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Chapter 1 Introduction

Chapter 1. Introduction

1.1 Energy crisis and global warming

As the development of the modern world becomes faster, energy issue has been raised up as a crisis.
The release of greenhouse gas from the consumption fossil fuel has contributed to increasing of the
average surface temperature of this planet for 1.18 degrees Celsius since the late 19" century, as shown
in figure 1.1 [1]. One of the promising renewable and harmless sources is the solar energy. The global
solar energy consumption has been raised from 0.06% to 1.1% since 2000 [2]. However, there is still a
far way to meet the goal of carbon neutrality which humans expect to achieve the goal by the mid-century.
Thus, it is in high demand to improve the fabricating technique of solar cells and promote the usage of
the technique. One of the conventional methods to suppress the reflectance is coating an antireflection
layer above the silicon (Si) substrate [3]. However, the reflection loss from the coating layer cannot be
ignored and the manufacture of this layer is expensive because of the requirement of high precision.
Surface texturing with nanocone structure on the Si substrate (so called black Si) is another method to
reduce the optical loss due to the multiple reflections of light among the nanocone. This is a promising
method to increase the solar energy conversion efficient without the deposition of an antireflection layer
[4-T7].
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Figure 1.1 The change in global surface temperature from 1880 to 2020 relative to 1951-1980
average temperatures [1].

1.2 Application of Si-nanocone (NCs)

Nanocone structure is a conical structure with a size of 0.1 to 10 um, as shown in figure 1.2. It can
be fabricated on many materials to improve the physical or optical performance. To improve properties
of the material, density of nanocone laid on the surface is usually over 10 um™.
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Figure 1.2 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 amorphous thin film, nanowire arrays, and nanocone
arrays as top layer over different angles of incidence (at wavelength of 488 nm). Reprinted with
permission from [8].Copyright 2009 American Chemical Society.

Nanocones array can significantly increase the absorption of the incident light. J. Zhu et al. have
compared the absorption ability among silicon thin film, nanowires array, and nanocones array. At
incident angles up to 60°, the absorption for Si-NCs was more than 90% which is much better than thin
films (45%) and nanowire arrays (70%), as shown in figure 1.3 [8]. Nanocones structure has also been
designed on the double-side of an ultrathin (1736 nm) Si film for the light trapping [9]. After optimizing
the structure, the photocurrent of the solar cell reached 34.6 mA/cm?, which is close to the Yablonovitch
limit [10, 11]. Jeong coated conductive polymer on the Si-NCs as a hybrid Si / organic solar cell. This
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Chapter 1 Introduction

nanocones structure enhanced the light absorption leading to a power conversion efficiency above 11%
[12]. One year later in 2013, they have increased the efficiency to 13.7% by designing the Si-NCs on the
front side of the device, but the emitter layer at the back, as shown in figure 1.4, to prevent the Auger
and surface recombinations of charge carriers [13].

Figure 1.4 (a) Optical image of the back (top, left) and front (top, right) side of the 10-um-thick Si
solar cell. Inset shows the optical microscope image of the interdigitated metal electrodes. Scanning
electron microscope (SEM) images of cross-sectional view of the device (bottom, left) and cross-
sectional view of the nanocones (bottom, right). The thin layer at the top of the nanocones is an 80-nm-
thick SiO2 layer. Scale bars are 2 mm (top), 5 um (bottom, left) and 400 nm (bottom, right). (b) Schematic
illustration of the device. Reprint by permission from Springer Nature Communications [13], Copyright
2013.
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Figure 1.5 Emission from blackbody at 1300 K (blue line) and a selective emitter (yellow).
Schematic of a thermophotovoltaic cell is shown in the inset [14].
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Besides the solar cell, Si nanocones can be applied on many other fields. Similar to the solar cell, a
thermophotovoltaic cell can transfer the heat energy to the electron energy via the thermal radiation [15,
16]. Matters with temperature radiate light to the outside due to the Plank law. As shown in the inset of
Figure 1.5, the light emitted from a thermal emitter can be converted to electricity through a photovoltaic
cell with a band gap energy defined by the corresponding wavelength Aeg. Figure 1.5 shows a spectrum
curve of the blackbody radiation at 1300 K (blue line). Suppose that Agq for a specific photovoltaic cell
IS 2.2 um. Then, only the emission light of which wavelength shorter than 2.2 um can contribute to the
energy conversion. Thus, if the thermal radiation spectrum of a selective emitter almost concentrates in
the yellow region shown in Figure 1.5, the conversion coefficient can be increased. Si-NCs was designed
as the thermal emitter for the thermophotovoltaic system in [17]. The system efficiency is 11.2% at an
emitter temperature of 1338 K.
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Figure 1.6 Potential-energy diagram illustrating the effect of an external electric field on the energy
barrier for electrons at a metal surface. Reproduced from [19]. Copyright © 2003 Elsevier Masson SAS.
All rights reserved.
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Figure 1.7 SEM images of the Si cone arrays (a) on silicon and (b) on porous Si [19]. © IOP
Publishing. Reproduced with permission. All rights reserved. The porous structure can be seen in a higher
resolution image.

Another application of the Si-NCs is field emitter. Electrons can be extracted from the material under
a strong electric field via the quantum tunneling effect as shown in Figure 1.6 [18, 19]. Electrons close
to the Fermi level will escape to vacuum with a potential smaller than the barrier energy. On the nanocone
structure, the high curvature tip will strongly increase the electric potential around. Q. Wang
demonstrated that properties of field emission of Si-NCs on porous Si are much better than those of the
Si-NCs on Si due to their higher aspect ratio as shown in Figure 1.7 [20]. Moreover, coating with carbon
thin layer enhanced the field emission ability of Si-NCs. A field emitter with Si-NCs structure performed
high current density of 100 A cm™ and long-life time over than 100 h, demonstrated by S. A. Guerrera
et al. [21].

1.3 Fabrication of Si-NCs
1.3.1 Chemical process

The mainstream techniques of making Si-NCs are based on the etching process in dry or wet
environment due to the chemical properties of Si. For dry etching, one of the typical methods is reactive
ion etching (RIE) [22-24]. As shown in Figure 1.8, gas with fluorine, such as SFg, is ionized in a vacuum
chamber with a radio frequency (RF) power. Fluorine radicals will erode both the Si substrate and the
oxide layer above and generate volatile SiF4 with the following reaction:

Si+4F" = SiF,. (1.1)

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

SiF,+xO" = SiO,F,. (1.2)
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However, this silicon oxyfluoride layer is unstable and dissociates under the ion bombardment of
plasma. Thus, anisotropic etching can be accomplished with substate bias which leads to the incident
ions vertical to the substrate. The formation of the passivation layer on the vertical side wall keeps the Si
substrate from further erosion by fluorine radicals, while on the horizontal surface the oxyfluoride layer
is removed by the impinging of ions. Jansen used SFs/O2/CHF3 mixture gases for the RIE of silicon and
polymers with aluminum mask on the surface [25]. The tilted angle of the sidewall of the trench can be
easily changed by adjusting the RF power and gas mixture. Si-NCs with the height of 300-500 nm and
distance between the structures of 300-500 nm have been made by mask-less RIE method [26]. O and
SFe gas with a flow ratio of O2:SFe= 1:1 was employed and ionized by a RF platen with power of 100
W. Savin fabricated Si-NCs with a typical height of 800 nm and width of 200 nm by RIE for making a
solar cell [27]. They demonstrated that the efficiency of the solar cell can reach 22% after a Al>Os layer
of 20 nm was coated on the top of the cone.
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Figure 1.8 Schematic of inductive coupled plasma system used for RIE [28].

Surface texturing of Si in a wet process is called wet chemical etching [29-31]. The solution consists
of HF and some oxidizing agents such as HNOs. Reaction processes of the Si dissolution are described
by following equations:

3Si+4HNO, = Si0, +4NO+2H,0 (1.3)
Si0,+6HF = H,SiF, +2H,0 (1.4)
3Si+4HNO, +18HF = 3H,SiF, +4NO+8H,0 (15)
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Figure 1.9 SEM images of the silicon wafers without (etching time being (A) 10, (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 (¢) 90 s) HF
treatment [30].

In order to form a nanocones structure, Koynov deposited a small amount of metal (Au) with a
nominal thickness of 1-2 nm on the Si before the etching [32]. Nanometer size clusters of Au can be
formed discontinuously on the Si surface and partially protect the surface from etching. Chen prepared a
mixed solution of 15 vol. % HF and 5 vol. % H2O; for the texturing of silicon surface. As shown in
Figure 1.9, the length of nanocones and the space between them increase with the etching time [30].

1.3.2 Irradiation of noble gas plasma

Different from the chemical etching, surface texturing by helium (He), argon (Ar), or neon (Ne),
plasma is primarily driven by physical processes. Cone structure has been reported over a wide range of
materials and bombardment conditions. For example, Wehner has observed cone formation on more than
10 materials including molybdenum (Mo), iron (Fe), copper (Cu), and gold (Au) with Ar or xenon (Xe)
plasma irradiation [33]. Kajita have observed cone structure on the surface of titanium (Ti) and stainless
steel at surface temperature of 550 K, as shown in Figure 1.10 [34]. The impinging ion was He with an
energy of 75 eV. Figure 1.11 (b) shows the nanocones structure formed on chromium (Cr) with He plasma
irradiation at a low ion energy of ~80 eV [35]. Sputtering yield represented by the light emission intensity
of Cr decreased as the time passes, as shown in Figure 1.11 (a). However, Ne plasma exposure did not
lead to the formation of nanocones structure. Tanyeli exposed Cu into high flux (5-7x10% m2s™) and
low energy (<100 eV) He plasma [36]. Surface of Cu was roughened at the temperature of 500 °C. Cone
structures appeared when the surface temperature is higher than 650 °C.
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Figure 1.10 TEM micrographs of the (a) Ti and (b) stainless-steel samples, respectively, exposed to
the He plasma. Reprinted from [34], with the permission of AIP Publishing.
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Figure 1.11 Typical Cr sputtering experimental result in NAGDIS-II. (a) Time evolution of the
intensity ratio, Cr | 425.4 nm/He | 438.8, measured in front of a Cr sample during He plasma exposure.
(b) SEM image of the Cr sample after the He plasma exposure. A photograph of the entire Cr sample is

shown in the inset [35].
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Si-NCs structure is also of great interest to be fabricated by plasma irradiation especially with low
ion energy. Under the bombardment of He ion over an energy of 55 eV, nanocones structure was formed
on the Si surface conducted by Takamura [37]. The density and diameter of the nanocones were quite
different when changing the surface temperature and the ion fluence. Because the bombardment energy
was low, the main body of the cone structure remained good crystalline structure which is the same as
the substrate. By comparing the covered region and the exposed region of the Si surface, physical
sputtering was concluded as the main process of the Si-NCs formation. Thompson observed
nanostructure on the Si surface at even lower He ion energy (24 eV) which is closed to the threshold of
sputtering yield [38]. However, significant modification can be observed only when the surface
temperature is over 600 °C. Moreover, the morphology was nonuniform which is likely due to the present
of sample mask, as shown in Figure 1.12. Wu et al. conducted Si sputtering experiment in CHa, N2, and
H> mixed plasma. Morphology of formed Si-NCs was significantly influenced by the ratio of CH4 / (H2
+ N2) [39]. The increase of plasma temperature and ion fluence can enhance the growth of Si-NCs. In Ar
plasma with high ion energy (1.5 keV), Si-NCs structure was formed resulting in the suppression of
optical reflectance less than 11% over the wavelength of 350-2000 nm [40].

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

Figure 1.12 Silicon surface exposed to 24 eV helium plasma at 600 + 6 °C in the region near the
sample mask. Region close to the sample center (a), in intermediate position (b—€), and close to the mask

(f) [38].

The formation the Si-NCs with plasma irradiation is broadly explained by the impurity during the
ion bombardment. Tanemura have reported that nanocone structure cannot be identified without Mo
impurity introduced [41]. Figure 1.13 shows the surface morphology of Si after 1.5 keV Ar ion irradiation
for 45 min with and without metal incorporation. Si-NCs were observed only when samples were fixed
by a stainless-steel cap from which Fe and Cr originate [40]. In a similar plasma condition, cone structure
was formed on the silicon surface covered by a stainless-steel mask [42]. However, the mechanism of
impurity-induced Si-NCs is still in discussion. In [42], Fe and Cr or Ni impurities are seemed as melted
catalytic-sphere to lead the nanocone growth. This mechanism is called vapor-liquid-solid (VSL)
proposed by R. S. Wagner and Ellis, as shown in figure 1.14 [43]. Zhou believed that the initial
protrusions on the surface were formed by the protection of impurity atoms cluster due to the surface
diffusion [40]. Tanemura depicted the cone formation process in 4 steps: (1) the deposition of impurity

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 during the sputtering, (4) evolution
of conical structures from the protrusions due to the angular dependence of the sputtering yield [41]. At
a lower Arion energy (300 eV), impurity-induced tensile stress was suggested that plays a dominant role
in driving the nanocone formation, because the stress changed from compressive to tensile after Mo was
introduced [44, 45]. However, in Novakowski’s study of 100 eV He ion irradiation, he preferred the
growth of Si-NCs is because of the formation of SiC during exposure rather than the small amount
(relative concentration is ~0.18%) of examined Ta.

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

ccV SpotMagn Det WD Exp ———— 500 nm AccV ¢ 1 Det WD Exp ——+— 500nm
100kv 30 40003x SE 41 1 0.0 kV 0x SE 56 1

Figure 1.13 SEM images of the Si samples irradiated by 1.5 keV Ar ions at a current density of 1000
pA cm2 for 45 min with [in (a), (b)] and without [in (c), (d)] metal incorporation. Bird’s-eye view [in
(@), (c)]. Cross-section view [in (b), (d)]. Reprinted from [40], with the permission of AIP Publishing.
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Figure 1.14 Schematic illustration: Growth of a silicon crystal by VLS. (a) Initial condition with
liquid droplet on substrate. (b) Growing crystal with liquid droplet at the tip. Reprint from [43], with the
permission of AIP Publishing.

1.3.3 Remaining issues

Compared with the conventional method (RIE, wet chemical etching) of Si-NCs fabrication, plasma
irradiation has several advantages such as, toxicity-free environment, economical, mask-less, one step
simple process, and rare surface damage. However, this technology is not mature enough. Some of the
issues yet to be solved are listed below:

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

2. ltis difficult to form a uniform morphology in a large area because of the design of the sample
stage/holder.

3. The relation between experiment parameters and features of Si-NCs have not been found.
Thus, it is difficult to predict and customize the irradiated structure to meet the industrial
requirement.

4. The performance of plasma-induced Si-NCs structure in applications, such as solar cell system
or field emitter, have not been reported.

1.4 Purpose of the thesis

The purpose of this research is to discuss part of the issues mentioned above by investigating the Si-
NCs formation under He plasma irradiation. It is beneficial to both the fabrication of Si-NCs and the
understanding of plasma material interaction. The main research is outlined as follow and structured in
figure 1.15:

11
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1. (Chapter 3) Form the Si-NCs by low energy He plasma irradiation with different sample
temperature, He ion fluence, and species of impurity seed, so as to find out the main factors which
influence the Si surface morphology. Besides, the material of sample cover was changed to introduce
different species of impurity seed, because impurity effect has been reported in many studies. After
irradiation, real sputtering yields for different morphology of Si-NCs have been calculated via the erosion
depth and compared with value on a flat surface. The mechanism of low energy plasma-induced Si-NCs
formation was elementarily discussed.

2. (Chapter 4) Using Mont-Carlo method to simulate the formation of Si-NCs. Clusters of Mo were
set at on the surface to represent the deposited Mo impurities. Growth of nanocone under the ion
bombardment in both vertical and tilted direction was compared with the phenomena observed in
experiments to verify the hypothetical mechanism. Line-of-sight redeposition effect of Si was involved
in the simulation.

3. (Chapter 5) Design of experiment was improved in a more controllable manner by installing a Mo
sputtering wire in front of the Si substrate. Parameters which significantly change the Si surface
morphology can be quantified. It revealed the relation between experimental parameters and features of
Si-NCs. By comparing the energy dispersive X-ray spectrometer (EDX) mapping result of nanocones
with different features, a model that illustrate the process of Si-NCs formation was build up. The relation
between optical reflection of the irradiated surface and features of Si-NCs was also discussed.

The mechanism of Si-NCs formation by low energy He plasma irradiation can be built by
synthesizing each small piece of the mechanism summarized in the individual study. By the
understanding of the mechanism, this study concludes that the control of impurity (Mo) ratio to He flux
can be a potential method to fabricate Si-NCs with tunable structure.

12
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Chapter 2 Experimental devices and basic theories

Chapter 2. Experimental devices and basic theories

2.1 Linear plasma device Co-NAGDIS

Experiments were conducted by a linear plasma device Compact-Nagoya University divertor plasma
simulator (Co-NAGDIS) [1-3]. A schematic of Co-NAGDIS is shown in figure 2.1. Length of the
discharge region is ~74.5 cm. Sample can be installed from the side of the device by a sample manipulator.
The background pressure of the chamber is ~1x10~* Pa. He plasma is generated by a direct current (DC)
arc discharge with a discharge power of 1750 W. The cathode is a meander LaBe and the anode is made
of copper. During the plasma irradiation, the neutral gas pressure will raise up to 2.0-3.0 Pa. Diameter
of the plasma column is ~20 mm which is much smaller than the diameter of the vessel (stainless steel).
The magnetic field at the center of plasma column is ~12.5 mT. The typical electron density and
temperature were ~1x10'® m= and 6 eV, respectively. As shown in figure 2.2, during the plasma
irradiation, the electron temperature, electron density, and ion flux were measured by a cylindrical
Langmuir probe, which is set 20 mm in front of the sample. The sample temperature can be adjusted by
an air-cooling system and monitored by a thermometer. Sample is biased with a DC power supply.

| Magnetic coil

T
12 5¢m I:; ;] Anode
T =1 q)f —1

Plasma

‘ m L _ Vacuum pump Sample
T O / stage

18.0cm H0 F
oL T—iior— |

— Gatevalve]| «— \
Move direction \

p— 72.0cm Sample manipulator

Irradiation location

Figure 2.1 A schematic of the linear plasma device Co-NAGDIS from bird-eye view.
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Figure 2.2 A schematic of irradiation position of Co-NAGDIS from (a) the top view and (b) the side
view.
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2.2 Single Langmuir probe

Figure 2.3 (a) is the design of the single Langmuir probe used in Co-NAGDIS. V1 shows the bias on
the probe, V2 shows the bias on a resistance for the measurement of probe current I,. When the tip of the
probe contacts with plasma, the bipolar power supply provides variational bias V, to the probe. In our
study, the range of bias change is from -100 V to 20 V. Then we can obtain the I, — V, curve which can
be separated in three regions (A, B and C), as shown in figure 2.3 (b).

2.2.1 Electron density

In the region A, because V; is much lower than the plasma space potential Vsp, all the electrons
cannot reach the surface of the probe due to the electric field in the sheath. On the contrary, all the ions
which accessed in the sheath will be collected by the probe. Thus, the current shown in section A is called
ion saturation current lsi which is given as

|,=SenC.. (2.1)

Here, n;s is the ion density at the sheath edge, which is equal to the electron density at the sheath edge nes,
S is the area of the probe, and Cs is the ion acoustic speed. nes can be found from the Boltzmann relation

—ed
N, =N, exp( T

e

0], (2.2)

where ®g = kTe / 2e is the potential at the edge of sheath due to the Bohm sheath criterion, k is the
Boltzmann constant, and Te is the electron temperature, ne is the electron density in the bulk plasma
region. By substituting equation (2.2) to (2.1), we can rewrite the ion saturation current as

I :neexp( e®o Jescs =n, exp(—1/2)eSC, ~ 0.61n,eSC; . (2.3)

KT,

e
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The condition in the region C is similar to A. Vp is much higher than Vsp, all electrons which accessed in
the sheath can reach the probe surface. The electron saturation current can be expressed by

1/2
|Se:£enes(8kTej : (2.4)
4 m,

where me is the mass of electron. Thus, electron density can be deduced from both equations (2.3) and
(2.4). In this research, ne is calculated via the electron saturation current. According to the research in
[4], the magnetic field of 12.5 mT is strong enough to form plane sheath for electrons on the probe.
Hence, S is the projection area of the probe.

2.2.2 Electron temperature

In the transition region (region B), the probe current is dominated by the number of electrons which
reach the surface of the probe. The electron current le will increase as the Vp closing to Vsp. Assuming the
electron energy distribution is Maxwellian, the probe current can be expressed as

e(V, -Vy)
=1 —1,=1_exp| ——=|, 2.5
e p si se p|: kTe :| ( )
Taking the logarithm of equation (2.5), the electron temperature can be expressed as
eV, -V
e, V) (2.6)
k(inl,=Inl)

Thus, the electron temperature can be obtained from the slope of the line of V, — In e in the transition
region.
2.2.3 lon flux

Because the testing point of the probe is close to the irradiation location of the sample, assuming
that the ion flux, T", on the sample is same as the flux on the probe. lon flux can be obtained via the ion
saturation current as follow:

l.
r=—t. 2.7
oS (2.7)

Note that a metal sample holder was biased together with the Si sample. Therefore, this study did not use
the sample current to calculate the ion flux directly.
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Figure 2.3 (a) Design of the single Langmuir probe. (b) A typical current-voltage curve output from
the probe. The curve has been separated into three sections: ion saturation region (A), transition region
(B), and electron saturation region (C).

2.3 Sputtering

When ion impacts on a solid surface, it will transfer the energy to collided atoms on the surface layer,
leading to a serial cascade movement of atoms. If the atom is moving towards the outside of the surface
with an energy that exceeds the surface binding energy, it will be ejected out of the surface. This
phenomenon is called physical sputtering which was first reported by Grove who found that the
composition of the metallic deposition on the inner wall of a gas discharge vessel was the same as the
cathode [5]. In 1969, Sigmund built an atomic cascade-collision model and proposed the equation of
sputtering yield based on numerous experiment studies [6]. The calculation of sputtering yield is based
on the theory proposed by Eckstein in [7]. Sine angular distribution [8] and Thompson energy distribution
[9] are served as the kinetic information of sputtered atoms.

2.3.1 Energy distribution of sputtered species
The energy distribution of sputtered atoms can be described in a first order approximation by the
Thompson distribution:

E

@(E)dezde

(2.8)

where @ (E) is the flux of sputtered atom with energy E, and Ep is the surface binding energy [10].
Applying this distribution, the energy E can be determined by a random number r due to the formula

E_ 1 , 2.9)
E, (1+1/a)vl/r-1
where a is the maximum transferred energy divided by the surface binding energy

a—_mm, E (2.10)

(ml + m2)2 E,
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Here m1 and m; are the mass of projectile and target particle, Eo is the incident energy. One can see
that the energy distribution of sputtered atoms is primarily determined by the surface binding energy. In
chapter 5, the average energy of sputtered Mo atoms is treated as the same for different He ion energy
on sputtering wire.

2.4 Simulation method
2.4.1 SURO code

Inlet particles

!

» Drive particles

Leave simulation region

Sputtering, reflection,
deposition

Trace reflected
particles

\ 4

Update surface Update surface Trace sputtered | |
information information particles

{ End of tracing }

Figure 2.4 Schematic of SURO code.

The simulation code employed in Chapter 4 is called SURO abbreviated from “surface roughness”
[11]. It was designed for the investigation of the interaction between plasma and materials including
sputtering, deposition, and surface evolution in three dimensions. It has been used to simulate the surface
evolution on limiter and divertor in fusion relevant environment. A schematic of SURO code is shown
in figure 2.4.

(1) First, particles such as ions and atoms are injected to the top of the simulation region.
(2) Movement of particles are driven by a distribution of energy and angle due to the source of
particles.
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(3) If particles hit the surface which can be customized by user, they will either be reflected or
deposit on the surface, which depends on the reflection coefficient [12, 13]. Calculation of the
sputtering process has been introduced in section 2.3.

(4) Surface information such as component, height, and surface normal will be updated according
to the event in (3).

(5) Sputtered or reflected particles are traced and treated from (2) again until they will deposit or
leave the simulation region.

2.4.2 A-CAT code

The Monte Carlo program A-CAT [14] was developed to determine the total sputtering yields and
angular distributions of sputtered atoms in physical processes. From computer results of the incident
energy dependent sputtering for various ion-target combinations the mass ratio dependence and the
bombarding angle dependence of sputtering threshold was obtained with the help of the Matsunami
empirical formula for sputtering yields. The mass ratio dependence of sputtering thresholds is in good
agreement with theoretical results. The threshold of light ion sputtering is a slightly increasing function
of angle of incidence, while that of heavy ion sputtering has a minimum value near 60°.

The angular distributions of sputtered atoms are also calculated for heavy ions, medium ions, and
light ions, and reasonable agreements between calculated angular distributions and experimental results
are obtained.

2.4.3 Monte Carlo method

Monte Carlo method is an extensive algorithm, which relies on repeated random sampling to obtain
numerical results. Its basic idea is to use randomness to solve the problem that may be deterministic in
principle. It is often used to solve physical and mathematical problems, especially when there is no other
way to solve them. Monte-Carlo method is mainly applied to three kinds of problems: optimization,
numerical integration, and extraction of numerical value from probability distribution [15].

In principle, Monte Carlo method can be used to solve any problem with probability interpretation.
According to the law of large numbers, the integral described by the expected value of random variables
can be approximated by taking the empirical mean value of independent samples of variables (also known
as the sample mean value). When the probability distribution of variables is parameterized,
mathematicians often use Markov chain Monte Carlo (MCMC) sampler [16-18]. The main idea is to
design a Markov chain model with fixed stationary probability distribution. In other words, in the limit,
the samples generated by the Markov chain Monte Carlo method will be the samples from the expected
(target) distribution [19, 20]. According to the ergodic theorem, the stationary distribution is
approximated by the empirical measurement of the random state of Markov chain Monte Carlo samples.

In SURO, Monte Carlo method was used to simulate the behaviors of particles, such as ions
impinging and sputtering of substrate atoms. For example, particles randomly sputtered from the
substrate with different probability for different energy refer to the Thompson’s theory. Sputtering
information of a single particle was not calculated from physical processes, but the energy distribution
of particles was reasonable if the number of particles is large enough. In chapter 4, ion flux was separated
into ten thousand segments.
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2.5 Optical emission spectrum analysis
2.5.1 Photon emissivity coefficient

Because the election density ne and temperature Te in this study is low, the amount of the ionized
Mo can be ignored. Photon emission in a spectrum line & (p, q) is dominant by the emission from atoms.
It can be expressed as

£(p.a)=A(p.a) >R (p)nn,
= , (2.11)

where A (p, q) is fraction of the spontaneous transmission probability, n, denote the population density
of the specified ion in the metastable state . The R, (p) is the effective contribution to the population
of the upper excited level p of the transition by the excitation from the ground state and metastables.
Then, the excitation photon emissivity coefficient is written as

PEC (p,q)=A(p.a)R" (p). 2.12)

2.5.2 Collisional-radiative (CR) models

The spectral line radiation emitted by a plasma is a powerful source of information about the
conditions inside the plasma. The line intensities are proportional to the population densities of the
excited levels. The distribution functions of atoms and ions over their excited states can be described by
CR models. In these models, the densities of the various excited of a specific atom or ion are expressed
as functions of a number of relevant parameters, such as the ground state density no and the ion density
ni, the election temperature Te and density ne. The name of the models indicates that the densities of the
excited states are determined by collisional and radiative processes and that transport phenomena can be
neglected for these species.

With all these processes included, the rate at which the population density n (p) of level p changes
is given by the differential equation

)0 (00 k(90| Apa)

gq#p p<q

+n,>-n(a)C(a, p)+>-n(a)A(a, p)+n.n [a(p)+B(p)+ 5 (P)]

a#p a>p

, (2.13)

where C (p, q) and K (p, c) are the rate coefficients for electron impact excitation or de-excitation and
ionization, a (p), # (p), and Sa (p) are the rate coefficients for three-body, radiative and dielectronic
recombination, respectively.

The complete description of the system would involve the variation with time of the population
density of every bound level from a particular set of initial conditions. But in practice, the time in which
the population densities of the excited levels come into equilibrium with a particular population density
of the ground level, free electrons and bare nuclei is so short that it is sufficient to express these
equilibrium population densities as functions of the ground level population density. This is called the
quasi-steady-state-solution which allows the equation (2.13) set as zero. Then n (p) can be obtained by
solving a series of coupled liner equations in terms of no.

In the condition of this study, the excited level population density n (p) can be expressed as
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n(p)=R(p)n.n,, (2.14)

where R (p) is a function of ne and Te. And the photon emission rate of the p — ¢ transition can be written
as

A(p.a)n(p)=A(p.a)R(p)n,n, =PEC(p,q)n,n,, (2.15)
combined with (2.9). Thus, the photon emission coefficient can be calculated via the CR model.

2.6 Optical characterization
2.6.1 Complex refractive index
Reflectance of light from vacuum to a matter can be described as follow

1-n[

1+n

(2.16)

where n is the refractive index of matter. The refractive index (real part) of an optical medium expresses
the ratio of the speed of light in the vacuum, c, to the phase velocity in the medium v,

n=c/v. (2.17)

To understand the reflection of light from a matter, it is necessary to discuss the interaction between
electromagnetic wave and the matter.

In vacuum, the propagation of wave in x direction can be described by the wave equation

o ’E(x,t) O°E(x.t)

ox* o’ (218)
where E is the electric field, and t is the time. One of the solutions of this equation can be
E(xt)=E,expi(kx—at), (2.19)
where Eo is the amplitude of the wave and k is the wave vector which is given by
k=2z/A=wlc, (2.20)

where 4 is the wavelength and w is the angular frequency which is the frequency times 2z.

In matter, however, the interaction between wave and the charges (especially electrons) should be
considered. The wave in matter can be described as a dampened wave. Assuming that the material of
matter has no magnetic response, then the wave equation changes to
o2 E(x.t)  0’E(xt) +£8E(x,t)

=¢ , 2.21
x> ot? g ot ( )

where ¢ and g is the permittivity of the medium and vacuum, respectively, and o is the conductivity of

the medium. In equation (2.21), the second term on the left describes the damping of wave due to the

friction. By substituting (2.17) and (2.20) into (2.19), the expression of wave in a medium should be

E(x,t):EOexpiKa}—nx—wtj. (2.22)
C
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After substituting (2.22) into (2.21), the refractive index can be given by
N’ =& =g+i——=(n, +ix)’, (2.23)

where &, is the complex relative permittivity, no is the real part of the complex reflective index and « is
the imaginary part called extinction coefficient which reflect the loss of wave in the material. Thus, the
reflectance of a matter can also be calculated as

B (n0 —1)2 + K2

R = (2.24)

no+1) +x2
(ny+1)

2.6.2 Permittivity in dielectrics: Lorentz Model

Material can be polarized due to the motion of electrons in medium in response to the
electromagnetic wave. The motion can be described by Lorentz oscillator model as follow:
o°r or
2 2
m°—-+mIl —+mao, T =—qE. 2.25
e atz e 8t e -0 q ( )
Here, the first term on the left describes the acceleration force, where r is the distance of electron which
is displaced from its equilibrium position. The second term is the force from friction, where T is the
damping rate with a unit of s, The third term represents the restoring force during the oscillation, where
wo IS the natural frequency. The term on the right of the equation is the electric force, where q is the
charge of electron. By applying Fourier transform on (2.25), the solution of r can be given by:

qa_ E(o)
rNo)=-———s——+——. 2.26
(@) m, & + o’ +iwl (2.26)
The polarization per unit volume P (w) is given by
P(@)=nar(e), (2.27)

which also can be written by
P(w)=¢&x(»)E(w), (2.28)

where y (w) is called the electric susceptibility and is a measure of how easily an electric field can polarize
the material. This leads to an expression of the electric susceptibility:

@

0)=—F 2.29
z(@) wf + & +iol (2.29)

2
n.q

where w, =
&M

is the plasma frequency.

e

For dielectrics, material polarization should be incorporated into the electric constitutive relation as
follow:

D=¢E(w)+P(w)=¢, (1+;((a)))E(a)), (2.30)
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where D is the displacement field which also can be written in terms of the complex relative permittivity
D =gy, . (2.31)

Then, &, is obtained by combining (2.30) and (2.31)

2
(4

& =l+——S——. 2.32
' f +o* +iol (2.32)

Split (2.32) into real and imaginary parts:

2
~ . Wy — @ . wl’
& =¢(0)+ig] (0) =1+ )} — +iw? . :
(a)g—a)z) +0’T? (a)g—a)z) +0’T?

Thus, the real part and the imaginary part of the complex refractive index can be written by:

~ ' >~ o
n@;/lerl%,,(: /Ingg

= N WO A O O
T

Complex refractive index / Reflectance
N (28] B~ a (=2} QO

-

Frequency

Figure 2.5 Real (red) and imaginary (blue) part of the complex refractive index and the reflectance
(black) as a function of the frequency of incident light with w=6, I'=0.3, w0=3 in (a), and wo=0 in (b).

Figure 2.5 (a) shows the real and imaginary part of the complex refractive index and the reflectance
curve for dielectric. High reflectance of dielectric appears at the region of frequency between wo and wy.
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In metal, because electrons are almost free, there is no restoring force. The wo can be treated as zero, as
shown in Figure 2.5 (b). It shows that, the reflectance of metal close to 1 below the plasma frequency but
acts like vacuum above the plasma frequency.

Moreover, the interband transition of dielectric should be considered in real reflection case. For
insulators, the band gap is so large that the transition only become important at very high energy.
However, for semiconductors, the optical absorption due to the interband transition of elections just
occurs at the energy of visible light. Two peaks of reflection curve of Si at 287 and 360 nm, shown in
Chapter 5, are corresponding to the interband transition of Si in (100) and (111) direction, respectively.

2.6.3 Morphology effect on optical scattering

Scattering of light is a function of wavelength and the size of object. For sphere object, the size of
project can be expressed by the ratio

2xr
a=—m, 2.33

7 (2.33)

where r is the radius of the particle, 4 is the wavelength of light. When a is much smaller than 1, the
intensity of scattering light is proportional to the inverse of fourth power of the wavelength, which called
Rayleigh scattering. When a is close to 1, the phenomenon shifts to the Mie scattering, which means
most of the light scattered continue along the incident direction. When a is much larger then 1, the
scattering can be explained by geometric analysis.

Incident light \

A

Figure 2.6 Schematic of optical reflection between cones with different geometry. h, d, and x are the
heigh, diameter, distance of cones, respectively.

In this study, despite the shape of objects on the Si surface is cone, the phenomenon of optical
reflection can be partially understood according to the scattering theory above. When the diameter is
smaller than 100 nm, the interaction between light and cones should be considered as Mie scattering.
When the diameter of cone is larger than 100 nm, the geometry of nanocone should be taken into account.
Light incident on the Si surface reflects multiply between cones leading to the low reflection. In this
condition, the reflection of light is influenced by the heigh and diameter of the cone, as well as the
distance between cones, as shown in Figure 2.6.
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Chapter 3 Influence of impurities on the formation of nanocones structure on silicon surface irradiated by low
energy helium ions

Chapter 3. Influence of impurities on the formation of
nanocones structure on silicon surface irradiated by low
energy helium ions

3.1 Introduction

Black silicon (Si) is a prominent material in solar cell applications [1, 2]. Because of the
nanostructures formed on an Si surface, photons can be captured, leading to the movement of electrons
or vacancies in the substrate. Moreover, the array of high aspect ratios of vertical Si nanocones allows
the black Si to be the field emitter [3]. However, conventional methods of fabricating black Si (for
example, the reactive ion etching) are relatively complicated, because of the usage of different species
such as oxygen and fluorine with high energy and the need for some masks [3, 4]. Recently, by using
helium (He) plasma irradiation on doped silicon with a relatively low ion energy (approximately 50 eV),
nanocones were obtained on an Si substrate [5].

Several studies have investigated the formation of Si nanostructures by He plasma irradiation. At
the surface temperature of ~600 °C and ion energy of 55 eV, Takamura obtained different characters of
nanocones, which resulted in the appearance of black and whitish-blue Si surfaces [6]. At the same
sample temperature with higher incident ion energy (100 eV), nanocones were formed on the Si surface
with different crystal orientations, (111) and (100) [7]. From field emission scanning electron microscope
(FE-SEM) observations, there was no evidence to prove that crystal orientation affected the configuration
of Si nanostructures. Moreover, a reduction in the sample temperature appeared to decrease the size of
cones. Thomson conducted irradiation on Si at a much lower energy of ~30 eV [8]. Some nanostructures
other than cone shape were formed, but only when the sample temperature was higher than 630 °C. While
various nanostructures have been observed in a wide range of experimental conditions, the relationship
between the parameter of the irradiation condition and the behavior of Si nanostructure formation has
not been discussed. Moreover, the formation of the nanostructures has yet to be fully understood.

In this study, to understand the formation mechanism including the impurity effects, He plasma
irradiations on Si samples were performed using the linear plasma generator Compact Nagoya University
Divertor Simulator (Co-NAGDIS) [9]. The experimental conditions (such as sample temperature and
flux) were investigated independently. Nanocone structures formed on Cr materials by plasma irradiation
in PISCES-A, PSI-2, and NAGDIS-II, were reported by Nishijima [10]. Impurities such as molybdenum
(Mo) and tantalum (Ta), which are thought to originated from the sample holding cap or cover, have been
considered as the main reason of the nanocones formation. Herein, two types of sample mask with
different materials were used: (Mo) and tungsten (W) to change the amount of impurities. The
relationship between morphology changes and the amount of impurities on surfaces will be shown in this
study.
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3.2 Experimental setup
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Figure 3.1 Schematic of Co-NAGDIS (a) and sample mask (b, c).

A schematic of Co-NAGDIS is shown in Figure 3.1. The location of the sample with respect to the
sample mask and holder is shown in Figure 3.1 (b, ¢). The sample and mask were fixed by sample holders
and faced the plasma flow at the irradiation location. A meander (LaBe) was used for the cathode and the
background pressure was 9x10~° Pa before the discharge. N-type Si (111) samples with a thickness of
0.5 mm and resistivity of 1000 Qcm were cut into 10 mm x 10 mm squares and installed on the sample
manipulator. The mask of the Si sample is shown as the inset in Figure 3.1. In this study, the He ion flux
was in the range of 4 to 9x10?* m~2s%. To control the sample temperature, electron heating was used to
increase the sample temperature to the target value before irradiation. Then, the sample was negatively
biased at -54 V; considering the space potential of 3 V, the ion energy was approximately 57 eV. The
sample temperature was measured by a thermal couple touching the back of the sample at the center. The
airflow beneath the sample could be used to adjust the sample temperature during irradiation. A Langmuir
probe was used to measure the parameters of the plasma condition 30 mm away from the sample.

3.3 Results and discussion
3.3.1 Black and white Si

SEM micrographs of two typical nanocone structures on the irradiated Si surface are shown in Figure
3.2 (a, c) for case 1 and (b, d) for case 2. Figure 3.2 (a, b) presents a tilted view at 30° from normal.
Figure 3.2 (c, d) are top views of the SEM micrographs. The experimental conditions for cases 1 and 2
were set as shown in Table 1: ion fluence ®@we = 3.30x10%° m?, @%y = 3.24x10%° m2, sample
temperature, T1 = 470 °C, T2 = 380 °C, material of mask, Mo and W, respectively. The effects of these
parameters will be discussed in Section 3.3.2. As shown in the inset of figure 3.2, case 1 shows a black
appearance (black Si) to the naked eye, while case 2 corresponds to a white appearance (white Si). The
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irradiated area of the samples is marked by the red dashed lines. This difference in appearance is probably
due to the different sizes and distributions of the nanocones laid on the surface.

Table 3.1 Experimental conditions for cases 1 and 2.

Dre (102° m2) T (°C) Mask Appearance
Case 1 3.30 470 Mo Black Si
Case 2 3.24 380 W White Si

To illustrate the difference between black and white Si more specifically, we analyzed the SEM
images in Figure 3.2 (c, d) were analyzed using the Image—J program [11]. As shown in Figure 3.2 (c,
d), the cone structures display a lighter color (i.e., a larger gray value) than the substrate region. Figure
3.3 (a) is the fraction distribution of the gray value for black and white Si. The high peak for the white
Si case means that less area has been changed by nanocones than the black case. The nanocones can be
identified by setting a threshold for the gray value refer to Figure 3.3 (a) in Image—J analysis. The
threshold values used in this study were 135 and 105 for the black and white Si cases, respectively. The
number density distribution of nanocones as a function of the area of cone was obtained as shown in
Figure 3.3 (b). It can be observed that the size of the nanocones is widely distributed from 0.0001 to > 1
um? for the white Si sample. Conversely, the size of nanocones is concentrated in a narrow range for
black Si. This indicates, the surface morphology for black Si is more uniform than that of white Si.
Moreover, the distribution of nanocones on black Si is denser compared to white Si.

Tilted view

Top view

Figure 3.2 The nanocone structure of case 1 (a, ¢) and case 2 (b, d) Si observed form SEM in tilting
view of 30° (a, b) and top view (c, d). The irradiation region of case 1 and case 2 are shown inset (a) and
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(b), respectively. For case 1, He ion fluence @'e = 3.3x10%° m=2, sample temperature T1 = 470 °C. For
case 2, @%ne = 3.24x10®° m2, T, =380 °C.
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Figure 3.3 (a) The fraction of gray value distribution of black Si (figure 3.2 (c)) and white Si (figure
3.2 (d)). (b) The density distribution of the different sizes of cones from the top view for black (solid
dots) and white Si (open dots).

The reflectance of black and white Si was measured with an Ultraviolet-visible (UV-VIS)
spectrophotometer, as shown in Figure 3.4. The white Si had a slightly lower reflectance than the non-
irradiated sample. However, the reflectance of black Si significantly decreased. The uniformity and high
density of the nanocone structures on the black Si has an effect on trapping light. This result also supports
the premise that He plasma-induced black Si can be used as a photon absorption material.
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Figure 3.4 The reflectance of pristine, white (case 2) and black Si (case 1), which are shown in dot
red, dashed blue, and solid black lines, respectively.

3.3.2 Dependence of impurity

Based on this cognition of black and white Si, this experiment conducted several experiments in
various He ion fluences and sample temperatures with Mo and W masks. The He ion fluences and sample
temperatures were in the ranges of 1.5x10%° m2 < &ne < 4.2x10%° m~2and Tsi ~330-500 °C, respectively.
Figure 3.5 shows the irradiation results of Si samples with different sample temperatures and ion fluences.
Even though the ion fluence and sample temperature were changed, the appearance of black and white
Sionly appeared to depend on the sample mask material. One exception to this, showing a brown surface,
will be discussed in a later section. This dependence on the sample mask implies that the mask material
(impurity) might affect the formation of nanocones.

XPS was used to detect the species of impurities on the Si surface. Figure 3.6 shows the XPS survey
spectra for pristine, white, and black Si. Only O, C, and Si are observed on pristine Si, while clear Mo
signals are found on the black Si. For white Si with a W mask, a small W was identified at the binding
energy of 32 eV. Usually, the amount of Mo or W atoms sputtered by He ions could be ignored at an
energy of 57 eV. However, considering the ratio of background to the operational pressure, the proportion
of impurities was approximately 0.05%. That level of impurity gas (presumably O, which has a sputtering
yield of 2x1072 at the same energy) might contributed to the sputtering, in the cases identified in
NAGDIS-II for the formation of nano tendril bundles [12]. It should be noted that the sputtering yield
for O on Mo material is 20 times larger than that on W at the same energy. Additionally, the smaller peak
of Si for black Si compared with pristine and white Si cases manifests that the surface of the sample is
massively covered by Mo.

Figure 3.7 shows the ratios of impurities, which are Mo and W, as a function of the number density
of nanocones on Si sample surfaces. As mentioned in section 3.1, the number density of nanocones for
black Si was much higher than white Si. Moreover, the impurity ratio increased with the number density
of nanocones. The appearance of black and white Si after the exposure by He plasma could probably be
explained by the ratios of impurities deposited on the Si surface.
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For the previously mentioned brown Si case, which had high density but a non-uniform nanocones
structure, Mo was also detected on the surface. These additional impurities may cause more nanocones.
Although the origin of Mo was ambiguous, one possibility was that Mo was deposited somewhere on the
W mask. Since the condition is ambiguous and difficult to discuss further for the brown case, this study
only focus on black and white cases.
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Figure 3.5 Results of Si samples with Mo and W masks irradiated by He plasma in different sample
temperatures and ion fluence. The ion flux and incident ion energy are 10 + 1x10* m2stand 57 + 1 eV,
respectively, for all these cases. Some of the cases mentioned in other sections are marked in red numbers.
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Figure 3.6 XPS survey spectra for pristine, white and black Si.
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Figure 3.7 Ratios of impurities as a function of the number density of nanocones on black and white
Si surface. Black and white Si cases are shown in solid and open dots, respectively. The ratios of
impurities are deduced by (X / (X + Si)), which X means species of impurities. Number density is
calculated in the same way as figure 3.3.

3.3.3 Sputtering yield reduction

Figure 3.8 shows the height distribution of the irradiated region of white (case 3) and black (case 4)
Si samples measured by a laser microscope (VK-9710, Keyence, Japan). The ion fluence and sample
temperature for the cases 3 and 4 were ®@ne = 3.36x10% m=, and T = 380 °C, and ®Pne = 3.4x10% m=2,
and T = 330 °C, respectively, as shown in Table 3.8. The height of the initial surface was set at the same
level for a convenient comparison of the erosion depth. Considering the incident ion energy and fluence
were nearly the same for these two cases, the erosion depth, d, should be close. However, the erosion
depth for black Si was approximately 3 um, which was much shallower than that for white Si (7 pm).
Because the erosion depth is much larger than the height of cone, the volume of nanocones was ignored
when calculating the real sputtering yield. The fluence of sputtered Si can be simply deduced by @si =
dxpsixNA/Msi, where psi = 2328.3 kgxm™ is the density of Si, Msi = 28.1 gxmol is the molar mass of

Si, and NA is mole number. Thus, the fluences of sputtered Si atoms for black and white cases were
estimated to be 1.5x10?% and 3.5x10%% m2, respectively. The real sputtering yield deduced from Y = &s;
| dre were obtained for cases 3 and 4 as Yaiack = 4.5x1073 and Ywaite = 1.0x1072. The theoretical sputtering
yield is Ya-cat = 1.9x1072 as calculated by the Monte Carlo code A-CAT [13] under an ion energy of 57
eV. The significant decrease of sputtering yield for the black Si case was probably because of the large
amount of Mo (which has a lower sputtering yield compared with Si) impurities deposited on its surface.
When using the W mask, the density of W was much lower than the Mo mask; white Si has a sputtering
yield close to the theoretical value. The sputtering yield will decrease to a saturated state as a function of
time, as reported in [9]. This indicates that the surface morphology may affect the actual sputtering yield
due to the angular dependence of sputtering yield or line-of-sight deposition [12, 14].
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Table 3.2 Experimental conditions for cases 1 and 2.

Dre (102° m) T (°C) Mask Appearance
Case 3 3.36 380 W White Si
Case 4 3.4 330 Mo Black Si
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Figure 3.8 Height distribution of the Si sample after He plasma irradiation form one boundary
between exposure region and cover to the other. The He ion energy is 57 eV for both cases, and the ion
fluences are almost the same as shown in figure 3.5 cases 3 (white Si) and 4 (black Si).

3.3.4 TEM observation

As shown in Figure 3.9, a transmission electron microscope (TEM) was applied to examine the
positions where impurities were deposited. Black dots, which can be observed on the upper part
(especially on the tip) of the cone, are likely resulted from impurities. From Figures 3.9 (b) and (c),
though the main domain of the cone remains crystal nature, some black stripes resulted from amorphous
indicate the probable surface defects and diffusion. Furthermore, He bubbles are observed at the bottom
of only few cones.
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(a)
Black dots

(b)

ql“.-“

Figure 3.9 Transmission electron micrographs of different segments of nanocones. The inset in (b)
and (c) are showing the electron diffraction pattern of which circled in red.

3.3.5 Discussion of the mechanism on the cone formation

The formation of nanostructures on Si surfaces bombarded with various ion species have been
reported over the decades. Usually, impurity seeds are considered an essential factor for fabricating
nanostructures. For example, nanostructures can only be observed after impurity atoms are introduced
during the ion bombardment at room temperature [15, 16]. Oxides or carbon compounds, which have a
lower sputtering yield than the pure material, may result to form nanocones. After He plasma exposure,
a slightly shifting of the Si 2p peak of region XPS scan manifests the presence of SiC on the surface [17].
Although a similar result, was found in this study (was not presented), here the effect of impurities is
taken into consideration as a major cause of nanocones, since the ratio of impurities shows a dependence
on the number density of cones, As mentioned in Section 3.3.2.

The reduction of sputtering yield for an abundant impurity case is in good agreement with
Nishijima’s results, which indicated that the intensity of sputtered target atoms decreased rapidly when
heavier impurities were supplied by the sample cover or cap of the top [9]. Thus, impurities can shield
the substrate surface, leading to roughness at the initial stage.

The development of nanocones is well known driven by Bradley-Harper (BH) instability [18], which
means the erosion for a normal ion incident on the convex is slower than that of the concave, and the
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angular dependence of sputtering yield [19]. Starting from a simple convex structure, a cone was obtained
by simulation works taking various sputtering yield and ion reflection into account.

Surface stress is another candidate that can result in cone-like structures. As discussed in [20],
protuberances on the surface were caused by the increasing of ion-induced surface stress, at which point
the crystal structures were ruined by the implantation of impurities. From a stress study of an Si sample,
in [16] it was suggested that the surface tensile stress would be enhanced by Mo seeding, resulting in
instability and the formation of nanodots. Because of the relatively low incident energy, the cone retained
good crystalline nature in both our case and in [6]. However, the presence of He bubbles and amorphous
stripes indicates that He ions are capable of penetrating the substrate, prompting surface diffusion [21].
From the theoretical method, the displacement energy Em can be deduced as follows:

4M .M,

n=E—2-"2_-cos’0. (3.2)
(Ml + MZ)

Here, E; is the ion energy, M1 and M are the ions and substrate atoms, and @ is the local incident angle.
Taking Em as 12.5 eV [22], the maximum local angle to displace an Si atom in the experiment is ~56°,

which is smaller than the angle for the maximum sputtering yield (~70° [23]). Under this condition, the

tip of the cone shrinks [19], driven by the surface diffusion flow. This is in good agreement with the
previous results shown in Figures 3.2 and 3.9. Accordingly, the cone will not be diminished during
continuous ion bombardment, because the smaller nanocones existing on the white Si surface are recently
formed.

Based on the previous discussions, we can take inspect the schematic of nanocones formation. Figure
3.10 showing the evolution of the surface morphology for white and black Si. For white Si, the whole
process is described as follows: First, insufficient W impurities sputtered from the sample mask by O
deposited on the Si surface (Figure 3.10 (a)). Second, due to the lower sputtering yield of He on W
compared with Si, small protuberances are formed (Figure 3.10 (b)). Then, the effect of BH instability
and the angular dependence of sputtering yield reshape the protuberances into nanocones (Figure 3.10
(c)). The tip of the cone is then sharpened by the surface diffusion flow of Si. Because continuously
arriving impurities result in new nanocones formation, the surface shows the coexistence of both large
and small sizes of cones (Figure 3.10 (d)). For black Si, because of the covering of the abundant Mo
impurities, the formation of nanocones is saturated at an early stage. Therefore, uniform and dense
nanocones are displayed after plasma irradiation for 60 min.
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Chapter 3 Influence of impurities on the formation of nanocones structure on silicon surface irradiated by low
energy helium ions

Figure 3.10 Schematic of the nanocones formation for white and black Si as the time evolution from
(@) to (d).

3.4 Summary

In this study, N-type Si samples, partially covered with Mo or W, were irradiated by low energy He
plasma. This resulted in turning the exposed region either black or white. The distribution of nanocone
structures formed on the surface and the optical properties of the rough surface were both analyzed to
identify the black and white Si. While these two types of results have no clear dependence on the sample
temperature or ion fluence, they were influenced by the material of the sample mask. Impurities of Mo
and W were detected on the black and white Si samples, respectively. The ratios of impurities have a
relationship with the number density of nanocones, resulting in the different appearance of surface
morphology (i.e., black and white Si). Moreover, measurements of erosion depth of black and white Si
cases revealed that the real sputtering yield for black Si is less than half of the theoretical value, while
white Si demonstrates slightly smaller results. Thus, the mechanism of nanocone formation is considered
a result of the impurity shield effect and BH instability.

Further studies are required to confirm this conclusion. For an example, a map of impurity
distribution on nanocones measured by EDX could help to confirm the behavior of impurities. The black
spots (if verified as impurities) are more likely to be agglomerate clusters, which should be affected by
sample temperature. However, the range of sample temperatures in those cases was relatively narrow due
to the capacity of Co-NAGDIS. The effect of temperature cannot be neglected when the range of
temperature is increased. Section 5 will discuss further about the impurity flux dependence with a biased
Mo wire in front of the Si target, similar to the situation done using W target [24]. Moreover, the
approximate calculation of sputtering yield in this study is expected to be improved. Section 4 will
discuss this by simulation approach using a three-dimensional Monte-Carlo code SURO [25, 26], which
involves factors such as surface evolution, particle reflection, redeposition, and effect of angular
dependence on sputtering yield. This will allow us to reproduce nanocone formation and calculate the
real sputtering yield.
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Chapter 4 Modeling of the impurity-induced silicon nancone growth by low energy helium plasma irradiation

Chapter 4. Modeling of the impurity-induced silicon
nanocone growth by low energy helium plasma irradiation

4.1 Introduction

Silicon with a high density of nanocone morphology, known as black silicon (Si), is one of the
promising materials for the solar cell and field emitter [1, 2]. Various technics have been conducted to
fabricate nanocones on the Si surface such as reactive ion etching, wet chemical etching, and laser pulses
[3-5]. Helium (He) plasma irradiation, which is relatively simple and economical, is another method to
form nanostructure on the surface of material. Kajita have observed cone structure, of which He bubbles
on the tip, on titanium and stainless steel [6, 7]. As for the Si material, dense nanocone was formed with
crystal nature remained at low energy (< 100 eV) of He plasma [8-10]. Recently, the formation of
nanocone structure was strongly affected by the deposition of impurity on the Si surface was found [11].
On Si material, impurity-induced nanostructure was broadly reported with argon (Ar) plasma irradiation.
Nanorods have formed at various temperatures with the supply of molybdenum (Mo) seed atoms.
Ozaydin and Tanemura reported that nanodot structure could not be identified without Mo impurity
introduced [12, 13].

However, the mechanism of impurity-induced Si nanocone is still in discussion. Iron and chromium
(Cr) impurities are seemed as melted catalytic-sphere to lead the nanocone growth in the 1500 eV of Ar
plasma environment [14]. At a lower Ar ion energy (300 eV), Ozaydin concluded that the tensile stress
is playing a dominant role in driving the nanodot formation [12]. The shielding effect of impurity was
also considered to contribute to the formation of cone structure on both Si [15] and Cr [16] substrates,
because impurities were observed on the tip of the cone.

Simulation is a persuasive method to verify the mechanism of nanocone formation. Time
development of cone-like shape has been produced with pure Ar ion bombardment [17]. In that model,
the cone structure was initially developed from a small protuberance, which represents the asperity on
the surface, and finally eroded. However, the nanocone structures in the previous study [11] were steady
for long-time irradiation and the original surface was smooth in nanoscale. Moreover, a black dot, which
was likely to be the impurity shield, was observed on the tip of cone. Thus, it is meaningful to simulate
the cone formation based on the shielding effect.

Several issues related with plasma surface interaction have been investigated with the 3-dimensional
Monte Carlo code SURO [18, 19]. In this work, SURO code was upgraded to develop the formation of
Si nanocone. Redeposition of Si was found to be another important process during the irradiation.
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4.2 Modeling procedure
4.2.1 Impurity distribution

((Is+oN)/0IN) OAl 0 oney

Figure 4.1 (a) TEM of a single nanocone. The EDX mapping of (b) Si and (¢) Mo on the nanocone
in (a). The distribution of Mo atoms ratio which calculated by Mo atoms / (Mo atoms + Si atoms). Three
specific regions of the Mo ratio were marked.

In our previous study [11], Si nanocone was fabricated with He plasma at 57 eV as a result of the
Mo seeding from the sample mask. To support the simulation model, electron dispersive X-ray
spectroscopy (EDX) mapping was used to examine the distribution of impurities of the cone, as shown
in figure 4.1. The observed cone was shown by transmission electron microscopy (TEM) in figure 4.1
(a). Figures 4.1 (b) and (c) show the intensity of Si and Mo respectively for Ka line. The intensity of Si
was found higher at the bottom than that of the top region. Moreover, size of Si presenting region, is
smaller than Mo. With the datum from figures 4.1 (b) and (c), the atomic concentration of Mo, Cwo Was
deduced from

Cu |

o _k Mo 4.1
& = @)
Cw +Cs =1, (4.2)

where Cs; is the atomic concentration of Si, kmosi i a constant that accounts for the relative detection
efficiency which is approximately 4 according to [20], Imo and Isi are the X-ray intensity for Mo and Si,
respectively. The distribution of the Mo concentration is shown in figure 4.1 (d). One can see that the
average concentration of Mo is high (about 0.3) at the profile of the nanocone. This phenomenon suggests
the present of a Mo deposition layer, mixed with Si, corresponding to the profile region of the cone with
higher transparency shown in figure 4.1 (a). On the tip, the ratio of Mo in the deposition layer is even
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higher (about 0.6) which indicates the surface diffusion or adatoms. This result is in agreement with the
hypothesis of the shielding effect. The atomic concentration of Mo on the tip of cone was set as an input
factor in the following simulation model.

4.2.2 Simulation model

In SURO code, the size of the simulation region is 0.5 x 0.5 pm? separated into 50 x 50 meshes. To
perform the impurity effect, Mo impurities are set initially at the center of the entire region occupying 4
meshes as shown in figure 4.2 (b). The fraction of Mo in those meshes were simply set as 0.6, while the
rest of the meshes were pure Si. Information on height, species of particles, number of particles, the slope
of the local region, etc. are stored in each mesh. The information continues to be updated after a single
time loop of 0.01 seconds.

R T () 05 um

f | lons incident from the top region

Hit the I
surface :

0.5 um

Sputtering

H
50 m-é-sh es

Si

50 rﬁéshes

Hit the Exceed ;
surface the top i

Deposited

Figure 4.2 (a) A schematic of SURO code, (b) simulation region set up from top view, and (c) the
polar angle and azimuthal angle used in the local coordinate.

The code can be mainly separated into two segments, i.e., sputtering and redeposition, as shown in
figure 4.2 (a). First, He ions randomly incident from the top in a vertical direction towards the Si surface.
Sputtering happens when ions hit the Si surface which belongs to a certain mesh. Then the changes in
surface height at that mesh will be calculated based on the sputtering information. The results in section
3.1 were deduced from only the first part.

In the second part, the sputtered Si atoms leave the surface at a certain angle and energy. In the local
coordinate, as shown in figure 4.2 (c), the polar angle and the azimuthal angle are assumed as the cosine
[21] and uniform distribution, respectively. The energy of sputtered Si follows the Thompson distribution
[22]. The simulation code traces the sputtered Si atoms until they re-deposit on the surface or exceed the
simulation region.
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Figure 4.3 Energy (a, ¢) dependence of sputtering yield for the normal incident and angle (b, d)

dependence of sputtering yield at He ion energy of 60 eV on Mo (a, b) and Si (c, d), respectively, from
SURO, A-CAT code, and experimental results.

Because sputtering is the most important process, the simulation tests the energy and angular
dependence of sputtering yield for both Si and Mo materials and compared with the results from A-CAT
[23] code and some experiments [24] as shown in figure 4.3. The sputtering yield is deduced from the
following equations:

Y(Ey @) =Y (Ey a=0")(cosa) " exp(f[1-(cosa) "]cos ) . (4.3)

Here, Eo is the projectile energy, o is the angle of incident ion to the surface normal, f and aopt are used
as fitting parameters.

Figures 4.3 (a) and (c) are the energy dependence of sputtering yield at the normal incident direction
on Mo and Si, respectively. The sputtering yield calculated in SURO code is slightly higher than the A-
CAT code. However, the results are consistent with the experimental data well. It shows that the
sputtering yield of Mo is much smaller than Si. Because the He ion energy in our previous experiment
was ~60 eV, all the results presented in Section 3 were obtained at the ion energy of 60 eV. Moreover,
the angular dependence of sputtering yields has been considered as an important factor that leads to the
formation of conical structure in the research [17]; thus, a benchmark was performed with respect to the
angular dependence of sputtering yields for Mo and Si as shown in figures 4.3 (b) and (c). In order to
approach the experiment result in [11], the angular dependence of sputtering yields for Mo and Si are
calculated under 60 eV of He ion energy. The sputtering yield for Mo is zero in the A-CAT calculation
at 60 eV. On Si material, the result calculated from SURO has a similar profile with that from A-CAT.
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4.3 Results and discussion
4.3.1 Nanocone formation
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Figure 4.4 Cone structure evolution at (a) t=20s, (b) t =100 s, (c) t = 200 s, from the side view.
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Figure 4.5 (a) Rotated image of nanocone formed on the surface with oblique incident He ion in the
experiment. (b) Nanocone formed on the tilted surface by simulation. The direction of incident ions in
(@) and (b) are set the same for convenient comparison.

Figure 4.4 shows the formation process of Mo-induced Si nanocone. Cone structures at 20, 100, and
200 seconds are shown in figures 4.4 (a), (b), and (c), respectively. The original height of the surface was
0 um. Because the sputtering yield of Mo is smaller than Si, a small protuberance formed from the flat
surface where Mo impurities located. As the erosion goes deeper, the cone shape forms and the height
gradually becomes larger. The angular dependence of sputtering yield was thought to be an important
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factor for the formation of nanocone [17]. Besides, the incident angle for a maximum sputtering yield
was considered to significantly influence the cone shape [25, 26]. However, a similar result was not
shown in this research. The height of the cone will keep increasing as the irradiation time pass, while the
diameter, i.e., the width of the bottom of the cone, was not clearly extended and only consistent with the
Mo covered region. It is probably because protuberance without the coverage of Mo is sputtered
immediately, due to the higher sputtering yield at a tilted incident angle. Hence, the shielding effect of
Mo is considered as a primary reason for the nanocone formation. The diameter of the cone will be
discussed again in section 4.3.2 with redeposition effect.

The direction of Si nanocone pointed was found to be followed the incident ion in our previous study
[11]. As shown in figure 4.5 (@), the cone structures are inclined to the surface. Generally, the direction
of the incident ion is perpendicular to the target surface because of the sheath layer. However, the
configuration of the sheath was changed close to the sample mask which was made of Mo. With the
influence of the mask, the direction of the electric field was inclined away from the mask. In figure 4.5
(a) rotation of the image makes the direction of incident ion perpendicular to the horizontal for a
convenient comparison with the simulation result in figure 4.5 (b).

In this study, the angle between the incident He ions and the surface was parameterized. Because
only unique value of height is allowed for one (x, y) coordinate in model, the surface was tilted while
keeping the incident ions parallel to the z axis instead of inclining the incident direction. As shown in
figure 4.5 (b), the ‘growth’ of the cone structure follows the incident ion other than perpendicular to the
surface marked with red line. This result suggested that the direction of the cone is strongly affected by
the angle of the incident ion.

4.3.2 Redeposition effect of sputtered Si atoms
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Figure 4.6 Cross-section of the nanocone with (red dash line) and without (blue solid line)
redeposition effect after 1000 s.
Figure 4.6 shows the cross-section of the nanocone with and without redeposition effect after He

ions irradiation for 1000 s. At the base of the surface and the tip of the cone, the height of the redeposition
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(the second part introduced in section 2.2) case is almost the same as the case without the redeposition
effect. At the bottom of the cone, however, the height of the former is much higher than that of the latter.
Thus, the redeposition is more likely to occur at the bottom of the cone other than uniformly on the whole
surface. This is because sputtered Si atom left the surface at a certain angle which avoid it to redeposit at
the same position where it had been sputtered. However, it possibly hit the cone which protruded from
the surface. Assumed that if the hit energy is smaller than the surface binding energy, deposition occurs
at the impinging place. Consequently, the height of the surface at the hit point is increased according to
the number of deposited atoms. Considering the structure of the cone, the upper region was too small for
the sputtered atoms to reach, while the bottom can receive the atoms from the ground region of the surface.
This phenomenon can be considered as one of the processes to increase the cone diameter. Moreover,
the heavier redeposition of Si at the bottom region diluted the concentration of Mo which explains the
lower Mo ratio at the bottom of the deposition layer observed in the EDX mapping in figure 4.1.
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Figure 4.7 Surface morphology with 49 nanocones structures with (a) and without (b) redeposition
effect after 1000 s. (c) Comparison in the cross-section view of the nanocone at the center of (a) and (b).
(d) Effective sputtering yield with redeposition effect as a function of ion fluence.

In the former study, the effective sputtering yield for black Si was found to be significantly decreased
compared with that on the flat surface [11]. Here, a nanocones array with 49 cones was calculated to
approach the black Si case. Morphologies of Si surface developed with and without the redeposition
effect are shown in figures 4.7 (a) and (b), respectively. By comparing the erosion depth of (a) and (b) at
the center of the sample as shown in figure 4.7 (c), one can recognize that the redeposition effect becomes
heavier than the single cone case in figure 4.6. This can be explained by the enhanced redeposition from
the surrounding cone. Moreover, the redeposition effect is one of the important process leading to the
reduction of the effective sputtering yield which was observed in [11]. Without the redeposition process,
the sputtering yield is roughly 2.3x1072 which is almost the same as the value (2.31x107?) calculated on
the flat Si surface in figure 4.3 (c).

However, this reduction in sputtering yield is still far from the real condition in which the effective
sputtering yield of black Si was 80% less than that on a pristine surface. This is probably because the
surface in this simulation model almost consists of pure Si other than the tip of cones. While in the actual
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irradiation, even if not as much as tips, the Si substrate is also mixed with Mo. The effective sputtering
yield of Cr cone surface exposed to a He plasma at an incident ion energy of 80 eV has been measured
during the irradiation [16]. The decrease of effective sputtering yield can be separated into two phases:
(1) a rapid decrease by 50% up to an ion fluence of 5x10%* m2 at the beginning; (2) a linear mild decrease
of 1.3% per the ion fluence of 1x10%* m=2. Considering the measurement of the atomic concentration of
the Si nanocone surface performed by Qiu et al. [14], the deposition of impurities on the sample was
saturated in a very low ion fluence. Thus, we believe that the first phase of the sputtering yield reduction
is because of the impurity accumulation on the surface. Considering the second phase, from the changes
of the sputtering yield with the increasing of ion fluence shown in figure 4.7 (d). The reduction rate was
3.6% pzer 1x10%* m~2 of the fluence which is on the same order of magnitude as the result in [16]. This
result suggests that the formation of dense nanocone will reduce the effective sputtering yield due to the
enhanced line-of-sight redeposition.

4.4 Summary

The distribution of Mo on the Si nanocone formed by He plasma irradiation was measured. A high-
density Mo zone, which is considered as a shield for the seed of nanocone formation, with a Mo fraction
of 0.6 was observed on the tip of cone. Based on the shield effect model, the development of cone
structure with time initiated from a flat Si surface can be reproduced by SURO code. The direction of the
cone structure follows the incident ion in a tilted substrate case, which is consistent with the experimental
result. Sputtered Si atoms are redeposited and contribute another important process in the formation of
nanocone. The redeposition effect will enlarge the diameter of the cone. The reason for the gentle
decrease of the sputtering yield during the long period of irradiation was revealed.
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Chapter 5. The dependence of Mo ratio on the formation of
uniform black silicon by helium plasma irradiation

5.1 Introduction

Silicon (Si) is playing an important role in terms of solar cells and many other photonic applications
[1, 2]. To minimize the reflection losses from the surface, Si with dense nanocone morphology (known
as black Si) have been fabricated with various methods. Moreover, the nanocone structure allows Si to
be the potential material of field emitter [3, 4]. Si nanocone is also of interest in the thermophotovoltaic
system as a selective emitter [5]. A conventional method to fabricate nanostructures on Si is reactive ion
etching (RIE) [5-9]. Steglich et al. produced black Si with SFs and O> mixture gas by RIE. After 5 min
etching, the reflectance was nearly completely suppressed by the formation of nanocone structures [10].
However, RIE may cause surface damage due to the high power of the radio frequency source. Wet
chemical etching can avoid the damage from ions; however, the usage of ultrathin Si wafer or film
(smaller than 200 pm) limits application for an industrial concern [11, 12]. Conical structure has been
also obtained by the laser pulse and ion beam. Such kind of technic usually gives rise to a nonuniform
surface because of the Gaussian spatial profile of the laser or ion beam [13, 14].

Recently, to fabricate black silicon, plasma irradiation has been employed with some distinct
advantages such as simple process, economical, and soft for the Si substrate [15, 16]. Nonetheless, the
morphology and the uniformity of the Si surface are still difficult to control [17-19]. Because the
reflectance depends on many features of the surface morphology, such as density, size, and height of the
nanostructure, it is desired to tailor the morphology with uniformity in a larger area by plasma irradiation.
In our previous work, impurity seed, deposited on the silicon surface, was considered as a key factor for
the nanocone formation [20]. Co-deposition experiment is an effective method to introduce additional
species simultaneously with the plasma irradiation [21]. In the present study, uniform black silicon with
nanocone structures was formed after irradiating Si samples in helium (He) plasma with auxiliary
molybdenum (Mo) co-deposition. A relationship was found between the aspect-ratio of the nanocone and
the quantified Mo ratio. The role of Mo was discussed through the transmission electron microscope
(TEM) and the energy dispersive X-ray spectroscopy (EDX) observation and a comparison experiment
between discontinue and full-time Mo co-deposition. Finally, from the optical reflectance measurement,
it is shown that the Si surface exhibits good suppression of reflectance in visible light with a large
diameter and height of nanocones.

53



Chapter 5 The dependence of Mo ratio on the formation of uniform black silicon by helium plasma irradiation

5.2 Preparation
5.2.1 Experimental setup
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Figure 5.1 Schematic of the experimental setup from the side view. The emission light from the
plasma is monitored by a spectrometer. lon energies on the Si substrate, Esyn, and the Mo sputtering wire,
Esw, are controlled by power supplies P1, and P2, respectively.

Experiments were conducted by a linear plasma device Compact-Nagoya University divertor
simulator (Co-NAGDIS) [20, 22]. The electron density and temperature were ~1x10*® m= and 6 eV,
respectively. The Si (100) wafers (N-type, one side polished) with the thickness of 0.5 mm were cut into
10 mm x 10 mm squares and set in the middle of the He plasma. For all the cases in this study, samples
were preheated up to 500 °C by electron heating and the sample temperature was maintained during the
plasma irradiation up to an ion fluence of 2.5x10% m~2 in total. Because a metal sample holder was biased
together with the Si sample, He ion flux was measured via the electron saturation current on a cylindrical
Langmuir probe. Planer sheath will be formed on the probe according to [23], we used the projection
area of the probe for the calculation. This kind of measurement has been verified by Thomson scattering
in [24]. He ion energy was estimated from the bias on the Si substrate or the Mo sputtering wire after
taking the plasma potential of ~3 V into account. A schematic of the experimental setup in figure 5.1
shows the relative position of Mo wire with respect to the Si sample, Mo wire, and the plasma column in
Co-NAGDIS. The ratio of sputtered Mo and the energy of incident He ions on the Si surface can be
modified by changing the bias on the Mo wire and the Si sample, respectively. The light from plasma at
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the region between the Mo wire and Si sample was monitored by a spectrometer through the window.
Oxide layer on the Si surface can be sputtered rapidly according to the previous experiment [20]. After
the irradiation, samples were restored in a vacuum container to avoid contamination or oxidization.

5.2.2 Quantification of Mo flux
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Figure 5.2 The spectrum of He plasma with Mo wire sputtering.

The relative intensity of Mo emission light was recorded for each co-deposition experiment. To
quantify the amount of Mo flux for each experiment, a reference case with acquirable Mo deposition flux
was required. Thus, we deposited Mo on the glass for a certain time, t, as the reference case. The Mo flux
for the reference case, I'rer, was obtained from the thickness of the deposition layer, measured by a surface
profilometer, over t. The flux can be expressed as

1—‘ref o VMo X r‘]Mo . (51)

Here, vmo is the average velocity of Mo atoms sputtered from the wire and nwo is the atomic density of
Mo. On the other hand, the corresponding spectrum, as shown in figure 5.2, was recorded by a
spectrometer. The intensity of Mo light emission, I, which is used in the following calculation was
deduced by the Voigt profile-fitting at the wavelength of 313.3 nm. The light intensity is proportional to
the density of the Mo atoms, nwo, i.e.,

| cn,,, xn,xPEC(T,,n,), (5.2)

where ne is the electron density and PEC (Te, ne) is the photon emissivity coefficient which depends on
both electron density and temperature, Te. PEC (Te, ne) was calculated based on the database in the atomic
data analysis structure (ADAS) data base [25]. Here we neglected the excitation due to He metastable
states because of the lack of data. Because the density of He metastable is much lower than that in
recombining plasmas, where the metastable state density was ~1% of the electron density [26], in the
linear plasma device NAGDIS-II, which is similar to Co-NAGDIS device, the above assumption is likely
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valid. Thus, the relationship between the intensity of excited Mo for each case, Imo, and the reference
case, . can be depicted as follows:

| n, .xn..
Mo _ Mo, i i (53)

r]Mo,ref xn

e, ref

Because vivo is primarily determined by the surface binding energy of the sputtered material, which
is constant for Mo, according to Thompson’s theory [27], the flux of Mo for each case, I'mo, is obtained
from (1) and (3) as

lyo XN

Do = ey —— (5.4)

o ref
Iref X ne,i

The ratio of Mo flux, I'mo / T'He, can be calculated by Mo flux, I'mo, over He flux, T'ne, which was obtained
from a Langmuir probe. Note that biases on the Mo wire were basically larger than -50 V which is not
low enough for He to knock Mo atoms out. Oxygen, which is the primary impurity gas that exists in the
vessel, was assumed as the particle that prompts the Mo sputtering [28]. Thus, we did not calculate the
Mo ratio simply from the sputtering yield.

5.3 Deposition experiments
5.3.1 Uniform formation of nanocone

Samples with and without the Mo co-deposition are shown in figure 5.3 to compare the uniformity.
The surface of the case without Mo co-deposition shows roughly two regions of brown (1) and dark (1)
as shown in figure 5.3 (d). Nanostructures corresponding to those two regions are shown in figures 5.3
(a) and (b), respectively. It can be seen that nanocones in the dark region are denser and about 75 nm in
diameter which is approximately then times smaller than those in the brown region. The incident He ion
energy loaded on the Si substrate, Esu,, was 60 eV. The non-uniform morphology probably caused by
impurities which were sputtered from the sample holder and biased deposited on the Si surface [20].
When a biased Mo wire was introduced during the plasma irradiation, the surface became complete black
and uniform as shown in figure 5.3 (€). The SEM image of figure 5.3 (e) is corresponding to figure 5.3
(c). Here Esub was 40 eV to minimize the influence of sputtered species from the sample holder and the
parameter dependences are shown next.

Figure 5.3 (a, b) SEM images of (d) a nonuniform Si surface at different regions which pointed by
red arrows. The ion fluence is 2.5x10%° m~2 and the energy, Esu, is 60 eV. (¢) SEM image of (e) a uniform
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black Si surface with Mo deposition. The ion fluence is 2.5%10%° m~2 and Esu is 40 eV. lon energy loaded
on the Mo sputtering wire, Esw, is 40 eV.

5.3.2 Parameter dependence

Figure 5.4 shows a series of sample morphology from the SEM in tilted view of 30°. Both of the ion
energy loaded on the Mo sputtering wire, Esw, and the Si sample, Esub, Was in the range of 30 to 50 eV.
In all the cases, the morphology change occurs uniformly. The nanostructure is affected by both Mo flux
and ion energy. Comparing cases between figures 5.4 (a—c) and (d-f), it seems that higher ion energy
leads to larger nanocones formation. This dependence, however, is not sustained when comparing figures
5.4 (e, f) and (h, i). When Esu, = 40 eV (figures 5.4 (d—f)), the aspect ratio, which represents the height
divided by the diameter, of the nanocone decreases as increasing Esw. Moreover, fiber form structures
can be found on the tip of the cone in some cases (figures 5.4 (e—i)). Those fiber form structures are
probably consisting of Mo by surface diffusion which will be further discussed in section 5.4.3.
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Figure 5.4 Morphologies of black Si at a tilted view of 30° for different Esub and Esw. The Mo flux
ratios in different conditions were written on the corresponding images.
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5.3.3 Characteristics of nanocone

To quantitatively investigate the influence of Mo flux and ion energy on the characteristic of
nanocone, the average height and the aspect ratio of nanocones was measured from the SEM images in
a cross-section view. In figure 5.5, heights and aspect ratios of nanocone under different incident ion
energies are shown as a function of I'mo / T'ne Which is calculated by equation (4). From figure 5.5 (a),
one can see that the height of the nanocone is smaller than 300 nm when Esu, = 30 V. That is because
the nanocone is formed by sputtering and the sputtering yield at 30 eV (~3x10~2 between He and Si) is
too low to generate a high cone structure. Nanocones become lower when the I'mo / T'He increases. Because
heavier deposition of Mo suppresses the sputtering process. When the Esu is 40 and 50 eV, the highest
cone for each group does not appear at the lowest I'vo / I're. This is probably because the “growth” of the
nanocone requires protection of the sufficient Mo deposition from the ion bombardment. Some other
evidence that supports this point of view will be shown in section 5.4.

Although the height of the cone is not simply affected by I'mo / T're, the aspect ratio of the nanocone
exhibits a clear relation with I'mo / T'He as shown in figure 5.5 (b). The aspect ratio shows a linear
dependence on the logarithm of I'mo / T'ne. Those three lines are almost of the same slope for different
Esub. Higher ion energy tends to form nanocones with a larger aspect ratio at the same level of I'mo / T'He.
Although the height of nanocones changed in a wide range, as shown in figure 5.5 (a), the relationship
between the aspect ratio and I'mo / T'He Was not influenced. This relation raises a potential method to tailor
the nanostructure on silicon by adjusting the ratio of impurity.
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Figure 5.5 (a) Height and (b) aspect ratio of nanocones at different Esyp (30, 40, and 50 eV) for Si
sample as a function of I'vo / T'he. The error bar here means the standard deviation of the height and the
aspect ratio of nanocone in (a) and (b), respectively.

5.4 Function of deposition
5.4.1 EDX and TEM analyses

In order to understand how the deposition of Mo affects the formation of nanocones, the distribution
of Mo was investigated through the EDX mapping for two additional cases with Esw at 50 eV (case A)
and 70 eV (case B). He ion fluence for the Si sample, Esub, and the sample temperature is 2.5x10%° m2,
40 eV, and 500 °C, respectively, for both of the two cases. SEM micrographs of cases A and B from the
SEM are shown in figures 5.6 (a) and (b), respectively. Although the Mo flux has not been quantified as
it had been treated in section 3, it is acceptable to assume that the ratio of Mo flux, I'vo / T'He, for case A
is lower than B, since He governs the sputtering of Mo at the ion energy of 70 eV. One can see from the
SEM images in Figure 5.6 that the aspect ratio decreases with the increase of I'mo / T'He.

Figures 5.6 (c¢) and (d) are EDX mapping of the nanocones scraped from the samples shown in
figures 5.6 (a) and (b), respectively. It shows that the intensity of Si on the tip is smaller than that at the
bottom. The tip of the cone consists of mostly Mo. In order to quantitatively compare the Mo distribution
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of cases A and B, the height dependences of the Mo fraction, Fwmo, in figures 5.6 (c) and (d) are shown in
figures 5.6 (e) and (f), respectively.
N

:¢1 55
° NSi +NM0 ( )

|:M
where, Nmo and Ns; is defined by the number density of Mo atoms and Si atoms, respectively. It can be
seen that Fmo in the upper region for case B is higher than A. This large fraction of Mo is probably
provided by the large I'mo / T've during the plasma irradiation. On the other hand, the larger I'vo / T'he
provides a larger area of protection on nanocone. As shown in Figures 5.6 (e) and (f), assuming that Fmo
> 0.4 is effective for Mo protects Si from sputtering, the coverage depth for Esw = 50 eV (~50 nm) is
smaller than that of Esw = 70 eV (~120 nm).

Mo fraction

Figure 5.6 (a, b) SEM images of cases with Esw = 50 eV and 70 eV, respectively. (c, d) EDX
mappings of the nanocone in (a) and (b), respectively. (e, f) the height dependences of the Mo fraction
of the nanocone in (c) and (d), respectively.

Figure 5.7 shows a TEM image of the nanocone in figure 5.6 (c) in a larger magnification. Various
sizes of dark dots can be seen on the cone. The upper region of the cone was magnified in figure 5.7 (b).
A black dot on the tip of the cone represents a high fraction of Mo, as was observed in the EDX mapping.
At the bottom region, the side of the cone shows higher transparency than the core. This region should
be the Si redeposition layer. The deposition layer gradually becomes thinner towards the tip. Also, black
lines, which mean the high density of Mo, can be observed under the redeposition layer other than the

60



Chapter 5 The dependence of Mo ratio on the formation of uniform black silicon by helium plasma irradiation

profile of the cone. Limited by the resolution of the EDX device, the corresponding line of Mo was not
clearly shown in figure 5.6 (c).

Figure 5.7 (a) TEM images of the nanocone in figure 5.6 (c). Enlarged view of tip (b) and the bottom
part (c) of (a).
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5.4.2 Dependence of Mo sputtering time on cone formation

To investigate the function of Mo deposition, experiments with different exposure time and
deposition time were performed. For all following cases, Esu is 40 eV and Esw is 50 eV. In figures 5.8
(@) and (b), the surface was exposed to the He plasma for 30 and 60 min, respectively, with continuous
Mo deposition. Comparing between those two cases, it can be seen that the diameter of nanocones
increases from ~70 to ~140 nm as the irradiation time increase. However, when exposing the Si sample
for 60 min in the plasma while the supply of Mo at only the initial 30 min, the nanostructure on the
surface becomes needle-like, as shown in figure 5.8 (c). From the structure in figure 5.8 (a), growth in
height and diameter (figure 5.8 (b)) occurred with Mo deposition, while they shrink and stop growing
without Mo deposition (figure 5.8 (c)). Hence, we conclude that the deposition of Mo plays an important
role for the cone structure to maintain the growth. Without the protection of Mo, the existed nanocone
can be sputtered again. The high fraction of Mo on the tip of the cone as discussed in section 4.1 probably
protects the needle structure from sputtering.

Mo deposition

(a) He irradiation
b Mo deposition
( ) He irradiation
(C) Mo deposition
He irradiation
0 30 60

Time (min)

Figure 5.8 (a) Surface morphology after He irradiation with Mo deposition for 30 minutes, and (b)
60 min. (c) Surface morphology after He irradiation for 30 min with Mo deposition and another 30 min
without Mo deposition. Experiment procedures for (a), (b), and (c) are shown below.

5.4.3 Discussion

Based on the Si nanocone experiments in the previous section, a schematic that explains the function
of Mo co-deposition and how it affects the aspect ratio of nanocone is shown in Figure 5.9. Figure 5.9
() shows the co-deposition process of Mo ions and atoms. The deposited Mo will diffuse on the Si
surface and eventually aggregate at the position probably with a high surface potential well determined
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by the local crystal structure [29]. The high density of Mo observed on the tip of the cone (figure 5.7)
was considered as the shield formed initially and cause the formation of nanocone due to the preferential
sputtering. Moreover, a numerical study demonstrated the formation of nanocone based on this shielding
effect [30].

Figure 5.9 (b) shows the difference of the nanocone “growth” process at large and small I'vo / T'He.
After a short time, At, of He ion irradiation and Mo co-deposition, the size of the nanocone will extend
in both radial (Ar) and vertical (Ah) directions. As shown in figure 5.5 (b), the aspect ratio of nanocone
increases with the He ion energy. Thus, Ah is primarily depending on the sputtering effect between He
ion and Si. As for the radial direction, the size of the Mo covered region will increase during the co-
deposition of Mo, i.e., Ary is larger than Arz. In fact, as shown in figure 5.8, the nanocone shrunk to a
needle-like structure without a thin Mo deposition layer. That is, a structure can protrude from the surface
only when it is covered by heavier impurities (Mo). Considering the angular dependence of sputtering
yield of Si, protrusions will be sputtered by He ions faster than in a normal angle, and, consequently, the
uncovered region will be flattened again, as shown in the “cutting off M0” case of figure 5.9 (b). Thus,
we think that Ar is determined by Fmo which is affected by I'mo / I'he. When increasing I'mo / The, Ar
increases, and consequently, the aspect ratio of nanocone decreases, as shown in figure 5.9(c).

The distribution of Mo, which shows a high fraction on the tip and a low fraction at the bottom of
the cone, observed in section 4.1 can be explained by the surface diffusion and accumulation of the
deposited Mo as discussed above. Moreover, surface diffusion of tungsten was considered as one of the
mechanisms of the tungsten fuzzy structure growth [31]. Thus, the surface diffusion of Mo also results
in the growth of fiber form structure on the tip of the cone as we observed in figure 5.4. Another reason
for the lower Mo fraction at the bottom is the redeposition of the sputtered Si from the surface. Line-of-
sight redeposition, as shown in figure 4.6 usually occurred in sputtering processes on a rough surface
[32]. Because the size of the cone tip is too small for particles to meet, redeposition, leading to reduce
the concentration of Mo, mainly occurs at the bottom of the cone. Because the fraction of deposited Mo
is smaller than 0.2 on the most region of Si nanocone as shown in figure 5.6. Considering that the He ion
energy (40 eV) on Si sample was too small to sputter Mo, the redeposition of Mo can be ignored. A
Monte-Carlo simulation of Si nanocone formation based on the shielding effect model has been
conducted in our recent work [30]. Sputtered Si atoms could be traced after they were sputtered by He
ions until the Si atoms redeposited on the surface or leave the simulation region. Compared with a non-
redeposition case, the diameter of the cone distinctly increased at the bottom region, however, barely
changed at the top region. This feature is in agreement with the observation of the redeposition layer in
figure 5.7.

There are still some guestions remains unsolved. For example, the height of nanocones as a function
of I'mo / T're in figure 5.5 (a) shows quite different tendency at different Esub. In the shielding effect model
above, the height of cone mainly depends on the different sputtering yield between the tip and the
surrounding region of the cone. This difference probably related to multiple factors such as Mo flux,
temperature affected surface diffusion, and ion energy. Investigation of the linear dependence in figure
5.5 (b) can help to understand the behavior of Mo on the Si surface. It is of interest to evolve an equation
to find the parameters which control the aspect ratio quantitively in the future work.

63



Chapter 5 The dependence of Mo ratio on the formation of uniform black silicon by helium plasma irradiation

Large INyo/The Small Ty /The Cutting off Mo

@ Siatom

\im poor

e e

Low aspect ratio High aspect ratio Needle structure

Figure 5.9 Schematic of the Si nanocone formation process for low and high aspect ratio and needle
structure cases.

5.5 Optical characterization

The ability of antireflection of the Si surface is of primary concern for the industrial application. The
reflectance for the nine cases in section 5.3.2 at the wavelength from 200 to 800 nm are shown in figures
5.10 (a), (b), and (c). Figure 5.10 (a) exhibits the reflectance of Si and Mo in the handbook [33, 34].
Samples at Esuw = 40 eV (figure 5.10 (c)) suppress the optical reflectance to ~2% through the whole
wavelength range. From figure 5.10 (a), there are two characteristic peaks (at ~280 and ~360 nm) of the
reflectance for Si, which resulted from the low carrier density compared with metal. However, those
peaks disappeared when Esw was 50 eV and 40 eV in figure 5.10 (c) and 50 eV in figure 5.10 (d). This
is because nanocones on those three cases were heavily covered by Mo. Those cases are of the highest
three I'mo / The, larger than 5x107° in figure 5.5 (a). Comparing between the nine cases, the effect of the
amount of Mo deposition on the reflectance did not show a consistent tendency. Here, the reflectance
with the characteristics of the nanocone was not determined by the Mo amounts.

64



Chapter 5 The dependence of Mo ratio on the formation of uniform black silicon by helium plasma irradiation

80 ‘ ‘
60" Mo )
40+ S 1
20

20

-
o

Reflectance (%)
o

20 ’ |
(©) p=d0ey T~ ~Esw=50eV
T Eqw =40 eV
10 Eqw =30 eV
0
20

200 400 600 800
Wavelength (nm)

Figure 5.10 (a) The Reflectance of Si (black line) and Mo (brown line) in the handbook value at the
light wavelength from 200 to 800 nm [33]. Reflectance of Si samples with Esw at 50 eV (green dash line),
40 eV (red dotted line), and 30 eV (blue solid line) when Esu is 30 eV (b), 40 eV (c), and 50 eV (d),
respectively, at the light wavelength from 200 to 800 nm.

Figure 5.11 (a) shows the reflectance of those nine cases at the wavelength of 370 nm as a function
of the average height and the aspect ratio of nanocone. When the average height of the nanocone is larger
than 400 nm and the aspect ratio is smaller than 5, the reflectance is low (< 2%). Generally speaking,
structures with a high aspect ratio are easier to trap the light. Figure 5.11 (b) shows the reflectance at
various wavelength as a function of the diameter of nanocones. As the diameter of the cone decreases
from ~170 to ~40 nm, the reflectance significantly increases 1.5, 2.5, and 7.5 times at the wavelength of
250, 370, and 800 nm, respectively. In other words, if the cone is smaller than the wavelength, the ability
of the cone to trap the light is weak. This is because the objects can be considered optically flat for the
light when the size is too small. In conclusion, the diameter of the nanocone on the surface is a dominant
parameter on the influence of the reflectance. When the diameter of the cone is large enough to affect the
optical wave, a higher cone performs better on the light trapping.
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Figure 5.11 (a) The reflectance of surfaces with various heights and aspect ratios of nanocone at the
light wavelength of 370 nm. (b) The reflectance of surfaces as a function of the nanocone diameter at the
light wavelength of 250 (red circle), 370 (black rectangle), and 800 nm (blue triangle).

5.6 Conclusions

Uniform black silicon can be fabricated by He plasma irradiation with the co-deposition of Mo. Mo
deposited on the Si surface was sputtered from a biased wire and quantified by a spectrometer. By
changing the ion energy loaded on Mo wire, Esw, and the Si sample, Esus, different features of nanocone
surface was obtained. When increasing the ratio of Mo flux, I'vo / I'He, the aspect ratio of the nanocone
will linearly decrease.

To investigate the relation between the aspect ratio of nanocone and I'mo / I'he, EDX mapping was
applied on high and low I'mo / T'He cases. The fraction of Mo, Fmo, was found large at the tip region of the
nanocone and small on the bottom. At the tip region, Fmo was larger (0.8) when I'mo / T'He Was high. The
high Fwmo region on the tip of the cone was also confirmed in TEM images. Moreover, a Si redeposition
layer was observed on the bottom and gradually became thinner towards the tip. This phenomenon was

66



Chapter 5 The dependence of Mo ratio on the formation of uniform black silicon by helium plasma irradiation

explained by our previous numerical work based on the line-of-sight redeposition. When cutting off the
Mo co-deposition during the middle of plasma irradiation, nanocones formed in the former half time
cannot grow larger but was sputtered into a needle-like structure. It was suggested that the formation of
different aspect ratio of nanocones is affected by Fmo which determined by I'mo / T'ne. Larger Fmo will
protect larger area of Si from sputtering and consequently lead to a larger diameter of the nanocone
formation. On the other hand, the height of the nanocone mainly depends on Esu. Thus, at the same Esup,
a high I'mo / T'he Will lead to the formation of low aspect ratio nanocone.

Although Si has a natural high reflectance in the visible light region, the reflectance was significantly
suppressed by the nanocone morphology. Especially when the height of nanocones larger than 400 nm
and the diameter of nanocones larger than 100 nm the optical reflections smaller than 2%. Because when
the diameter of nanocones close to or greater than the wavelength of light, the the geometry of nanocone
should be taken into account. Reflection of light is suppressed by the multireflection between cone
sturctures.
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Chapter 6. Conclusions and future works

6.1 Conclusions

The main purpose of this thesis is to understand mechanism of the impurity-induced silicon (Si)
nanocones formation with the helium (He) plasma irradiation and fabricate it in a controlled manner to
meet the requirement of industrial applications, such as high aspect ratio of cone structures and low
reflectance of Si surface.

In this thesis, Si samples were exposed in He plasma. Two typical surface morphologies have been
observed on Si surfaces: small (~0.01 pm?) and high density of nanocones with low (~2%) optical
reflectance (black Si), and large (~0.1 um?) and low density nanocones with relatively high (~40%)
optical reflectance (white Si). After the surface analyzation by X-ray photoelectron spectroscopy (XPS),
amount of impurities which deposit on the surface is the key factor which cause the different morphology.
A large amount of impurities lead to the formation of black Si. The real sputtering yield, calculated via
the erosion depth, of black Si was less than half of that of white Si. This indicated that the formation of
nanocones is attribute to the shielding effect of deposited molybdenum (Mo) impurities during the ion
bombardment. Observations on nanocone through transmission election microscope (TEM) revealed that
low energy He plasma irradiation remains the Si nanocones and the substrate good crystalline structure.

In order to concrete the theory above, a numerical work has been developed with SURO code based
on the energy dispersive spectroscopy (EDS) mapping result on a single Si nanocone. The formation
process of the nanocone from a flat surface was presented. The modeling structure under an inclining ion
incident direction was in good agreement with the experimental result. Moreover, the redeposition effect
due to the line-of-sight was proposed as another important process of nanocone formation based on
results from the comparison of the cone diameter and sputtering yield between cases with and without
the redeposition effect. Increasing of the density of nanocone on the simulation region enhanced this
redeposition effect.

Furthermore, a biased Mo sputtering wire was introduced in front of the Si substrate during the
plasma irradiation. Uniform black Si can be easily obtained with this method at surface temperature of
500 °C and ion fluence of 2.5x10% m~2. Mo impurity fluxes have been quantified through the intensity
of the Mo emission light. Plasma irradiation experiments were conducted under different He ion energies
on the sputtering wire Esw and the Si substrate Esb. It was found that the averaged aspect ratio (height
over diameter of cone) of nanocones has a linear dependence on the logarithm of Mo flux ratio. The slope
of this linear dependence is almost constant at different Esub. The reason of this relationship is strongly
related with the fraction of Mo on the upper region of the cone according to the observation in EDS for
different aspect ratio cases. With the assistant of TEM images of a single nanocone, the high fraction of
Mo was clearly identified as black dot on the tip of cone. Moreover, a layer on the side of the bottom of
the cone with high transparency was observed. This layer had the same features as the redeposition layer
founded in the simulation work above. Nanostructures on the irradiated surface were also compared
between a full time Mo deposition case and a half time case. The usual cone structure shrunk to needle-
like structure after the Mo deposition was cut off. This phenomenon indicated that protrusion on the Si
surface without the coverage of Mo can be flattened again due to the angular dependence of sputtering
yield. Besides, nanocones structure with the height larger than 400 nm and the diameter larger than 100
nm contribute to the suppression of reflection smaller than 2%. Thus, the optical reflection on Si surface
can be controlled by controlling the flux of deposited Mo and the incident ion energy on Si substrate.
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6.2 Future works

This thesis presents numerous works to demonstrate the influence of impurity deposition on the
formation of cone structure on the Si surface. However, other parameters also should be investigated
systematically. Mechanism of the Si nanocone formation involves some vital hypotheses which should
be verified. Thus, research contents which is expected to be conducted in the future are proposed below:

(1) Considering that surface diffusion is one of the mechanisms of cone formation, effect of surface
temperature, which relevant to the energy of surface diffusion, will be investigated in a wider
temperature range and systematic method.

(2) The formation of Mo cluster by the agglomeration of Mo atoms on the Si surface is a crucial
hypothesis of the mechanism. It is of interest to find an evidence of the present of Mo cluster on
the Si surface in the future. One method is to observe the Si surface with short exposure time
before the cone structure was formed by EDS mapping.

(3) The simulation model in SURO code is relatively simple. A dynamic model which can involve
the behaviors of Mo atoms form deposition to agglomeration is expected to be developed in the
future.

(4) Test of the performance of the Si sample with nanocone structure for the industrial application
such as solar photovoltaic cell will be carried out in the future.
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