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Abstract

Thin film deposition using the reducing activity dfallistic electrons emitted from
nanocrystalline silicon (nc-Si) diode has been stigated. Energetic electrons emitted from nc-Si
electron emitters reduce positive ions in solutidiirst, thin group-IV film deposition was
demonstrated by injecting ballistic electrons iateery small amount of semiconductor salt solution
dripped on the emitter surface. Spectroscopic aealyevealed that when ballistic electrons were
injected into SiCl or GeCl} solution, thin Si or Ge films were deposited oa #mitter surface. The
Cl contamination of the deposited films was belbe/detection limit of EDX and XPS measurements.
In the mixture solution of SicGtGeCl, it was found that the SiGe thin film was also akgted.

Subsequently, a thin film deposition scheme onmowersubstrates including insulating substrates
was developed. In this method, by irradiating btdielectrons to a solution-coated substrateima th
film can be deposited on various substrates lipeirgting method. By irradiating ballistic electrons
close to the target Si and SiSi substrates coated with the CuGblution, thin Cu films were
deposited on the target substrates. It was revehsdoallistic electrons directly reduced the?Cu
ions in the solution followed by thin film depositi. Based on this result, printing deposition dafi th
group-IV semiconductor films such as Si and Ge wmedormed. Thin Si and Ge films were
deposited on the target Cu substrates as in the ohgrinting deposition of thin Cu films.
Spectroscopic measurements revealed that the deghtisin film consists of very small nanoclusters.
It is shown that the thin film deposition proce$she ballistic printing method can be explained by

using thermodynamic nucleation model and reactiffasion law.
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Chapter 1

Introduction

1.1 Background

We own so many various semiconductor integratexlitg like laptop computers, smartphones,
and other consumer electronics. The improving ginetionality of semiconductor integrated circuits
has been supported by lithography and thin film od&mn technologies since Fairchild
Semiconductor International, Inc. had developedithesilicon based integrated circuit in 1960k [1
Modern circuits has required that metallic, semetarting, and insulating layers in excess of twenty
are deposited with appropriate thickness and qudl]t As a method of depositing these thin films,
a dry process such as chemical vapor depositio®{@Y physical vapor deposition (PVD) technique
has been mainly used in semiconductor industryl[1-1

It is often thought that integrated circuits arewnfactured on rigid substrates such as glass and
Si wafers, but it can also be fabricated on flexitmaterials like plastic which can be stretched and
bent. Such a device is called a flexible devicg.[¥@rious applications have already been proposed,
such as wearable sensors and electronic papethasdt is anticipated that they will become big
markets in the future [13]. (Fig. 1.1) From thewjmint of production cost and compatibility with a
substrate material, these flexible devices arenoftdricated using printing techniques (inkjet or
screen printing, etc.) and organic semiconductti?. By contrast, many inorganic semiconductors
such as Si and Ge exhibit high carrier mobility axdellent stability. However, current thin Si and
Ge film deposition techniques often require highgerature and high vacuum environment, resulting
in high production cost. In addition, the plastibstrate often used for flexible devices plastycall
deforms above 208C [14]. Therefore, it is particularly important tepbsit high-quality inorganic
semiconductor films on various flexible substratesh as metal foils, plastic sheets, and papexs at

low temperature like a printing method.



Dlsplay

Flexible circuit Printing process technology Flexible sensor

Material & evaluation technology

Figure 1.1 Research and development trend of flexible eleatso Development of material,
evaluation, process, and device technologies has lesired to realize the next generation
information terminal equipment [13].

1.2 Advanced thin film deposition techniques

Thin film deposition has been conducted using eithleysical vapor, chemical vapor, or
electrochemical process in correspondence to substraterials. Especial attention has been paid on
thin film deposition technique onto flexible sulasés for both organic and inorganic semiconductors,
as flexible electronics has intensively been dgyadion recent 20 years [14]. In this section, resea
trends in thin film deposition methods of inorgasiemiconductors are summarized mainly for

flexible substrates.

1.2.1 Dry techniques

CVD techniques are most widely used for deposisiligon [1-11]. Among them, thermal
CVD (T-CVD) has a long history, and until the 1970lsad been used to deposit all epitaxial silicon
films. Even in the current semiconductor procesSVD method has been still used in the formation

of dielectric films. Thin film deposition proceedsrough molecule decomposition induced by



thermal energy, so T-CVD basically has a high pge¢emperature (~1000). The high-temperature
processes may affect the junction depth, junctimugtness, and gate performance of transistors.
Thus, as the importance of low temperature deposis increased in the semiconductor process,
alternative plasma-enhanced CVD (PE-CVD) has beanlynused. In addition, although ordinary
amorphous Si (a-Si) film deposition by PE-CVD igfpemed at 25C°C [1,14], a thin a-Si film
deposition at low temperature has also been studrefiexible electronics. For example, a-Si was
deposited on a polyethylene terephthalate (PET}tsatle at 75°C by radio frequency plasma-
enhanced CVD (RF-PECVD) to fabricate thin-film tseators (TFTs) [14]. In general, when the film
deposition temperature is lowered, the mobilitythed a-Si thin film is remarkably decreased, and
then the device performance tends to deteriordtBoigh it is possible to improve the mobility by
using a laser annealing process [15], itis necg$sa buffer layer such that the heat is notdfamed

to the plastic substrate.

PVD techniques such as sputtering and vacuum deposiave been mainly used for metal
layer formation in semiconductor manufacturing [Ah oxide semiconductor such as ZnO can be
formed at room temperature by PVD such as magnspuottering [16] or laser pulse deposition [17].
Polycrystalline ZnO thin films have been succes$gftdrmed on polyimide sheets by laser pulse
deposition [17]. Since these materials have a lbagel gap and are transparent with respect tdeisib
light, application as TFTs for flat panel displagshbeen considered. Although the dry processes
(CVD and PVD) has been widely used as a semicondtitin deposition technique in general, it

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

1.2.2 Wet techniques

Electroplating has been intensively studied by maesearchers for advanced thin film
deposition. This wet process is very simple and effective in comparison with dry processes such
as CVD and PVD [18]. For example, in the recemadllarge-scale integration (ULSI) technology,
Cu films are formed by electroplating in order ¢onfi wiring layers [1,18-20]. Electroplating of thin

semiconducting films has also been studied overymgaars [18]. Since Si and Ge have a very high



reduction potential, these compounds react witlemand immediately form oxides. For this reason,
it is necessary to use a non-aqueous solventdotreplating of Si. Electroplating of Si and Gengsi
molten salts [21-23], organic solvents [24-32], aodic liquids [33-36] has been reported.
Application studies on electroplating of siliconvkabeen conducted in the fields of solar cell [37]
and lithium ion battery anode [38-40]. Depositeid #ilicon films are, however, still poor in thénfi
quality and crystallinity compared with those ob&d from dry processes [18].

Thin film deposition technology using a solutiorshibe potential to realize a low cost process
without vacuum system by combining with spin cogitand printing technology [12]. Actually,
deposition of a-Si or oxide semiconductors has lstedied using a solution processes [41,42]. In
these methods, a substrate coated with a mixtluéi@o of cyclopentasilane and toluene [41], or a
solution containing chemically synthesized ZnO raticles [42] is annealed. However, in order to
obtain a high carrier mobility film by these metkod is necessary to set the sintering temperature
to be higher than the decomposition temperatumasiics [41,42], and thus at present it is dificu

to use it as a flexible device fabrication techgglo

1.2.3 Others

Chemically synthesized nanowires and nanoribboris single crystals have high mobility.
Various nanowires and nanoribbons (Si, Ge, Ill-9ugr, and 11-VI group semiconductors) for TFT
channels have already been reported [14]. Howsirare the characteristics of these devices depend
on the number of nanowires in the channels, thexevariations in the characteristics between the
devices. In addition, the mobility of one nanowseas large as that of a single crystal, but tha to
output current of a device is small.

In recent years, a technique of taking out thinefwibbon structures from a single crystal
substrate and transferring it to a plastic substhais been reported [43]. In this method, since the
wires and the ribbons were taken out from the hjghlity substrate by etching technology, the
performance of the fabricated devices was very.t8gtce the basic processes are done on the mother

wafer, there is no temperature limitation for deviabrication. Although the fabricated devices have



high performance similar to that of semiconductotegrated circuits, since the existing
semiconductor processes are used, the cost ofdkegs is higher than that of the printing method.
While the accelerated focused electron beam isllysused for microscope or lithography,
possible applications to thin film deposition hdsoabeen investigated [44-47]. This deposition
technique is called the electron-beam-induced depos(EBID). A precursor gas such as
metalorganic molecular are introduced into a seanor transmission electron microscope chamber,
and then high-energy electron irradiation leaddeoomposition of adsorbed precursor gas on the
substrate followed by thin film formation. The adt@ge of EBID is that fine patterns can be directly
formed with high resolution. In fact, Pt dots witwidth of 10 nm or less and 10 nm Pt nanowires
were formed by EBID [46]. In addition, since theogess is performed at room temperature, it is
possible to form a thin film on a plastic substrated thus formation of Co, W, and Pt nanowires on
polycarbonate (PC) has been reported [48]. Howékrere remains a serious problem in EBID that
the purity and structure of the deposited thin $ilane poor because of incorporation of decomposed

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

1.3 Aim and objective of the present work

As mentioned in the above section, it is requiteddposit thin films at low temperatures on
varied substrates including plastic flexible sudits. In this study, an alternative thin film depos
method is proposed utilizing the high reducing \afsti of ballistic hot electrons emitted from
nanocrystal line silicon (nc-Si) diode [49-53].tms method, a salt solution containing an objectiv
material such as copper dichloride (Ct)Csilicon tetrachloride (SiG@), or germanium tetrachloride
(GeCl) is coated on a target substrate, and then itedliaith ballistic electrons. The electrons
injected into the solution preferentially reduce target ions followed by thin film deposition. The
schematic of ballistic electron printing is showrHig. 1.2. In conventional electroplating in SiGt
GeClk solution, it is necessary to apply a voltage highan the respective electrochemical window

of 3.76 or 1.24 V, respectively, as indicated ig.Fi.3. As a consequence, unnecessary reactions



possibly proceed simultaneously with electroplatimgaddition, as described in the above section,
the deposited thin film is contaminated due to@adution and decomposition of solvent caused by
the oxidation reaction at the anode electrodeohtrast, the electrons emitted from the nc-Si diode
have energies high enough to redudé &i G&* ions with a large reduction potential. It is notkdt
since the irradiated electrons directly reducetp@sions, it does not require an anode electrode i
principle. From this feature, it looks that a tfilm patterning can be achieved like a printing hoet

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

compared to electroplating or EBID can be formed ttuno gas evolutions at the anode electrode.
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Figure 1.2Schematic illustration of ballistic printing schemsing nc-Si ballistic hot electron emitter.
Thin group-1V semiconductor films can be formeckligrinting method such as inkjet and screen
printing.
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Figure 1.3Redox potential of each ion with respect to tlamdard hydrogen electrode [52,53].

In this research, it is pursued to print thin gréMpsemiconductor films such as Si and Ge by
low temperature process utilizing nc-Si ballistat Blectron emitter. The overview of this reseasch
shown in Fig. 1.4. The structure of this papersisaiows. In chapter 2, the operating mechanism of
nc-Si ballistic hot electron emitter, fabricatioretinod, and features are discussed. The chapter also
describes the previous research on various apiplicat ballistic electron emitters such as flat @an
display, electron beam lithography, and thin fil@pdsition. Subsequently, ballistic electrons are
injected into a small amount of solution drippedtio@ emitter surface, and then thin film deposition
due to the reducing activity of ballistic electraa® verified in Chapter 3. In addition to thinnil

deposition of Si and Ge, the results of depositib8iGe thin film are also described. Based on the
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results of Chapter 3, the printing deposition of, Siy and Ge films in the setup of Fig. 1.2 is
demonstrated in Chapter 4. A simplified depositiaydel of the printing mode is provided employing
classical nucleation theory and reaction-diffusiaw (Chapter 5). Finally, the summary of this

research is described in Chapter 6.

Chapter 1
Introduction
|
Chapter 2
nc-Si Emitters:
Characteristics &
Applications

Chapter 3 Chapter 4
Thin-film deposition Ballistic-electron
under dripping mode printing of thin films

Chapter 5
Deposition mechanism

Chapter 6
Conclusions

Figure 1.4The overview of this research.
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Chapter 2
Nanocrystalline silicon ballistic hot electron emiters and their

applications

2.1 Introduction

This chapter briefly summarizes the fabricationhodt operation mechanism, characteristic
features, and applications of nanocrystal lineaili(nc-Si) ballistic hot electron emitter. The $ic-
layer, which acts as an electron drift layer, isriigated electrochemically by anodization process.
In this layer, electrons are accelerated via mieltipnneling through nc-Si dots and transport under
a ballistic mode. As a result, ballistic electrovith high directivity are uniformly emitted fromeh
surface electrode. From these features, it carppkea not only to electron sources for flat panel

displays and electron beam lithography but algbitofilm deposition.

2.2 Nanocrystalline porous silicon

When a Si wafer substrate is anodized in a hydoofiuacid (HF) solution, elution reaction of
Si progresses self-organically, and then a porauay8r is formed [54], as shown in Fig. 2.1. The
structure of the porous Si layer can be controbgdthe HF concentration, the carrier type and
resistivity of the Si wafer, and the current dgnsit anodization [55]. In the porous Si layer, the
optical, thermal, and chemical properties changendtically compared to bulk Si due to the increase
in the Si surface area and the quantum confinegféatt [54,55]. Although Si is an indirect tranaiti
semiconductor and thus does not emit visible ligttas been confirmed that porous Si emits visible
light by band gap widening and its emission wavglleican be controlled from red to blue [56]. Also,
both of the thermal conductivity and the heat capaxf the porous Si are remarkably lowered due
to the carrier depletion [55]. By utilizing theseoperties, it is possible to apply to visible light

emitting devices [56] and speakers using thermastoo effect without mechanical vibration [57].
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Properties of porous Si are summarized in Table@nithe other hand, when the nanoporous Si layer
Is oxidized under appropriate conditions, a chaincsure is formed in which nanocrystal line Si{nc
Si) dots are separated by thin oxide films. In #trsicture, the size of nc-Si dots is smaller ttien
mean free path of electrons in silicon (~4 nm)hed the electrons in the nc-Si layer are signifita
suppressed in scattering, and thus exhibit balllsthavior [58]. The mean free path of electrons in
the nc-Si layer is greatly increased. Using thisaf it is possible to fabricate an electron esniih
which the nc-Si layer act as an electron drift tajetails of the nc-Si emitter are described i th

next section.

Anode ( ) Cathode

Pt Mesh
] |
Si Substrate
/I
HF Resistant
Coating HF Solution

Figure 2.1 Schematic illustration of anodization for porou&sn production. The structure of the
porous silicon can be controlled by HF concentrgtibe current density, and the carrier type and
resistivity of the Si substrate.
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Table 2.1Characteristic features of nanocrystal line sili§66-58].

Function of nc-Si Function
Confinement Bandgap 7 VlSl!)le
luminescence
. i Ilistic el
Field effect Effectlve electron p Ba. 1s.t1c electron
drift length emission
Thermal Thermo-acoustic
Depletion | conductivity, heat \

effect

capacity

2.3 Nanocrystalline silicon ballistic hot electroremitter

2.3.1 Emission mechanism and property

The schematic of the nc-Si ballistic hot electromtier is shown in Fig. 2.2. The electron
emitter consists of Au surface electrode / nc-$etd '-Si wafer substrate / Al back contact which
has a structure similar to metal-insulator-semicmtor (MIS) diode [49]. The inset shows
transmission electron microscope (TEM) image of mieeSi layer. It seems that nc-Si dots are
connected with a thin oxide film in between. Whepasitive bias is applied to the Au surface
electrode of the emitter, electrons are injectethfthe Si substrate into the nc-Si layer. The ebest
in the nc-Si layer are accelerated via multiplentlimg through the nc-Si dots. Finally ballistictho

electrons are emitted through the surface electrode
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Figure 2.2 Schematic illustration of the device structurenofSi ballistic hot electron emitter. By
applying a positive bias voltage to the Au surfatartrode, ballistic electrons are emitted through
the surface electrode. The inset shows the TEM éentdighe nc-Si layer [49].

Figure 2.3 shows$-V characteristics of the nc-Si emitter. Electron ssioin starts from the
vicinity of the applied voltage of 6 V, and electrourrent density of 100A/cm? is obtained at 16 V.
The Fowler-Nordheim (FN) plots obtained from Fig3 2are shown in Fig. 2.4. The linear
relationships suggest that the electron emissiobasically originated from the field induced
tunneling in the nc-Si layer. Figure 2.5 shows ¢hergy distribution of electrons emitted from the
nc-Si emitter at each bias voltage. It can be $eanat an applied voltage of 14 V, electrons with
energy of 6 eV are emitted at room temperature. dikstic behavior in the energy distribution

becomes more apparent at a low temperature of 100 K
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Figure 2.31-V characteristics of nc-Si emitter. The electronssioin starts at 6 V, and the emission
current density increases with the increasing fidied voltage [49].
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Figure 2.4The FN plots obtained from thev characteristics in Fig. 2.3. Each plot properlgwss
a linear relationship [49].
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Figure 2.5Energy distribution of ballistic electrons emittiedm nc-Si diode in each bias voltage. At
a temperature of 100 K, the energy peak shifteediigh energy side [49].

Similar properties were also seen in nc-Si emittalbsicated by dry process [59]. Also, the
emission electron current strongly depends on ithrethickness of the Au surface electrode. The
thinner the film thickness, the more exponentitily emitted electron current increases, as shown in
Fig. 2.6 [59]. In the graphene surface electrodé withickness of about one atomic layer, electron
scattering at the surface electrode is signifigastippressed, and a sharp energy distribution is

obtained even at room temperature [60].
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Figure 2.6Relationship between the electron emission efiigyeand the film thickness of Au surface
electrode observed in an nc-Si emitter [59].

The conduction mechanism of electrons in the ney®ir was described by an atomistic tight-
binding combined with semi-classical Monte Carhlowliation [61]. According to the simulation study,
in the chain structure of silicon nano-dots sepatrély a thin oxide film (Figs. 2.7(a) and 2.7(bhke
electronic state in the low energy level is diseest, and additionally, the optical-phonon scatigri
Is suppressed. As a result, the electrons in th8imayer tunnel to the next dot before the energy
relaxation. The simulation results show that theuatic-phonon scattering is further suppressed at a
low temperature of 100 K or less, and the ballisBbavior of electrons becomes more apparent, as
shown in Figs. 2.8(a) and 2.8(b) [61]. The simulatresults were supported by the time of flight
measurement [62]. It was estimated that the mesgath of electrons in the free standing film of

nc-Si is 1.6um, which value is much larger that of crystallinesn.
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Figure 2.7 (a) Schematic illustration of the nc-Si diode.dilens are emitted through the surface
electrode under a positive biss Conduction band profile and electron energy ilistron at the
diode surfacen(E), are shown in (b). Here, the energy differencevben the Fermi level of the
substrate and the peak energy of the electronhiison n(E) is defined as the energy |dSsss [61].
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Figure 2.8 (a) An example of calculation result of electroajectory with potential profile. A
schematic illustration of the simulation model floe nc-Si dot array is shown in the inset. Thetrigh
side shows the electron energy distribution atibde surface [62].
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2.3.2 Possible applications

Since the nc-Si ballistic electron emitter is anpllastructure, electrons uniformly emit from
the surface electrode with high directivity. In @aoh to these features, due to the above mechanism
the electron energy is much higher than thermaleedtrons emitted from conventional electron
emitters. Therefore, the nc-Si emitters can opeamateonly in vacuum but also in air and solution
[49]. In these media ballistic electrons physicaty chemically act on substances in the medium.
Characteristic features of nc-Si emitter are sunmadrin Table 2.2. The application of the nc-Si

emitter in each medium is summarized below.

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

B ol Conventional
nc-Si emitter .
electron emitter
Energy aeley ~kT
Angle Directional Dispersive
Mode Surface Point
Media | Vacuum, Air, Solutions High vacuum

2.3.2.1 In vacuum

Flat panel display is an application utilizing thee Si ballistic hot electron emitter [63]. When
ballistic electrons are irradiated on the phospligint is emitted with the same principle as catod
ray tube (CRT). By arraying a large number of ne@®itters in two dimensions, it is possible to
fabricate a flat panel display with the same moparure performance and contrast as CRT. In fact,
prototype full color display panels with diagonafs/.6 inch, with pixel counts of 336 (RGB) x 252

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

This emitter can also be used as an electron saidrage electron beam lithography. In 1:1
electron projection lithography using nc-Si emitésr an exposure source, the formation of a line
pattern of 30 nm or less in the region of 0.2 x;0r# was reported by Koshida et al. despite the low
acceleration voltage (5 kV) [64]. Similar to thepéipation of the electron source to the flat panel
display, it is possible to realize a maskless rhdtam electron beam exposure system (Fig. 2.10)
with high throughput and high resolution by arrayihe electron emitters in two dimensions [65,66].
In this system, 100 x 100 emitter arrays (eacldiation area is 10 x 10m?) were fabricated on a
Si substrate, and every emitter was connected twéH_SI driver using through-silicon-via (TSV)
interconnect technology [65]. 1:1 electron projectiithography using this emitter array has already
been reported [67], and an electron optics dedicetehe 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 multadseexposure 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 excitatiorr@in low vacuum to atmospheric pressure
[49]. For example, when an nc-Si emitter is opetateXe gas, ballistic electrons excite Xe molesule
and generate ultraviolet light [69]. In the atmaosgeh emitted ballistic electrons cause dissociative

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

2.3.2.3 In solution

One of the important features of nc-Si emitterhiattballistic hot electrons have a highly
reducing activity when injected into solution [4®ince electrons are directly injected into the
solution, unlike a conventional electrochemicalctem, an oxidation reaction at the counter
electrode is not required. Therefore, in pure wadtallistic electrons directly reduce only hydrogen

ions followed by H gas generation without byproducts such as oxy@er/8]. It has also been
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confirmed by cyclic voltammogram measurements Wian the electron source was driven in pure
water, the ionic conduction current in the solutiooreased [72]. In addition, due to hydrogen
evolution, the concentration of hydroxide ions ({DH the solution increased, and then the pH shifte

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

] L) L] L L)

Vpg =125V

Pulse width : 30 s
7.0 L Duty: 50% -
—_— in pure water
,.‘Q pu
} =
=
el
[ -
S5,
"o 6.6
o ¥

6.2
0

Time [min]

Figure 2.11Time evolution of pH value during the operatiomofSi ballistic hot electron emitter in
pure water. The inset shows the experimental sef ygulse-driven mode was employed here with
an amplitude, width, and duty ratio of the biagagé being 12.5V, 30 s, and 50%, respectively.[73]

In a metal-salt solution, since ballistic hot etens preferentially reduce metallic ions, the
thin metallic films are deposited on the emitterfaces [49]. As in the case of hydrogen generation,
unlike electroplating, this process proceeds wiélther gas evolution nor byproducts at the counter
electrode, and thus can be expected to form a ftlmm with less contamination compared to

electroplating. It has been reported that ballistectrons are injected into each of CuSRIClz,
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CoSQ, and ZnS@ solutions and thin Cu, Ni, Co, and Zn films ar@agted on the emitter surface
[50,51]. Furthermore, a Cu/Ni bilayer structure vedso fabricated by sequential processes using

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

Intensity [arb. unit]

(c)

Figure 2.12 Optical micrographs of thin films of Ni (a) and /Clu (b) deposited on nc-Si emitters.
Characteristic X-ray signals of Cu and Ni was det@drom the EDX spectrum for the Cu/Ni

multilayer (c) [51].
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Since the energy of ballistic hot electrons emiftedh nc-Si diodes is as large as 5-7 e¥! Si
and Gé" ions having a large reduction potential can béyessduced. Deposition of Si and Ge thin
films due to the reduction effect of ballistic élens has been reported by Ohta and Koshida et al.
[52,53]. In this study, electron diffraction meamment revealed that the deposited thin Si film was
amorphous, as shown in Fig. 2.13 [52]. In addititwe, Si wire array was formed by driving the nc-
Si emitter patterned with resist mask in Si€dlution (Figs. 2.14(a) and 2.14(b)) [52]. Howe\ke
deposited thin film was contaminated with carborthwy polytetrafluoroethylene (PTFE) film used
to protect the nc-Si emitter [52]. Since thin filfilesmed by this dipping method are deposited on the
nc-Si emitter, it is difficult to apply it to thalbrication of devices such as thin film transis{@isTs).

The solutions to these problems are described aptéins 3 and 4.

Intensity [arb.units]

o

Energy [keV]

Figure 2.13EDX spectrum of a thin Si film deposited on anSiemitter. The insets show a cross
sectional TEM image of the deposited film and theesponding electron diffraction image (electron
acceleration voltage: 200 kV). The diffraction ts&éd revealed that amorphous Si was deposited on
the emitter [52].
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(b)

Figure 2.14(a) Schematic device structure of nc-Si ballistectron emitter patterned with electron
beam resist. The actual device was fabricated thattthe unit of four emission windows (500, 140,
100, and 180 nm in width) was arranged periodicdlhe SEM image confirmed that the arranged
Si wires were deposited in parallel as designedby)

2.4 Summary

The characteristic features of nc-Si ballistic életctron emitters and their applications has been
made clear. The nc-Si diode emits ballistic elerfrom the thin surface electrode by multiple
tunneling under a high electric field in the nckSier. The output electrons uniformly emitted from
the surface electrode have high directionality. &leetron energy of emitted electrons is much highe
than that of thermally emitted electrons. From ¢éhkesatures, the nc-Si emitter operates not only in
vacuum but also in various media. In particulametal or semiconductor salt solutions, thin metall
and semiconducting films can be deposited dueddithly reducing activity of ballistic electrons.
However, in the previous studies, there was a prolthat the deposited thin films were contaminated
by protecting films. Further, in the current thilmf deposition method, since a thin film is depedit
on the emitter surface, it is difficult to fabriead device such as a TFT. The methods for solVieggt

problems will be described in detail in the follogichapters.
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Chapter 3

Reductive thin-film growth under dripping mode

3.1 Introduction

As mentioned in previous chapter, the nc-Si badlismitter operates even in solutions as a
supplier of highly reducing electrons into chemisjécies. In previous reductive deposition of thin
film utilizing ballistic electrons, the nc-Si eng@ttwas driven in a salt solution (dipping schene).
this situation, the deposited film was contaminat&tt carbon by poly(tetrafluoroethylene) (PTFE)
film used for device protection. A dripping schemewhich a very small amount of a solution is
dripped onto the emitting surface is proposed f@ravoiding such extrinsic contamination. This
chapter reports deposition of thin Si and Ge filoysdripping scheme and the detailed material
characterizations of the deposited films. In additthis deposition scheme was extended to thie SiG

film deposition.

3.2 Experimental

3.2.1 Emitter fabrication

The nc-Si emitters presented here were made framdoped poly-Si on atype Si wafers
with a (100) crystal orientation. The wafers weseldeposited with a 300 nm thick Al film by vapor
deposition before being vacuum annealed at“€3during 1 hour to form an ohmic contact. The
wafer were sliced into small square pieces of Zr2followed by smoothing surface using chemical
mechanical polishing (CMP). After that the wafersrav/ cleaned in a pure acetone bath at room
temperature under ultra-sonication during 15 mlloveed by a boiling pure ethanol 20 min as well.

The sample was anodized in an ethanoic HF sol(®6f& HF : ethanol = 1:1) under the
illumination by a 500 W tungsten lamp. The anodaraturrent was sequentially modulated in three

cycles, at 2.5 mA/cffor 1 s and 25 mA/cifor 2 s to form a multilayer structure. High-quali
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oxide films were then formed around Si nanodotglegtrochemically oxidizing the prepared nc-Si
layer in an ethylene glycol solution. Drying treatmwas performed in supercritical €(@ressure:
14 MPa) for removal of residual water moleculesrfittie nc-Si layer. Finally, Au (10 nm)/Ti (1 nm)
was sputtered on the nc-Si layer surface to fothirasurface electrode. On top of contacting layer,
a small contacting pad of Al (300 nm) was depositedrovide higher mechanical support for the

external contacting probe. The process flow is showFig. 3.1.

poly Si
[1] Starting material (1.6 pm) B n*-Si
P
[2] Substrate preparation
» Back contact formation
* Chemical mechanical
polishing (CMP) —\
+ Cleaning Al
[3] Anodization
* in ethanoic HF
| —
[4] Oxidation & Drying nc-Si
+ Electrochemical p (~1pm)
Oxidatio_n_ (ECO) I -
* Supercritical CO,
Drying (SCRD)
Au (10 nm) / Ti (1 nm)
: Al (300
[5] Electrode formation \ o~ Al (300 nm)
+ Top contact ]

» Contacting pad | I

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

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

Fig. 3.2. A very small amount of a SiQir GeClk solution dripping onto the limited nc-Si emitter

surface area was controlled by a dispenser syst@@ ul). The nc-Si electron emitter was then

driven in the range of the applied voltagefrom 10 to 15 V without using any counter elecaod

mixture solution of SiGkGeChk (1:1 in volume ratio) was used for deposition gdha SiGe film.

Since SiCl and GeCi are active in air, all the experiments were cdragat in a N-gas-filled glove

box. After the injection of ballistic electronssr@ual solutions on the emitter surface were rerdove

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

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

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

(Nz purged glove box

SiCl,, GeCl,, or out
SiCl, + GeCl, .
dispenser
\ i -
v ® 6 0 o
“Vb controller

-

-
In
_J

Figure 3.2 Schematic configuration for thin film depositionden dripping mode. The controlled
dispenser system dripped a very small amount aitisol onto the emitter surface regulated by a
barrier mask. It is noted that no counter electsagle 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 Sicbr GeCl solution was dripped onto the nc-Si emitter swefac
and then it was operated for 12 minutes. Thin fileposition was observed in the emitting area in
each solution. Observed SEM images of thin Si ardilGhs deposited near the boundary of the
emission region are shown in Figs. 3.3(a) and 3.8(bppears that Siand G&" ions at the interface
are preferentially reduced by injected energetctebns, resulting in the deposition of a thin fés
in the case of a thin metal film [49-51]. Unlikestbsual electrode reaction, which proceeds follgwin
spontaneous migration of thermalized electrons, thductive reaction unilaterally proceeds at the
emitter surface due to the lack of the countertedele. As a result, the dbn concentration in the

solution relatively increases without gas evolution

(b)

150 ym 25 um

Figure 3.30bserved SEM images of thin Si (a) and Ge (b) fitteposited under dripping scheme
(Samples 1 and 2). Ballistic electrons injectiotoithe dripped SiGland GeCi solutions leads to
the thin film deposition at the electron emissiossa

Figures 3.4(a) and 3.4(b) show the corresponding Epectra. It is noted that no
contamination signals (such as Cl and C signatsatected [74], in contrast to electroplating [26-
28] and the previously reported dipping schemeg3R,This result suggests that unilateral reduction

without byproducts proceeded at the electron epmssurface. As suggested from the electron
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diffraction image of thin Si film deposited by tdgping scheme [52], this deposited film is thought
to be amorphous. The absence of a significant ountdion of the deposited films is also supported
by wide-scanned XPS spectra (0-1400 eV) measuramearthe XPS spectra of Figs. 3.5 (a) and 3.5
(b), it can be seen that the deposited films hasgrmaficant contamination signal except for O &d
signals due to the exposure of samples to air béf@ XPS measurements. Figures 3.6(a) and 3.6(b)
show XPS spectra for deposited Si and Ge films.biinging energy peak shift corresponding to the
Si—O (SiQ: 103.4eV) and Ge-0O (Ge(B2.7eV) bonding [75] indicates the oxidation efpdsited
thin films. The lack of signals of Si—Si (Si 2p:.88V) and Ge—-Ge (Ge 3d: 29.3eV) [75] in the XPS
spectrum will be discussed in Chapter 4. In thipging mode, the C contamination previously
observed in the dipping method is significantly segped in the dripping mode, and the sign of the
Cl signal is below the detection limit of XPS. Tha®sults suggest the technical potential of this

deposition mode.
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Figure 3.4 Measured EDX spectra of thin Si (a) and Ge (Imdildeposited under dripping mode
(Samples 1 and 2). For comparison, the spectrutheobriginal Au surface electrode is shown in
each figure. It is important that no signs of C &ictontaminations 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 Sirfd)@e (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)sfitl@posited on the emitter surface
(Samples 1 and 2).

34



Further evidence of this deposition mode is obthinem the SIMS measurements. The SIMS
profiles of the deposited thin Si and Ge films amnshin Figs. 3.7(a) and 3.7(b). Both Si and Ge
signal intensity profiles have obvious peaks nearsurface region. The Au and Ti signals correspond
to the materials of the thin surface electrode. Sttaded area of the profiles (extremely outer saejfa
is excluded from consideration, as the SIMS praéildistorted by large fluctuations in the secogdar
ion yield. Because of the roughness of at leastrh@®n the original surface of the nc-Si emitteg, th
microscopic surface structures of the depositeah8iGe films are not uniform. Afelising behavior
of the Au and Ti profiles in the deep region (>20 mrelated to this surface roughness. In addition
the relatively high intensity of the Au signal tght to be due to the local exposure of the sarfa

electrode caused by a discontinuity of the depddfian films.

) (b)

10° . . . 10° . . .
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Figure 3.7 Measured SIMS profiles of deposited thin (a) Si @ed(b) flms (Samples 1 and 2). The
extremely outer surfaces are excluded from conaiaber because of the fluctuation of the yield of
secondary ions (gray area).
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3.3.2 Thin SiGe films

Based on the above results, this dripping technieaeapplied to a thin SiGe film deposition
using a mixture solution. After operation of theiten in the condition of Fig. 3.2, thin film
deposition was clearly seen in the electron emisarea, as in the case of deposition of thin Si and
Ge films. Figures 3.8(a)—3.8(c) show the surfacM$faage and measured Si and Ge XPS spectra.
The XPS measurements clearly detected the pealesponding to Si and Ge, as in the cases of thin
Si and Ge films. It has been confirmed that a thieSilm is deposited in a self-regulated manner
without using any complicated systems. The SIMSsuesament as shown in Fig. 3.9 indicates that
the peaks of both the Si and Ge signals clearlgapin the deposited region. The compositionabrati
estimated from this SIMS intensity profile was &e.1. The most important determining factor for
deposition rate here is thought to be the chemmadliction kinetics. Another related factor is the
energy diference between injected ballistic hot electrons taedreduction potentials of chemical
species. There is a largdfdrence in reduction potential between $i/6+2.40 V vs SHE) [26] and
Ge/Gé* (0.12 V vs SHE) [76]. In addition, the electrochieahwindow of SiCi solution (3.76 V) is
considerably larger than that of Ge&blution (1.24 V). More detailed theoretical axperimental
analyses of deposition of thin Si and Ge films nedak carried out on the basis of thedéedences.
Other factors are the concentration of ions in tswhs; the migration of reduced atoms, and the
subsequent nuclei formation for the film growthtHa case of SiGe, mutual bonding formation of Si
and Ge atoms is another issue. Although theserfaate yet to be determined, the primary influential
parameter for the control of the compositionalrafi SiGe is the initial mixture ratio of Si3iGeCh

solution.
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Figure 3.80bserved SEM image (a) and the corresponding e&s (b and c) of a deposited thin

SiGe film (Sample 3).
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Figure 3.9Measured SIMS profile of a thin SiGe film deposibedhe emitting surface (Sample 3).
The shaded area is excluded from considerationuseaaf fluctuation of the yield of secondary ions.

3.3.3 Deposition rate
The deposition ratR of thin Si and Ge films under ballistic electr@auction can be explained
by the previously reported model based on Faradiay'$52, 53]. According to this simplified model,

the deposition ratR is given by

_ Wl
nFp

(3.1)

wherew, Je, p, N, and F are the atomic weight of Si or Ge, thecimpa current density, the density of
Si or Ge, valence of the ‘Sior Gé* ion, and the Faraday constant, respectively. Ehjisation
suggests that it is possible to estimate the tieiskiof the deposited thin film fralaand the operation
time To. These experimental conditions and the correspgnéistimated film thicknest are

summarized in Table 3.1. In the case 0fsSk.1, the compositional ratio was taken into account fo
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the estimation. For comparison, the film thickneskgtermined from the width of the SIMS profile,
denoted byts, are also shown in this table. In each casetsthalues are larger than thevalues.
This is attributed to a limited depth resolutiorthie SIMS profile owing to the surface roughness. It
Is possible to fabricate multilayered Si/Ge struesuby a sequential drive of the emitter for drgbpe
SiCls and GeCi solutions. This reductive deposition scheme ispiially useful for low-temperature,
damage-free, and clean deposition of ultra-thinisenductors, and possibly multilayered film
structures the fabrication of photonic and eledtrodevices. Indeed, anffiient visible

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

Table 3.1.Experimental parameters of the thin film deposi{i: applied bias voltage (ref. Fig. 3.2),
Je: injected current densityp: operation time) and the film thicknesgstimated from the theoretical
deposition rate. The values of thicknéssletermined from measured SIMS profiles, are sitswn
for comparison.

Sample Solution v, [V] Jo[pA/em?] T, [min] t,[nm] t, [nm]
1 SiCl, 11 3 12 1.7 3
2 GeCl, 12 8 12 2.0 8
3 SiCl, + GeCl, 12 5 12 1.1 5

Compared to the previously reported dipping schpieb3], the proposed dripping scheme
significantly suppresses extrinsic carbon contattona The amount of solution for thin film
deposition can be minimized because of drivingit¥&i emitter without using any counter electrode.
However, since electron emission from the nc-Sitmiends to decrease as the thickness of the
deposited thin film increases, there should belfdisgting mechanism in this deposition process.

The improved method is presented in the next chapte

39



3.3.4 Structural and electrical characterization

The structural and electrical characteristics eftthin Cu film deposited by the dripping mode
were evaluated. When a copper chloride solution dvggpped on the emitter surface and then the
emitter was driven, a thin metallic film was depedion the emitter surface. SEM image and EDX
spectrum of the deposited thin Cu film shown in.Big.0(a) suggest that thin Cu film was deposited
by ballistic electron injection into the coppertsadlution. From AFM measurement (Fig. 3.10(b)),
the average film thickness of deposited thin Qm fifas estimated to be about 100 nm. According to
the results of 4-probe and AFM measurements, gistnaty of an as-deposited thin Cu film was 561
uQ-cm. This value is about 300 times larger thanGheulk resistivity (1.68Q-cm). This can be
attributed to the fact that the deposited film &again structure as observed in SEM image and AFM
profile. The structural and electrical properties of tha tiim deposited by this method should be
improved by annealing treatment.

Figure 3.11 shows an In-plain XRD spectrum of t6un film deposited by ballistic electron
injection reported by Ohta et al. [51]. In this sppem, cubic lattice structure peaks were detected
such as Cu(111), Cu(200), and Cu(220), suggediagat polycrystalline Cu film has been deposited
under ballistic electron reduction. The presentodépd thin Cu film is thought to be polycrystaflin

as well.
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Figure 3.10(a) EDX spectrum and corresponding SEM image iaf@u film deposited by dripping
mode. (b) AFM image and thickness profile of defaabthin Cu thin. The electrical resistivity of the
deposited thin Cu film was estimated to be p&lcm by 4-probe measurements.
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Figure 3.11In-plain XRD spectrum of thin Cu film deposited ioyection of ballistic electrons into
copper salt solution. The spectrum indicates tbatgoystalline Cu deposited on the emitter surface
[51].

3.4 Summary

When ballistic hot electrons are injected into tiipped solution, it is shown that an
amorphous thin group-1V film is uniformly deposited the nc-Si emitter. Besides elemental Si and
Ge, thin films of SiGe can also be deposited undgrgsed dripping scheme. This mode is triggered
by preferential reduction of target ions withoutgmpducts. The emitted electron energy matches
well with the requirements for reduction of*Sand Gé&* ions. In contrast to the conventional dry
process based on the decomposition of active gtseballistic electro-reduction proceeds at room
temperature. However, this deposition scheme témdsaturate the thin film growth at a certain
thickness due to the self-limiting effect on eleatinjection. It has been shown that the electrical
resistivity of the thin Cu film deposited by thaphing mode is 5612-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 schiemés to saturate at a certain thickness
because of a self-limiting mechanism. In additisimce the thin film is deposited on the emitter
surface, handling of the deposited film is not efasypractical use. Therefore, a printing schem® ha
been proposed hefer thin film deposition onto a counter substratee Thc-Si emitter is located
separately from the target substrate coated wehnktal or semiconductor salt solution, and then
ballistic electrons are irradiated onto the sulbstréhis deposition scheme can be expected to solve

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

4.2 Experimental

The nc-Si emitters were prepared as describedapt€h3. Figure 4.1 shows the experimental
setup of printing scheme. All the experiments weagied out in a dgas-filled glove box at room
temperature. At first, a Cu, Si, or Ge salt solutieas coated on a single-crystalline Si (c-Si) wafe
substrate, a thermally oxidized (0.01 wrih thick) c-Si, or a Cu substrate. Since i&id GeCl are
very active with water molecules in ambient, premd carbonate was used as a water-proof organic
solvent. This substrate was located in front ofrtbeSi emitter. A gap between them was controlled
by a piezoelectric actuator in the range 500 nmmnbat 16 ~ 13 Pa, taking the ambient pressure
dependence of ballistic hot electrons’ mean freaé pad vaper pressure of the coated solution into
account. The salt solutions and target substragesuanmarized in Table 4.1. For thin film deposifio
the nc-Si electron emitter was driven in an intétenit pulse avb = 10 -16 V with a duty ratio of
20%. The voltag&/a between the emitter and the substrate was 0 - 2Bé&/current densitye was

monitored during the emitter operation. After thegessing, residual solutions were removed by
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elution or evaporation. The deposited films wereratiarized by scanning electron microscope
(SEM), energy dispersive X-ray (EDX), atomic forngroscope (AFM), spectroscopic reflectometer,

X-ray photoelectron spectroscopy (XPS), and Rarsattexing measurements.
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Figure 4.1 Schematic experimental configuration of thin-fill@position under an electron incidence
scheme. A solution-coated target substrate is rerinom an nc-Si emitter. A piezoelectric actuator
allows us to control a gap between the nc-Si enatte the target substrate in apNirged glove box.

Table 4.1 Experimental parametexs the thin-film deposition [c, concentration of @idn; Vb,
applied bias voltage (refer to Fig. 4.1}, voltage between nc-Si emitter and target sulestdat
electron emission current densifls, operation time]. EG, PC, and EMI-DCA represeihtyktne
glycol, propylene carbonate, 1-ethyl-3-methylimidi@zm dicyanamide (ionic liquid), respectively.

Sample Electrolyte Solvent (I\C/I) sgbasrﬁ Zie Pnz}s)zl)lre Gap (I\/}’) (I\/;‘) ( uA:/]zmz) (n]l%n)
1 CuCl, H,0 +EG 0.075 Si 10¢ 0.lmm 16 10 0.7 120
2 CuSO, H,0 0.1 Si ambient 0.5um 16 0 8.0 20
3 CuCl, H,0 +EG 0.075 SiO,/Si 10¢ 03mm 15 5 0.1 60
4 CuCl EMI-DCA 1.0 Si <102 Imm 16 5 5.2 40
5 SiCly PC 0.5 Cu 103 Smm 16 20 9.3 10
6 GeCly PC 0.5 Cu 103 Smm 16 20 6.2 10
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4.3 Results and Discussion

4.3.1 Thin Cu films

After irradiating ballistic electrons on the targebstrate coated with Cu&olution under the
above procedure, a color change appeared on tjet sabstrate surface probably due to thin metallic
film growth. The SEM images of the original c-Sidasheposited thin film surfaces are shown in the
insets of Fig. 4.2. These images indicate thathiimemetallic films were deposited on the impinging
area under the printing mode. As shown in Fig. h2,EDX spectra and the corresponding SEM
images clarify the composition of the deposited filiihe characteristic X-ray signals of Cu
corresponding to &, Ka, and K3 [74] were clearly detected without contaminatignsh as carbon
and chlorine. This result clearly suggests thatrdeposited thin film consists of pure Cu. Asigio
in Fig. 4.3, similar thin film deposition was obtad under the printing mode using Cu&Queous
solution [65]. The implication is that preferentiaiduction of Cé&' ions on solution surface due to
impinging energetic electrons led to nucleation ttee growth of Cu thin films. Although their
electrical properties have not yet been evaludtesl adhesion strength between the deposited Cu
films and the substrates is comparable with thamnéal by conventional vacuum deposition or

sputtering.
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Figure 4.2 Measured EDX spectra of the original and depostdustrate surfaces (Sample 1). The
inset shows the SEM images corresponding to each ggectrum.
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Figure 4.3 Measured EDX spectra of the original and depostédastrate surfaces (Sample 2). The
respective SEM images are also shown in the 884t [

Related evidence of this printing deposition mods hlso been obtained from thickness
measurements. The AFM image of the deposited thifil@ and the corresponding thickness profile

are shown in Figs. 4.4(a) and 4.4(b), respectiialgm the AFM profile in Fig. 4.4(b) the average
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film thickness was estimated to be 6.6 nm. Figuteshows the measured and simulated optical
reflection spectra of the Cu film deposited on$hsubstrate. The Cu film thickness suggested from
the fitting of the simulation to the experimentahaiis 5.7 nm that is nearly equal to the AFM resul
As described in Chapter 3, it is expected thathéngrinting mode under the reductive reactioXof
ions, that is<"* + ne” — X, the film deposition ratR is proportional to the electron emission current
densityJe [52,53]. AtJe = 10~ 100 uA/cm?, for instance, the expect®lvalue of Cu is 0.22 2.2
nm/min. The value expected from the deposition aaig the emitter operation time is almost equal
to the observed film thickness. A detailed disaussin deposition rate in the printing mode is given

in Chapter 5.
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Figure 4.4 An AFM image obtained from the boundary betweendbposited thin Cu film and the

original the c-Si substrate (a), and corresponthigkness profile (b) (Sample 1). The film thickees
can be estimated about 6.6 nm.
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Figure 4.5 Reflection spectrum obtained from the depositeu fisample 1). Simulated spectrum
assuming Cu deposited on Si is also shown herdittiyg the measured and simulated spectra, the
thickness of the deposited thin Cu film is estindatebe 5.7 nm.

It was confirmed that no electrode reaction orsthitestrate contribute to present scheme under
ballistic printing using a thermally oxidized cBafer as a substrate. When printing deposition was
performed on the same experimental conditions @f #i1, a pure thin Cu film was also deposited
on SiQ/Si as in the case of c-Si substrate case (Fig. Agparently unilateral reduction under
electron incidence is different from carrier exaparat the conventional electrode reaction. It is
important from a technological viewpoint that threnpng deposition scheme is potentially available
for insulating substrates such as glass and pobyiiée use of low vapor pressure ionic liquid as a
solvent can further enhance its usefulness. Fanphkag the printing experiments can be performed
even at a vacuum pressure (¢Ba) and a large emitter-target gap (>1 mm) byguair-Si wafer
coated with a CuCl-dissolved ionic liquid [77-79]he deposition of thin Cu films has been
successfully observed as well after electron emieration, as shown in Fig. 4.7. As the unildtera
reduction of Cé&" in solution proceeds, the relative concentratibnegative ions (Clin this case)
should be increased without gas evolutions. Asipusly reported, the nc-Si emitter operation in

pure water and metal salt solutions without usimg @unter electrode led to significant increase of
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the pH value with increasing operation time of @maitter [73]. A possible explanation is that
spontaneous neutralization by metastable positine in experimental environment might promote

continuous thin film deposition by preventing infexnegative charging.
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Figure 4.6 Measured EDX spectra of the original substratedaqbsited film surfaces (Sample 3).
A thermally oxidized c-Si wafer (S#ZBi) was used as the substrate in this case.
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Figure 4.7 Measured EDX spectra of the original substratedaqbsited film surfaces (Sample 4).
Athermally oxidized c-Si wafer (SilBi) was used as the substrate in this case. oM™ (solvent:
1-ethyl-3-methylimidazolium dicyanamide) was used the solution. By using ionic liquid as a
solvent, irradiation of ballistic electrons becompsssible even in high vacuum condition.
Contamination of nitrogen can be removed by addti@leaning method.

4.3.2 Thin Si and Ge films

During the above-mentioned incidence procedureplarachange appeared in the target
substrate surface, due to the growth of a thin flihe insets in Figs. 4.8(a) and 4.8(b) show the SEM
images of the boundary between deposited thin fdnthe original Cu area. Thin Si and Ge films
are deposited on the impinging area after remottiegresidual solution, as in the case of the Cu
deposition. The EDX spectra obtained from depoghedfilms are shown in Figs. 4.8(a) and 4.8(b).
The characteristic X-ray signals of Si and Ge Wéfe clearly detected with no contaminations of
chlorine. The peaks of the carbon are likely duthéosolution residue. These components might be
removed by complete dissolution treatments. Acjuatl case of the Cu deposition, no signals of

carbon contamination were detected in EDX spedtea a sufficient dissolving process.
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Figure 4.8 Measured EDX spectra of Si (a) and Ge (b) filmpod#ted under an incidence mode
(Samples 5 and 6). The observed SEM images nedotiedary 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 filrashown in Figs. 4.9(a) and 4.9(b). In
both cases, thin films are oxidized, though tha tBe film is not fully oxidized [75]. It is difficla
from these results to suppose that thin films apmodited as continuous layers. Possibly the foomati
of very small nanoclusters occurs at the initiaigst of electron incidence and subsequently fast
oxidation proceeds in solutions associated wittodgjon, rather than natural oxidation (Fig. 4.10),
though the details of competitive process of numeaand oxidation should be clarified. As in the
case of the previous dripping mode, no other sgylileé chlorine were observed in XPS spectra of
deposited thin films measurements, as shown in4&id.(a) and 4.11(b).

On the other hand, secondary ions of Cl were deddctthe SIMS analysis of the deposited
thin Si film as shown in Fig. 4.12. Though the giitative contamination level within the film is yet
to be determined, the SIMS profile suggests thahsignal intensity tends to increase towards the
interface between the deposited thin film and thes@bstrate. Taking into account that the secondary
ion yield of Cl for Cs is about one order and two orders of magnitudbédrighan that of Si and Cu
[80], respectively, the observed CI profile is tethnot to the intrinsic contamination, but to the
extrinsic one like the residual solution. This asption should be verified by more complete post-
deposition cleaning to remove the residual solutidndging from XPS measurements, the
contamination level in the present deposited filsnhought to be less than 300 ppm. It appears that
impinging energetic electrons preferentially red8#& and Gé&" ions at the solution surface, which
is followed by the nucleation and oxidation. Simila the printing deposition of thin Cu films, the
resultant change in the solution is only a relath@ease in the Clion concentration without gas

evolutions.
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Figure 4.9 Measured XPS spectra of deposited thin Si (a)@a¢b) films (Samples 5 and 6).
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\
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Figure 4.10Schematic of the expected structure of the thiril@edeposited by the printing mode.
The thin Ge film consists of nanoclusters coverét thin oxide films.
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Figure 4.11Wide-scanned XPS spectra of deposited thin Sarfd)Ge (b) films (Samples 5 and 6).
Cl contamination is not detected in both depoditéu Si and Ge films.
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Figure 4.12Measured SIMS profiles of thin Si film deposited ©u substrate. The extremely outer

surface surrounded by the shaded area is excludeddonsideration because of fluctuation of the
yield of secondary ions.

The model nanoclusters formation has been suppbyt&hman spectrum of thin Ge film as
shown in Fig. 4.13. Owing to a sufficiently lardesarption coefficient of incident laser (5.4% 1T
Lat 532 nmin this case [81]), Raman shift featuedsted to ordered Ge-Ge bonding at 300 nm [82]
and amorphous phase at 280 nm [83-85] are detdntddn Si films, significant Raman signals were

not observed due to a relatively small absorptiofiX1@ cm* at 532 nm [81]).
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Figure 4.13Measured Raman spectrum of a thin Ge film deposite@u substrate (Sample 6). A
532 nm laser was used.

4.3.3 Comparison with dripping mode

From scientific and technological viewpoints, thexee distinct differences between the
previous dripping and the present case.

i) It has been made clear by the present electroilénce mode that thin solid films can be
deposited only by electron-induced reduction ofsiavithin solutions without using any
electrode reactions.

i) In the case of previous deposition on emittee thin-film growth saturates at a certain
thickness because of a self-limiting effect on &tacinjection. In the present case, in contrast,
there is no limitation in the film thickness.

iii) The present mode makes it possible to depibgit films onto various substrates including
flexible sheets and insulating ones. In the prevideposition on the emitter surface, it was
difficult to handle deposited films and to use thimfurther processing.

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

printing of nanostructured thin films can be readizin the same way as the parallel multi-beam
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lithography. In addition, the printing scheme wilbke it possible to fabricate multi-layered and 3D
nanostructures by sequential processes usingehtfeolutions. 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, &d Ge films using an nc-Si ballistic hot
electron emitter was demonstrated. When Cu, SG@ersalt solution coated target substrates are
irradiated with as-emitted electrons, reductivetiea of target ions efficiently proceeds followed b
the growth of thin films. The compositional and staual analyses confirmed that Cl contamination
of the deposited thin films is below the detectionit of XPS measurements. Further studies are
required to determine whether the CI signal deteftem the SIMS analysis is attributed to the
intrinsic contamination or the extrinsic one dueirtoomplete removal of residual solution. This
approach is possibly available for deposition dfeotmetals, group-1V semiconductors including
SiGe, and their multilayers. As being a low-temp#ne, damage-less, and power-effective process,
the electron incidence mode is potentially alteweameans 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 emndhtreduction effect of ballistic hot
electrons emitted form nc-Si emitter. It has beemanstrated that thin Cu, Si, Ge, and SiGe films
can be deposited under a printing scheme. Thistehascusses in more detail throughout the
process from electron incidence to film depositidnsimplified deposition model in a printing
process was designed based on classical nucléa&ory and reaction-diffusion law. In the classical
nucleation approach, the critical energy for nugléarmation in electron incidence was evaluated.
This shows that the output electron energy of th&inemitter is suitable for promoting preferential
reduction of target ions within the penetrationttiep solutions followed by the nuclei formation.
To clarify mass transport in a solution, the spaw@time variation of the distribution of the geated
nanoclusters are investigated by solving one dimeakreaction-diffusion equation. The dynamic
behavior of the deposition rate in the printing masl deduced from the theoretical analysis. The
direct reduction model was supported separatelgyajic voltammetry analyses on the reducing

activity of ballistic electrons. Finally, the chateristic features of the printing mode are sumpeati

5.2 Modeling

In the electron printing scheme, unilateral reduciccurs in solutions differently from the
exchange of thermalized electrons in the conveatiefectrode reaction. A schematic deposition
model is shown in Fig. 5.1. Positive ions corresjiog to a degree of dissociation are present in the
solution coated on the target substrate. The exastef positive ions is consistent with the faettth
CuCk, CuSQ, SiChk, and GeCisolutions used in the experiment are availablelectroplating, and

that thin Cu, Si, and Ge films are deposited orctitbodic substrate.
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When ballistic electrons are irradiated on the oy the electrons preferentially reduce the
positive ions followed by nanocluster formation.atypical electron incidence current densityof
= 10pA/cm?, electrons impinge into a solution with a surfdeasity of 6.2 x 18 electronss®-cnr
2. This is comparable with the areal density of C8¢*, and G&" ions in the experimental solutions.
Due to a fast reduction kinetics under electroidieicce, a large number of nanoclusters are gewkerate
at an electron penetration depth (about 10 nm @&nangy of 10 eV [86]), as indicated in Fig. 5.1.
The thickness of the coated solution in our expeniis just about 100 nm that is much smaller than
the diffusion length of nanoclusters in solutiohus$, densely generated nanoclusters are aggregated
or deposited on the target substrate. Under a séiglelectron incidence, a thin film is formed on
the substrate surface. This deposition model slpported by the fact that there is no gas elenlut
during the deposition process, and that thin fit@s be deposited onto insulating substrates.

In the reductive reaction of"™ ions, that isX™ + ne — X, the film deposition rat® is
expected to be proportional to the electron emissiorent densitye [52,53]. AtJe = 10~10QA/cn?,
for instance, the expect®values of Si and Ge are 0.19~1.9 and 0.21~2.1 mmfespectively. The
observed film thicknesses of Si and Ge are comgistéh the value expected from the deposition

rate and the emitter operation time, as in the o&§®1 deposition.
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Figure 5.1 Schematic illustration of the thin film depositipnocess by ballistic electron printing.
Under electron incidence, a significantly large nemiif atoms are generated at a penetration depth
around the stopping power peak. This leads todimedtion of nanoclusters, diffusion, and deposition

onto the target substrate.
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Figures 5.2 and 5.3 show schematic illustrationshef charge neutralization process and the
current continuity in the dripping and the printingpdes, respectively. In the dripping mode (Fig.
5.2), where a small amount of a salt solution ippled on an emitter surface, associated with
reduction of positive ions in a solution followe anocluster formation, the relative concentration
of negative ions are increased. Possible pathwaprieventing infinite negative charging and for
promoting continuous thin film deposition is spoamns neutralization of increased negative ions
by meta-stable positive ions in the experimentdiamt such as N, O2*, H3O"(H20)n, NH4"(H20)n
[87,88]. In fact, when the nc-Si electron emitteasadriven in pure water and metal-salt solutions
without using any counter electrodes, the pH vaigmificantly increased with increasing the
operation time as previously reported [73].

In thin film deposition on conductive target substs under the printing mode, negative ions in
solutions are relatively increased by reductiopaditive ions under ballistic electron incidence as
shown in Fig. 5.3. The diffused negative ions rethehtarget substrate surface and contribute to the
external current flow through the carrier exchafayemaintaining charge balance [89,90]. Thus, the
current continuity is kept under the printing mo8@ce the potential difference in the solution is
much smaller than the voltage corresponding teetbetrochemical window, no electrode oxidation
reactions occurs at the target substrate surfaisecdnsistent with the facts that no gas evolutias
observed during electron incidence and that theacoimation level of thin Si and Ge films in the
printing mode is considerably lower than that iectloplated ones. In the case of insulating target
substrates (Fig. 5.3), on the other hand, relativelreased negative ions are steadily neutralzed
meta-stable positive ions in experimental ambientlarly to the dripping case.

Another possible pathway for preventing negativargimg and for promoting continuous thin
film deposition in the printing mode is spontanemeasitralization by meta-stable positive ions
generated by emitted ballistic electrons. Actuatighe case of low-vacuum varied-pressure scanning
electron microscopy (VP-SEM), where effective al@atenergy is higher than the ionization energy
of residual gas (e.g., 15.5 eV fos das [91]), it is possible to get stable imagemsidilating samples

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

this study.
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Figure 5.2 Schematic illustration of the charge neutralizaiithe dripping mode.
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5.3 Thermodynamic analysis

To clarify the triggering factor of nucleation, tiree energy of a hanocluster formativ@ is
calculated as a function of incident electron ep@ng a basis of thermodynamic nucleation analysis.
In contrast to the conventional electroplatingrétere no electrode reactions in this depositiodano
Therefore, homogeneous nucleation scheme [94] italde for our modelling, where nuclei are
directly formed in the solution. According to clecsd nucleation theory [94], the free energy of a
nanocluster formatiomG, as a function of nanocluster radiyss given by (assuming a spherical

nucleus):

4 A
AG = —?Vuﬁ + 4mar? (5.1)

whereAu is the difference in chemical potential betweeanadecule in solution and that in the bulk
of the crystal phase, aMs the volume occupied by each molecule in thetatyand: is the surface
free energy. The first term in the right side isied to the transfer of ions from solution to tingstal
phase and the second to the increase of surfacgyethee to creation of the nanocluster. According
to electroplating process [9%u can be expressed as

Au = enn (5.2)
wheree is the electron charga,is the valence of the ion, apds the overpotential. The value is
defined asv/pNa wherew is the atomic weighjp is the density, antla is the Avogadro constant.
Figure 5.4 shows the band diagram of ballistic tebecemission from the nc-Si device and the
subsequent reduction ¥f* ions. In this case ballistic hot electrons gerestan the nc-Si layer are
injected into a solution through a low-vacuum gegion. For simplicity, it is assumed here that the
Fermi level in solution lies in the middle of thie@rochemical windovEew. From this figure, the
relation between the electron energy E and thepotential is given by

E
E=n+% (5.3)

Electron energy in this case corresponds to actefeeexternal applied potential in the conventiona

electroplating. The calculation parameters [26,6pz®e summarized in Table 5.1.
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Figure 5.4 The band diagram of ballistic electron emissianfrthe nc-Si device and subsequent
reduction ofX™ ions followed by the thin film depositioX£ Cu, Si, or Ge). In this model, the Fermi
level in the solution lies in the center of thectlechemical window. The electron energythe
overpotentiak, and the half of the electrochemical windBw/2 are shown in the figure.

Table 5.1.Material parameters used for calculation of theefenergy of Si and Ge nanoclusters:
densityp, atomic weightv, surface tension, and electrochemical windokew are referred to Refs.

[26,76,96].

. P w a Eew
Material
(g/cn?) (g/mol) (mN/m) 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 calculat&lvs.r curve for Si and Ge at different electron
energies, where is the radius of Si and Ge nanocluster. As suggefsom Fig. 5.5(a), at electron

incident energies of 1-2 eV, Si nanoclusters caimeoproduced due to a positive value of the free
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energy in any nanocluster radius. At an electrarggnof 10 eV, on the other hand, th@ values of

Si exhibits an abrupt decrease in the negativ@negith increasing. The implication is that electron
energy of 10 eV is suitable enough for promotirggghontaneous growth of Si nanoclusters followed
by the formation of a thin film. This is consistevith the nanoclusters size of a thin Si film defezki

by a dripping mode (about 10-20 nm) that was esath&rom the transmission electron microscope
(TEM) images [52,53]. Similar result was seen ie @®e case, as shown in Fig. 5.5(b), though the
AG-r curves are different from Si at low electron emnesglue to a difference in the material parameter
shown in Table 5.1. In either Si or Ge, output etats of the nc-Si emitter meets well the requiretme
for the thermodynamic criterion. As a related ekpent, thin film was deposited using a
SiCls+GeCh mixture (1:1 in volume ratio) solution, under idence of electrons with a mean energy
of 4 eV. In accordance with the result of EDX meament, a significantly Ge-rich film (Si: Ge
0.3:0.7) was deposited, as shown in Fig 5.6. OlslyoGe nanoclusters are preferentially formed at
low electron energies. This is consistent with madel and the free energy behavior of Si and Ge

shown in Figs. 5.5(a) and 5.5(b).
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Figure 5.5Free energy of formation of a Si (a) or a Ge @acluster as a function of nanocluster
radiusr at diferent electron incidence energies. There are twipetitive processes in the incidence
mode: dffusion and nucleation. The electron incidence a\1@neets well the requirement for the

nucleation of Si and Ge.
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Figure 5.6 Measured EDX spectrum of thin SiGe film deposit®d printing method. Ballistic
electrons with an energy of 4 eV were irradiate@ tmixture solution of SiG+GeChk (1:1). As a
result of the quantitative analysis, it was foulnat the thin SiGe having a composition ratio oG8i
of 0.3:0.7 was deposited on the Cu substrate.

5.4 Mass transport

The spatial and temporal change in the distributicthe generated nanoclusters is calculated
for clarifying the deposition process. The schemafithe diffusion process of the nanoclusters in
the printing scheme is shown in Fig. 5.7. Assuntirag ballistic hot electrons uniformly impinge into
a solution surface, the diffusion and generatiomarioclusters in the solution is described by 1D

reaction-diffusion equation [97];

ox]  0?[X]
ot Doz T/ -4

where K] is the density of the diffusing nanoclusters @tationx and timet, D is the diffusion

coefficient, and describes a local reaction kinetics. The first secbnd terms on the right are the
diffusion and reaction terms respectively. As discugséitermodynamic analysis, all the ions at an
electron penetration depth are instantaneouslycestlinto neutral atoms followed by formation

nanoclusters. The local reaction kindt@an be expressed as
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Je

f= a()F

22 5(x — A) (5.5)

whereJe is the emission current densityis the valence of the iof,is the Faraday constantis the
penetration depth of incidence electras(s) is number of atoms in a nanocluster, a¢d is Dirac

delta function. Assuming a spherical nuclet(s) is given by

o(r) = 4?7”7 (5.6).

In a semi-infinite system, Eqg. (5.4) has to be sdlwith the following initial and boundary
conditions:

[X]=0 (t=0 or x=o0)

a[xX] ~ (5.7)
W =0 (x = 0)

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

a[x]  _o%x] 1 ],
=D +G(r)ﬁ{6(x—/1)+6(x+l)} (5.8)

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

Glx, t;x',t") = —M> t>t) (5.9)

2./mD(t — t)) exp( 4D(t —t")
the concentration distributiorX] is
1
f j G(x, t;x', t")—= o) F{(S( — D) +6(x"+)}dt'dx’
(x — 1)? (x + 1)? ,
a(r) 2nF\/_.f — { ( —4D(t )> exp (— —4D(t — t’))} dt (5.10).

Here, we denote

B (x — )? )
I—fo—mex ( 2D(t = t))dt (5.11)

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

_ 2
A= 4;) (5.12)
T=t—t (5.13)
dT = —dt’ (5.14)

Substituting the formulas (5.12), (5.13) and (5.049 the formula (5.11) and rearranging it results
in
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I=—J;O%exp<—%>dT=J:%exp<—%>dT (5.15)

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

(5.16)

de = —ﬁdT (5.17)

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

1
t 1
I =— J;o mexp(—Ae)de (5.18)

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

f#exp(—/lx)dx = —%exp(—Ax) — 2VmAerf (VAx) (5.19)
where
2 X
erf(x) = ﬁjo exp(—t?)dt (5.20)

Therefore, the solution of (5.15) is
B (x — 2)? T lx — A
I = 2ﬁexp<— L )—\/%lx—llerfc(\/m> (5.21)
Substituting equation (5.18) into equation (5. 8lgs
1 Je (x —2)? (x + 1)
[X] = o) ZFD lZ\/f{exp (— e >+ exp <— iDr >}
_\/E{pc — Aerfc <|x _ Al) + |x + Alerfc (Ix il M)}l
D V4Dt V4Dt

whereerfc(x) is complementary error function.

(5.22)
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Figure 5.7 Schematic of boundary condition for solving oneeinsional reaction-diffusion equation.
Nanoclusters generated at electron penetratiorilerg A diffuse in the solution and deposit on the
target substratexE L).

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

three successive times. The diffusion coefficisrdatermined by the Stokes-Einstein equation [100]

kgT 1
p= rell

= 5.23
6mur ( )

whereks is Boltzmann's constani, is the absolute temperature, ani$ the viscosity of a solution.
The calculation parameters are the same as thtisgates] for free energy (Table 5.1). When the
concentration increases with increasing time, gagial distribution of the concentration will flatt

out, as suggested from the figure. For example, nieocluster concentrations are uniformly
distributed over um at >0.1 s. This means that generated nanoclusasily propagate to a target
substrate when a solution thickness is less than.ITo investigate the nanocluster size dependence
of the transport properties, the normalized spadlstributions with different nanocluster radiug at

= 1 s are plotted, as shown in Fig. 5.8(b). Thelalge nanocluster radius, the slower the nanaasist
diffuse into the solution. It is noted that the oesters with radius of 1-100 nm easily diffusanfr

the solution surface to the target substrate withi@ second when the solution thickness is less tha
1 um. For Ge nanoclusters, the same results as Schaters are obtained, as shown in Figs. 5.9(a)

and 5.9(b). These results support that diffusiore#cs plays an important role in the printing mode
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Figure 5.9 Spatial distribution of Ge nanoclusters at eactet{(a) or nanocluster size (b). As for the
viscosity of the solution, the value of propylerebonate = 2.53 mPa-s) was used as in the case of
Si.

Subsequently, the deposition rate under the pgrdacheme will be derived using Equation
(5.22). The deposition rate is expressed by the following equation using ditfn flux of the

nanoclusterd.

R=%0@H (5.24)
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From the Fick's law, the diffusion flukis

J = _D% (5.25)

By substituting Equation (5.23) into (5.25) andccédting it under the condition of > 4, the

following equation is obtained.

1 /. x—A x+A
J = EZnF {erfc (ﬁ) +erfc (\/m)} (5.26)
Substituting the above equation into Equation (p.2¥% equation of the deposition rate is obtained.
R =K]—e{erfc (ﬂ) +erfc <x+/1)} (5.27)
p 2nF V4Dt V4Dt

This equation means that the deposition rate irptivging mode is determined primarily from the
electron emission current density, as expected.

At a sufficient operation timé,— oo, the deposition rate is

_wi,
nFp

(5.28)

This equation is consistent with the depositior mditained from Faraday's law (Equation (3.1)). The
electron emission current densiiyplays an important role in the deposition ratenathe case of
dripping mode. Figure 5.10(a) shows the relatigmsetween calculated deposition rate of each
material and electron irradiation time. The depositrate rapidly increases at the initial stage of
ballistic electron incidence and then saturatestishat ~0.1 s. Its final value strongly dependdiom
electron emission current density. For the calcutadf the deposition rate of Cu, the viscosityhad
solvent was adjusted to the value of water(1.00 mPa-s). Figure 5.10(b) shows the relatipnsh
between the estimated thickness of deposited ithis find electron irradiation time for two diffeten
incident electron current densities. Since the dijon rate is saturated in a short time, the film
thickness increases almost linearly with respetiiéeelectron irradiation time. It has been madarcl
that the most important determining factor of téposition mode is the dose of ballistic electrons
rather than nucleation or diffusion process. Thedeulations 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 thigené) as a function of the electron
irradiation time.

Then, the relation between time evolution of defmsi rate and nanocluster size is
investigated. Figure 5.11(a) is the time evolutainthe deposition rate of thin Si films at each
nanocluster radius. Although the saturation timéhefdeposition rate becomes longer with increase
of the nanocluster radius, the deposition ratehesdto the steady value within 1 s even at100
nm. Here, assuming thiat> 1, the timetsow at which the deposition rate reaches 80% of theation

value, is

9]2
tgoo =~ 3

(5.29)
Obviously the saturation time of the depositiore igtdetermined by the solution thickness and the
diffusion coefficient. Thelso» of each solution thickness as a function of thdius of the Si

nanocluster is shown in Fig. 5.9(b). Thesis proportional to the nanocluster radiusLAt 100 nm,

thin film deposition starts within 100 s evenrat 10 um. On the other hand, &sincreasestsox
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abruptly changes. Especiallylat 10pum, when the nanocluster radius is 100 nm, 1000nsawe is
required to start thin film deposition. These résuridicate that it is necessary to appropriatehyiol

the solution thickness coated to the target suiestrader the printing scheme.
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Figure 5.11 (a) Relationship between the deposition rate dectren irradiation time at different
nanocluster sizes. (b) The time required for the film deposition rate to reach 80% of the steady
value as a function of the nanocluster radius.
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5.5 Further evidence

The electrochemical analysis shown in Fig. 5.12viges further support for a unilateral
reduction model. The mean kinetic energy of elextr@mitted from nc-Si devices is quite larger than
thermalized electrons. Thus, the nc-Si emitter loarused as an active cathode supplying highly
reducing electrons. In fact, cyclic voltammogramasw@ements on several metal salt solutions in a
standard three-electrode configuration suggesteddtiucing activity of the output electrons. The
results of cyclic voltammetry measurement in ald.CuSQ aqueous solution are shown in Fig.
5.13. A significant anode current was clearly degcinder operation of the nc-Si emitter at applied
voltage higher than the onset of the emission (&Y previously observed in either metal-salt|SiC
or GeCl} solution [52,53]. In this figure, the result undee Pt—Pt configuration is also shown for
reference. When a Pt sheet is used as a workioty@&de, in contrast, no significant anode current
was observed in the range of electrochemical winddw increase of anode current becomes more
apparent as the applied voltage increases. Iniaddé color change presumably due to the thin film
deposition appeared on the electron emitting aftes the cyclic voltammetry measurement. It is
expected that the ballistic hot electron injectieads to reduction reaction of €u— Cu, followed
by nucleation for thin film deposition, and thencegs negative ions are collected at the counter
electrode anode. As shown in Fig. 5.14, an incre@senic conductivity due to ballistic electron
injection under cyclic voltammogram has also bemrfioned in semiconductor salt solutions [52,53].
This result supports that ballistic electron incide leads to the thin film deposition under dripping

or printing scheme.
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reference.
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Figure 5.14 Cyclic voltammetry characteristics in SiGind GeCl solution. Despite the sweep
voltage within the range of the electrochemicaldew, injecting ballistic electrons into the soluttio
markedly increases the ionic conductivity of thiigon. Acetonitrile (AN) or ethanol (EtOH) is used
as a solvent for Sicbr GeCl solution, respectively [52,53].

In addition, the nanoclusters size of the depodited is 10-20 nm, as previously observed in
TEM images for thin Si and Ge films deposited unadeatipping mode, in which the emitter was
dipped into the solution and electrons were ingdtdo solutions. As suggested from Figs. 5.5(a)
and 5.5(b), at an electron energy of 10 eV, theodlaster formation immediately proceeds.
Thermodynamically, there is no limitation in thennaluster size. This point is discussed as a stippor

of our model.

5.6 Characteristic features

The mechanisms for the present deposition modéhenorevious mode (deposition on emitter)
are common with each other in terms of the diredtiction of the target ions in the solution. In the
previous dripping scheme, however, the thin-flmvgiotends to saturate at a certain thickness

because of a self-limiting effect on electron iti@e. In contrast, there is no limitation in théfi
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thickness in the present case. Another advantagigaiselectron incidence mode is available for
various substrates such as flexible and/or ins\datnes. Actually, a thin Ge film was deposited on
a thermally oxidized Si substrate as well, as showiRig. 5.15. In addition, handling of thin films

deposited by electron incidence is easy for furgitecessing.
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Figure 5.15Measured EDX spectrum of thin Ge film depositedimrmally oxidized Si substrate
by printing method. 0.5 M Ge&(solvent: 1-ethyl-3-methylimidazolium dicyanamideds used for
the solution. Contamination of carbon and chlodar be removed by additional cleaning method.

The characteristic features of a present schenmsuanenarized in Table 5.2 in comparison with
conventional techniques. Chemical vapor depositf@vD) has been used most widely in
semiconductor manufacturing processes to form wighte thin films with sufficiently suppressed
contaminations less than ppb [1-11]. Many reseaschave developed this deposition process since
silicon was first deposited by hydrogen reductibsilicon tetrachloride in early 1900s [1,6]. Thexim
CVD (T-CVD) has been used to deposit a wide rarfigeaterials including metals, semiconductors,
and insulators. It is possible to control the natof a deposited film structure by the proper

manipulation of the deposition parameters sucheagpéerature, pressure, and the selection of the
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CVD reaction. Low-temperature growth of high-quathin films has been required in semiconductor
industry for the purpose of fabricating submicrdeceon devices like ultra-large scale integrated
circuits (ULSI). For example, amorphous silicomd have been grown via plasma-enhanced CVD
(PE-CVD) at 250 °C [1,14].

The electroplating has been used in interconneetiwhvarious surface coating areas [18]. In
this thin film deposition technique, it is easilggsible to deposit thin films on large substrates a
structured surfaces. Actually, electroplating ideetive for the formation of Cu wires in
semiconductor manufacturing [18-20]. In additids,application target have been extended to solar
cell grade Si [37] and Si anode of lithium ion bayt[38-40]. In the conventional electroplating
approach for deposition of group-IV materials, &lgglating of Si and Ge cannot be performed in
aqueous solutions due to the low electrochemiedlilgtyy of water. Though pure thin Si films have
been already prepared by electrodeposition fromandalts, the experiments were carried at high
temperatures range between 500 and 1400°C [21S28feral Si and Ge electrodepositions were
demonstrated at room temperature using non-aquegasic solutions [26-32] or ionic liquids [33-
36]. In each case, however, the deposited films st@mwuniform, porous, or contamination features
of structure and composition. Generally, the stmeeand composition of electrodeposited films are
strongly influenced by the electrode surface, sofytand supporting electrolyte. In addition, the
evolution of Ct gas at the counter anode is inevitable during eleetrolysis. Thus, chemical
contamination due to diffused £20z, and residual metals should be a critical issiedantroplating.

Electron beam induced deposition (EBID) techniques, the other hand, have been
demonstrated for thin-film deposition and nanowfcemation. It is a direct write process where an
electron beam with a high energy of 10-300 keV llgadecomposes a precursor gas [44-47]. EBID
traditionally relies on expensive gas phase megaluc precursors that are not widely available for
arbitrary elements and compounds. Large amountartibn and other species such as oxygen from
the precursor fragments or incomplete precurs@odiation are deposited along with the metal, and
the resulting material is often described as aimatr carbon within which there is a little metal

[46,47]. To overcome these problems, liquid-phad®iDE (LP-EBID) techniques have been
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developed using specially designed electrocheralld [101-106] or ionic liquids [107-110]. Y. Liu
et al. demonstrated electron beam induced depo$ifi&i nanodots from a Sidiquid precursor in

a transmission electron microscope and a scantaat@n microscope [106]. Silver microstructures
were patterned by the electron beam irradiatianrmom-temperature ionic liquid containing a silver

salt, as reported by H. Minamimoto et al. [110].
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Table 5.2Comparison of thin film deposition method based on ballistic eleatmdance

with conventional dry or wet process&sCVD, PE-CVD EP, and EBID, represent thermal

CVD, plasma-enhanced CVD, electroplating, and electron-beam-induceditidepos

respectively.
Process Phase Mode Temperature Energy Contamination Fressice Material Film
[eV] [Pa] structure
- o -1 5
T-CVD 1000 C 10 10 Metal, Amorphous,
Dry Gas | Decomposition <ppb Semiconductor, | Polycrystalline,
o " ’ Insulator Single-crystal
PE-CVD ~200 °C 10 10
Metal Polycrystalline
" Redox 2 5
Wet EP Liquid = 10 ~1% 10
reactions
Semiconductor Amorphous
EBip | G3S or Decomposition RT 10° >10% 10° setal, Amorphous
liquid Semiconductor
Electron
incidence
This Metal Polycrystalline
« | Liquid |  Reduction 10’ <300 ppm 10°~10°
Ll Semiconductor Amorphous




The role of electron beam in EBID is completelyfetiént from the unilateral direct reduction
in the incidence mode presented here in term oétleegy and phenomenon. The simplicity of our
system and cleanliness in deposition are otherrddgas to be noted. In contrast to the thin-film
deposition under a dripping mode with the nc-Sitemithere are no limitations in both the substrat
materials and the film thickness in the printingd®o This technique is possibly applied to the
deposition of a thin SiGe film using a mixture smntof SiCkh+GeCh as shown in Chapters 3 and 4.
In addition, the present scheme will make it pdsedib fabricate multi-layered and 3D nanostructures
by sequential processes using different solutibhs low-temperature, damage-free, and low-power
process for depositing ultra-thin films and muitgéaed structure is potentially useful for fabrioati
of photonic and electronic thin film devices.

As discussed in Chapter 4, the Cl contaminatiodepfosited thin films under printing mode
was <300 ppm. In the deposition of thin semicondiuitms by electroplating, in contrast, the CI
contamination is about 1% due to the influencehdérine gas evolution and decomposition of the
electrolyte at the anode electrode [8]. Although BBID has some merits such as direct writing and
high resolution capability, precursor gas decomgdmieelectron beam is inevitably included into the
thin film. Thus, the contamination is remarkably lasge as >10% [36]. The reductive electron
printing scheme can deposit clean thin films aspam&d with electroplating or EBID.

In the electron printing scheme, thin film depasitiis possible at room temperature like
electroplating and EBID. Also, since the operatmtjage of the nc-Si emitter is low (10-30 V), the
printing scheme needs no high voltage power soasde the case of PE-CVD or EBID. However,
there are some problems to be solved in this tmmdeposition technique as follows.

1) As-deposited Si and Ge films are to be oxidizeaing electron incidence. To avoid the
oxidation, it is necessary to keep the experimesaatition such that the deposition system
is completely free of oxygen and moisture.

i) The deposited Si and Ge films include a certmount of solution residue. More complete
post-deposition cleaning process is required forongng the extrinsic contamination in the

films.
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iii) Microscopic mechanism of thin film depositigpromoted by ballistic electron incidence

should be further clarified to get high-qualityrtilms available for device fabrication.

5.7 Summary

The simple deposition model in the printing mods baen proposed. The thermodynamic
nucleation analyses showed that the electron incel@t energy of 10 eV is a critical factor for
triggering the nanocluster formation. The spatisiribution of generated nanoclusters was obtained
by solving 1D reaction-diffusion equation in semitnite condition. The results indicate that the
diffusion length of the nanoclusters is sufficignitirger than solution thickness. Furthermore, the
calculated deposition rates were consistent witettperimental results. As being a low-temperature,
damage-less, and poweffective process, the printing mode provides altéreaheans 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 depositeffect utilizing highly energetic electrons
emitted from the nc-Si ballistic hot electron emnitBy depositing thin Si, Ge, and SiGe films using
the dripping mode, it was revealed that ballistectons easily reduce Si and Ge ions with high
reduction potential. Subsequently, a printing mdthas been developed for depositing thin films on
various substrates including insulating substrddegosition of thin Cu, Si, and Ge films using this
printing method was demonstrated. The simple motitdin film deposition process was proposed
based on classical nucleation theory and reactiffustbn law from the experimental results. A

summary of each chapter and future prospects witldscribed below.

Chapter 1

Flexible electronics technology for fabricatingegtated circuits on bendable and stretchable
substrates has attracted attention in recent yeiinsthe increase in the market. Compared with
organic semiconductors commonly used in flexibeetbnics, inorganic semiconductors such as Si
and Ge are expected to realize high mobility agt performance devices. However, these materials
require an environment of high temperature and agluum for thin film deposition, so it is diffidul
to form a thin film on a heat-sensitive plastic sinéite. Several present conditions and problems of
deposition technology of thin inorganic semicondudims including group-IV semiconductors for

flexible electronics were summarized, and thuspiimpose of this research was clarified.
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Chapter 2

The principle and features of the nc-Si emitterdusethis research, and the application in each
medium were briefly summarized. In this electronttam electrons injected from a Si wafer substrate
multiply tunnel through the nc-Si dots under hidécéic field, thereby emitting ballistic electrons
with high directivity from the surface electrodead®d on these feature, applications as flat electro
source of flat panel display and multi beam elettveam lithography has been considered. Since the
energy of emitted electrons is higher than thatthiermalized electrons, this electron emitter ajssr
also in air and solution, and particularly in megalsemiconductor salt solution, ballistic elecson
directly reduce positive ions to form a thin filnin.the previous research, there was a problem that
polytetrafluoroethylene (PTFE) film used for prdteg the emitter contaminates the deposited thin

film with carbon.

Chapter 3

The dripping method was proposed in which a verglsamount of solution is dripped on the
nc-Si emitter surface to deposit thin films. It wamfirmed by this method that Si and Ge thin films
with Cl contamination below the detection limitBDX and XPS deposited on the emitter surface.
It was shown that SiGe thin film deposited by usimgture solution of SiGk+GeCh. The structure
and the resistivity of the thin Cu film deposited the emitter surface under the dripping mode was

polycrystalline and 56LQ-cm, respectively.

Chapter 4

The printing method was developed in which an nefSitter is placed in close proximity to a
target substrate coated with a solution, and tladlistic electrons are irradiated on the targessuate
to deposit the thin film. Thin Cu films were depesi by irradiating ballistic electrons on Si or
thermally oxidized Si substrates coated with Guglution. It has been demonstrated that thin film
deposition is also possible by this printing modsing SiCk and Ge( solutions, thin Si and Ge

films can be deposited also on Cu substrates. &secipic measurements indicate that the deposited
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thin Si and Ge films consisted of very small nanstdrs. The Cl contaminations suggested from XPS

and SIMS measurements for these films were beldvpRn.

Chapter 5

Based on the results in Chapter 4, a simple thindeposition model was proposed. Using the
thermodynamic nucleation theory, it was shown thatenergy of incident ballistic electrons meets
well the requirement for nucleation. The electraergy difference for nucleation between Si and Ge
affect the composition ratio of SiGe films depagitesing a mixture solution of SigiGeChk (1:1 in
volume ratio). According to the reaction-diffusiamalyses, nanoclusters formed at the electron
penetration depth (=10 nm) in the solutions quickdaches the target substrate. The derived
deposition rate suggests that the most importaetadning factor in the reductive deposition mode
Is the dose of ballistic electrons rather than eaibbn or diffusion process. The reducing actioity
ballistic electrons was also supported in cyclitammogram measurements. Finally, comparison of
this printing method with other dry or wet processbowed 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 sumnthrizedow. In order to understand the
deposition process from the nucleation by ballistectron irradiation, it is necessary to elucidage
thin film deposition process from a microscopicwpmint. By using different solutions, multilayer
film structures and three dimensional structurdishgifabricated. This technique is potentiallyfuse

for fabricating devices such as thin film transisto
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