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Chapter 1 Introduction

Chapter 1. Introduction

1.1Energy crisisand global warming

As the development of the modern Webbecomegaster, energy issu®as been raised up as a crisis.
The release of greenhouse gas fromabesumptionfossil fuel ha contributed to increasing dhe
average surface temperature of this pldoel.18 degrees Celsisince the late fcentury asshown
in figure 11[1]. One of the promising renewable and harmless seisd@e solar energylhe global
solar energy consumption has been raised fr@&% to 1.1% since 20(@]. However there is still a
far way to meet the goal of carbon neutraltyichhumars expect to achievne goaby the midcentury.
Thus, it is in high demand to improve the fabricating technafisslar cells and promote the usage of
thetechnique One of the conventional methods to suppress the reflectance is coating an antireflection
layer above the silicon (Si) substr§®. However, the reflection loss from the coating layer cannot be
ignored and the manufacture of this layer is expensive because of the requirement of high precision
Surfa@ texturing with nanocone structure on Siesubstratgso called black Si)s anothemmethod to
reduce the optical lostue to the multiple reflections of light among the nanocone. This is a promising
method tancrease the solar energgnversion efficientvithout the deposition of an antireflection layer

[4i 7].
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Figure1.1 The change in global surface temperature from 1880 to 2020 relative tb12861
average temperaturgl.

1.2 Application of Si-nanocone NCs)

Nanocone structure is a conical structure witize of 0.1 to 16 mas shown in figuré.2. It can
be fabricated on many materials to improve the physical or optical perfornfaniogprove properties
of the material, density of nanocolaéd on the surfacis usually over 1@ .
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Figurel.2 A scanning electron micrograph of nanocone structure on silicon surface in a tilted view
of 30°.
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Figure 1.3 (a) Photographs of amorphous Si thin film (left), nanowire arrays (middle), and nanocone
arrays (right). (b) Schematic illustration of hemispherical measurement using integrating sphere. (c)
Measured results of absorption on samples with amaphtan film, nanowire arrays, and nanocone
arrays as top layer over different angles of incidence (at wavelength of 488Repr)ntd with
permission froni8].Copyight 2009 American Chemical Society.

Nanocones array can significantly increase the absorption of the incidentlighiu et al. have
compared the absorption ability among silicon thin film, nan@sémreay, and nanocoearray. At
incident angles up t60°, the absorption for SNCs was more than 90% which is much better than thin
films (45%) and nanowire arrays (70985 shown in figuré.3 [8]. Nanocones structure fialso been
designed on the doubde of a ultrathin (1736 nm) Si film for the lightapping[9]. After optimizing
the structure, the photocurrent of the solar cell reached 34.6 MAftrich is close to the Yablonovitch
limit [10, 11]. Jeong cated conductive polymer on the-lSCs as a hybrid Siorganic solar cell. This
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Chapter 1 Introduction

nanocones structure enhanced the light absorption leading to a power conversion efficiency above 119%
[12]. One year later in 2013, they have increased the efficiency to 13.@d&sigyning the SNCs on the

front side of the devigéut the emitter layer at the back, as shown in figude to prevent the Auger

and surface recombinatisnf charge carrierflL3].

Figurel4 (a) Optical image of the back (top, left) and front (top, right) side ofQ@kee thick Si
solar cell. Inset shows the optical microscope image of the interdigitated metal elechwaiasng
electron microscopeSEM) imagesof crosssectional view of the device (bottom, left) and cross
sectional view of the nanocones (bottom, right). Thie kayer at the top of the nanocones is am@0
thick SiO; layer. Scale bars are 2 mm (topg, Br{bottom, left) and 400 nm (bottom, right). (b) Schematic
illustration of the deviceReprint by permission from Springer Nature Communicafid8 Copyright
2013
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Besides the solarell, Si nanoconesan be applied on many other fields. Similar to the solar cell, a
thermophotovoltaicell can transfer the heat energy to the electron energy via the thermal rgdigtion
16]. Matters with temperaturgadiate light to the outside due to the Plank las shown in thenset of
Figure 1.5, the light emitted from a thermal emitdan be converted to electricity through a photovoltaic
cell with a band gap energy defined by the correspondingglengthesg. Figure 1.5 showa spectrum
curve of the blackbody radiation at 1300 K (blue lir&)ppose thateg for a specifigohotovoltaic cell
is 2.2em. Then,only theemission light of whiclwavelength shorter than 2¢2n can contribute to the
energy conversion. Thus, if the thermal radiation spectrum of a selective emitter almost concentrates ir
the yellow region shown iRigure 1.5, the conversion coefficient can be increasedNSs was designed
as the thermal emitteof the thermophotovoltaic system[ii7]. The system efficiency is 11.2% at an
emitter temperature of 1338 K.
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Figure 1.6 Potentia¢nergy diagranilustrating the effect of an external electric field on the energy
barrier for electrons at a metal surfaBeproduced frorfiL9]. Copyright © 2003 Elsevier Mass@AS.
All rights reserved.
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Chapter 1 Introduction

Figure 1.7 SEM images of the Si cone arrays (a) on silicon and (b) on por{lg].S» I0P
Publishing. Reproduced with permission. Adihts reservedlhe porous structure can be seen in a higher
resolution image.

Anotherapplication of th&i-NCsis field emitter Electrorscan be extracted from the material under
a strong electric field via the quantum tunneling effect as showigure 1.6 [18, 19]. Electrons close
to the Fermi level will escape to vacuum with a potential smaller tlegvettiier energy. On the nanocone
structure, the high curvature tip will strongly increase the electric potential ar€undVang
demonstrated that properties of field emission @fliSs on porous Si are much better than those of the
Si-NCs on Si due to #ir higher aspect ratio as showrHgure 1.7 [20]. Moreover, coating with carbon
thin layer enhanced the field emission ability oN&is. A field emitter with SiNCs structure performed
high current density of 100 A ctrandlong-life time over than 100 h, demonstrated 8yA. Guerrera
et al.[21].

1.3 Fabrication of Si-NCs
1.3.1Chemical process

The mainstream techniques of makingN&is are based on the etching process in dry or wet
environment due to the chemical properties of8r.dry etching, one of the typical methods is reactive
ion etching (RIEE[22 24]. As shown irFigure 1.8, gas with fluorine, such as §#s ionized in a vacuum
chamber with a radio frequen¢RRF) power.Fluorine radicals will erode both the Si substrate and the
oxide layer abovand generate volatilgiF; with the following reaction:

Si+4F = SiE. (1.1)

With the support of oxygen, etching produSisy will react with oxygen radical®rming a passivated
layer on the sample surface

SiE +x0'= SiQ F. (12)
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However, this silicon oxyfluoride layer is unstable and dissociates under the ion bombardment of
plasma. Thusanisotropic etching can becamnplished with substate biagich leads to the incident
ions vertical to the substrafEhe formation of the passivation layar the vertical side wakleepsthe Si
substrate from further erosion by fluorine radicals, while on the horizontal surface the oxyfluoride layer
is removedby the impimging of ions Jansen used §©/CHF; mixture gases for the RIE of silicon and
polymers with aluminum mask on the a0®[25]. The tilted angle of the sidewall of the trench can be
easily changed by adjusting the RF power and gas mix@uCs with the height of 36600 nm and
distance between the structures of iZID nm have been made by mdsés RIE methofR6]. O, and
SFe gas with a flow ratio of @SFs= 1:1 was employed and ionized by a RF platen with power of 100
W. Savinfabricated SINCs with a typical height of 800 nm and width of 200 nm by RiEmaking a
solar cell[27]. They demonstrated that the efficiency of the solar cell can reach 22% aft€d:dader
of 20 nm was coated on the top of the cone.
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Figurel.8 Schematic of inductive coupled plasma system used fo{ZBlE

Surface texturingf Siin a wet process is called wet chemicahatg[29i 31]. The solutionconsists
of HF andsome oxidizing agesssuch as HN@ Reaction processes of the Si dissolution are described
by following equations

3Si+4HNQ = SiQ +4NO+2H ( (13)
SiO, +6HF= H, SiE +2H ( (1.4)
3Si+4HNOQ, +18HR= 3H SiF +4NO+8H (15)
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Figure 1.9SEM images of the silicon wafers witht (etching time being (A) 10 s, (B) 30 s, (C) 50s,
(D) 70 s, and (E) 90 s) and with (etching time being (a) 10 s, (b) 30 s, (c) 50s, (d) 70 s, and (e) 90 s) HF
treatmen{30].

In order toform a nanocones structure, Koynov deposited a small amount of metal (Au) with a
nominal thickness of-2 nm on the Si before the etchif@2]. Nanometer size clusters of Au can be
formed discontinuously on the Si surfaoed partially protect the surface from etchi@hen prepared a
mixed solution of 15 vol. % HF and 5 vol. %e®b for the texturing of silicon surfacés shown in
Figure 1.9, the length of nanocones and the space between them increase with the etcHB@j.time

1.3.2Irradiation of noble gas plasma

Different from the chemical etchingurface texturing by helium (He), argon (Ar), or neon (Ne),
plasma is primarily driven by physigatocesss. Cone structure fiheen reported over a wide range of
materials and bombardment conditions. For example, Wehner has observed cone formation on more tha
10 materials including molybdenum (Mo), iron (Fe), copper (Cu), and goldwi)Ar or xenon (Xe)
plasma irradiatiofi33]. Kajita have observed cone structuretom surface ofitanium(Ti) and stainless
steelat surface temperature of 580 as shown irFigure 1.10[34]. The impinging ion was He with an
energy of 75 eVFigurel.11 (b) shows theanocones structure formed direamium (Cr)with He plasma
irradiation at a low iomnergy of ~80 e\35]. Sputtering yield represented by the light emission intensity
of Cr decreased as the time mgsas shown iFigure 1.11 (a). However, Ne plasma exposure did not
lead to the formation of nanocones structdi@yeli exposedu into high flux (5 7x1F*m?s?) and
low energy (<100 eV) He plasnjiz6]. Surface of Cu was roughened at the temperatuse® . Cone
structures appeared when the surface temperature is higher than 650
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Figure1l.10TEM micrographs of the (a) Ti and (b) staisssteel samples, respectively, exposed to
the He plasmeReprinted fron{34], with the permission of AIP Publishing.
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Figure 1.11 Typical Cr sputtering experimental result in NAGBEIS(a) Time evolution of the
intensity ratio, Cr | 425.4 nm/He | 438.8, measureftant of a Cr sample during He plasma exposure.
(b) SEM image of the Cr sample after the He plasma exposyrkeotdgraptof the entire Cr sample is

shown in the insg85].
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Si-NCsstructure is also of great interest to be fabricéedlasma irradiatiorespecially with low
ion energyUnder the bombardment of He ion over an energy of 55akNoconestructure was formed
on the Si surface conducted by Takami®d. The density and diameter of the nanocones were quite
different when changing the surface tempa@tand the ion fluenc&ecause the bombardment energy
waslow, themain body of the cone structure remained good crystalline structure which is the same as
the substrate. By comparing the covered region and the exposed region of the Si ghyfsical
sputtering was concluded as the main process of tRHCSi formation. Thompson observed
nanostructure on the Si surfaateeven lower He ion energy (24 eV) which is closed to the threshold of
sputtering yield[38]. However, significant modification can be observed only when the surface
temperature is over 600. Moreover, the morphology was nonuniform which is likely due to the present
of sample mask, as shavin Figure1.12. Wu et al. conducted Si sputtering experiment in, ¥, and
H2 mixed plasma. Morphology of formed-BiCs was significantly influenced by the ratio of £HH>
+ N2) [39]. The increase of plasma temperature andlizamce can enhance the growth of\&Gs.In Ar
plasma with high ion energy (1.5 keV),-SCs structure was formed resulting in the suppression of
optical reflectance less than 11% over the wavelength 6f2ZBR0 nm[40].

Onm 400nm 800nm
Towards sample centre L1 Near mask edge

Figure 1.12 Silicon surface exposed to 24 eV helium plasma at#60 in the region near the
sample mask. Region close to the sample center (a), in intermediate posgipmla close to the mask

(f) [38].

Theformationthe StNCs with plasma irradiatiors broadly explained by the impurity during the
ion bombardment. Tanemura have reported tiaaiocone structure cannot be identified without Mo
impurity introduced41]. Figurel.13 shows the surface morphology of Si after 1.5 keV Ar ion irradiation
for 45 min with and without metal incorporatiddi-NCswereobserved only whesamples were fixed
by a stainlessteel cap from which Fe and @niginate[40]. In a similar plasma condition, cone structure
was formed on the silicon surface coiby a stainlessteel mask42]. However, he mechanism of
impurity-induced SINCs is still in discussiorin [42], Fe and Cior Ni impurities are seemed as melted
catalyticsphere to lead the nanocone growilinis mechanism is called vaplguid-solid (VSL)
proposed by R. S. Wagner and Ellis, as shown in figuté [43]. Zhou believed that the initial
protrusions on the surface were formed by the protection of impurity atoms cluster due to the surface
diffusion [40]. Tanemura depicted tlewne formation process in 4 steps: (1) the deposition of impurity

9
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atoms on the substrate surface, (2) the nucleation of impurity cluster or island due to the surface diffusion
(3) formation of protrusions with the proception of impurity clusters duhegputtering, (4¢volution

of conical structures from the protrusions due to the angular dependence of the sputter[Ad]yitd

a lower Ar ion energy (300 eVimpurity-inducedtensile streswas suggested thplays a dominant role

in driving the nanconeformation because the stress changed from compressive to tensile after Mo was
introduced[44, 45]. Howe v er , I n siNdy ofalB0ceW Blkiondrsadiation, he preferred the
growth of SiNCs is because of the formation $IC during exposure rather than the small amount
(relative concentration is ~0.18%) of examined Ta.

\ccV SpotMagn  Det WD Exp | 500 nim
0KV 30 40000x SE 58 1

ccV SpotMagn  Det WD Exp p———— 500 nm AccV SpotMagn Det WD Exp ——o—— 5001nm
100kv 30 40003x SE 41 1 00KV 30 40000x SE 56 1

Figure 113 SEM images of the Si samples irradiabgdL.5 keV Ar ions at a current density of 1000
gAcm?f or 45 min with [in (a), (b)] andeyewiew[mout
(@), (c)]. Crosssection view [in (b), (d)]Reprinted fronj40], with the permission of AIP Publishing.
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VAPOR
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SILICON SUBSTRATE
a b

Figure 114 Schematic illustration: Growth of a silicon crystal by VI(&). Initial condition with
liquid droplet on substratéb) Growing crystal with liquid droplet at the tiReprint from[43], with the
permission of AIP Publishing.

1.33 Remaining issues

Compared with the conventional method (RIE, wet chemical etching)€Sifabrication, plasma
irradiationhas several advantaeg such as, toxicitiree environment, economical, masiss, one step
simple processandrare surfacelamageHowever, this technology is not mature enough. Some of the
issues yet to be solved aredidbelow:

1. The mechanism of NCs formation by low energy He plasma irradiation has not been fully
understood. Although sputtering is the major process duringpthbambardment, to explain
the formation of conical structure, more mechanisms should be taken into account.

2. It is difficult to form a uniform morphology in a large ateecause of the design of the sample
stage/holder.

3. The relation between experiment paeders and features of-NiCs have not bediound.

Thus,it is difficult to predict ad customize the irradiated structure to meet the industrial
requirement.

4. The performance of plasnriaduced SINCs structure in applications, such as solar cell system
or field emitter, have not been reported.

1.4 Purpose of the thesis

The purpose of this research is to disqes$ ofthe issues mentioned above by investigating the Si
NCs formation under He plasma irradiatidinis beneficial to both the fabrication of-8iCs and the
understanding of plasma material interactibhe main research is outlined as follawd structured in
figure 1.15:

11
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1. (Chapter 3)Form the SINCs by low energy He plasma irradiation with differesatmple
temperature, He ion fluence, and species of impurity sseds to find out the main factors which
influence the Si surface morphology. Besides, theerrsdtof sample cover was changed to introduce
different species of impurity seed, because impurity effect has beenecporhany studies. After
irradiation, real sputtering yields for different morphology eN&is have been calculated via the erosion
depth and compared with value on a flat surface. The mechanism of low energyiplisoea SINCs
formation was elementarily discussed.

2. (Chapter 4)Jsing MontCarlo method to simulate the formation ofN8Cs. Clusters of Mo were
set at on the surface trepresent the deposited Mo impurities. Growth of nanocone under the ion
bombardment in both vertical and tilted direction was compared with the phenomena observed in
experiments to verify the hypothetical mechanism. iafigight redeposition effect ofi &as involved
in the simulation.

3. (Chapter Design of experiment was improved in a more controllable manner by installing a Mo
sputtering wire in front of the Si substrate. Parameters which significantly change the Si surface
morphology can be quantified. It revealed the relation between experirpardeeters and features of
Si-NCs. By comparing thenergy dispersive Xay spectrometefEDX) mapping result of nanocones
with different features, a model that illustrate the process-NiCS formation was build up. The relation
between optical refletn of the irradiated surface and features elNSis was also discussed.

The mechanism of SNCs formation by low energy He plasma irradiation can be built by
synthesizing each small piece of the mechanism summarized in the individual study. By the
undersanding of the mechanism, this study conchith@t the control of impurity (Mo) ratio to He flux
can be a potential method to fabricateN&ls with tunable structure

12



Chapter 1 Introduction

Figure1.15 Outline of the purpose of this research and the relation between each work
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