voltage. It can be seen that at an applied voltage of 14 V, electrons with 

energy of 6 eV are emitted at room temperature. The ballistic behavior in the energy distribution 

becomes more apparent at a low temperature of 100 K.  
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Figure 2.3 I-V characteristics of nc-Si emitter. The electron emission starts at 6 V, and the emission 

current density increases with the increasing the applied voltage [49]. 

 

 

 

Figure 2.4 The FN plots obtained from the I-V characteristics in Fig. 2.3. Each plot properly shows 

a linear relationship [49]. 
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Figure 2.5 Energy distribution of ballistic electrons emitted from nc-Si diode in each bias voltage. At 

a temperature of 100 K, the energy peak shifts to the high energy side [49]. 

 

Similar properties were also seen in nc-Si emitters fabricated by dry process [59]. Also, the 

emission electron current strongly depends on the film thickness of the Au surface electrode. The 

thinner the film thickness, the more exponentially the emitted electron current increases, as shown in 

Fig. 2.6 [59]. In the graphene surface electrode with a thickness of about one atomic layer, electron 

scattering at the surface electrode is significantly suppressed, and a sharp energy distribution is 

obtained even at room temperature [60].  
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Figure 2.6 Relationship between the electron emission efficiency and the film thickness of Au surface 

electrode observed in an nc-Si emitter [59]. 

 

The conduction mechanism of electrons in the nc-Si layer was described by an atomistic tight-

binding combined with semi-classical Monte Carlo simulation [61]. According to the simulation study, 

in the chain structure of silicon nano-dots separated by a thin oxide film (Figs. 2.7(a) and 2.7(b)), the 

electronic state in the low energy level is discretized, and additionally, the optical-phonon scattering 

is suppressed. As a result, the electrons in the nc-Si layer tunnel to the next dot before the energy 

relaxation. The simulation results show that the acoustic-phonon scattering is further suppressed at a 

low temperature of 100 K or less, and the ballistic behavior of electrons becomes more apparent, as 

shown in Figs. 2.8(a) and 2.8(b) [61]. The simulation results were supported by the time of flight 

measurement [62]. It was estimated that the mean free path of electrons in the free standing film of 

nc-Si is 1.6 μm, which value is much larger that of crystalline silicon.  
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Figure 2.7 (a) Schematic illustration of the nc-Si diode. Electrons are emitted through the surface 

electrode under a positive bias VPS. Conduction band profile and electron energy distribution at the 

diode surface, n(E), are shown in (b). Here, the energy difference between the Fermi level of the 

substrate and the peak energy of the electron distribution n(E) is defined as the energy loss Eloss [61]. 

 

 

 

Figure 2.8 (a) An example of calculation result of electron trajectory with potential profile. A 

schematic illustration of the simulation model for the nc-Si dot array is shown in the inset. The right-

side shows the electron energy distribution at the diode surface [62]. 
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2.3.2 Possible applications 

Since the nc-Si ballistic electron emitter is a planar structure, electrons uniformly emit from 

the surface electrode with high directivity. In addition to these features, due to the above mechanism, 

the electron energy is much higher than thermalized electrons emitted from conventional electron 

emitters. Therefore, the nc-Si emitters can operate not only in vacuum but also in air and solution 

[49]. In these media ballistic electrons physically and chemically act on substances in the medium. 

Characteristic features of nc-Si emitter are summarized in Table 2.2. The application of the nc-Si 

emitter in each medium is summarized below.  

 

 

Table 2.2 Characteristic features of nc-Si ballistic hot electron emitter [49]. 

 

 

 

2.3.2.1 In vacuum 

Flat panel display is an application utilizing the nc-Si ballistic hot electron emitter [63]. When 

ballistic electrons are irradiated on the phosphor, light is emitted with the same principle as cathode 

ray tube (CRT). By arraying a large number of nc-Si emitters in two dimensions, it is possible to 

fabricate a flat panel display with the same motion picture performance and contrast as CRT. In fact, 

prototype full color display panels with diagonals of 7.6 inch, with pixel counts of 336 (RGB) × 252 

pixels, respectively, have been fabricated, as shown in Fig. 2.9 [63].  
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Figure 2.9 Emission image of fabricated 7.6-in.-diagonal prototype model [63]. 

 

This emitter can also be used as an electron source of an electron beam lithography. In 1:1 

electron projection lithography using nc-Si emitter as an exposure source, the formation of a line 

pattern of 30 nm or less in the region of 0.2 × 0.2 μm2 was reported by Koshida et al. despite the low 

acceleration voltage (5 kV) [64]. Similar to the application of the electron source to the flat panel 

display, it is possible to realize a maskless multi-beam electron beam exposure system (Fig. 2.10) 

with high throughput and high resolution by arraying the electron emitters in two dimensions [65,66]. 

In this system, 100 × 100 emitter arrays (each irradiation area is 10 × 10 μm2) were fabricated on a 

Si substrate, and every emitter was connected with the LSI driver using through-silicon-via (TSV) 

interconnect technology [65]. 1:1 electron projection lithography using this emitter array has already 

been reported [67], and an electron optics dedicated to the emitter array has been simulated for the 

realization of reduced projection exposure [68]. 
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Figure 2.10 Schematic illustration of a developed 1:1 multi-beam exposure system using active 

matrix consisting of nc-Si emitter array [65]. 

 

2.3.2.2 In atmospheric-pressure gases 

Ballistic hot electrons behave as an excitation source in low vacuum to atmospheric pressure 

[49]. For example, when an nc-Si emitter is operated in Xe gas, ballistic electrons excite Xe molecules 

and generate ultraviolet light [69]. In the atmosphere, emitted ballistic electrons cause dissociative 

electron attachment to oxygen molecules in the atmosphere to generate negative ions [70,71].  

 

2.3.2.3 In solution 

One of the important features of nc-Si emitter is that ballistic hot electrons have a highly 

reducing activity when injected into solution [49]. Since electrons are directly injected into the 

solution, unlike a conventional electrochemical reaction, an oxidation reaction at the counter 

electrode is not required. Therefore, in pure water, ballistic electrons directly reduce only hydrogen 

ions followed by H2 gas generation without byproducts such as oxygen [72,73]. It has also been 
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confirmed by cyclic voltammogram measurements that when the electron source was driven in pure 

water, the ionic conduction current in the solution increased [72]. In addition, due to hydrogen 

evolution, the concentration of hydroxide ions (OH-) in the solution increased, and then the pH shifted 

to the alkaline side, as shown in Fig. 2.11 [73].  

 

 

Figure 2.11 Time evolution of pH value during the operation of nc-Si ballistic hot electron emitter in 

pure water. The inset shows the experimental set up. A pulse-driven mode was employed here with 

an amplitude, width, and duty ratio of the bias voltage being 12.5 V, 30 s, and 50%, respectively [73]. 

 

In a metal-salt solution, since ballistic hot electrons preferentially reduce metallic ions, the 

thin metallic films are deposited on the emitter surfaces [49]. As in the case of hydrogen generation, 

unlike electroplating, this process proceeds with neither gas evolution nor byproducts at the counter 

electrode, and thus can be expected to form a thin film with less contamination compared to 

electroplating. It has been reported that ballistic electrons are injected into each of CuSO4, NiCl2, 
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CoSO4, and ZnSO4 solutions and thin Cu, Ni, Co, and Zn films are deposited on the emitter surface 

[50,51]. Furthermore, a Cu/Ni bilayer structure was also fabricated by sequential processes using 

different solutions (Figs. 2.12(a)-2.12(c)) [51].  

 

 

 

Figure 2.12 Optical micrographs of thin films of Ni (a) and Cu/Ni (b) deposited on nc-Si emitters. 

Characteristic X-ray signals of Cu and Ni was detected from the EDX spectrum for the Cu/Ni 

multilayer (c) [51]. 
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Since the energy of ballistic hot electrons emitted from nc-Si diodes is as large as 5-7 eV, Si4+ 

and Ge4+ ions having a large reduction potential can be easily reduced. Deposition of Si and Ge thin 

films due to the reduction effect of ballistic electrons has been reported by Ohta and Koshida et al. 

[52,53]. In this study, electron diffraction measurement revealed that the deposited thin Si film was 

amorphous, as shown in Fig. 2.13 [52]. In addition, the Si wire array was formed by driving the nc-

Si emitter patterned with resist mask in SiCl4 solution (Figs. 2.14(a) and 2.14(b)) [52]. However, the 

deposited thin film was contaminated with carbon by the polytetrafluoroethylene (PTFE) film used 

to protect the nc-Si emitter [52]. Since thin films formed by this dipping method are deposited on the 

nc-Si emitter, it is difficult to apply it to the fabrication of devices such as thin film transistors (TFTs). 

The solutions to these problems are described in Chapters 3 and 4.  

 

 
 

Figure 2.13 EDX spectrum of a thin Si film deposited on an nc-Si emitter. The insets show a cross 

sectional TEM image of the deposited film and the corresponding electron diffraction image (electron 

acceleration voltage: 200 kV). The diffraction analysis revealed that amorphous Si was deposited on 

the emitter [52]. 
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Figure 2.14 (a) Schematic device structure of nc-Si ballistic electron emitter patterned with electron 

beam resist. The actual device was fabricated such that the unit of four emission windows (500, 140, 

100, and 180 nm in width) was arranged periodically. The SEM image confirmed that the arranged 

Si wires were deposited in parallel as designed (b) [52]. 

 

2.4 Summary 

The characteristic features of nc-Si ballistic hot electron emitters and their applications has been 

made clear. The nc-Si diode emits ballistic electrons from the thin surface electrode by multiple 

tunneling under a high electric field in the nc-Si layer. The output electrons uniformly emitted from 

the surface electrode have high directionality. The electron energy of emitted electrons is much higher 

than that of thermally emitted electrons. From these features, the nc-Si emitter operates not only in 

vacuum but also in various media. In particular, in metal or semiconductor salt solutions, thin metallic 

and semiconducting films can be deposited due to the highly reducing activity of ballistic electrons. 

However, in the previous studies, there was a problem that the deposited thin films were contaminated 

by protecting films. Further, in the current thin film deposition method, since a thin film is deposited 

on the emitter surface, it is difficult to fabricate a device such as a TFT. The methods for solving these 

problems will be described in detail in the following chapters.  
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Chapter 3 

Reductive thin-film growth under dripping mode 

 

3.1 Introduction 

As mentioned in previous chapter, the nc-Si ballistic emitter operates even in solutions as a 

supplier of highly reducing electrons into chemical species. In previous reductive deposition of thin 

film utilizing ballistic electrons, the nc-Si emitter was driven in a salt solution (dipping scheme). In 

this situation, the deposited film was contaminated with carbon by poly(tetrafluoroethylene) (PTFE) 

film used for device protection. A dripping scheme in which a very small amount of a solution is 

dripped onto the emitting surface is proposed here for avoiding such extrinsic contamination. This 

chapter reports deposition of thin Si and Ge films by dripping scheme and the detailed material 

characterizations of the deposited films. In addition, this deposition scheme was extended to thin SiGe 

film deposition. 

 

3.2 Experimental 

3.2.1 Emitter fabrication 

The nc-Si emitters presented here were made from non-doped poly-Si on n+-type Si wafers 

with a (100) crystal orientation. The wafers were back-deposited with a 300 nm thick Al film by vapor 

deposition before being vacuum annealed at 530 ℃ during 1 hour to form an ohmic contact. The 

wafer were sliced into small square pieces of 2 × 2 cm2 followed by smoothing surface using chemical 

mechanical polishing (CMP). After that the wafers were cleaned in a pure acetone bath at room 

temperature under ultra-sonication during 15 min followed by a boiling pure ethanol 20 min as well. 

The sample was anodized in an ethanoic HF solution (55% HF : ethanol = 1:1) under the 

illumination by a 500 W tungsten lamp. The anodization current was sequentially modulated in three 

cycles, at 2.5 mA/cm2 for 1 s and 25 mA/cm2 for 2 s to form a multilayer structure. High-quality 
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oxide films were then formed around Si nanodots by electrochemically oxidizing the prepared nc-Si 

layer in an ethylene glycol solution. Drying treatment was performed in supercritical CO2 (pressure: 

14 MPa) for removal of residual water molecules from the nc-Si layer. Finally, Au (10 nm)/Ti (1 nm) 

was sputtered on the nc-Si layer surface to form a thin surface electrode. On top of contacting layer, 

a small contacting pad of Al (300 nm) was deposited to provide higher mechanical support for the 

external contacting probe. The process flow is shown in Fig. 3.1. 

 

 

 

 

Figure 3.1 Process flow for fabrication of nc-Si emitter and its schematic structure. 
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3.2.2 Deposition scheme 

The thin film deposition experiments were carried out with a simple configuration as shown in 

Fig. 3.2. A very small amount of a SiCl4 or GeCl4 solution dripping onto the limited nc-Si emitter 

surface area was controlled by a dispenser system (10-50 µl). The nc-Si electron emitter was then 

driven in the range of the applied voltage Vb from 10 to 15 V without using any counter electrode. A 

mixture solution of SiCl4+GeCl4 (1:1 in volume ratio) was used for deposition of a thin SiGe film. 

Since SiCl4 and GeCl4 are active in air, all the experiments were carried out in a N2-gas-filled glove 

box. After the injection of ballistic electrons, residual solutions on the emitter surface were removed 

by elution or evaporation. The structure and chemical composition of the deposited thin films were 

characterized by scanning electron microscopy (SEM), energy dispersive X-ray (EDX) measurements, 

X-ray photoelectron spectroscopy (XPS), and secondary ions mass spectroscopy (SIMS). 

 

 

 

 

Figure 3.2 Schematic configuration for thin film deposition under dripping mode. The controlled 

dispenser system dripped a very small amount of solution onto the emitter surface regulated by a 

barrier mask. It is noted that no counter electrodes are used in this scheme.  
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3.3 Results and discussion 

3.3.1 Thin Si and Ge films 

As shown in Fig. 3.2, a SiCl4 or GeCl4 solution was dripped onto the nc-Si emitter surface, 

and then it was operated for 12 minutes. Thin film deposition was observed in the emitting area in 

each solution. Observed SEM images of thin Si and Ge films deposited near the boundary of the 

emission region are shown in Figs. 3.3(a) and 3.3(b). It appears that Si4+ and Ge4+ ions at the interface 

are preferentially reduced by injected energetic electrons, resulting in the deposition of a thin film as 

in the case of a thin metal film [49-51]. Unlike the usual electrode reaction, which proceeds following 

spontaneous migration of thermalized electrons, this reductive reaction unilaterally proceeds at the 

emitter surface due to the lack of the counter electrode. As a result, the Cl- ion concentration in the 

solution relatively increases without gas evolution.  

 

 

 

Figure 3.3 Observed SEM images of thin Si (a) and Ge (b) films deposited under dripping scheme 

(Samples 1 and 2). Ballistic electrons injection into the dripped SiCl4 and GeCl4 solutions leads to 

the thin film deposition at the electron emission area.  

 

Figures 3.4(a) and 3.4(b) show the corresponding EDX spectra. It is noted that no 

contamination signals (such as Cl and C signals) are detected [74], in contrast to electroplating [26-

28] and the previously reported dipping scheme [52,53]. This result suggests that unilateral reduction 

without byproducts proceeded at the electron emission surface. As suggested from the electron 

(a) (b) 
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diffraction image of thin Si film deposited by the dipping scheme [52], this deposited film is thought 

to be amorphous. The absence of a significant contamination of the deposited films is also supported 

by wide-scanned XPS spectra (0-1400 eV) measurements. In the XPS spectra of Figs. 3.5 (a) and 3.5 

(b), it can be seen that the deposited films has no significant contamination signal except for O and C 

signals due to the exposure of samples to air before the XPS measurements. Figures 3.6(a) and 3.6(b) 

show XPS spectra for deposited Si and Ge films. The binding energy peak shift corresponding to the 

Si–O (SiO2: 103.4eV) and Ge–O (GeO2: 32.7eV) bonding [75] indicates the oxidation of deposited 

thin films. The lack of signals of Si–Si (Si 2p: 99.7eV) and Ge–Ge (Ge 3d: 29.3eV) [75] in the XPS 

spectrum will be discussed in Chapter 4. In this dripping mode, the C contamination previously 

observed in the dipping method is significantly suppressed in the dripping mode, and the sign of the 

Cl signal is below the detection limit of XPS. These results suggest the technical potential of this 

deposition mode.  
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Figure 3.4 Measured EDX spectra of thin Si (a) and Ge (b) films deposited under dripping mode 

(Samples 1 and 2). For comparison, the spectrum of the original Au surface electrode is shown in 

each figure. It is important that no signs of C and Cl contaminations were detected in the deposited 

Si (a) and Ge (b) films. 
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Figure 3.5 Measured wide-scanned XPS spectra of thin Si (a) and Ge (b) films deposited on the 

emitter surface (Samples 1 and 2). 
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Figure 3.6 Measured XPS spectra of thin Si (a) and Ge (b) films deposited on the emitter surface 

(Samples 1 and 2). 
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Further evidence of this deposition mode is obtained from the SIMS measurements. The SIMS 

profiles of the deposited thin Si and Ge films are shown in Figs. 3.7(a) and 3.7(b). Both Si and Ge 

signal intensity profiles have obvious peaks near the surface region. The Au and Ti signals correspond 

to the materials of the thin surface electrode. The shaded area of the profiles (extremely outer surface) 

is excluded from consideration, as the SIMS profile is distorted by large fluctuations in the secondary 

ion yield. Because of the roughness of at least 10 nm on the original surface of the nc-Si emitter, the 

microscopic surface structures of the deposited Si and Ge films are not uniform. A diffusing behavior 

of the Au and Ti profiles in the deep region (>20 nm) is related to this surface roughness. In addition, 

the relatively high intensity of the Au signal is thought to be due to the local exposure of the surface 

electrode caused by a discontinuity of the deposited thin films.  

 

 

 

 

 

Figure 3.7 Measured SIMS profiles of deposited thin (a) Si and Ge (b) films (Samples 1 and 2). The 

extremely outer surfaces are excluded from consideration because of the fluctuation of the yield of 

secondary ions (gray area).  

 

 

(a) (b) 
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3.3.2 Thin SiGe films 

Based on the above results, this dripping technique was applied to a thin SiGe film deposition 

using a mixture solution. After operation of the emitter in the condition of Fig. 3.2, thin film 

deposition was clearly seen in the electron emission area, as in the case of deposition of thin Si and 

Ge films. Figures 3.8(a)–3.8(c) show the surface SEM image and measured Si and Ge XPS spectra. 

The XPS measurements clearly detected the peaks corresponding to Si and Ge, as in the cases of thin 

Si and Ge films. It has been confirmed that a thin SiGe film is deposited in a self-regulated manner 

without using any complicated systems. The SIMS measurement as shown in Fig. 3.9 indicates that 

the peaks of both the Si and Ge signals clearly appear in the deposited region. The compositional ratio 

estimated from this SIMS intensity profile was Si0.9Ge0.1. The most important determining factor for 

deposition rate here is thought to be the chemical reduction kinetics. Another related factor is the 

energy difference between injected ballistic hot electrons and the reduction potentials of chemical 

species. There is a large difference in reduction potential between Si/Si4+ (−2.40 V vs SHE) [26] and 

Ge/Ge4+ (0.12 V vs SHE) [76]. In addition, the electrochemical window of SiCl4 solution (3.76 V) is 

considerably larger than that of GeCl4 solution (1.24 V). More detailed theoretical and experimental 

analyses of deposition of thin Si and Ge films need to be carried out on the basis of these differences. 

Other factors are the concentration of ions in solutions; the migration of reduced atoms, and the 

subsequent nuclei formation for the film growth. In the case of SiGe, mutual bonding formation of Si 

and Ge atoms is another issue. Although these factors are yet to be determined, the primary influential 

parameter for the control of the compositional ratio of SiGe is the initial mixture ratio of SiCl4+GeCl4 

solution. 

  



37 

 

 

 

 

 

 

 

Figure 3.8 Observed SEM image (a) and the corresponding XPS spectra (b and c) of a deposited thin 

SiGe film (Sample 3). 
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Figure 3.9 Measured SIMS profile of a thin SiGe film deposited on the emitting surface (Sample 3). 

The shaded area is excluded from consideration because of fluctuation of the yield of secondary ions.  

 

3.3.3 Deposition rate 

The deposition rate R of thin Si and Ge films under ballistic electron reduction can be explained 

by the previously reported model based on Faraday’s law [52, 53]. According to this simplified model, 

the deposition rate R is given by 

� � ������ (3.1) 

where w, Je, ρ, n, and F are the atomic weight of Si or Ge, the injection current density, the density of 

Si or Ge, valence of the Si4+ or Ge4+ ion, and the Faraday constant, respectively. This equation 

suggests that it is possible to estimate the thickness of the deposited thin film from Je and the operation 

time To. These experimental conditions and the corresponding estimated film thickness te are 

summarized in Table 3.1. In the case of Si0.9Ge0.1, the compositional ratio was taken into account for 
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the estimation. For comparison, the film thicknesses determined from the width of the SIMS profile, 

denoted by tS, are also shown in this table. In each case, the tS values are larger than the te values. 

This is attributed to a limited depth resolution in the SIMS profile owing to the surface roughness. It 

is possible to fabricate multilayered Si/Ge structures by a sequential drive of the emitter for dripped 

SiCl4 and GeCl4 solutions. This reductive deposition scheme is potentially useful for low-temperature, 

damage-free, and clean deposition of ultra-thin semiconductors, and possibly multilayered film 

structures the fabrication of photonic and electronic devices. Indeed, an efficient visible 

photoluminescence has been confirmed from a deposited thin Si film [52].  

 

Table 3.1. Experimental parameters of the thin film deposition (Vb: applied bias voltage (ref. Fig. 3.2), 

Je: injected current density, To: operation time) and the film thickness te estimated from the theoretical 

deposition rate. The values of thickness tS, determined from measured SIMS profiles, are also shown 

for comparison. 

 

 

 

Compared to the previously reported dipping scheme [49-53], the proposed dripping scheme 

significantly suppresses extrinsic carbon contamination. The amount of solution for thin film 

deposition can be minimized because of driving the nc-Si emitter without using any counter electrode. 

However, since electron emission from the nc-Si emitter tends to decrease as the thickness of the 

deposited thin film increases, there should be a self-limiting mechanism in this deposition process. 

The improved method is presented in the next chapter. 
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3.3.4 Structural and electrical characterization 

The structural and electrical characteristics of the thin Cu film deposited by the dripping mode 

were evaluated. When a copper chloride solution was dripped on the emitter surface and then the 

emitter was driven, a thin metallic film was deposited on the emitter surface. SEM image and EDX 

spectrum of the deposited thin Cu film shown in Fig. 3.10(a) suggest that thin Cu film was deposited 

by ballistic electron injection into the copper salt solution. From AFM measurement (Fig. 3.10(b)), 

the average film thickness of deposited thin Cu film was estimated to be about 100 nm. According to 

the results of 4-probe and AFM measurements, the resistivity of an as-deposited thin Cu film was 561 

μΩ·cm. This value is about 300 times larger than the Cu bulk resistivity (1.68 μΩ·cm). This can be 

attributed to the fact that the deposited film has a grain structure as observed in SEM image and AFM 

profile. The structural and electrical properties of the thin film deposited by this method should be 

improved by annealing treatment.  

Figure 3.11 shows an In-plain XRD spectrum of thin Cu film deposited by ballistic electron 

injection reported by Ohta et al. [51]. In this spectrum, cubic lattice structure peaks were detected 

such as Cu(111), Cu(200), and Cu(220), suggesting that a polycrystalline Cu film has been deposited 

under ballistic electron reduction. The present deposited thin Cu film is thought to be polycrystalline 

as well.  

 



41 

 

 

 

Figure 3.10 (a) EDX spectrum and corresponding SEM image of thin Cu film deposited by dripping 

mode. (b) AFM image and thickness profile of deposited thin Cu thin. The electrical resistivity of the 

deposited thin Cu film was estimated to be 561 μΩ·cm by 4-probe measurements.  

 

(a) 

(b) 
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Figure 3.11 In-plain XRD spectrum of thin Cu film deposited by injection of ballistic electrons into 

copper salt solution. The spectrum indicates that polycrystalline Cu deposited on the emitter surface 

[51].  

 

3.4 Summary 

When ballistic hot electrons are injected into the dripped solution, it is shown that an 

amorphous thin group-IV film is uniformly deposited on the nc-Si emitter. Besides elemental Si and 

Ge, thin films of SiGe can also be deposited under proposed dripping scheme. This mode is triggered 

by preferential reduction of target ions without by-products. The emitted electron energy matches 

well with the requirements for reduction of Si4+ and Ge4+ ions. In contrast to the conventional dry 

process based on the decomposition of active gases, the ballistic electro-reduction proceeds at room 

temperature. However, this deposition scheme tends to saturate the thin film growth at a certain 

thickness due to the self-limiting effect on electron injection. It has been shown that the electrical 

resistivity of the thin Cu film deposited by the dripping mode is 561 Ω‧cm, and that the structure is 

of polycrystalline feature. 
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Chapter 4 

Ballistic-electron printing of thin films 

 

4.1 Introduction 

Previous chapter mentioned that the dripping scheme tends to saturate at a certain thickness 

because of a self-limiting mechanism. In addition, since the thin film is deposited on the emitter 

surface, handling of the deposited film is not easy for practical use. Therefore, a printing scheme has 

been proposed here for thin film deposition onto a counter substrate. The nc-Si emitter is located 

separately from the target substrate coated with the metal or semiconductor salt solution, and then 

ballistic electrons are irradiated onto the substrate. This deposition scheme can be expected to solve 

the above-mentioned problems. The experimental results are shown here for thin Cu, Si, and Ge films. 

 

4.2 Experimental 

The nc-Si emitters were prepared as described in Chapter 3. Figure 4.1 shows the experimental 

setup of printing scheme. All the experiments were carried out in a N2-gas-filled glove box at room 

temperature. At first, a Cu, Si, or Ge salt solution was coated on a single-crystalline Si (c-Si) wafer 

substrate, a thermally oxidized (0.01 ~ 1 μm thick) c-Si, or a Cu substrate. Since SiCl4 and GeCl4 are 

very active with water molecules in ambient, propylene carbonate was used as a water-proof organic 

solvent. This substrate was located in front of the nc-Si emitter. A gap between them was controlled 

by a piezoelectric actuator in the range 500 nm ~ 5 mm at 101 ~ 105 Pa, taking the ambient pressure 

dependence of ballistic hot electrons’ mean free path and vaper pressure of the coated solution into 

account. The salt solutions and target substrates are summarized in Table 4.1. For thin film deposition, 

the nc-Si electron emitter was driven in an intermittent pulse at Vb = 10 -16 V with a duty ratio of 

20%. The voltage Va between the emitter and the substrate was 0 - 20 V. The current density Je was 

monitored during the emitter operation. After the processing, residual solutions were removed by 
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elution or evaporation. The deposited films were characterized by scanning electron microscope 

(SEM), energy dispersive X-ray (EDX), atomic force microscope (AFM), spectroscopic reflectometer, 

X-ray photoelectron spectroscopy (XPS), and Raman scattering measurements. 

 

 
 

Figure 4.1 Schematic experimental configuration of thin-film deposition under an electron incidence 

scheme. A solution-coated target substrate is remote from an nc-Si emitter. A piezoelectric actuator 

allows us to control a gap between the nc-Si emitter and the target substrate in a N2 purged glove box.   

 

 

Table 4.1 Experimental parameters of the thin-film deposition [c, concentration of solution; Vb, 

applied bias voltage (refer to Fig. 4.1); Va, voltage between nc-Si emitter and target substrate; Je, 

electron emission current density; To, operation time]. EG, PC, and EMI-DCA represent ethylene 

glycol, propylene carbonate, 1-ethyl-3-methylimidazolium dicyanamide (ionic liquid), respectively. 
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4.3 Results and Discussion 

4.3.1 Thin Cu films 

After irradiating ballistic electrons on the target substrate coated with CuCl2-solution under the 

above procedure, a color change appeared on the target substrate surface probably due to thin metallic 

film growth. The SEM images of the original c-Si and deposited thin film surfaces are shown in the 

insets of Fig. 4.2. These images indicate that the thin metallic films were deposited on the impinging 

area under the printing mode. As shown in Fig. 4.2, the EDX spectra and the corresponding SEM 

images clarify the composition of the deposited film. The characteristic X-ray signals of Cu 

corresponding to Lα, Kα, and Kβ [74] were clearly detected without contaminations such as carbon 

and chlorine. This result clearly suggests that the as-deposited thin film consists of pure Cu. As shown 

in Fig. 4.3, similar thin film deposition was obtained under the printing mode using CuSO4 aqueous 

solution [65]. The implication is that preferential reduction of Cu2+ ions on solution surface due to 

impinging energetic electrons led to nucleation for the growth of Cu thin films. Although their 

electrical properties have not yet been evaluated, the adhesion strength between the deposited Cu 

films and the substrates is comparable with that formed by conventional vacuum deposition or 

sputtering.  
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Figure 4.2 Measured EDX spectra of the original and deposited substrate surfaces (Sample 1). The 

inset shows the SEM images corresponding to each EDX spectrum.  

 

 

 

Figure 4.3 Measured EDX spectra of the original and deposited substrate surfaces (Sample 2). The 

respective SEM images are also shown in the inset [65].  

 

Related evidence of this printing deposition mode has also been obtained from thickness 

measurements. The AFM image of the deposited thin Cu film and the corresponding thickness profile 

are shown in Figs. 4.4(a) and 4.4(b), respectively. From the AFM profile in Fig. 4.4(b) the average 
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film thickness was estimated to be 6.6 nm. Figure 4.5 shows the measured and simulated optical 

reflection spectra of the Cu film deposited on the Si substrate. The Cu film thickness suggested from 

the fitting of the simulation to the experimental curve is 5.7 nm that is nearly equal to the AFM result. 

As described in Chapter 3, it is expected that in the printing mode under the reductive reaction of Xn+ 

ions, that is Xn+ + ne− → X, the film deposition rate R is proportional to the electron emission current 

density Je [52,53]. At Je = 10 ∼ 100 μA/cm2, for instance, the expected R value of Cu is 0.22 ∼ 2.2 

nm/min. The value expected from the deposition rate and the emitter operation time is almost equal 

to the observed film thickness. A detailed discussion on deposition rate in the printing mode is given 

in Chapter 5. 

 

 

 

 

Figure 4.4 An AFM image obtained from the boundary between the deposited thin Cu film and the 

original the c-Si substrate (a), and corresponding thickness profile (b) (Sample 1). The film thickness 

can be estimated about 6.6 nm. 

 



48 

 

 

 

Figure 4.5 Reflection spectrum obtained from the deposited film (sample 1). Simulated spectrum 

assuming Cu deposited on Si is also shown here. By fitting the measured and simulated spectra, the 

thickness of the deposited thin Cu film is estimated to be 5.7 nm.  

 

It was confirmed that no electrode reaction on the substrate contribute to present scheme under 

ballistic printing using a thermally oxidized c-Si wafer as a substrate. When printing deposition was 

performed on the same experimental conditions of Fig. 4.1, a pure thin Cu film was also deposited 

on SiO2/Si as in the case of c-Si substrate case (Fig. 4.6). Apparently unilateral reduction under 

electron incidence is different from carrier exchange at the conventional electrode reaction. It is 

important from a technological viewpoint that the printing deposition scheme is potentially available 

for insulating substrates such as glass and polymers. The use of low vapor pressure ionic liquid as a 

solvent can further enhance its usefulness. For example, the printing experiments can be performed 

even at a vacuum pressure (<102 Pa) and a large emitter-target gap (>1 mm) by using a c-Si wafer 

coated with a CuCl-dissolved ionic liquid [77-79]. The deposition of thin Cu films has been 

successfully observed as well after electron emitter operation, as shown in Fig. 4.7. As the unilateral 

reduction of Cu2+ in solution proceeds, the relative concentration of negative ions (Cl- in this case) 

should be increased without gas evolutions. As previously reported, the nc-Si emitter operation in 

pure water and metal salt solutions without using any counter electrode led to significant increase of 
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the pH value with increasing operation time of the emitter [73]. A possible explanation is that 

spontaneous neutralization by metastable positive ions in experimental environment might promote 

continuous thin film deposition by preventing infinite negative charging. 

 

 

 
 

Figure 4.6 Measured EDX spectra of the original substrate and deposited film surfaces (Sample 3). 

A thermally oxidized c-Si wafer (SiO2/Si) was used as the substrate in this case. 
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Figure 4.7 Measured EDX spectra of the original substrate and deposited film surfaces (Sample 4). 

A thermally oxidized c-Si wafer (SiO2/Si) was used as the substrate in this case. 1.0 M CuCl (solvent: 

1-ethyl-3-methylimidazolium dicyanamide) was used for the solution. By using ionic liquid as a 

solvent, irradiation of ballistic electrons becomes possible even in high vacuum condition. 

Contamination of nitrogen can be removed by additional cleaning method. 

 

4.3.2 Thin Si and Ge films 

During the above-mentioned incidence procedure, a color change appeared in the target 

substrate surface, due to the growth of a thin film. The insets in Figs. 4.8(a) and 4.8(b) show the SEM 

images of the boundary between deposited thin films and the original Cu area. Thin Si and Ge films 

are deposited on the impinging area after removing the residual solution, as in the case of the Cu 

deposition. The EDX spectra obtained from deposited thin films are shown in Figs. 4.8(a) and 4.8(b). 

The characteristic X-ray signals of Si and Ge [74] were clearly detected with no contaminations of 

chlorine. The peaks of the carbon are likely due to the solution residue. These components might be 

removed by complete dissolution treatments. Actually, in case of the Cu deposition, no signals of 

carbon contamination were detected in EDX spectra after a sufficient dissolving process.  
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Figure 4.8 Measured EDX spectra of Si (a) and Ge (b) films deposited under an incidence mode 

(Samples 5 and 6). The observed SEM images near the boundary between the original Cu substrate 

and deposited thin films are shown in the insets.  
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The results of XPS measurements of deposited films are shown in Figs. 4.9(a) and 4.9(b). In 

both cases, thin films are oxidized, though the thin Ge film is not fully oxidized [75]. It is difficult 

from these results to suppose that thin films are deposited as continuous layers. Possibly the formation 

of very small nanoclusters occurs at the initial stage of electron incidence and subsequently fast 

oxidation proceeds in solutions associated with deposition, rather than natural oxidation (Fig. 4.10), 

though the details of competitive process of nucleation and oxidation should be clarified. As in the 

case of the previous dripping mode, no other signals like chlorine were observed in XPS spectra of 

deposited thin films measurements, as shown in Fig. 4.11(a) and 4.11(b).    

On the other hand, secondary ions of Cl were detected in the SIMS analysis of the deposited 

thin Si film as shown in Fig. 4.12. Though the quantitative contamination level within the film is yet 

to be determined, the SIMS profile suggests that the Cl signal intensity tends to increase towards the 

interface between the deposited thin film and the Cu substrate. Taking into account that the secondary 

ion yield of Cl for Cs+ is about one order and two orders of magnitude higher than that of Si and Cu 

[80], respectively, the observed Cl profile is related not to the intrinsic contamination, but to the 

extrinsic one like the residual solution. This assumption should be verified by more complete post-

deposition cleaning to remove the residual solution. Judging from XPS measurements, the 

contamination level in the present deposited films is thought to be less than 300 ppm. It appears that 

impinging energetic electrons preferentially reduce Si4+ and Ge4+ ions at the solution surface, which 

is followed by the nucleation and oxidation. Similar to the printing deposition of thin Cu films, the 

resultant change in the solution is only a relative increase in the Cl− ion concentration without gas 

evolutions.  
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Figure 4.9 Measured XPS spectra of deposited thin Si (a) and Ge (b) films (Samples 5 and 6). 

 

 

 

Figure 4.10 Schematic of the expected structure of the thin Ge film deposited by the printing mode. 

The thin Ge film consists of nanoclusters covered with thin oxide films. 
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Figure 4.11 Wide-scanned XPS spectra of deposited thin Si (a) and Ge (b) films (Samples 5 and 6). 

Cl contamination is not detected in both deposited thin Si and Ge films. 
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Figure 4.12 Measured SIMS profiles of thin Si film deposited on Cu substrate. The extremely outer 

surface surrounded by the shaded area is excluded from consideration because of fluctuation of the 

yield of secondary ions.  

 

The model nanoclusters formation has been supported by Raman spectrum of thin Ge film as 

shown in Fig. 4.13. Owing to a sufficiently large absorption coefficient of incident laser (5.4×105 cm-

1 at 532 nm in this case [81]), Raman shift features related to ordered Ge-Ge bonding at 300 nm [82] 

and amorphous phase at 280 nm [83-85] are detected. In thin Si films, significant Raman signals were 

not observed due to a relatively small absorption (1.1×104 cm-1 at 532 nm [81]). 
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Figure 4.13 Measured Raman spectrum of a thin Ge film deposited on Cu substrate (Sample 6). A 

532 nm laser was used. 

 

4.3.3 Comparison with dripping mode 

From scientific and technological viewpoints, there are distinct differences between the 

previous dripping and the present case.  

i) It has been made clear by the present electron incidence mode that thin solid films can be 

deposited only by electron-induced reduction of ions within solutions without using any 

electrode reactions.  

ii) In the case of previous deposition on emitter, the thin-film growth saturates at a certain 

thickness because of a self-limiting effect on electron injection. In the present case, in contrast, 

there is no limitation in the film thickness.  

iii) The present mode makes it possible to deposit thin films onto various substrates including 

flexible sheets and insulating ones. In the previous deposition on the emitter surface, it was 

difficult to handle deposited films and to use them for further processing.   

When the nc-Si emitter array with active-matrix driver [65,66] is used, high-throughput direct 

printing of nanostructured thin films can be realized in the same way as the parallel multi-beam 
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lithography. In addition, the printing scheme will make it possible to fabricate multi-layered and 3D 

nanostructures by sequential processes using different solutions. The more detailed discussion of the 

ballistic reduction mode are described in Chapter 5. 

 

4.4 Summary 

In summary, the printing deposition of thin Cu, Si, and Ge films using an nc-Si ballistic hot 

electron emitter was demonstrated. When Cu, Si, or Ge salt solution coated target substrates are 

irradiated with as-emitted electrons, reductive reaction of target ions efficiently proceeds followed by 

the growth of thin films. The compositional and structural analyses confirmed that Cl contamination 

of the deposited thin films is below the detection limit of XPS measurements. Further studies are 

required to determine whether the Cl signal detected from the SIMS analysis is attributed to the 

intrinsic contamination or the extrinsic one due to incomplete removal of residual solution. This 

approach is possibly available for deposition of other metals, group-IV semiconductors including 

SiGe, and their multilayers. As being a low-temperature, damage-less, and power-effective process, 

the electron incidence mode is potentially alternative means of thin film deposition on versatile 

substrates. 
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Chapter 5 

Deposition mechanism 

 

5.1 Introduction 

Chapter 4 has showed experimental results of unilateral reduction effect of ballistic hot 

electrons emitted form nc-Si emitter. It has been demonstrated that thin Cu, Si, Ge, and SiGe films 

can be deposited under a printing scheme. This chapter discusses in more detail throughout the 

process from electron incidence to film deposition. A simplified deposition model in a printing 

process was designed based on classical nucleation theory and reaction-diffusion law. In the classical 

nucleation approach, the critical energy for nucleus formation in electron incidence was evaluated. 

This shows that the output electron energy of the nc-Si emitter is suitable for promoting preferential 

reduction of target ions within the penetration depth in solutions followed by the nuclei formation. 

To clarify mass transport in a solution, the space and time variation of the distribution of the generated 

nanoclusters are investigated by solving one dimensional reaction-diffusion equation. The dynamic 

behavior of the deposition rate in the printing mode is deduced from the theoretical analysis. The 

direct reduction model was supported separately by cyclic voltammetry analyses on the reducing 

activity of ballistic electrons. Finally, the characteristic features of the printing mode are summarized.  

 

5.2 Modeling 

In the electron printing scheme, unilateral reduction occurs in solutions differently from the 

exchange of thermalized electrons in the conventional electrode reaction. A schematic deposition 

model is shown in Fig. 5.1. Positive ions corresponding to a degree of dissociation are present in the 

solution coated on the target substrate. The existence of positive ions is consistent with the fact that 

CuCl2, CuSO4, SiCl4, and GeCl4 solutions used in the experiment are available for electroplating, and 

that thin Cu, Si, and Ge films are deposited on the cathodic substrate.  
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When ballistic electrons are irradiated on the solution, the electrons preferentially reduce the 

positive ions followed by nanocluster formation. At a typical electron incidence current density of Je 

= 10 μA/cm2, electrons impinge into a solution with a surface density of 6.2 × 1013 electrons･s-1･cm-

2. This is comparable with the areal density of Cu2+, Si4+, and Ge4+ ions in the experimental solutions. 

Due to a fast reduction kinetics under electron incidence, a large number of nanoclusters are generated 

at an electron penetration depth (about 10 nm at an energy of 10 eV [86]), as indicated in Fig. 5.1. 

The thickness of the coated solution in our experiment is just about 100 nm that is much smaller than 

the diffusion length of nanoclusters in solution. Thus, densely generated nanoclusters are aggregated 

or deposited on the target substrate. Under a sequential electron incidence, a thin film is formed on 

the substrate surface. This deposition model is also supported by the fact that there is no gas evolution 

during the deposition process, and that thin films can be deposited onto insulating substrates.  

In the reductive reaction of X n+ ions, that is X n+ + ne- → X, the film deposition rate R is 

expected to be proportional to the electron emission current density Je [52,53]. At Je = 10~100 μA/cm2, 

for instance, the expected R values of Si and Ge are 0.19~1.9 and 0.21~2.1 nm/min, respectively. The 

observed film thicknesses of Si and Ge are consistent with the value expected from the deposition 

rate and the emitter operation time, as in the case of Cu deposition. 
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Figure 5.1 Schematic illustration of the thin film deposition process by ballistic electron printing. 

Under electron incidence, a significantly large number of atoms are generated at a penetration depth 

around the stopping power peak. This leads to the formation of nanoclusters, diffusion, and deposition 

onto the target substrate. 
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Figures 5.2 and 5.3 show schematic illustrations of the charge neutralization process and the 

current continuity in the dripping and the printing modes, respectively. In the dripping mode (Fig. 

5.2), where a small amount of a salt solution is dripped on an emitter surface, associated with 

reduction of positive ions in a solution followed by nanocluster formation, the relative concentration 

of negative ions are increased. Possible pathway for preventing infinite negative charging and for 

promoting continuous thin film deposition is spontaneous neutralization of increased negative ions 

by meta-stable positive ions in the experimental ambient such as N2+、O2
+、H3O+(H2O)n、NH4

+(H2O)n 

[87,88]. In fact, when the nc-Si electron emitter was driven in pure water and metal-salt solutions 

without using any counter electrodes, the pH value significantly increased with increasing the 

operation time as previously reported [73].  

In thin film deposition on conductive target substrates under the printing mode, negative ions in 

solutions are relatively increased by reduction of positive ions under ballistic electron incidence as 

shown in Fig. 5.3. The diffused negative ions reach the target substrate surface and contribute to the 

external current flow through the carrier exchange for maintaining charge balance [89,90]. Thus, the 

current continuity is kept under the printing mode. Since the potential difference in the solution is 

much smaller than the voltage corresponding to the electrochemical window, no electrode oxidation 

reactions occurs at the target substrate surface. It is consistent with the facts that no gas evolution was 

observed during electron incidence and that the contamination level of thin Si and Ge films in the 

printing mode is considerably lower than that in electroplated ones. In the case of insulating target 

substrates (Fig. 5.3), on the other hand, relatively increased negative ions are steadily neutralized by 

meta-stable positive ions in experimental ambient similarly to the dripping case.  

Another possible pathway for preventing negative charging and for promoting continuous thin 

film deposition in the printing mode is spontaneous neutralization by meta-stable positive ions 

generated by emitted ballistic electrons. Actually, in the case of low-vacuum varied-pressure scanning 

electron microscopy (VP-SEM), where effective electron energy is higher than the ionization energy 

of residual gas (e.g., 15.5 eV for N2 gas [91]), it is possible to get stable images of insulating samples 

at higher pressures than 30 Pa without using any conductive coating owing to spontaneous charge 
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neutralization [92,93]. Further studies on this possibility should be sought for the printing mode in 

this study. 

 

 

 

 

Figure 5.2 Schematic illustration of the charge neutralization in the dripping mode. 
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Figure 5.3 Schematic illustration of the current continuity (conducting target substrate) and the 

charge neutralization (insulating target substrate) in the electron printing mode. 
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5.3 Thermodynamic analysis 

To clarify the triggering factor of nucleation, the free energy of a nanocluster formation ΔG is 

calculated as a function of incident electron energy on a basis of thermodynamic nucleation analysis. 

In contrast to the conventional electroplating, there are no electrode reactions in this deposition mode. 

Therefore, homogeneous nucleation scheme [94] is suitable for our modelling, where nuclei are 

directly formed in the solution. According to classical nucleation theory [94], the free energy of a 

nanocluster formation, ΔG, as a function of nanocluster radius r, is given by (assuming a spherical 

nucleus): 

∆
 � − 4
3

Δ�
� �� + 4��� (5.1) 

where Δμ is the difference in chemical potential between a molecule in solution and that in the bulk 

of the crystal phase, and V is the volume occupied by each molecule in the crystal, and α is the surface 

free energy. The first term in the right side is related to the transfer of ions from solution to the crystal 

phase and the second to the increase of surface energy due to creation of the nanocluster. According 

to electroplating process [95], Δμ can be expressed as 

∆� � ��� (5.2) 

where e is the electron charge, n is the valence of the ion, and η is the overpotential. The V value is 

defined as w/ρNA where w is the atomic weight, ρ is the density, and NA is the Avogadro constant. 

Figure 5.4 shows the band diagram of ballistic electron emission from the nc-Si device and the 

subsequent reduction of Xn+ ions. In this case ballistic hot electrons generated in the nc-Si layer are 

injected into a solution through a low-vacuum gap region. For simplicity, it is assumed here that the 

Fermi level in solution lies in the middle of the electrochemical window EEW. From this figure, the 

relation between the electron energy E and the overpotential is given by 

� � � + ���2  (5.3) 

Electron energy in this case corresponds to an effective external applied potential in the conventional 

electroplating. The calculation parameters [26,76,96] are summarized in Table 5.1. 
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Figure 5.4 The band diagram of ballistic electron emission from the nc-Si device and subsequent 

reduction of Xn+ ions followed by the thin film deposition (X= Cu, Si, or Ge). In this model, the Fermi 

level in the solution lies in the center of the electrochemical window. The electron energy E, the 

overpotential η, and the half of the electrochemical window EEW/2 are shown in the figure. 

 

 

Table 5.1. Material parameters used for calculation of the free energy of Si and Ge nanoclusters: 

density ρ, atomic weight w, surface tension α, and electrochemical window EEW are referred to Refs. 

[26,76,96]. 

  

Material 
ρ 

 (g/cm3)  

w  

(g/mol) 

α 

 (mN/m) 

EEW 

(V) 

Si 2.33 28.1 775 3.78 

Ge 5.32 72.6 607 1.24 

 

Figures 5.5(a) and 5.5(b) shows calculated ΔG vs. r curve for Si and Ge at different electron 

energies, where r is the radius of Si and Ge nanocluster. As suggested from Fig. 5.5(a), at electron 

incident energies of 1-2 eV, Si nanoclusters cannot be produced due to a positive value of the free 
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energy in any nanocluster radius. At an electron energy of 10 eV, on the other hand, the ΔG values of 

Si exhibits an abrupt decrease in the negative region with increasing r. The implication is that electron 

energy of 10 eV is suitable enough for promoting the spontaneous growth of Si nanoclusters followed 

by the formation of a thin film. This is consistent with the nanoclusters size of a thin Si film deposited 

by a dripping mode (about 10-20 nm) that was estimated from the transmission electron microscope 

(TEM) images [52,53]. Similar result was seen in the Ge case, as shown in Fig. 5.5(b), though the 

ΔG-r curves are different from Si at low electron energies due to a difference in the material parameter 

shown in Table 5.1. In either Si or Ge, output electrons of the nc-Si emitter meets well the requirement 

for the thermodynamic criterion. As a related experiment, thin film was deposited using a 

SiCl4+GeCl4 mixture (1:1 in volume ratio) solution, under incidence of electrons with a mean energy 

of 4 eV. In accordance with the result of EDX measurement, a significantly Ge-rich film (Si: Ge ≃ 

0.3:0.7) was deposited, as shown in Fig 5.6. Obviously Ge nanoclusters are preferentially formed at 

low electron energies. This is consistent with our model and the free energy behavior of Si and Ge 

shown in Figs. 5.5(a) and 5.5(b). 
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Figure 5.5 Free energy of formation of a Si (a) or a Ge (b) nanocluster as a function of nanocluster 

radius r at different electron incidence energies. There are two competitive processes in the incidence 

mode: diffusion and nucleation. The electron incidence at 10 eV meets well the requirement for the 

nucleation of Si and Ge. 
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Figure 5.6 Measured EDX spectrum of thin SiGe film deposited by printing method. Ballistic 

electrons with an energy of 4 eV were irradiated to a mixture solution of SiCl4+GeCl4 (1:1). As a 

result of the quantitative analysis, it was found that the thin SiGe having a composition ratio of Si Ge 

of 0.3:0.7 was deposited on the Cu substrate. 

 

5.4 Mass transport 

The spatial and temporal change in the distribution of the generated nanoclusters is calculated 

for clarifying the deposition process. The schematic of the diffusion process of the nanoclusters in 

the printing scheme is shown in Fig. 5.7. Assuming that ballistic hot electrons uniformly impinge into 

a solution surface, the diffusion and generation of nanoclusters in the solution is described by 1D 

reaction-diffusion equation [97]; 

��� 
�! � " ���� 

�#� + $ (5.4) 

where [X] is the density of the diffusing nanoclusters at location x and time t, D is the diffusion 

coefficient, and f describes a local reaction kinetics. The first and second terms on the right are the 

diffusion and reaction terms respectively. As discussed in thermodynamic analysis, all the ions at an 

electron penetration depth are instantaneously reduced into neutral atoms followed by formation 

nanoclusters. The local reaction kinetic f can be expressed as 
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$ � 1
&'�(

���� )'# − *( (5.5) 

where Je is the emission current density, n is the valence of the ion, F is the Faraday constant, λ is the 

penetration depth of incidence electrons, σ(r) is number of atoms in a nanocluster, and δ(x) is Dirac 

delta function. Assuming a spherical nucleus, σ(r) is given by 

&'�( � 4
3

��
�  (5.6). 

In a semi-infinite system, Eq. (5.4) has to be solved with the following initial and boundary 

conditions: 

�� � 0 '! � 0   -�   # � ∞(��� 
�# � 0 '# � 0(  (5.7) 

When the virtual wave source is set so as to satisfy the boundary condition, the equation,  

��� 
�! � " ���� 

�#� + 1
&'�(

���� /)'# − *( + )'# + *(0 (5.8) 

is obtained. Since the Green's function of the diffusion equation [98] is 


'#, !; #3, !3( � 1
24"'! − !′( �#6 7− '# − #3(�

4"'! − !3(8   '! > !′( (5.9) 

the concentration distribution [X] is 

�� � : : 
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 (5.10). 

Here, we denote  

C � : 1
√! − !′ �#6 7− '# − *(�

4"'! − !3(8 ;!′A
B

 (5.11) 

In order to solve Equation (5.11), the following variable conversion is performed. 

D � '# − *(�
4"  (5.12) 

E � ! − !′ (5.13) 

;E � −d!′ (5.14) 

Substituting the formulas (5.12), (5.13) and (5.14) into the formula (5.11) and rearranging it results 

in  
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C � − : 1
√E �#6 G− D

EH ;EB
A

� : 1
√E �#6 G− D

EH ;EA
B

 (5.15) 

In order to solve the equation (5.15), the following variable transformation is further performed.  

I � 1
E (5.16) 

;I � − 1
E� ;E (5.17) 

Substituting Equation (5.16) and (5.17) into the equation (5.15) yields the following equation  

C � − : 1
J�/� �#6'−DJ(;J

LA
<

 (5.18) 

Equation (5.18) can be solved by using the integral formula [99] 

: 1
#�/� �#6 '−D#(;# � − 2

√# �#6'−D#( − 2√D��$'√D#( (5.19) 

where  

��$'#( � 2
√ : �#6'−!�(;!M

B
 (5.20) 

Therefore, the solution of (5.15) is 

C � 2√!�#6 7− '# − *(�
4"! 8 − N

" |# − *|��$P 7|# − *|
√4"! 8 (5.21) 

Substituting equation (5.18) into equation (5.7) yields 

�� � 1
&'�(
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−N
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√4"! 8@R

 (5.22) 

where erfc(x) is complementary error function.  
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Figure 5.7 Schematic of boundary condition for solving one-dimensional reaction-diffusion equation. 

Nanoclusters generated at electron penetration length x = λ diffuse in the solution and deposit on the 

target substrate (x = L).  

 

Figure 5.8(a) shows the calculated spatial distribution of Si nanoclusters with r = 10 nm at 

three successive times. The diffusion coefficient is determined by the Stokes-Einstein equation [100] 

" �  STE
6�

1
� (5.23) 

where kB is Boltzmann's constant, T is the absolute temperature, and μ is the viscosity of a solution. 

The calculation parameters are the same as those estimated for free energy (Table 5.1). When the 

concentration increases with increasing time, the spatial distribution of the concentration will flatten 

out, as suggested from the figure. For example, the nanocluster concentrations are uniformly 

distributed over 1 μm at >0.1 s. This means that generated nanoclusters easily propagate to a target 

substrate when a solution thickness is less than 1 μm. To investigate the nanocluster size dependence 

of the transport properties, the normalized spatial distributions with different nanocluster radius at t 

= 1 s are plotted, as shown in Fig. 5.8(b). The lager the nanocluster radius, the slower the nanoclusters 

diffuse into the solution. It is noted that the nanoclusters with radius of 1-100 nm easily diffuse from 

the solution surface to the target substrate within one second when the solution thickness is less than 

1 μm. For Ge nanoclusters, the same results as Si nanoclusters are obtained, as shown in Figs. 5.9(a) 

and 5.9(b). These results support that diffusion kinetics plays an important role in the printing mode. 
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Figure 5.8 Spatial distribution of Si nanoclusters at each time (a) or nanocluster size (b). As the 

viscosity of the solution, the value of propylene carbonate (μ = 2.53 mPa·s) was used. 
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Figure 5.9 Spatial distribution of Ge nanoclusters at each time (a) or nanocluster size (b). As for the 

viscosity of the solution, the value of propylene carbonate (μ= 2.53 mPa·s) was used as in the case of 

Si.  

 

Subsequently, the deposition rate under the printing scheme will be derived using Equation 

(5.22). The deposition rate R is expressed by the following equation using diffusion flux of the 

nanoclusters J.  

� � �
� &'�(� (5.24) 
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From the Fick's law, the diffusion flux J is 

� � −" ��� 
�#  (5.25) 

By substituting Equation (5.23) into (5.25) and calculating it under the condition of x > λ, the 

following equation is obtained. 

� � 1
&'�(

��2�� V��$P G# − *
√4"!H + ��$P G# + *

√4"!HW (5.26) 

Substituting the above equation into Equation (5.24), the equation of the deposition rate is obtained.  

� � �
�

��2�� V��$P G# − *
√4"!H + ��$P G# + *

√4"!HW (5.27) 

This equation means that the deposition rate in the printing mode is determined primarily from the 

electron emission current density, as expected.  

At a sufficient operation time, t → ∞, the deposition rate is 

� � ������ (5.28) 

This equation is consistent with the deposition rate obtained from Faraday's law (Equation (3.1)). The 

electron emission current density Je plays an important role in the deposition rate as in the case of 

dripping mode. Figure 5.10(a) shows the relationship between calculated deposition rate of each 

material and electron irradiation time. The deposition rate rapidly increases at the initial stage of 

ballistic electron incidence and then saturates shortly at ~0.1 s. Its final value strongly depends on the 

electron emission current density. For the calculation of the deposition rate of Cu, the viscosity of the 

solvent was adjusted to the value of water (μ = 1.00 mPa·s). Figure 5.10(b) shows the relationship 

between the estimated thickness of deposited thin films and electron irradiation time for two different 

incident electron current densities. Since the deposition rate is saturated in a short time, the film 

thickness increases almost linearly with respect to the electron irradiation time. It has been made clear 

that the most important determining factor of this deposition mode is the dose of ballistic electrons 

rather than nucleation or diffusion process. These calculations are consistent with the experimental 

results as described in Chapter 4. 
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Figure 5.10 The deposition rate (a) and deposited film thickness (b) as a function of the electron 

irradiation time.  

 

Then, the relation between time evolution of deposition rate and nanocluster size is 

investigated. Figure 5.11(a) is the time evolution of the deposition rate of thin Si films at each 

nanocluster radius. Although the saturation time of the deposition rate becomes longer with increase 

of the nanocluster radius, the deposition rate reaches to the steady value within 1 s even at r = 100 

nm. Here, assuming that L » λ, the time t80% at which the deposition rate reaches 80% of the saturation 

value, is 

!XB% Z 9\�
"  (5.29) 

Obviously the saturation time of the deposition rate is determined by the solution thickness and the 

diffusion coefficient. The t80% of each solution thickness as a function of the radius of the Si 

nanocluster is shown in Fig. 5.9(b). The t80% is proportional to the nanocluster radius. At L = 100 nm, 

thin film deposition starts within 100 s even at r = 10 μm. On the other hand, as L increases, t80% 

(a) (b) 
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abruptly changes. Especially at L = 10 μm, when the nanocluster radius is 100 nm, 1000 s or more is 

required to start thin film deposition. These results indicate that it is necessary to appropriately control 

the solution thickness coated to the target substrate under the printing scheme.  

 

 

 

 

 

 

Figure 5.11 (a) Relationship between the deposition rate and electron irradiation time at different 

nanocluster sizes. (b) The time required for the thin film deposition rate to reach 80% of the steady 

value as a function of the nanocluster radius.  

 

  

(a) (b) 
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5.5 Further evidence 

The electrochemical analysis shown in Fig. 5.12 provides further support for a unilateral 

reduction model. The mean kinetic energy of electrons emitted from nc-Si devices is quite larger than 

thermalized electrons. Thus, the nc-Si emitter can be used as an active cathode supplying highly 

reducing electrons. In fact, cyclic voltammogram measurements on several metal salt solutions in a 

standard three-electrode configuration suggested the reducing activity of the output electrons. The 

results of cyclic voltammetry measurement in a 0.1 M CuSO4 aqueous solution are shown in Fig. 

5.13. A significant anode current was clearly detected under operation of the nc-Si emitter at applied 

voltage higher than the onset of the emission (>5 V), as previously observed in either metal-salt, SiCl4 

or GeCl4 solution [52,53]. In this figure, the result under the Pt–Pt configuration is also shown for 

reference. When a Pt sheet is used as a working electrode, in contrast, no significant anode current 

was observed in the range of electrochemical window. The increase of anode current becomes more 

apparent as the applied voltage increases. In addition, a color change presumably due to the thin film 

deposition appeared on the electron emitting area after the cyclic voltammetry measurement. It is 

expected that the ballistic hot electron injection leads to reduction reaction of Cu2+ → Cu, followed 

by nucleation for thin film deposition, and then excess negative ions are collected at the counter 

electrode anode. As shown in Fig. 5.14, an increase of ionic conductivity due to ballistic electron 

injection under cyclic voltammogram has also been confirmed in semiconductor salt solutions [52,53]. 

This result supports that ballistic electron incidence leads to the thin film deposition under dripping 

or printing scheme.  
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Figure 5.12 (a) The experimental setup of the nc-Si emitter operation for cyclic voltammetry 

measurements in 0.1 M CuSO4 solution under a standard three-electrode configuration. (b) The 

emitter surface potential was scanned in the range of -0.1 to +0.1 V with respect to the standard 

electrode.  

 

 

 

Figure 5.13 Measured cyclic voltammetry characteristics of the nc-Si emitter as a working electrode 

in 0.1 M aqueous solution of CuSO4. The result under the Pt–Pt configuration is also shown for 

reference. 
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Figure 5.14 Cyclic voltammetry characteristics in SiCl4 and GeCl4 solution. Despite the sweep 

voltage within the range of the electrochemical window, injecting ballistic electrons into the solution 

markedly increases the ionic conductivity of the solution. Acetonitrile (AN) or ethanol (EtOH) is used 

as a solvent for SiCl4 or GeCl4 solution, respectively [52,53]. 

 

In addition, the nanoclusters size of the deposited films is 10-20 nm, as previously observed in 

TEM images for thin Si and Ge films deposited under a dipping mode, in which the emitter was 

dipped into the solution and electrons were injected into solutions. As suggested from Figs. 5.5(a) 

and 5.5(b), at an electron energy of 10 eV, the nanocluster formation immediately proceeds. 

Thermodynamically, there is no limitation in the nanocluster size. This point is discussed as a support 

of our model. 

 

5.6 Characteristic features 

The mechanisms for the present deposition mode and the previous mode (deposition on emitter) 

are common with each other in terms of the direct reduction of the target ions in the solution. In the 

previous dripping scheme, however, the thin-film growth tends to saturate at a certain thickness 

because of a self-limiting effect on electron injection. In contrast, there is no limitation in the film 

(a) (b) 
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thickness in the present case. Another advantage is that electron incidence mode is available for 

various substrates such as flexible and/or insulating ones. Actually, a thin Ge film was deposited on 

a thermally oxidized Si substrate as well, as shown in Fig. 5.15. In addition, handling of thin films 

deposited by electron incidence is easy for further processing.   

 

 

 

 

Figure 5.15 Measured EDX spectrum of thin Ge film deposited on thermally oxidized Si substrate 

by printing method. 0.5 M GeCl4 (solvent: 1-ethyl-3-methylimidazolium dicyanamide) was used for 

the solution. Contamination of carbon and chlorine can be removed by additional cleaning method.  

 

The characteristic features of a present scheme are summarized in Table 5.2 in comparison with 

conventional techniques. Chemical vapor deposition (CVD) has been used most widely in 

semiconductor manufacturing processes to form highly pure thin films with sufficiently suppressed 

contaminations less than ppb [1-11]. Many researchers have developed this deposition process since 

silicon was first deposited by hydrogen reduction of silicon tetrachloride in early 1900s [1,6]. Thermal 

CVD (T-CVD) has been used to deposit a wide range of materials including metals, semiconductors, 

and insulators. It is possible to control the nature of a deposited film structure by the proper 

manipulation of the deposition parameters such as temperature, pressure, and the selection of the 
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CVD reaction. Low-temperature growth of high-quality thin films has been required in semiconductor 

industry for the purpose of fabricating submicron electron devices like ultra-large scale integrated 

circuits (ULSI). For example, amorphous silicon films have been grown via plasma-enhanced CVD 

(PE-CVD) at 250 °C [1,14].  

The electroplating has been used in interconnection and various surface coating areas [18]. In 

this thin film deposition technique, it is easily possible to deposit thin films on large substrates and 

structured surfaces. Actually, electroplating is effective for the formation of Cu wires in 

semiconductor manufacturing [18-20]. In addition, its application target have been extended to solar 

cell grade Si [37] and Si anode of lithium ion battery [38-40]. In the conventional electroplating 

approach for deposition of group-IV materials, electroplating of Si and Ge cannot be performed in 

aqueous solutions due to the low electrochemical stability of water. Though pure thin Si films have 

been already prepared by electrodeposition from molten salts, the experiments were carried at high 

temperatures range between 500 and 1400°C [21-23]. Several Si and Ge electrodepositions were 

demonstrated at room temperature using non-aqueous organic solutions [26-32] or ionic liquids [33-

36]. In each case, however, the deposited films show non-uniform, porous, or contamination features 

of structure and composition. Generally, the structure and composition of electrodeposited films are 

strongly influenced by the electrode surface, solution, and supporting electrolyte. In addition, the 

evolution of Cl2 gas at the counter anode is inevitable during the electrolysis. Thus, chemical 

contamination due to diffused Cl2, O2, and residual metals should be a critical issue in electroplating.  

Electron beam induced deposition (EBID) techniques, on the other hand, have been 

demonstrated for thin-film deposition and nanowires formation. It is a direct write process where an 

electron beam with a high energy of 10-300 keV locally decomposes a precursor gas [44-47]. EBID 

traditionally relies on expensive gas phase metalorganic precursors that are not widely available for 

arbitrary elements and compounds. Large amounts of carbon and other species such as oxygen from 

the precursor fragments or incomplete precursor dissociation are deposited along with the metal, and 

the resulting material is often described as a matrix of carbon within which there is a little metal 

[46,47]. To overcome these problems, liquid-phase EBID (LP-EBID) techniques have been 
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developed using specially designed electrochemical cells [101-106] or ionic liquids [107-110]. Y. Liu 

et al. demonstrated electron beam induced deposition of Si nanodots from a SiCl4 liquid precursor in 

a transmission electron microscope and a scanning electron microscope [106]. Silver microstructures 

were patterned by the electron beam irradiation to a room-temperature ionic liquid containing a silver 

salt, as reported by H. Minamimoto et al. [110].  
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Table 5.2 Comparison of thin film deposition method based on ballistic electron incidence 

with conventional dry or wet processes. T-CVD, PE-CVD EP, and EBID, represent thermal 

CVD, plasma-enhanced CVD, electroplating, and electron-beam-induced deposition, 

respectively. 
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The role of electron beam in EBID is completely different from the unilateral direct reduction 

in the incidence mode presented here in term of the energy and phenomenon. The simplicity of our 

system and cleanliness in deposition are other advantages to be noted. In contrast to the thin-film 

deposition under a dripping mode with the nc-Si emitter, there are no limitations in both the substrate 

materials and the film thickness in the printing mode. This technique is possibly applied to the 

deposition of a thin SiGe film using a mixture solution of SiCl4+GeCl4 as shown in Chapters 3 and 4. 

In addition, the present scheme will make it possible to fabricate multi-layered and 3D nanostructures 

by sequential processes using different solutions. This low-temperature, damage-free, and low-power 

process for depositing ultra-thin films and multilayered structure is potentially useful for fabrication 

of photonic and electronic thin film devices.  

As discussed in Chapter 4, the Cl contamination of deposited thin films under printing mode 

was <300 ppm. In the deposition of thin semiconductor films by electroplating, in contrast, the Cl 

contamination is about 1% due to the influence of chlorine gas evolution and decomposition of the 

electrolyte at the anode electrode [8]. Although the EBID has some merits such as direct writing and 

high resolution capability, precursor gas decomposed by electron beam is inevitably included into the 

thin film. Thus, the contamination is remarkably as large as >10% [36]. The reductive electron 

printing scheme can deposit clean thin films as compared with electroplating or EBID. 

In the electron printing scheme, thin film deposition is possible at room temperature like 

electroplating and EBID. Also, since the operating voltage of the nc-Si emitter is low (10-30 V), the 

printing scheme needs no high voltage power source as in the case of PE-CVD or EBID. However, 

there are some problems to be solved in this thin film deposition technique as follows. 

i) As-deposited Si and Ge films are to be oxidized during electron incidence. To avoid the 

oxidation, it is necessary to keep the experimental condition such that the deposition system 

is completely free of oxygen and moisture.  

ii) The deposited Si and Ge films include a certain amount of solution residue. More complete 

post-deposition cleaning process is required for removing the extrinsic contamination in the 

films.  
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iii) Microscopic mechanism of thin film deposition promoted by ballistic electron incidence 

should be further clarified to get high-quality thin films available for device fabrication.  

 

5.7 Summary 

The simple deposition model in the printing mode has been proposed. The thermodynamic 

nucleation analyses showed that the electron incidence at energy of 10 eV is a critical factor for 

triggering the nanocluster formation. The spatial distribution of generated nanoclusters was obtained 

by solving 1D reaction-diffusion equation in semi-infinite condition. The results indicate that the 

diffusion length of the nanoclusters is sufficiently larger than solution thickness. Furthermore, the 

calculated deposition rates were consistent with the experimental results. As being a low-temperature, 

damage-less, and power-effective process, the printing mode provides alternative means of thin film 

deposition on versatile substrates. 
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Chapter 6 

Conclusions 

 

6.1 Summary of each chapter 

This study has investigated the thin film deposition effect utilizing highly energetic electrons 

emitted from the nc-Si ballistic hot electron emitter. By depositing thin Si, Ge, and SiGe films using 

the dripping mode, it was revealed that ballistic electrons easily reduce Si and Ge ions with high 

reduction potential. Subsequently, a printing method has been developed for depositing thin films on 

various substrates including insulating substrates. Deposition of thin Cu, Si, and Ge films using this 

printing method was demonstrated. The simple model of thin film deposition process was proposed 

based on classical nucleation theory and reaction-diffusion law from the experimental results. A 

summary of each chapter and future prospects will be described below.  

 

Chapter 1 

Flexible electronics technology for fabricating integrated circuits on bendable and stretchable 

substrates has attracted attention in recent years with the increase in the market. Compared with 

organic semiconductors commonly used in flexible electronics, inorganic semiconductors such as Si 

and Ge are expected to realize high mobility and high performance devices. However, these materials 

require an environment of high temperature and high vacuum for thin film deposition, so it is difficult 

to form a thin film on a heat-sensitive plastic substrate. Several present conditions and problems of 

deposition technology of thin inorganic semiconductor films including group-IV semiconductors for 

flexible electronics were summarized, and thus the purpose of this research was clarified.  
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Chapter 2 

The principle and features of the nc-Si emitter used in this research, and the application in each 

medium were briefly summarized. In this electron emitter, electrons injected from a Si wafer substrate 

multiply tunnel through the nc-Si dots under high electric field, thereby emitting ballistic electrons 

with high directivity from the surface electrode. Based on these feature, applications as flat electron 

source of flat panel display and multi beam electron beam lithography has been considered. Since the 

energy of emitted electrons is higher than that of a thermalized electrons, this electron emitter operates 

also in air and solution, and particularly in metal or semiconductor salt solution, ballistic electrons 

directly reduce positive ions to form a thin film . In the previous research, there was a problem that 

polytetrafluoroethylene (PTFE) film used for protecting the emitter contaminates the deposited thin 

film with carbon.  

 

Chapter 3 

The dripping method was proposed in which a very small amount of solution is dripped on the 

nc-Si emitter surface to deposit thin films. It was confirmed by this method that Si and Ge thin films 

with Cl contamination below the detection limit of EDX and XPS deposited on the emitter surface. 

It was shown that SiGe thin film deposited by using mixture solution of SiCl4+GeCl4. The structure 

and the resistivity of the thin Cu film deposited on the emitter surface under the dripping mode was 

polycrystalline and 561 μΩ‧cm, respectively.  

 

Chapter 4 

The printing method was developed in which an nc-Si emitter is placed in close proximity to a 

target substrate coated with a solution, and then ballistic electrons are irradiated on the target substrate 

to deposit the thin film. Thin Cu films were deposited by irradiating ballistic electrons on Si or 

thermally oxidized Si substrates coated with CuCl2 solution. It has been demonstrated that thin film 

deposition is also possible by this printing mode. Using SiCl4 and GeCl4 solutions, thin Si and Ge 

films can be deposited also on Cu substrates. Spectroscopic measurements indicate that the deposited 
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thin Si and Ge films consisted of very small nanoclusters. The Cl contaminations suggested from XPS 

and SIMS measurements for these films were below 300 ppm.  

 

Chapter 5 

Based on the results in Chapter 4, a simple thin film deposition model was proposed. Using the 

thermodynamic nucleation theory, it was shown that the energy of incident ballistic electrons meets 

well the requirement for nucleation. The electron energy difference for nucleation between Si and Ge 

affect the composition ratio of SiGe films deposited using a mixture solution of SiCl4+GeCl4 (1:1 in 

volume ratio). According to the reaction-diffusion analyses, nanoclusters formed at the electron 

penetration depth (~10 nm) in the solutions quickly reaches the target substrate. The derived 

deposition rate suggests that the most important determining factor in the reductive deposition mode 

is the dose of ballistic electrons rather than nucleation or diffusion process. The reducing activity of 

ballistic electrons was also supported in cyclic voltammogram measurements. Finally, comparison of 

this printing method with other dry or wet processes showed that the present method is useful as a, 

low cost, and low temperature process.  

 

6.2 Future prospects 

The future prospects of this research are summarized below. In order to understand the 

deposition process from the nucleation by ballistic electron irradiation, it is necessary to elucidate the 

thin film deposition process from a microscopic viewpoint. By using different solutions, multilayer 

film structures and three dimensional structures will be fabricated. This technique is potentially useful 

for fabricating devices such as thin film transistors.  
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