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Summary

lon beam irradiation of p-type silicon combined with subsequent
electrochemical anodization has been wused for 3D silicon
micromachining. However, the basic understanding of anodization
current flow has been lacking, which has hindered effectively
controlling the structural parameters and further applications. In this
thesis, a detailed study on the change of electrical properties in p-type Si
caused by ion irradiation, as well as its effect on current flow, is carried
out. Instead of only considering a pure increase of resistivity and
resultant reduction in drift current and etching rate in previous studies,
this thesis takes the reduction of effective doping concentration, hole
mobility, and hole density into account, which leads to a previously
ignored but important current component, a diffusion current. In wafers
with non-uniform hole densities, funneling of current along the doping
gradient is shown to be very important in this mode of machining. This
discovery not only lays a foundation for effective controlling and
optimization of silicon micromachining, but also opens a new way for
patterning porous silicon, and glass by forming highly porous silicon
regions based on the funneling effect. Several factors that were
previously ignored, including amorphization, sputtering, time evolution,
and interface between electrolyte and Si are discussed in this thesis,
along with the importance of fluence, ion type, ion energy, etc. Apart
from basic exploration on the mechanism, bulk and surface structuring
method of Si, structuring of porous silicon, and glass, this thesis also

explores their applications in mid-infrared photonic crystals.
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Chapter 1 . Introduction

1.1 Materials

1.1.1 Si

1.1.2 Porous Silicon and fully oxidized porous silicon
1.2 Methods

1.2.1 Si Micromachining review
1.2.2 lon beam irradiation combined with Electrochemical etching of
p-type Si (CIBA process)

1.3 Thesis overview

In this chapter, Section 1.1 introduces silicon, porous silicon and
glass obtained by fully oxidizing p-Si. These are the three important
materials used in this thesis. Section 1.2 firstly reviews the methods
of patterning and structuring silicon. Then the method of
electrochemical etching of ion irradiated p-type silicon is introduced
which is the major focus of this thesis. Section 1.3 is a thesis

overview.




Chapter 1. Introduction

1.1 Silicon, Porous Silicon and Fully Oxidized Porous Silicon

1.1.1 Silicon
Silicon (Si) is widely used in integrated circuits and it is the basis of modern

technology. Si has diamond cubic crystal structure, with a lattice spacing of
5.43 A. Pure silicon is an intrinsic semiconductor. With a low conductivity, it
is commonly doped with other elements to increase the conductivity. Doped
silicon comprises two types; p-type silicon is doped with group 11l elements,
such as boron, with excess holes, and n-type is doped with group V elements,
such as phosphorous, with excess electrons. Group V elements behave as
electron donor, while group Il elements behave as acceptor. p-type boron
doped [1 O O] Si wafers with several different doping densities are used
throughout this thesis. Apart from its electrical properties, Si also exhibits
good mechanical properties. [1] One such example as a single-crystal material

is that it has a tendency to cleave along major crystallographic planes.

1.1.2 Porous Silicon (p-Si) and fully oxidized p-Si (FOPS)
Porous Silicon (p-Si), the next important material of this thesis, is a structure

with pores in silicon. There are two methods to introduce pores in silicon, one
is through electrochemical anodization, and the other is through stain etching.
In the former method, a platinum cathode and a Si wafer as anode are
immersed in hydrogen fluoride (HF) electrolyte solution. By passing an
electrical current through the back to the front wafer surface, p-Si is formed at
the interface of the electrolyte and silicon. The second method to obtain thin p-
Si films is through stain-etching with hydrofluoric acid, nitric acid and water.
In this thesis, the method of electrochemical anodization of p-type silicon
wafer in hydrogen fluoride electrolyte is used primarily and is discussed
further below.

p-Si is categorized into three types according to the pore size (d) namely as
microporous(d < 2 nm), mesoporous(2 nm<d<50 nm) and macroporous(d>50
nm) silicon.[2] Pore width d is defined as the distance between two opposite

walls of the pore.
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Table 1.1 Comparison of three types of p-Si on p-type silicon

. . . . Anodization

p-Si type Pore size Doping density mechanism
Microporous Silicon d<2nm 10*-10"cm?® QC effect
Mesoporous Silicon | 2nm<d <50 nm >10"%cm*® Tunnelling
Macroporous Silicon d >50 nm <10*cm?® Diffusion

The comparison between three types of p-Si is summarized in Table 1.1 above.
For p-type silicon, a space charge region(SCR) forms at the interface when
doping density is below 10*®cm™, the diffusion and thermionic emission of
holes occurs across the SCR, and this charge transfer is responsible for
formation of macropores for doping density below 10*°cm™. When doping
densities exceed 10*%cm™, the charge transfer at p-type electrode is dominated
by tunnelling through the SCR, and this is responsible for formation of
mesopores. With doping densities 10'® ~10*"cm™, microporous silicon is

formed due to quantum confinement effect.

There are two parameters that are important for the following chapters. One is
porosity, which is defined as fraction of pores to the total volume of sample,
the other is effective refractive index. p-Si is a material which can have
variable porosity, enabling variable refractive index. A multilayer of porous
silicon with alternative porosities has been used previously for distributed
Bragg reflectors. [3] p-Si has large surface-to-volume ratio, which can be
infiltrated with a medium of choice and has been used for gas or liquid sensing
applications. [4, 5] Microporous silicon produces photoluminescence(PL),[6]

and has been used for active devices.[7]

Glass is an amorphous (non-crystalline) solid material. Glass is widely used in
optoelectronics, for light-transmitting optical fibers. Glass can be obtained by
fully oxidizing p-Si, where the volume expansion during oxygen incorporation
and SiO, formation completely fills the voids in porous silicon matrix,

resulting in a continuous glass volume. An oxidized fraction of 100% can be
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reached on a scale of hours only if the initial porosity of p-Si is greater than
about 56%.[8]
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1.2 Silicon structuring

1.2.1 Silicon Micromachining
Si structuring, also called silicon micromachining, represents patterning of Si

on or beneath surface. Silicon structuring processes include deposition,
patterning and etching. Lithography is used for transfer of a pattern to a
radiation-sensitive material by selective exposure to a radiation source. It
includes a variety of different types of processes, such as photolithography,
electron beam lithography, ion beam lithography, X-ray lithography, etc.
Etching is the removal of material by an etchant which is either a solution or
reactive gas. Alkaline etchants are used to make microstructures, and to
control the vertical dimension, many different etch stop techniques are used.
Silicon, which is highly doped with boron, etches slowly in alkaline solutions,
allowing fabrication of 3D structures.[9, 10] Buried mask layers, such as
silicon dioxide, silicon nitride, and silicon carbide, can be used as an etch stop.
Silicon on insulator wafers can be directly used in this case. [11]
Electrochemical etching (ECE) is a process for dopant-selective removal of
silicon. Either type of dopants are created by implantation, diffusion or
epitaxial deposition to act as the etch stop material. It can be used to fabricate
sensors, [12] actuators, photonic components,[13] etc.

Surface machining uses deposited thin films or SOI wafers.[14, 15] The top
layer is selectively etched using mask patterns; then the sacrificial layer is
removed, producing free-standing silicon structures. Focused ion beams (FIB)
are also used for silicon surface patterning. [16] A common method for bulk
silicon machining is deep reactive ion etching (DRIE). [17] Gallium ion
implanted Si behaves as a mask for reactive ion etching to fabricate high
aspect ratio nanostructures in Si [18] or by combining with wet etching, free
standing structures can be fabricated.[19] Metal assisted etching of silicon has
been used by using templates based on nanosphere lithography, anodic
aluminum oxide masks, interference lithography, and block-copolymer
masks. [15, 17, 20] An 800nm fs laser was also used to write grooves on Si.
[17] p-Si and glass structuring methods will be briefly reviewed in section 6.3
and 6.4.
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1.2.2 lon beam irradiation combined with Electrochemical etching of p-
type Si (CIBA process)
Several electro- and photo-electrochemical processes are mentioned above

which allow silicon microstructures to be formed within ion-implanted silicon
wafers.[16]lon beam irradiation combined with electrochemical etching of p-
type Si is a true 3D Si micromachining method, which is referred as CIBA
process in this thesis. This process has two patterning methods, one of which
is direct nanobeam writing, and the other is projection of a large area uniform
ion beam through mask. In direct nanobeam writing, a finely focused beam of
MeV ions[21] is scanned over the Si wafer surface and as it penetrates the
semiconductor, the ion stopping process damages the Si crystal by producing
additional vacancies in the semiconductor.[22] By controlling the dosage of
the focused beam at different locations, any pattern of localized damage can
be built up. The irradiated wafer is then electrochemically anodized in HF
electrolyte in which an electric current is passed through the wafer, and p-Si is
formed selectively. After removal of p-Si, Si structures are obtained. [23, 24]
These two methods will be discussed further in detail in chapter 6, and be used

in various chapters throughout the whole thesis.

CIBA process has been used for producing micropatterned Si surfaces[25],
controlled photoluminescence from patterned porous Si, [26] and controlled
reflectivity from patterned porous Si Bragg reflectors,[27] waveguides,[28]
and holographic imaging.[29] However, the process is controlled more
empirically since the basic mechanism of electrochemical anodization of ion
irradiated p-type silicon has not been studied thoroughly. The structural shape
and size are not controllable, which hinders its further applications. Therefore,
to enable better control and new fabrication methods, there is a great need to
study the basic mechanism of anodization in such ion irradiated Si, which is
the main focus of this thesis. In order to study the basic mechanism, this thesis
starts from studying the variation of electrical properties of p-type silicon after
ion irradiation. Based on this the anodization current flow is studied by
combining a simplified model based simulations and experiment evidences.
The physical processes, time dependent evolution and electrochemical aspects

that are ignored in the simulations are taken into account and used to explain
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various experiment results under different conditions in the later chapters.
Apart from the applications in optics and photonics mentioned above, it is

tempting to apply this method for fabricating photonic crystals, which is the
major application field explored in this thesis.
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1.3 Thesis overview

Chapter 1 discusses three materials of central importance, silicon, porous
silicon, and glass, as well as methods used for Si micromachining. Chapter 2
introduces experimental facilities and tools that are used in the following
chapters, including ion irradiation tools, material analysis tools, morphology
study tools, and set up of electrochemical etching. Chapter 3 discusses a
current voltage characteristic study of p-type wafers which are entirely
irradiated with high energy protons, and possible mechanism is proposed.
Chapter 4 mainly discusses the two components of hole current in
electrochemical anodization of ion irradiated p-type silicon, and introduces the
concept of funnelling effect, which can be influenced by variety of factors.
This is the first highlight of this thesis, which is to provide a full picture of
current transport in ion irradiated p-type Si. Chapter 5 discusses the core
formation mechanism in wafers of two different resistivity used in relevant
work, and different factors that influence the core formation are discussed in
detail. Chapter 6 discusses the silicon micromachining results, which include
fabrication of high aspect ratio silicon walls, silicon pillars, fabrication of free-
standing tip-arrays, wires, and grids. Chapter 6 also discusses p-Si structuring
and oxidized p-Si (glass) patterning. Chapter 7 introduces silicon surface
patterning, and the effects of amorphization, sputtering, reduction of work
function are incorporated into the anodization current flow study in this
context. It is a complementary study of chapter 4. Chapter 8 discusses the
application of silicon and p-Si structuring processes in fabrication of photonic
crystals in the Mid-infrared range, and initial trials in characterization process.
Chapter 9 concludes the whole thesis and discusses several examples of the

further work that will be carried out.

The main contribution of this thesis is in understanding of fundamental
physical mechanism of current flow in a charged particle irradiated
semiconductor, which in this specific context, is the mechanism of hole
current flow in ion irradiated p-type silicon. The use of this mechanism in Si
and p-Si, glass structuring and its applications in photonic crystal and further

in photonic devices, as well as integrated photonic circuits is also explored.
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A comparison of this thesis and previous work in terms of basic concepts, ions

used, resultant structures, and application areas are listed in Table 1.2,

Table 1.2 Comparison of this thesis and previous work

Comparison Previous work This thesis
.. Reduction of effective doping

Change in ion o )
. . - Increase of resistivity concentration, and hole
irradiated silicon L

mobility
Current c_omponent Drift current Drift and diffusion current
considered

Either enhanced, or reduced,
depending on experimental
conditions
Direct, and alternating current

Effect on etching rate Slowed down

Etching mode used Direct current

High energy protons,

helium ions Apart from listed on the left,
lons used 30keV He" focused down to

(100keV~2MeV), 1nm. 15keV Cs*

focused down to 200nm ’
- . Apart from listed on the left,
Silicon walls, pillars, buried channels in porous
Resultant structures free-standing silicon . ;sinp
. silicon, fully oxidized porous
wires i~
silicon
Application areas Waveguides r':}?g:gﬂﬁg{éﬂz{i’




Chapter 2 . Experimental facilities & Background

2.1 lon Irradiation facilities
2.2 Other tools & facilities

2.2.1 HF electrochemical etching setup

2.2.2 Material analysis & Morphology study

2.3 Defect distribution and fluence definition

This chapter will introduce the experimental facilities, setups used,
as well as background knowledge on defect distribution in Si due to
ion irradiation. Section 2.1 discusses the ion irradiation facilities
used in this thesis. Section 2.2introduces the electrochemical setup
for HF etching and tools for morphology study. Section 2.3
introduces the background knowledge on defect distribution in
silicon due to ion irradiation. Apart from tools and facilities, this
chapter leads to the curious question of how the ion irradiation
generated defects modify the current flow during the etching
process, and how these mechanisms lead to resultant structures,
and selective formation of p-Si, which is one of the main motivations

of this thesis.
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2.1 lon irradiation facilities

(1) 100 keV~2 MeV Protons and Helium ions

A particle accelerator uses electrostatic fields to propel charged particles to
high speeds and to contain them in well-defined beams. Electrostatic
accelerators use static electric fields to accelerate particles, such as Van de

Graaff generator.

High energy particle beams are very useful for both fundamental and applied
research in the sciences, and also in many technical and industrial fields. Low

energy particle accelerators are used in the manufacture of integrated circuits.

Single-ended accelerators operate with the ion source inside the terminal,
where the terminal potential is positive and the ion source produces positive
ions that are then accelerated away from the terminal. Tandem, or double-
ended, accelerators operate with a negative ion source at close to ground
potential. The negative ions are drawn in toward the positive terminal where

they are stripped to positive ions and accelerated.

Once the beam has been accelerated, it is transported to a variety of beamlines
by a bending magnet, where the momentum dispersion of the bending magnet

can reduce the momentum spread of the beam entering the beamline.

Figure 2.1 shows the schematics of 3.5MeV Singletron accelerator in Centre
for lon beam applications in National University of Singapore. Currently there
are five beamlines, as shown in Figure 2.1. The proton beam writing
(PBW)[21] beamline is used for photoresist patterning, [30] silicon
micromachining, [24] metal mold fabrication, [31] etc. The structures have
been used in photonics, [32] microfluidics, [33] etc. The 2" generation PBW
beamline aims at focusing the beam down to sub-ten nanometers. [34]The
bioimaging beamline is used as a tool for the whole cell imaging.[35] The
nuclear probe in the material analysis beamline is used for Rutherford
backscattering spectroscopy (RBS), [36] Proton induced X-ray emission
(PIXE), [37] Scanning transmission ion microscopy (STIM), [38] etc. The
high resolution RBS (HRBS) beamline [39] enables analysis with resolution of

single digit nanometers in depth.

11
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Figure 2.1 Acelerator in Centre for lon Beam applications(CIBA) and the
beamlines: (1) Proton beam writing(PBW); (2) 2™ generation PBW; (3)
Bioimaging; (4) Nuclear microprobe and broad beam exposure; (5) High
resolution RBS.

) Object slit Colllmator XYZ
MeV ion beam Slit Stage

- =

Blanking Switching
Plates  Magnet

Sample

Accelerator Analyzing Magnet Quadrupole

Triplets

Figure 2.2 Schematic diagram of Proton beam writing line in
CIBA(Reproduced from Ref. [40])

The accelerator in CIBA has several beamlines, where the proton beam
writing beamline is the most frequently used as shown in the schematics of
Figure 2.2. A beam of high energy-ions coming from the terminal after the
bending magnet passes through an object aperture and is demagnified by a
strong focusing lens system to form a probe at the sample (Focusing

procedures shown in Appendix). Proton beam writing is a new direct-writing

12



Chapter 2 Experimental facilities & background

process that uses a focused beam of MeV protons to pattern resist materials at
nano-scale dimensions. [21] The advantage of this method is that high energy
protons have deeper penetration in materials while maintaining a straight path
and it has been used to fabricate three-dimensional, high aspect ratio structures
with vertical, smooth sidewalls and low line-edge roughness in different
photoresists. [41] This method has also been used for silicon micromachining

by inducing designed damage into silicon crystal, as discussed in section 1.2.2.

A scanning program has been developed in-house which includes the ability to
perform combined stage and magnetic (or electrostatic) scanning. The
scanning modes for proton beam writing include point scan mode, and line
scan mode.[42] The maximum scan size for point scan mode is 500 um x 500

um, while for line scan, it can be about a cm long.

As discussed above, the maximum scan size in point scan is limited, while the
line scan is limited to only lines. Meanwhile, the ion fluence needed for silicon
micromachining is very high and low ion current is needed to achieve a
focused beam spot, therefore, to irradiate Si with PBW is time-consuming.
Therefore, a large area irradiation method has been developed, where designed
patterns are fabricated on photoresist or metal which is pre-coated on a silicon
wafer surface, and then the pattern is transferred to silicon by irradiating the
whole wafer surface with a uniform large-area ion beam. The first projection

work was reported in Ref. [43].

For the large-area beamline, the beam current is much higher than the proton
beam writing line, thus, it enables fabrication of large area structures in a
relatively short time. As shown in Figure 2.3, with an extension pipe, the
focused beam diverges into a beam with large area. By cutting the outer edge
of beam with collimator slits, the shape of ion beam can be adjusted into a
well-defined square with uniform intensity. This enables accurate control of

the fluence and uniform irradiation of the whole surface.

13
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Figure 2.3 Schematic diagram of large area irradiation facility in CIBA.

A photoresist mask is fabricated by UV or e-beam lithography. UV
lithography can produce large area patterns with relatively coarse structures
with feature sizes of >2 um depending on the thickness of photoresists. With
a pre-coated metal seed layer, nickel can be filled into the gaps between the
photoresist patterns by electroplating and serves as the mask for ion irradiation.
Electron beam (e-beam) writing is conducted by a standard SEM located at
SSLS in NUS, for which the resolution can reach tens of nanometers.
However, e-beam writing produces small area patterns, and only works for
thin photoresists (less than 1 um). The energy of electrons is very low (tens of

keV energies) and produces structures with small height or depth.
(2)30 keV He ions

The helium ion microscope(HIM)[44] in NUS was used to generate a 30 keV
helium beam with beam size of around 0.5nm containing a current around 0.5
pA. Compared with high energy protons, the defects generated during
collision of 30 keV helium ions with material atoms are located much closer to

the surface.
(3) 15 keV Cs ions

Secondary ion mass spectrometry (SIMS)[45] is a technique used in material
science and surface science to analyze the composition of solid surfaces and
thin films by sputtering the surface of the specimen with a focused primary ion
beam and collecting and analyzing ejected secondary ions. One type of ion
gun in SIMS generates Cs* primary ions, in which cesium atoms vaporize
through a porous tungsten plug and are ionized during evaporation. In NUS,

there is an UHV system for spectroscopic (SIMS) study which can produce a

14
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Cs" microbeam source. A 15 keV Cs* ion beam with a size of 25 um,

containing a beam current ranging from 0.01 nA~1 nA, which is able to scan

over 500 um x 500 pm area, is available. The Bragg peak of 15 keV Cs” is in
Si is located at the surface of Si.
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2.2 Other experimental tools & facilities

2.2.1 Electrochemical etching set-up
After ion irradiation, the silicon wafers are electrochemically anodized in HF

electrolyte. The design of an electrochemical setup depends on a variety of
requirements, such as sample size, uniformity of porous silicon layer, sample
fragility, single-side or double-side porous silicon formation, ease of
observation of morphology of sample surface, illumination conditions, etc. p-
type silicon is mainly used in this thesis for which two different

electrochemical setups are adopted.

1) Back-side protection by epoxy

Power supply

Teflon container

Figure 2.4 Setup of first method of electrochemical etching of p-type
silicon

In its simplest form, the etching process is conducted by protecting the back-
face of wafer from HF by using epoxy glue. Copper wires are electrically
connected using Galn eutectic paste to the back surface and held in place
under the epoxy. The overall setup of this first method is shown in Figure 2.4.
Most samples comprise a bulk single-side polished p-type silicon wafer, with a
thickness of 525 pm or 275 pm, for which the top 1~50 pm layers in the
following chapters are partially damaged on the front surface by the ion beam.
A silicon wafer exposed in ambient air has a native oxide layer, which is
removed by dipping the wafer in 2% HF for 5 mins, to enhance the low

resistance contact on the back side.
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Figure 2.5 Procedures of electrochemical etching by back-contact method:
(a) Ohmic contact and protection from electrolyte: Spreading copper
wires, applying EGaln paste, applying mixed epoxy; (b) Overall etching
setup; (c) Zoom-in of the power supply; (d) Etched silicon surface; (e)
Removal of epoxy.

To form a uniform layer of p-Si, copper wires are spread, and connected to the
back surface of samples using EGaln paste to ensure a low contact resistance
between the wires and back surface of silicon. In addition to a good electrical
contact, a good protection for the copper wires and back surface of silicon
from HF electrolyte is necessary for which an epoxy resin (Araldite) is used.
The resin does not react with HF electrolyte, and can be easily removed later
by a sharp blade. The epoxy resin is formed by mixing the hardener and an
adhesive, which is applied onto the back surface when it is soft and wet. It
becomes dry and hard within 1-2 hours. A good insulation is important for
avoiding any current leakage. It is important to protect the back surface of
wafer, as well as the edges as shown in figure 2.5(a). The appropriate mix of
the epoxy resin enables us to etch the sample in 24% HF for more than 30
mins. The conducting back-side protected by epoxy is connected to a positive
bias and a platinum cathode is placed face-to-face with the silicon wafer at a

17
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certain distance shown in figure 2.5(b). Both the anode and cathode are placed
into HF electrolyte and connected to a power supply. A close-up picture of the
power supply connected to the anode and cathode is shown in Figure 2.5(c).
The power supply is 2400 Keithley Source Meter. It provides precise voltage

and current sourcing as well as measurement capabilities.

This method enables a uniform etching of large silicon wafers (refer to figure
2.5(d)). However, due to the usage of EGaln paste, epoxy and copper wire, the
presence of impurities is unavoidable in the porous silicon layers as well as the
HF electrolyte. This does not affect most of the photonic applications, since
either the porous silicon layer is removed in the final structures, or the
effective refractive index remains constant in spite of minor impurities. Finally,
the epoxy is removed carefully by a blade depicted in figure 2.5(¢e). With this
process, it is impossible to form porous silicon on both sides of a silicon wafer.
It is also difficult to etch free-standing thin silicon membranes because of the
presence of the back contact, the membranes get broken easily. Most of the

etching in this thesis is performed following the above mentioned procedure.

2) Teflon cell design and etching

To have a porous silicon layer containing less impurities, or to etch both wafer
surfaces, or to etch free-standing thin silicon films, an etch cell is a good
choice.

Polytetrafluoroethylene (PTFE) can be used for the cell body, and polyvinyl
chloride (PVC) can be used for transparent windows. Standard black O-rings
made of acrylonitrile-butadiene copolymer can be used, which are stable in 50%
concentrated HF. The O-ring should be held under medium pressure while
tightening the cells to avoid breaking the sample, but a good seal is important
to avoid the leakage of HF electrolyte.
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(a) (b)

MopulM JuBIedsuel]
MopulM JuBIedsuel]
MOpUIM JuaJedsuel]

Figure 2.6 Setup for cell electrochemical etching of silicon: (a) single-cell;
(b) double-cell.

There are two types of cell geometries for different purposes, as shown above.
To etch a single side of a silicon wafer, the cell configuration depicted in
Figure 2.6(a) can be adopted, where EGaln paste can be applied on the back
surface of silicon wafer pressed against a copper electrode to achieve a good
Ohmic contact. Figure 2.6(b) has double-cell design where HF electrolyte fills
both sides. When a DC bias is applied, only the surface with a positive voltage
is etched; whereas, when an AC bias is applied, porous silicon layer forms on
both sides of a silicon wafer. Especially, the double-cell design was used for
etching Silicon-on-insulator (SOI) wafers, as discussed in [46]. Here, the SOI
wafer works as a capacitor where the device layer and substrate work as two
conducting plate and the oxide layer as a dielectric material and etching takes
place on either surface alternatively because of the applied alternative bias.
Cell etching can also be used to remove the oxide layer of the electrolyte
exposed area on top of the silicon wafers. This cut in the oxide, in turn, can be
used as a window for KOH etching, as shown in Figure 2.7.
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(a) Si0, (b) etched

KOH etching .. 1 / @

Figure 2.7 Example using cell for etching: Cell etching was used to
remove SiO, to work as a window for KOH etching to produce Silicon
membranes: (a) Cross-section Schematic (b) Image of 525 pm silicon
wafer with 12mm area diameter 200 pm thick silicon etched away.

Cell etching is suitable for producing p-Si on both sides of a single wafer at
the same time, and also enables etching of a free-standing silicon thin film
supported by a thick frame. Cell etching results in less contamination of the
porous silicon film and HF electrolyte. However, the limitation of this
technique is that the etching is faster at the edge of the O-rings compared to
the central region. This causes non-uniform etching across the exposed area.
In addition to this, the clamping increases the risk of breaking fragile wafers,

and any inappropriate clamping may cause leakage of the electrolyte.

2.2.2 Material analysis and morphology studies
After ion irradiation and electrochemical etching, the following facilities are

used for the analysis and morphology studies.
(1) Material analysis: RBS

Rutherford backscattering spectrometry (RBS) is a common analytical
technique used in materials science. In CIBA, we have high resolution RBS
facility which is used to determine the structure and composition of materials
by measuring the backscattering of a beam of high energy ions impinging on a

sample. [47]
(2) Morphology: OM, SEM, AFM, FIB

The optical microscope (OM) uses visible light and a system of lenses to
magnify images of small samples. The image from an optical microscope can
be captured by normal light-sensitive cameras to generate a micrograph. In

this thesis, OM is used for instant observation of structures. A scanning

20



Chapter 2 Experimental facilities & background

electron microscope (SEM) produces high resolution images of up to 50000x
magnification of a sample by scanning a focused beam of electrons, producing
and detecting various signals that contain information about the sample's
surface topography and composition. [48]Atomic force microscopy (AFM) is
a very high-resolution type of scanning probe microscopy.[49] AFM is used in
this thesis for producing the topographical map of the etched surface of ion
irradiated Si samples. AFM is one of the foremost tools used for imaging,
measuring, and manipulating matter at the nanoscale level. Piezoelectric
elements that facilitate tiny, but accurate and precise movements enable very
precise scanning and positioning. Focused lon Beam (FIB) has applications in
imaging, machining, deposition, material analysis, etc. FIB can be used for
cross-sectional cutting of structures with small size; however, FIB is

destructive to the samples. [50]
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2.3 Defect distribution and fluence definitions

The previous sections introduced all the necessary tools and facilities used in
this work. To produce required structures using these facilities, a basic
understanding of the influence of ion irradiation on electrical properties and its
subsequent effect on the porous silicon formation, is needed. lon irradiation
induces damage to the crystal lattice. The generation of these defects is the
reason why electrical properties are changed and selective p-Si formation
during subsequent etching occurs. Theoretical models could approximately tell
the number of displaced atoms by a projectile. Here Stopping and Range of
lons in Matter (SRIM)[22] calculations are used to discuss ion range, ion
straggling, and the defect distributions. SRIM is computer program based on a
Monte Carlo simulation method that calculates the interaction of ion with

matter.

The resultant energy transfer during ion collisions with the electron cloud or
atomic nuclei, while passing through matter, causes the ions to slow down
until they come to rest at some depth in the material.[51] The average range R;
which ions with MeV range and low mass travel through matter before coming
to rest can be evaluated as

-1
Ri=["S dE 2-1

This is also known as the ion range. Low energy heavier ions have low
penetration through materials while high energy light ions have large range.
[51] Figure 2.8 shows the range of protons, helium, Cesium ions in Si with
respect to ion energy from SRIM calculations.[22] It shows that for the same
energy, lighter ions have larger ion range than heavier ions. For example, for
energy of 2 MeV/ion, a proton has range of 48 um in Si; a helium ion has

range of 7 um in Si, while a Cesium ion only has range of 0.8 um in Si.
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Figure 2.8 SRIM calculation of ion range. lon range of proton, helium,
cesium ions in silicon with respect to ion energy (vertical scale is in
logarithm).

Fluctuations in the number and geometry of collisions give rise to a
distribution in the energies of initially monoenergetic ions after traversing a
depth of material. This results in a variation in the distance to which individual
ions penetrate the material, which is called longitudinal straggling. Variations
in the number and geometry of the ion-electron collisions also results in a
distribution of the transverse momentum acquired by the ions. This alters the
trajectory angle of the ions through the material, so that they stop at different
lateral distances away from the beam axis; that is, there is a lateral straggle or
spread.[51] For line or point irradiation, where the lateral straggling is larger
than the feature size on surface, lateral straggling, rather than the beam spot
size on the material surface, ultimately defines the minimum spatial resolution
for micromachining process.[24] Figure 2.9(a) shows the longitudinal and
lateral straggling of protons, helium, Cesium ions in silicon with respect to ion
energy, from SRIM calculation.[22] It shows that for the same ion energy,
lighter ions have larger straggling. For example, for ion energy of 2MeV,
protons have a straggling of ~ 2 um in Si, helium ions have a straggling of ~
0.3 pum in Si, while Cesium ions only have a straggling of ~ 0.16 um in Si.

Except when the ion energy is as low as less than 200 keV, helium ions have
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larger straggling than protons, shown in the inset figure. Figure 2.9 (b) shows
the straggling with respect to energy/nucleon, which has no significant

variation for different ions, and an opposite trend compared to Figure 2.9(a).
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Figure 2.9 SRIM calculation of straggling. Straggling (longitudinal,
lateral) of proton, helium, cesium ions in Silicon with respect to ion
energy (vertical scale is in logarithm).

In silicon micromachining, the ion range determines the depth of end-of-range
regions, and straggling partially determines the structure size. These two
factors will be discussed in more detail on how they determine the formation
of cores at end of range regions in section 5.3.1, where one of them is
dominant for different conditions. By combining the above two figures, Figure
2.10 shows the ratio of longitudinal and lateral straggling over ion range of
protons, helium ions, Cesium ions in silicon with respect to ion energy per
nucleon. It shows that for protons and helium ions, with increasing nucleon
energy, this ratio decreases. This slope becomes smaller, and tends to a
constant at high energy when the energy is higher than ~ 600 keV. This graph
can explain the difference of core shapes for lower and higher energy of cores.
Since the slope becomes smaller, the ion range plays a more important role for
higher energy ions, which results in a higher height over width ratio of the
core in 0.02 Q.cm wafer, which will be discussed in chapter 5 in detail. The

same trend is observed for helium ions.
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Figure 2.10 Ratio of straggling and ion range. Ratio of straggling
(longitudinal, lateral) and ion range of proton(black), helium(red),
cesium(blue) ions in Silicon with respect to ion energy per nucleon (lateral
scale is in logarithm).

Transfer of energy to atomic nuclei during a collision causes ion induced
defects owing to the displacement of the atomic nuclei from their original sites.
Simple lattice defects can occur when an atomic nucleus does not acquire
sufficient energy to displace other nuclei after escaping from its own lattice
site. The resultant vacancy/interstitial pair, consisting of the displaced lattice
atom and the resultant empty lattice site, is called a Frenkel defect.[52]
However, if the struck lattice atom is displaced with enough kinetic energy,
then it can travel away from its original lattice site and may collide with other
lattice atoms, causing displacements of more lattice nuclei which in turn may
displace others. The high kinetic energy of the originally displaced lattice
atom is thus dissipated in producing a cascade of vacant lattice sites and
interstitial displaced nuclei.[51] Protons tend to produce a mixture of simple
defects and complex defect clusters, mostly simple defects, whereas heavier
ions tend to produce a higher proportion of defect clusters as they can impart

higher kinetic energy to the displaced lattice nuclei. [51]
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Figure 2.11 Depth defect distribution. (a) Defect distribution with respect
to depth for 250 keV and 1 MeV proton in silicon; (b) Low defect density
column and end-of-range region.

The number of defects produced along the initial portion of the trajectories is
fairly constant and then increases sharply towards the end-of-range, due to the
lower velocity of ions and larger interactions with atoms after collisions.
Therefore, the defect regions include the end-of-range region with higher
defect density and a low defect density column with low defect density. Most
of the defects concentrate at the end-of-range regions. Figure 2.11(a) shows
the 2D defect distribution with respect to depth for 250 keV protons and 1
MeV protons in silicon, where horizontal scale is the depth and the defects at
certain depth are integrated and shown in the vertical scale. Figure 2.11(b)

shows the 3D defect distribution, which defines two regions, the low defect
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density column and end-of-range region, in which three axes are depth, one
parallel to the wafer surface, and the defect density integrated over certain area.
It clearly shows most of the defects concentrate at the end-of-range regions.
250 keV protons have a narrower, sharper peak at the end of range. The
narrower peak is due to the smaller scattering for low energy ions, as shown in
Figure 2.10. Figure 2.12 shows the defect distribution across the end of range
regions for protons with three different energy, 50keV, 250keV, and 1MeV. It
indicates a narrower, higher defect density distribution for lower energy ions

at the end of range regions.
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Figure 2.12 Lateral defect distributions. Lateral defect distribution for
protons with different energy in silicon at the end of range regions.

Low energy ions have less scattering and a more concentrated defect density at
the end of range regions. Therefore, low energy ions are more appropriate to
produce silicon wires with smaller diameters, e.g. in Ref. [53] 50keV protons
were used to produce silicon wires with diameter down to 50nm. Though the
defect density is lower for higher energy ions, the total number of defects is
still higher for higher energy ions. Figure 2.13 shows the total number of
defects per ion for proton, helium ions, and cesium ions, respectively, which is
important when it comes to explaining the current voltage characteristics with

respect to ion energy in Chapter 3. It shows the increase of the total number of
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defects produced per ion with ion energy. This increase becomes more rapidly

for heavier ions.
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Figure 2.13 Total number of defect per ion for proton, helium, and
cesium ions in silicon (both the vertical and lateral scale are in logarithm).

Figure 2.14 shows how the average defect density within the end-of-range
region changes with irradiated surface line width for a fixed fluence for
different proton energies. Even though the area fluence remains the same, as
the irradiated line width reduces the average defect density in the high defect
region decreases. Larger straggling at higher proton energies (Figure 2.14 right
column) results in defects distributed over a larger distance away from the
beam axis, so in Figure 2.14, the reduction in defect density is more

pronounced at higher energies.
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Figure 2.14 Necessity of line fluence. Variation of average defect density
of core regions with feature size of proton beam for different energies
(Assume fluence: 1x10" proton/cm?).

Here a definition of line fluence is suitable for such line irradiation where it is
defined as illustrated in Figure 2.15(b),[54] the number of ions used for
irradiating a line of zero width per centimeter of line length and its unit is
ions/cm. Therefore, there are three definitions of fluence, depending on the
type of irradiation. The effective beam size on the surface of a sample is by
and by, and the straggling size at the end of range is s, and s,. When s, <<b,
and s,, < b,,, the definition of area fluence, is suitable to use, which is defined
as number of ions per unit of area of irradiation, as shown in Figure 2.15(a),
and the unit is ions/cm?. This is standard definition used for all broad beam
work where irradiated beam area is much larger than end of range scattering.
However, in the regime where (s, > by, s,~b,), or ( sy~by,s, > b,),
which occurs when a highly focused high energy ion beam is used for
producing micro- and nano-scale line or point structures, the defect density
across the line or point irradiation is much lower than for the large area
irradiation case when the same area fluence is used. The calculation between

line fluence and area fluence is line fluence=Number of ions/area * b, or b,

E. g. a proton beam focused in x direction with 100 nm beam size is used to
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write lines in y direction with area fluence of 1x10"® proton/cm?, then the line

fluence is 1x10" protons/cm. Line fluence is widely used in the following
chapters where focused proton beam with energy of 250 keV~2 MeV is used
to produce silicon wires or buried channels in porous silicon. This definition is
independent of the irradiated line width on the surface and it simplifies the
experimental aspects of fabricating small wires since the only parameters are
the total number of ions used, their energy and type. [24, 53, 54]For point
irradiations, where beam size in both directions on the surface is smaller than
the straggling size, the definition of point fluence is more suitable, where the
unit is lons/point. It is defined as the number of ions per point, equal to areal

fluence x b,b,,, as in Figure 2.15(c). For example, a helium beam focused in x
and y direction with 1nm beam size is used to write dots with an area fluence

of 1x10™ helium ions/cm?, in this case the point fluence is 25 helium ion/point.

(b)Line (c) Point

Area fluence(A) Line fluence Point fluence
= number of ions/area = Beam Widthx A = Spot-size xA
Unit: lon/cm? Unit: lon/cm Unit: lon/point

Figure 2.15 Definition of three fluences: (a) areal fluence; (b) line fluence;
(c) point fluence.
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Conclusion

lons with different masses, energies and spatial resolutions can be
generated from different systems. The ions are used to irradiate p-type Si,
and generate defects through collision with the crystal atoms. The
irradiated p-type Si is then electrochemically etched in a HF electrolyte
with either a back contact method or a cell. The effect of irradiation on
etching can be characterized by morphology studies which can also help
to further optimize the experimental conditions. Apart from the
experimental tools that are used in this work, the defect distribution in
ion irradiated Si is studied in detail and three types of fluence are defined

according to irradiation type.
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Chapter 3 . Current voltage characteristics of large
area ion irradiated Si

3.1Basic concepts of electrochemical anodization
3.21V curve of large area irradiated p-type Si

3.3Mechanism

Before discussing about the study of current flow in locally
irradiated wafers, this chapter entails the study of large area
irradiated wafers in order to understand the basic electrochemical
etching behavior of ion irradiated silicon. Section 3.1 introduces
concept of Helmholtz layer, and space charge region and typical
current voltage (IV) characteristics of pristine p-type silicon wafers
upon electrochemical anodization in HF electrolyte. Section 3.2
presents and discusses the experimental results on the variation of
IV characteristics of large area ion irradiated 0.4 {).cm p-type silicon
with respect to ion fluence for three different proton energies.
Section 3.3 discusses the possible mechanisms of IV curve changes

with irradiation.
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3.1 Basic concepts in electrochemical anodization of Si

Double layers or Helmholtz layers form at the interface of a solid and
electrolyte. In the first layer, the on-surface charge (either positive or
negative), comprises of ions adsorbed directly onto the object due to a host of
chemical interactions and the second layer is composed of ions attracted to the
surface charge via the coulomb force, electrically screening the first layer.

Helmholtz's view of this region is shown in Figure 3.1.

Electrode

|<—>I Helmoltz

Layer

Figure 3.1 Schematics of Helmholtz layer

More specifically in our case, the interface of silicon and electrolyte leads to
formation of the space charge layer and Helmholtz layer as described by
Figure 3.2. The space charge region is dependent on the doping level of
semiconductor and the surface states. lons present in the solution therefore
affect the space charge region and the surface states. Also, it depends on the
voltage applied at the semiconductor electrolyte interface or the back metal

contact.
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(a) Metal! Silicon 1 Solution

|
J | Helmholtz layer
A

Figure 3.2 Interface of silicon and electrolyte. (a) Schematics of space
charge layer and Helmholtz layer at the interface; (b)Energy band
diagram and (c) related potential distribution through the thickness of the
system metal-semiconductor-electrolyte upon anodic polarization Va
applied to the electrode against the reference electrode (reproduced from

Ref. [55])
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In Ref [55],Gaspard et al have drawn a linear relation between applied
potential and doping concentration. Consider the potential drop across the
electrolyte, silicon, and metal and their interfaces, which are schematically
shown in Figure 3.2. Energy band bending causes a potential difference
between the surface and bulk of the semiconductor, and the ohmic contact
gives rise to a voltage difference AVg, which can be assumed as constant, and
the Helmholtz layer introduces a voltage difference Vy. The reference
potential with respect to liquid phase, C, is a constant, and equal to the sum of

all the voltages, Figure 3.2(c).

Anodic behavior can be characterized by an I-V curve. Figure 3.3 is a typical

anodic I-V curve for a p-Si sample in HF solution in the dark.
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Figure 3.3 Anodic I-V curve of p-type silicon in electrolyte. Typical anodic
I-V curve measured for a moderately doped p-type Si in 1% HF solution.

It includes three regions, in the first region, the current increases exponentially
with increasing potential. In the second region, it breaks off from the
exponential behavior at larger potentials, exhibits a peak, J;, and then attains a
relatively constant value at J,. At potentials between the maximum slope and
the current peak, a porous layer may still form but its surface coverage would
not be uniform. Electropolishing occurs at potentials larger than that of the

current peak. The relationship between anode current and potential as revealed
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by an 1I-V curve varies with HF concentration, doping-type, and doping

concentration.

The current is determined by the majority carriers which can flow over the

potential barrier, as in Equation 3-1 below.

—qYs aVE+V 4)
i =Kpye kT = Kye kT 3-1
—q(Co—AVp)

where K, = Kpge *T | K is a constant, p, is the hole density, y is the
potential difference between the surface and bulk of the semiconductor, ky is
Boltzmann’s constant, T is absolute temperature, Vy is the voltage different
introduced by the Helmholtz layer, V4 is the potential applied to the electrode

against the reference electrode.

For lightly doped wafer, V is very small, and can be neglected, such that

avy
i = KyekoT

va
i=K'ekT  and K' is dependent on V,.Therefore, the same linear regime in

while in heavily doped wafers, it cannot be neglected, and

the semi-logarithmic plot of the current-voltage characteristic is expected, and
is obtained, for lightly and heavily doped silicon, at the porous silicon

formation regime in Figure 3.3.

Table 3.1 Applied potential drops. Distribution of the applied potential in
the electric layers at the silicon/electrolyte interface in HF solutions
(Reproduced from Ref. [56])

OCP(Open circuit V>V, (potential at

Material

potential) to
V(i~0)

Exponential region

current peak J;)

Heavily doped

doped p-type Si

layer

p-type Si Helmholtz layer Helmbholtz layer Oxide film
i Helmholtz layer
Non-heavily Space-charge and space-charge Oxide film

layer
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The applied potential is dropped principally in the oxide film at a potential
higher than v, (potential at current peak J;) for all materials. For heavily
doped materials, the surface degenerates and the material behaves like a metal
electrode, meaning that the charge-transfer reaction in the Helmholtz double
layer is the rate-determining step and the potential drops mostly in the
Helmholtz layer. For non-heavily doped p-Si, the potential is mostly dropped
within the space-charge layer before the onset of current. At potentials higher
than that at which the current becomes measurable, the change in potential
may be dropped also in the Helmholtz layer in addition to the space-charge
layer, which is listed in Table 3.1.[56]
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3.2 IV curve of large area irradiated silicon wafers

In this section, IV curves of ion irradiated p-type Si wafers are shown and
discussed. A uniformly distributed, large area proton beam with energy of 200
keV, 500 keV and 2 MeV over an area of 1.5 cm x 1.5 cm was used to
irradiate the whole surface of 0.4 Q.cm p-type silicon wafers with different
fluences by varying the irradiation time for a constant beam current. The
fluences range from 1x10% to 1x10 proton/cm? covering the range of ion
irradiation which significantly influences the anodization behavior of 0.4Q.cm

p-type silicon.

The surface area exposed to the electrolyte was confined to 0.017 cm? by an
O-ring attached to the polytetrafluoroethylene (PTFE) cell. Samples were
cleaned in diluted HF, to remove the native oxide, just before mounting in the
cell. Ohmic contacts were made by applying EGaln on the back sides of the
samples. I-V curves were recorded using a standard three-electrode PTFE cell
with a Si working electrode, a platinum mesh counter electrode, and a
saturated calomel reference electrode (SCE). All potentials quoted in this
section are with respect to SCE. The reference electrode was furnished with a
polyethylene luggin capillary with the tip positioned at ~5 mm away from the
working electrode. The anodizing solution was 2% wt. HF + 0.5 M NH,CI
dissolved in a 1:1 mixture of H,O and ethanol. The samples were
potentiodynamically polarized at a sweep rate of approximately 5 mV/s from -
300 mV, using the potentiostat and sweep generator components of an ACM

Instruments field machine.
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Figure 3.4 1-V curves for 200 keV proton irradiated samples. 1-V curves
for p-type silicon (0.4 Q.cm) of different ion fluence in 2 wt. % HF + 0.5
M NH,CI. (a) Both scales in linear scale; (b) Potential in logarithm scale.
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Figure 3.5 I-V curves for 500keV proton irradiated samples. 1-V curves
for p-type silicon (0.4 Q.cm) of different ion fluence in 2 wt. % HF + 0.5
M NH,CI. (a) Both scales in linear scale; (b) Potential in logarithm scale.
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Figure 3.6 I-V curves for 2MeV proton irradiated samples. 1-V curves for
p-type silicon (0.4 Q.cm) of different ion fluence in 2 wt. % HF + 0.5 M
NH,4CI. (a) Both scales in linear scale; (b) Potential in logarithm scale.

Figure 3.4, 3.5, 3.6 show I-V curves for proton irradiated samples for different
fluence of protons of energy 200 keV, 500 keV, 2 MeV, respectively. From
Figure 3.4, which shows I-V curves for different fluence for 200 keV protons,
the current density generally decreases with fluence. However when the
fluence is in different regimes, the trend of the curves is quite diverse. When
the fluence is < 7x10* /cm?, the shape of the I-V curve and the position of the
peak current density is nearly the same as that of pristine silicon, except that
the value of peak current density drops 2~3 mA/cm? with increasing fluence
within the range of 6x10° to 7x10™/cm?. For 3x10™ /cm? < fluence < 1x10*
/em?, not only the peak current density drops with increasing fluence, but also,
the I-V curve shifts to the right, and the slope of porous silicon formation
region decreases. For fluence >8x10™ /cm? the 1-V curves no longer show
the typical trend of one for silicon dissolution, at least in the potential range
concerned. In figure 3.5 and 3.6, the same trends of I-V curves with increasing
fluence are observed and only the threshold values of fluence are different for
different energy. Some curves have multiple peaks after the peak current

density, and this is due to oxide formation.

40



Chapter 3. Current voltage characteristics of large area
ion irradiated Si

3.3 Mechanism

In this section, the above results are discussed and a possible mechanism is
given. Defects are generated during the collision between incident ions and
crystal atoms. As discussed in chapter 2, the defect distribution for high
energy light ions in silicon is composed of two parts, a long defect region with
lower defect density along the ion track, and a short high defect region with
about ten times higher defect density than the region above. This is located at
the end-of range-region where the ions lose most of their energy. The defect
density at the low defect region close to the surface reduces with increasing
ion energy. The defect density at the low defect region is defined as the
“surface defect density” in the following context; the interface plays an
important role in the electrochemical test above. The surface defect densities
generated by a single proton with energies of 200keV, 500keV and 2MeV are
2x10™, 1x10™ and 2x107° Defects/lon/Angstrom respectively. The first regime
is where the only variation is a decrease of the peak current density of I-V
curve with fluence, when the surface defect density is less than 10'" /cm®. The
third regime is where the 1-V curve no longer shows a typical 1-V curve shape
and the current density is extremely low in the potential range concerned when
the surface defect density is greater than ~10"® /cm®. Between these two
regimes is the transition regime, where the I-V curve has a slight reduction in
peak current density and also right-shifts.
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Figure 3.7 Variation trends of peak current density and corresponding
voltage. The dependence of the values of Vs and Jps with surface defect
density: [l 200KeV, @ 500KeV, and A2MeV.

Firstly, to explain the variation of peak current density and the voltage for
peak current density for three energies, we refer to a study in Ref. [57] on the
curve changes for different resistivity wafers. To explain the reduction of peak
current density with respect to resistivity, they adopted p-Si formation
mechanism originally proposed by Allongue et al. [58]which is schematically

shown in the figure 3.8 below.
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Figure 3.8 p-Si formation mechanism. Schematic representation of the p-
Si formation mechanism(From Ref. [57], [58])

The porous silicon formation is initiated by hole injection from silicon into the
electrolyte interface (Step A). Then, the hydroxyl group can be replaced by a
fluoride ion (step B), allowing sufficient polarization of the Si-Si back-bonds
to break them and release the silicon atom (step C) before a third charge
reaches that Si atom (step D). The value of the critical current density depends
on the rate of step B and C. Step B is determined by the available surface
states ready to interact with electrolyte species; Step C is determined by
electrolyte species concentration and applied potential which is the rate-
limiting step with a low or opposite polarity field. Electropolishing occurs
when the current density reaching the silicon/electrolyte interface exceeds the
capability of steps B and C to absorb it, thereby increasing the likelihood of
additional charge reaching the surface silicon atoms to allow oxide formation
prior to their dissolution. In the same electrolyte the reaction rate of step B and

step C are the same for both pristine and irradiated samples. [57]

Here is one possible explanation for such variation. For ion irradiated samples,
there are two factors to consider. The first one is whether the irradiated
silicon surface still have the same ability to attract the electrolyte
species to form the Helmholtz layer at the surface. Assume the surface
silicon atoms have the same ability to attract the reactive species in electrolyte

as pristine silicon. Then the second factor matters, that is, whether some
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silicon atoms at the interface of electrolyte and silicon wafer become not
as active as the pristine silicon, in which case the number of silicon atoms that
can be consumed reduce, and not all the electrolyte species are used. With less
effective electrolyte species, less current density is required to exceed the
capacity of p-Si pathway to absorb it, this explains the reduction of the peak
current density with respect to ion fluence. However, the previous results did
not consider the edge effect, and Ref[59] shows that for a p-type wafer with
doping concentration distribution of less doped layer on top of highly doped
layer eliminate the edge effect, such that for ion irradiated silicon peak current
density decreases as well. Therefore, more quantitative study on the edge
effect is necessary for verification of the mechanism mentioned above. This

work is still under progress.

The right shift of I-V curves with increasing fluence in the second regime is
due to its influence on charge transfer in step A. p-Si formation occurs while
the silicon is in a depletion region, with the current increasing exponentially
with applied potential. In this region, it is found that the charge exchanges
from the bulk silicon to the semiconductor surface and the process occurs
through a thermionic emission mechanism over the Schottky barrier.[55]
Previously, the interface of ion implanted n-type Si and electrolyte was
described with a p*-i-n model. [60] In this model, it was discussed that
introduced damage in n-type Si shows acceptor character, and results in a
charge compensation, which results in an increase of the resistivity with
implantation dose and conversion into i-type at high doses. Because of ion
irradiation, a lot of traps are introduced into the band gap of silicon, and the
carriers will recombine with these traps. Due to the presence of a high defect
concentration in the insulating region the mobility of carriers is low and the
recombination rate is high, resulting in a lowering of the carrier flux across the

interface. This induces an increase of the Schottky barrier height.
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Figure 3.9 Total numbers of defects in silicon per ion for protons with
respect to energy

The I-V curves in Figure 3.4, 3.5, 3.6 show a similar trend with increasing
fluence for different proton energy, but not exactly the same. Different ion
energies cause a different defect depth distribution for a given fluence. Figure
3.7 (a) shows that in the fluence regime ranging from 10 /cm? to 10™ /cm?
lower ion energy causes a larger right shift of the I-V curves. To remove the
influence arising from different surface defect densities for different energy
ions, Figure 3.7(b) plots the variation with respect to surface defect density
instead. This shows at the same surface defect density, higher ion energy gives
a larger right shift and decrease of J,s for the I-V curve which is due to a larger

overall number of defects as shown in Figure 3.9.
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Conclusion

The influence of ion fluence and energy on electrochemical anodization
behavior of ion irradiated silicon in HF electrolyte was investigated by
studying the I-V curves. The decrease in the magnitude of J,s with
increasing fluence was explained by a slower charge transfer in certain
defect site, in which case some attractive reactive electrolyte species
cannot dissolve silicon. The I-V curves also show a positive potential shift
with increasing fluence, explained in terms of an increase of the Schottky
barrier for ion irradiated samples. The influence of energy mainly arises
from the surface defect density and overall number of defects. It is found
that a larger total number of defects and a larger surface defect density
induce a larger deviation of the I-V curves when compared to pristine

silicon.

In above discussions the whole surface of Si is completely irradiated with
ions, different from the case of local irradiation used for Si
micromachining in all the following chapters. However, it gives us several

indications on the effect of interface between electrolyte and Si surface.

A. lon irradiation causes an increase of the Schottky barrier height and
charge exchanges from the bulk silicon to the semiconductor surface

through thermionic emission over the Schottky barrier are more difficult.

B. For heavily doped materials such as 0.02 {.cm wafers the potential
drops mostly in the Helmholtz layer. However, ion irradiated wafers have
reduced doping concentration, and the potential drops on both the
Helmholtz layer and space charge layer. For non-heavily doped p-type Si
such as 0.4 Q.cm wafers, at potentials higher than that at which the
current becomes measurable, the potential drops on both the Helmholtz
layer and space charge layer. In ion irradiated wafers, more potential

drops on the space charge region due to a reduced doping concentration.

C. Besides, both the Helmholtz and space charge layer behave like a

capacitor and plays important role when an alternating current is used in
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the electrochemical anodization processes, which will cause different

structural features as discussed in chapter 5.

D. The surface of ion irradiated silicon has the same ability to attract
reactive electrolyte species as pristine silicon; however during the
dissolution process the charge transfer of holes may be slower in certain
defect distributed sites for ion irradiated samples, which means some

attractive reactive electrolyte species cannot dissolve silicon.
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4.1 Effective doping density

4.2 Simulation model used in COMSOL

4.3Built in potential & drift current

4.4Hole density gradient & diffusion current

4.5Funnelling effect and formation of highly porous silicon regions
4.6 Factors that influence funnelling effect

4.7 Mathematical treatment

At the end of chapter 2, it was shown that ion irradiation on silicon
results in the generation of defects. This chapter considers a variety
of changes in the electrical properties caused by these defects, one
of which is the reduction of effective doping concentration and a
simple model is developed for COMSOL simulations to calculate a
2D hole concentration map around an irradiated region. Two
current components in the electrochemical etching process of ion
irradiated p-type Si were simulated and compared with the
experimental results. A new concept of funnelling effect and its
experimental proofs, along with interesting applications, as well as
factors that influence this effect are discussed. This work helps to
understand the significance of different regimes of fluence and
deliberates on its application for new fabrication approaches.

Section 4.1 introduces the background knowledge on modification
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of p-type silicon properties due to ion irradiation, and especially
introduces the concept of effective doping concentration. Section 4.2
introduces the simulation model used in COMSOL for following
sections. Section 4.3 describes the built-in potential at the defect
regions as previously understood [23] and its influence on the drift
component of the anodization current during electrochemical
etching of ion irradiated silicon wafers. This was previously
considered as the only component of the electrical hole current
flowing. [23] Section 4.4 discusses the effective doping gradient and
resultant diffusion current component flowing in ion irradiated
silicon wafers. This component is equally important, and in some
cases even dominates the current flow, but its significance was not
previously realized. Section 4.5 discusses a universal funnelling
effect which is predicted to exist in all the charged particle locally
irradiated semiconductors due to the diffusion current component
flowing towards small regions, and the resultant formation of highly
porous silicon regions. Section 4.6 discusses different interesting
regimes for two cases where the highest defect density is located
either at the surface or beneath the surface, leading to new
fabrication methods and applications. Section 4.7 discusses factors
that influence the funneling effect. In the concluding part, a

reasonably complete picture of the basic mechanism is elaborated.
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4.1 Effective doping density

The electronic properties of semiconductor, which are most seriously affected
by ion induced damage, are the diffusion length of minority charge carriers
because the ion induced defects act as trapping and recombination centers, as
well as the majority carrier concentration because the defects exhibit
donor/acceptor characteristics. [51] [61] In Ref. [62], the change in minority-
carrier diffusion length L is expressed as the variation of inverse of diffusion
length square is proportional to the ion fluence. More importantly, the change

in the majority carrier concentration

Ap = po-Po=2X Ly; f(Etj)q) ~ RcP 4-1

Po is the initial majority carrier concentration, pg is the final majority carrier
concentration, @ is the fluence, Iy is the introduction rate of jth majority-
carrier trap center by proton irradiation, f(Ey) is the capture rate of majority
carriers by jth majority-carrier trap center, and R is the carrier removal rate.
Po = poe Rc®/Po, [63] Apart from the removal of majority carriers, some of
the defects also act as doping centers with opposite characteristics. For
example, in Ref [64], proton implantation generated a donor state in p-type
Si and hence, forming a n-type layer selectively in p-type Si; in Ref. [65], in a
n-type silicon, the creation rate of acceptor-like states is B, and the

experimental data were fitted according to:

Nerr(P) = Ngge P — B — Ny 4-2

Nao, Nao are the initial phosphorus and boron concentrations, respectively, ¢ is

the removal rate of donors and @ is the fluence. [65]

50



Chapter 4. Diffusion current, drift current & funnelling
effect in ion irradiated Si wafers

In p-type silicon, defects either removes the initial acceptor concentration by
hole trapping, or create donor-like impurities, then the effective acceptor

concentration is:

Neff(q)) = Naoe_cqa - BCD 4-3

N, is initial boron concentration, c is the removal rate of acceptors, B is the

creation rate of the donor-like states, and @ is the fluence.

By looking at the role of these two terms in more detail, the main contribution
of defects is the creation of donor-like states. For example, in Ref. [66], the
defect concentration that behaves as electron trap has higher level than hole
trap, which indicates the main contribution of defect generation is creation of
electron traps. In Table 1 of [23], the electron traps are dominant, which
indicates that the removal rate of acceptors is relatively small. Therefore, here
estimation is made by only considering donor creation in ion irradiated p-type
silicon, that is, the removal rate of acceptor c is zero. The effective doping

concentration is:
Nefr(P) = Nyg — BP = Nyp — fvd 4-4

B=fv, v is the defect density per ion, and f is a factor included for account for
the fraction of defects that act as donors, and @ is the fluence. It shows there is
a linear relationship between effective doping concentration and the fluence.
However, such approximation gives a higher level of effective doping
concentration than actual values, since it ignores the removal of original
acceptors. Therefore, a more proper estimation requires a larger B, the
generation rate of donor-like states, which leads to a larger f, than the true

value.

A simple rough estimation of f is made as follows. In 0.4 Q.cm wafers, the
initial doping concentration is 4.8 x 10™°/cm®, and ®~5 x 10'%/cm is used to

form buried wires for an etch current density of 30~300mA/cm? for 250 keV
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proton with 200 nm beam size. The defect density at end of range area is ~1.2

x 10° defects/ion/cm from SRIM calculation, such that

defects
. 1016 fx 1x10° —
Nefr(5x10° /cm)~4.8 x - X 5x

1010 1
3

X
cm cm cm 200nm

The effective doping concentration is zero to form a complete depletion region,

which will be discussed in chapter 5, therefore,

defects
1016 f X 1x10° —= 1015
~ o0+ 25x

4.8x 3 >
cm cm cm

Thus, f~1.9x107%.

f depends on the ion energy, wafer resistivity, and ion fluence. However, the
order of magnitude is the same, and a single estimation f = 1x 10™* is used

in the following simulations to simplify the problems.

When the fluence is very high, the number of donor-like defects is larger than

the initial boron concentration, and the inversion of doping occurs.

For fabricating buried wires which is mainly discussed in chapter 5, type-
inversion occurs only in 0.4 Q.cm wafers, as discussed below. Because in 0.4
Q.cm wafer, when line fluence is higher than ® ~8 x 10*/cm the defect
density at the center of end-of-range region of 250keV protons with 200 nm
beam size is higher than 4.8 x 10*°/cm?®, and it already starts to convert to n-
type Si. In 0.02 Q.cm wafer, only when line fluence is higher than ® =8 x
10™/cm defect density at the center of end of range region of 250keV protons
with 200nm beam size is higher than 4.8 x 10°%/cm?®, and it starts to convert to
n-type Si, but the fluences used for fabricating buried wires is only in the order

of 10*/cm. (end-of-range defined in section 2.3)

For fabricating silicon walls which is discussed in section 6.2.1, in the end-of-
range regions of both resistivity wafers type inversion already occurs, and it
occurs in the low defect density column of 0.4 Q.cm wafer as well but it still

remains as p-type in low defect density column of 0.02 Q.cm. Because in 0.4
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Q.cm wafer line fluence of 2 x 10*%/cm, and in 0.02 Q.cm wafer a line fluence
of 2 x 10*/cm is used to completely stop p-Si formation. (Low defect density

column defined in section 2.3)

For a lower energy, it needs lower fluence to have type inversion. For a
heavier ion, it needs lower fluence to have type inversion. Type inversion
occurs for most of the fluences used in following studies using 30 keV He and
15 keV Cs. Because for 30keV He ion, the line fluence for a 0.5 nm beam size
to have type inversion in 0.4 Q.cm wafer is 1 x 10°/cm. For 15 keV Cs ion, the

areal fluence to have type inversion in 0.4 Q.cm wafer is only 2 x 10'4/cm?.

This estimated value of f is used in the following simulations and the

simulated results matches with experimental results.
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4.2 Model for current flow simulation using COMSOL and

hole concentration

The anodization current flow of locally ion irradiated p-type silicon is studied
based on simulations carried out with the FEM code COMSOL
MULTIPHYSICS 3.5a. [54] For the case of 30 keV He" line irradiation in 0.4
Ohm.cm p-type silicon, where the direct nanobeam patterning is used, the hole
concentration p and the electric potential v were evaluated by solving the

Poisson's and the hole continuity equation using COMSOL.:

vy ==[p-doping]
&
v[D,-Vp-p,-E-p]=0

45

The domain of integration is x [-1.51.5] and y €[-2,0]. The dimensional
unit is pm.

The boundary conditions for electric potentials are:

y(y=0)=0
W(y = _2) = Vbias 4_6
oy _
8_X |x:il.5_

The first two conditions represent Dirichlet Boundary conditions at the
electrodes; at x=+1.5 um, Neumann boundary conditions are considered to
model zero charge/symmetry.

The boundary conditions for hole concentrations are:

p(y=0) =doping

p(y: _2) = doplng 4-7
@

OX

x=+15"

The first two conditions indicate that the two electrodes are ohmic, Neumann
boundary conditions are considered to model zero flux in the horizontal

direction.
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Figure 4.1(a) shows the schematics of simulation, where a current density of
40 mA/cm? is applied on the back surface, and front surface grounded. The
potential applied on the front at depth of 2 um is 3.2 x 10° V and the color
scale represents the potential. The lateral region is 3 pm and ion irradiation is
at the center. Figure 4.1(b) shows the simulation results for the hole
concentration map, where the color represents the hole concentration, of 30
keV He" line irradiation in 0.4 Q.cm p-type silicon, where N,,= 4.8x10"%/cm?,
[67] for which the hole density dramatically decreases at the topmost tens of
nanometers, and then increases gradually back to the pristine value. As
discussed at the end of last section, the effective doping concentration is
negative, which means type-inversion at high fluences. However, the effect of
n-type Si formed at high fluence is ignored in the following simulations,
which only consider the holes as free carriers. The lifetime is assumed to be
infinite, that is, the hole diffusion length is considered longer than the
extension of the damaged region. Therefore, the recombination occurring in
the damaged region is assumed to be negligible. Figure 4.1(c) plots hole
concentration with respect to depth for different fluences. It shows that along
the depth, the hole density decreases sharply from initial value to minimum
first and then gradually increases to the initial value. Figure 4.1 (d) shows the
magnified part of (b), marked by a solid circle, respectively. The slope of the
curves in the first 10 nm in (c) marked by dashed circle is much larger than at
the end of range part in (e). However, since native oxidation, amorphization
and slight sputtering occurs in the topmost surface, the topmost part can be
ignored, and the hole density distribution can be simplified as having a
minimum at the surface and decreases gradually with depth. Extracting the
absolute value of slope of curves in (d), Figure 4.1 (e) plots the variation of
gradient of the hole density with respect to the line fluence. The hole density
gradient first increases slowly, and then sharply and again slowly with ion
fluence. As shown, at a low line fluence 10’/cm, hole density is slightly
reduced, and the gradient is quite small, ~4 x 10™ /cm*/um. However, when
the fluence increases from 10/cm to 10%/cm, 5x10%/cm, 10°%cm, 2x10%cm, the
minimum hole density decreases, and the gradient is increased. When the

fluence further increases to 5x10%cm, the region is completely depleted, the
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minimum hole density is zero, and the gradient increases to ~7 x 10*” /em®/um.
One point worth noting is that the region with zero hole density no longer
follows the defect region shape when the fluence is very high, 10'%cm, and it

covers the region surrounding the defect region as well.
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Figure 4.1 Hole concentration in ion irradiated Si. (a) Schematics of
simulation and potential map; (b) Hole concentration map; (c) Hole
concentration distribution with respect to depth for different line fluence
of 30 keV He" line irradiation in 0.4 Q.cm p-type silicon; (d) Magnified
figure of marked part in (c) by solid circle; (e) Plot of gradient of hole
density with respect to line fluence.

The above simulation is for the case of low energy ions with a line irradiation
where the beam size is close to zero, one can use the same calculations by
incorporating the beam profile. The vacancy density per single ion generated

by a 250 keV proton beam with a nominal size of 200 nm, was calculated by
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the convolution of the vacancy density from a delta-like point source, as
results from the SRIM2010 simulation, with a Gaussian lateral profile of 200
nm FWHM, assuming a displacement energy of 15 eV. Simulation results will

be shown and discussed in Figure 4.6 of later section.

Such simulations are shown to be useful in predicting the general behaviour
and formation of the ion-irradiated structure after anodization, but should not
be interpreted in an absolute manner, since they don’t take account of the time
evolution of the anodization process or interface between electrolyte and ion
irradiated Si, as well as the amorphization of surface layer, sputtering effect,
inversion of the semiconductor type at very high fluences and the effect of
implanted ions on the work function of the material. Therefore, these
simulations provide good indication in predicting and explaining certain
results, especially for shallow etching, where time evolution is not very
important; and for low and moderate fluences of light ions, where sputtering
and amorphization are not prominent. However, for other studies such as
formation of end of range silicon core, the time evolution of the etching front
plays a significant role, and this is specifically discussed in chapter 5; the
interface plays an equally important role, which was discussed in the
electrochemical study in chapter 3. For low energy heavy ions, sputtering and
amorphization may be important and for Cs* ion irradiation, the effect of the
implanted ions on the work function cannot be ignored, all of which is

discussed chapter 7.
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4.3 Built-in potential and drift current

Drift current is the electric current, or the movement of charge carriers, due to

the electric field. Drift current obeys the following equation:

Jprife = qPHpE 4-8

Jorise 1S the drift current density, q is the charge of electrical holes, p is the
density of holes, E is the total electric field and p, is the mobility. In ion
irradiated silicon, the total electric field is a superposition of applied electric
field and built-in electric field, as discussed in [23, 54, 67]. The mobility u,, is

reduced due to increased impurity density in ion irradiated silicon, which is

derived as:
1+ I";};mp
NReft—g71

where Nger = 4 x 10*um™3, [68] p,, is the original mobility in pristine
silicon. Ny, is the total concentration of charged impurities in the

semiconductor, thus,

Nlmp = Nao + fv‘b 4-10

N, Is the doping concentration in pristine silicon, f is the fraction of defects
that act as donors, v is the defect density, @ is the fluence. Figure 4.2 shows
the simulated hole mobility map of 30 keV He" irradiated 0.4 Q.cm p-type
silicon for different line fluences. The hole mobility decreases in general, and
the higher the fluence, the lower the mobility.
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Figure 4.2. Hole mobility map of 30 keV He" irradiated 0.4 Q.cm p-type
Silicon for different line fluences, with the beam focused to a 0.5 nm spot
size.

According to Ref. [65], the irradiation of n-type silicon results in a build-up of
negative space-charge in depletion region due to the introduction of deep
acceptor trap levels (acceptor-like states) in the band gap. Here in p-type
silicon, one would expect similar effect of build-up of positive space-charge in
depletion region due to introduction of donor trap levels in the band gap.
According to Ref. [23], the hole capture coefficients are greater than the
electron capture coefficients for four of the five defect trap levels present, and
gives a net positive charge to the irradiated regions, proportional to the defect
density, producing an electric field (E-field) directed outwards, as in Figure
4.3. The short lines show the direction of electric field. The built-up space
charge produces electric field pointing outwards even outside the edge of the
defect regions, and with higher ion fluence, this electric field extends to
regions further away. MEDICI is a device simulation program that can be used
to simulate the behaviour of MOS and bipolar transistors and other
semiconductor devices.[69] MEDICI models the two-dimensional (2D)
distributions of potential and carrier concentrations in a device. Ref. [23]
models two-dimensional distributions of potential and carrier distributions in
semiconductors by solving Poisson’s equation and the electron and hole
current continuity equations across the simulated region. It can predict the
electrical characteristics within the material for any applied bias conditions for
a given distribution of specified defects. Defects are incorporated by defining
their energy level in the band gap, their electron and hole trap lifetimes, and
their relative concentrations. While the defects are incorporated in the Model

used in COMSOL simulations by defining an effective doping concentration.
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Figure 4.3 Electric field in anodization of ion irradiated Si. Fig. 4 of [23].
MEDICI plots of E-field during anodization in a region of 3 Q.cm wafer
containing a line irradiated with a 2MeV proton of line fluence of (a)
2x10%cm; (b) 2x10%cm; (c) and (d) shows the low defect density column
and end-of-range region respectively for line fluence of 2x10%cm.

The electric field and electrical potential arising from the built-up space-

charge are called built-in electric field and built-in potential.
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Figure 4.4 Built-in potential and negative hole density gradient in ion
irradiated Si. The potential for line fluence of 1x10%cm (a, ¢) and
1x10'%cm (b, d). White arrows indicate direction and strength of the
electric field for (a) and (b); White arrows indicate direction and intensity
of the negative gradient hole concentration (-Vp) for (c) and (d).

The white arrows in Figure 4.4 (a) and (b) indicate the electric field for two
different fluences, and color map shows the electrical potential, the sum of
built-in potential and applied potential where the potential consists of several
contours, and innermost contour is the highest. At 1x10%/cm the highest defect
region has highest potential, marked by the arrow in (a). In regions beneath the
surface, the electrical potential is positive and a residual electric field points
towards the surface. With an increase in ion fluence from to 1x10%cm to
1x10%%cm, more net positive charges are built in and the potential increases
dramatically, noting that the scale of color bar increased from to 1.3x10® to
1.43x10 V. Besides, the net positive charge tends to saturate in the highest
defect density region, and the potential at larger depth (marked by black dash
line in (b)) becomes higher than the depth marked by red dash line in (b). The
other reason for an increase in the depth of the highest electric potential
position is a higher electric potential arising from the applied electric field at a
larger depth. At the regions very close to the surface, the electric potential

changes from positive to negative from (a) to (b).
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Figure 4.5 Electric potential and drift current in 30 keV 0.5 nm He"
irradiated 0.4 Q.cm p-type silicon for different line fluence, and plot of
depth that the drift current is stopped.

The color maps in Figure 4.5 show the electrical potential and streamlines of
the drift component of the current density. Streamlines visualize a vector
quantity on sub-domains. A streamline is a curve which is everywhere a
tangent to the instantaneous vector field. The drift current is stopped at the
high potential region at low fluence, such as 10’/cm. At higher fluences of
10%cm & 5x10%cm, the drift current is stopped at a distance far away from the
high potential regions due to hole repulsion. Moreover, the higher the fluence,
the larger the depth that the drift component is stopped, and the vertical
distance with respect to line fluence is plotted in the last figure, where the
black dash line shows the depth that the defects extend to (~0.5 pm). It shows
that the drift current is stopped before reaching the defect region when the
fluence is high. For 10%/cm, this depth reaches 0.67 pm. The same is observed

for the horizontal distance at which the drift component is stopped.
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Figure 4.6 250 keV proton in 0.4 Q.cm wafer: (a) Defect density
distribution for single line irradiation with line fluence of 6x10'%cm:; (b)
Effective acceptor concentration distribution for eight identical line
irradiation with line fluence of 4.2 x 10*%/cm; (c, d) Magnified image of
drift component for eight identical line irradiation with line fluences of (c)
6 x 10%/cm and (d) 4.2 x 10°%/cm; (e, f) Arrow plot of the (e) drift and (f)
diffusion components of the current with line fluence of 4.2 x 10"%cm. The
lengths of the arrows are proportional to the module of the current
components.

Figure 4.6 shows simulations for line irradiation using direct nanobeam
patterning with 250 keV protons of 100nm beam size in 0.4 Q.cm wafer. With

a line fluence of 6x10'%cm, the defect density distribution in (a) has the
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highest value of 3.8 x 10%/cm®, in the center of end of range region, which
corresponds to an effective acceptor concentration of 1 x 10™%/cm?, shown in
(b). The charges are mainly built at the end of range region, and the drift
component is shut down between 1.7 um spaced line irradiations at a high
fluence of 4.2 x 10*/cm, as in (d). With a lower fluence 6 x 10%/cm, few drift
component streamlines pass between the adjacent lines, as in (c). Figure 4.6 (e)
shows the colour map of the potential and arrow plot of electric field of 250
keV protons in 0.4Q.cm wafer. It shows a strong deflection of the holes from
the high defect region in all directions, and the strongest in the downwards
direction. Along the low defect column region, the electric field points
outwards horizontally with a significantly reduced strength due to a much
lower built-in potential as well as a relatively lower applied potential
compared to the high defect regions. Figure 4.6 (f) shows the diffusion
component which will be discussed further in next section. Built-in potential is
strongly dependent on the native doping concentration. For the same fluence, a
much stronger potential is built in to 0.4 Q.cm wafers than 0.02 Q.cm wafers,
which causes stronger repulsion of holes and will be discussed further in later

sections.
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4.4 Hole density gradient and diffusion current

A diffusion current in a semiconductor is caused by the diffusion of charge
carriers (holes and/or electrons). It can be in the same or opposite direction of
a drift current. It occurs even though an electric field is not applied to the
semiconductor. The direction of the diffusion current depends on the change in
the carrier concentrations, that is, the carrier concentration gradient, not the

concentrations themselves.

In p-type silicon, the diffusion current density is defined as:

]dlff = qDVp 4-11

Jausr is the diffusion current density, D is the diffusion coefficient for carriers,
g is charge, while Vp is the gradient of hole concentration. Figure 4.4 (c, d)
showed negative Vp for two fluences, where at low fluence the defect region is
partially depleted, while at high fluence Vp = 0 inside the depletion region
and a large value of the amplitude of Vp is expected at the interface of
complete depletion region and surrounding region. This explains the highly
porous silicon formation around the silicon cores and will be explained in the
next section. Figure 4.6(f) shows J;;¢, towards the highest defect density
region from all the directions. Along the low defect column region, a
horizontal /¢ points towards the centre of the column region from both sides.
One can view the current flow of the diffusion component by streamlines, as
shown in Figure 4.7. The streamlines of diffusion current density around a 30
keV focused He" irradiated line in 0.4 Q.cm p-type wafer with different line
fluences.]d?) points towards the surface at low fluence. Differing from the
drift component which is deflected away from the high potential regions, the
diffusion current is focused into a small narrow point as in figure below.
Therefore for the same amount of holes, the current density for diffusion
would be much higher than drift component due to its small crossing area. It is
this focusing effect of diffusion component towards small narrow area that
leads to its dominant role in the total current flow, which will be discussed in

later sections.
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Figure 4.7 Streamlines of diffusion current for different line fluences. The
color scale represents the potential map, and plot of depth that the
diffusion current is stopped and focused to.

The focusing point (marked by green dashed arrows) goes deeper as the
fluence increases. The depth that the diffusion current is stopped and focused
to is plotted with respect to line fluence in the last figure. At low fluence, it is
focused to the surface, with increasing fluence, this point moves beneath of
surface, and reaches ~ 220 nm when the fluence is 10'%/cm. This matches with
the observation from Figure 4.1(c) that the region with lowest hole density

goes deeper with increasing fluence.
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Figure 4.8 Vertical component of the diffusion, drift, and total current
density profile at x=0 for 30 keV He" line irradiation in 0.4 Q.cm wafer
(see the common key in the highest plot, the unit for vertical scale is
Alpmd).

Figure 4.8 represents the variation of vertical component of drift, diffusion and
total current density with respect to depth for different line fluences at
irradiated position. Near the end-of-range region, holes diffuse into this region
and the diffusion current is positive, meanwhile they are repelled away by
built-in potential and the drift current is negative. Therefore, the total current
is very small at this depth, but still positive due a slightly higher diffusion
current, as shown in the bottom plot. For high fluences, the damaged region is
practically fully depleted. This fact reduces the effect of diffusion for a very

few holes which overcome the first potential barrier, but which do not find any
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further concentration gradient to diffuse towards the surface. This is clearly
shown in the last two maps of Figure 4.4. Therefore, the total current is very
small for high fluences. At low fluence, the holes diffuse through the potential
barrier, and the gradient of the hole concentration enables the injected carriers
to move upwards. Finally, in regions very close to the surface, a residual
electric field drifts the holes towards the surface (see Figure 4.4). Therefore,
closer to surface, the total current is quite high. The total current streamlines
are perpendicular to the etch front, and the interface between Si and p-Si,
which is evident in the cross section SEM images, and will be discussed in
corresponding context. Cross section SEM images show the current flow and

match with the simulation predicted behaviour.

The direct experimental proof of the role of diffusion current in ion irradiated
p-type silicon can be obtained by etching an ion irradiated Si with zero applied
bias. Figure 4.9 illustrates the experimental procedure in cross sectional view
wherein focused ion beam is used to irradiate silicon (represented by the grey
color regions) in designed pattern, and generate defect regions(represented by

the dark grey color regions), shown in (a).

Focused ion beam

111

‘Defects

. Pristine silicon (1) Defect (2) Porous silicon
. Defect regions generation formation

Porous silicon

Silicon dioxide

(3) Thermal oxidation (4) Remove oxide
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Figure 4.9 Experiment process to observe the surface profile of etched
surface

Then a shallow electrochemical etching is performed to form a p-Si layer
(represented by the texture color regions), for which the etch depth is usually
only tens of nm, and the etching front around the defect regions is modified,
shown in (b). p-Si is removed by dilute KOH solution, and surface patterns on
silicon are achieved, shown in (c). However, the surface is very rough, and a
smoothening step is needed. A thermal annealing is carried out (in (c)) to form
a thin oxide layer (represented by the yellow color). After removing the oxide
layer by a dilute HF solution, relatively smooth patterns on silicon are
obtained, as in (d). The surface morphology is studied on sample surface with
the help of AFM and SEM techniques. This procedure of surface patterning
will be referred as “surface patterning process” in the later chapters. With
different irradiation conditions, the feature is either a groove, or a bump,
which will be explained in more detail in the following texts. To observe the
effect due to diffusion current, zero bias is applied to etch a line irradiated
wafer. For a zero bias, the current density due to depletion and Helmholtz
layer is very small for 0.4 Q.cm wafer, and negligible compared to the
diffusion current density. The etching, therefore, is caused by diffusion current

primarily.
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Figure 4.10 Effect of diffusion current (etched with zero bias). AFM
image of surface profile: 30 keV He" beam focused to 0.5 nm used to write
lines on 0.4 Q.cm p-type Si and etched with zero bias
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Figure 4.11 Diffusion current towards low defect density column for line
irradiation. 2 MeV H," ions focused to 100 nm, used to write lines with 10
pm spacing, with a high line fluence of 1x10* protons/cm with line width
of 2 pm on 0.4 Q.cm p-type Si. Left: AFM 3D profile, Right: AFM
linescan along the white line in left figure.

Figure 4.10 shows the results of lines written on 0.4 Q.cm p-type Si using
direct nanobeam patterning with spacing of 20nm, 40 nm, 60 nm, 100 nm, 200
nm, and line fluence of 5x10® Helium/cm, and 3x10®Helium/cm, using 30 keV
He* beam focused to 0.5 nm. The irradiated wafer was etched in 24% HF with
a closed circuit but no extra bias for 2 mins. Porous silicon was removed
afterwards in KOH. A weaker diffusion current when the line fluence
decreases from 5x10%/cm to 3x10%cm, which is indicated by the shallower

grooves at the lower row (both rows have the same color bar).
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This is not only for the case where the defect density is located at the surface.
By applying the same procedure of Figure 4.9, using direct nanobeam
patterning with2 MeV H," to irradiate lines and etching the sample with zero
applied bias, the same phenomenon is observed, as in Figure 4.11. 2 MeV H,"
focused to 100 nm was used to write lines with 10 um spacing, with line
fluence of 1x10*proton/cm with line width of 2 um on 0.4 Ohm.cm p-type Si,
and then etched in 24%HF for 2mins with closed circuit without extra bias. p-
Si is removed by KOH solution. The right figure is the height profile along a
horizontal line across the irradiated region, in which the dip at the edge of the

line is due to the diffusion from sideways towards the irradiated column.

The etch profile of the silicon surface in Figure 4.11 is attributed to the
diffusion current due to the hole density gradient from non-irradiated region
towards the low defect density column region, indicated by the groove besides
the irradiated line. This is a direct proof of the transverse nature of diffusion
current shown by horizontal white arrows in Figure 4.6(f). The same effect is
observed for point ion irradiations, Figure 4.12, where the same procedure as
in Figure 4.9 is applied for a dot pattern, points with 2 um spacing, with point
fluence of 1.25x10%proton/point with line width of 2 pm are written using
2MeV H," focused to 500 nm on 0.4 Q.cm p-type Si, and then etched in
24%HF for 2 mins with closed circuit without extra bias. p-Si is removed by
KOH solution. The right figure is a height profile along a horizontal line
across the irradiated region, which shows the ring surrounding the irradiated
points (marked by the white dash circle), due to diffusion current from

unirradiated regions to irradiated regions (marked by white arrows).
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Figure 4.12 Formation of rings due to diffusion current for point
irradiation. 2 MeV H;" ions focused to 500 nm used to write points with 2
pm spacing, with point fluence of 1.25x10® proton/point on 0.4 Q.cm p-
type Si

So far, two current components have been discussed separately, namely the
drift current, which is modified by the built-in potential from net charges, and
the diffusion current, arising from hole density gradient Vp. In the practical
etching process, total anodization current is the sum of these two components,
and due to the small area that diffusion current points towards, the diffusion
current density can be very high, such that a funnelling of total current density

occurs, which will be discussed in next section.
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4.5 Funnelling effect and formation of highly porous silicon

regions

The total current density is the sum of drift and diffusion current densities, in
equation 4-12.

Jtotal :]drlft +]dlff 4-12

Due to the small area that diffusion current points towards, the total current
density can be dominated by the diffusion component at the region with large
amplitude of Vp. Meanwhile the resistivity p at these regions increases due to

a decreased hole concentration p and reduced hole mobility .

4-13

A higher current density and a higher resistivity result in the formation of high
porosity p-Si, shown by the arrow in Figure 4.13[2], which shows porosity
with respect to the doping density for different current densities. Assuming the
doping concentration decreases by about 5 times, being etched with an applied
current density of 30mA/cm?, the local current density increases to 300
mA/cm? for defect region, and the porosity increases from 0.6 to about 0.82
for 0.02 Q.cm wafers while for 0.4 Q.cm wafers the porosity increase from
0.74 to 0.96. This increase in porosity is much higher than the previous
understanding which only considered increase of resistivity due to ion
irradiation[70] for explanation of variation in photoluminescence(PL) arising
from ion irradiated regions. In the case of a pure resistivity increase, the
porosity only increases from 0.6 to 0.67 for 0.02 Q.cm wafers and 0.74 to 0.79
for 0.4 Q.cm wafers, for the same induced variation of resistivity. Therefore, a
much higher PL intensity is produced when both resistivity and current density
increase are considered than only considering a resistivity increase.[71] This
particular aspect has been studied by capturing the PL image from cross
section view, shown in Figure 4.14(b). (PL was excited using a wavelength of

330 to 380 nm) In Figure 4.14, direct nanobeam patterning was used where a
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focused 2 MeV proton beam was used to irradiate 1 pum lines with varying ion
fluences on 0.02 Q.cm wafers. The higher the porosity, the easier the p-Si gets
oxidized, such that the highly p-Si regions gets oxidized after leaving the
etched wafers in air for several days while the rest of p-Si still remains almost
unaffected. By including a further step of dipping in HF, the oxidized p-Si is
removed, and hollow regions form, Figure 4.14(c), which enables structuring

of p-Si, which will be discussed in more detail in section 6.3.

1.0
p_type Si +3mAlcm2
—@— 30mA/cm’
—&A— 300mA/cm’
0.8
=
g -
S 061
o
0.4 1
"1”(')15 L 1617 o 1618 L 1619 o 1620

Doping density(/cms)

Figure 4.13 Porosity increase in ion irradiated Si. (Reproduced from Fig.
6.9(a) of Ref. [2]): Porosity as a function of doping density for p-type (10
0) Si electrodes

Figure 4.13 shows that the optimum initial doping concentration of
2x10~1x10"%/cm? is ideal for such an increase of porosity. This matches with
the discussions on a higher selectivity of etching between non-irradiated and
irradiated regions only for highly doped wafers in section 5.1, which is

important in the context of end of range core formation.
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SEM Images

Photoluminescence Images

After removal of oxidized highly p-Si

4x101/cm  2x10''/ecm  8x10'%/cm 4x10°/cm 2x10%%/cm
Decreasing Fluence

Figure 4.14 Cross section images of lines irradiated with 2 MeV proton of
increasing fluence on 0.02 Q.cm wafer, etched with 100 mA/cm? for 15
mins, with 1um line width, 10 um line spacing on wafer surface: (a) SEM
after etching; (b) PL OM after etching; (c) SEM after oxidation for 1week
in air, and removal of oxidized p-Si with 2%HF.

The funnelling effect is defined as the focusing of the hole streamlines
towards the region with lowest carrier density along the gradient,[67] in
which the holes from across an extended region are focused towards a small
region, as a result, a locally enhanced total current density ion irradiated Si.
The funnelling effect is a universal effect in all wafers with non-uniform
carrier distribution. However, its role in different cases depends on the
irradiation geometry, energy and fluence. For example, for high energy proton
irradiated Si, where the ion fluence is low so that the defect density within end

of range region is not high enough to deflect away the diffused holes, highly
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p-Si forms within the end of range regions, shown by the simulation results in
Figure 4.15(a, b). However, when the ion fluence increases even though holes
tend to diffuse towards the highest defect density region, they are repelled by
the built-in electric field from this region, Figure 4.15(c). Therefore, the total
current is bent around this highest defect density region towards the region
above. The higher the fluence, the stronger the repulsion and the total current
bent towards the more above region, Figure 4.15(d). These simulations are
only for the current flow at initial stage of etching, however, it predicts the
core formation at higher fluences, as well as the current funneling effect,
which is evident in the experimental results on the right, where the yellow
dashed circle region is highly p-Si and produces high intensity PL in the 0.02

Q.cm.
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Figure 4.15 (a~d)Simulation results of etching current distribution in 0.4
Q.cm silicon irradiated by 250 keV protons with increasing ion fluence;
(e)SEM and PL image of enhanced funneling at the surface.
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Figure 4.16 Three regimes of high energy proton irradiation

In this case, highly p-Si forms at the interface of p-Si and the silicon core and

the low defect region column above the end-of-range region where the

amplitude of Vp is large. The formation of this highly p-Si region enables an

additional interesting method of structuring p-Si and glass. Such an etched Si
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sample was dipped into HF electrolyte and sub-surface hollow channels in p-
Si were seen in the cross sectional image. The mechanism is that after etching,
the highly porous silicon regions were easily oxidized when left in air for
several days. The oxide can be removed by HF solution, and hence, leads to
formation of either hollow regions surrounded by the p-Si, or free-rotating
silicon wires surrounded by the p-Si at a slightly high fluence, or a hollow
column between p-Si walls at an even higher fluence, as in Figure 4.16 and

SEM images in Figure 4.14.
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Figure 4.17 Schematically showing role of diffusion current and counter
electric field on funnelling effect in (a)high energy light ion case, (b)low
energy heavy ion case

Therefore, diffusion and drift current play roles together in the universal
funnelling effect. A comparison of the role of two current components in
funnelling effect and the region where highly p-Si forms is listed in Table 4.1
and 4.2 for different ion irradiation conditions, which is shown schematically

in Figure 4.17(a) and 4.17(b) respectively.
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Table 4.1 Role of diffusion current and counter electric field in funnelling
effect and region of highly p-Si formed for high energy light ion case

Component low fluence moderate fluence high fluence
Diffusion Dominant, Dominant, Dominant, enhancing
Enhancing the Enhancing the the funnelling effect
funnelling effect funnelling effect
Built-in Hindering the Enhancing the Hindering the
potential funnelling effect | funnelling effect of funnelling effect
low defect column
Region where End-of-range Surrounding the | At interface of end of
highly p-Si end of range core range core, silicon
forms and low defect wall and the
column surrounding
Structures Buried channels Free-rotating Si walls separated
formed after silicon wires and from p-Si by narrow
removal of hollow columns air gap
oxide

Table 4.2 Role of diffusion and drift current components in funnelling
effect and region of highly p-Si formed for low energy heavy ion case,
such as 30 keV He".

Component low fluence moderate fluence high fluence
Role of . .
i Dominant, ) Dominant,
diffusion . Dominant, .
. enhancing, but very . enhancing, very
component in 2 enhancing, strong
i trivial strong
funnelling
Role of d”ft Hindering, can be . . Hindering, very
component in : Hindering, weak
: ignored strong
funnelling

In this section, a funnelling effect due to high diffusion current density and
formation of high porosity p-Si is discussed, which leads to a method of
producing buried p-Si regions with very strong PL, as well as buried hollow
channels, and free-rotating silicon wires, hollow columns surrounded by p-Si,
which will be discussed further in chapter 6. The next interesting question is

what determines this funnelling effect.
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4.6 Factors that influence the funnelling effect

Funnelling will occur in any semiconductor with a non-uniform hole density.
In the case of ion irradiated Si wafers, it is usually dominant and enhanced by
diffusion current, and either enhanced or hindered by drift current, as
discussed in Figure 4.17. There are many factors that influence the funnelling
effect.

4.6.1 lon fluence
lon fluence is the main factor that influences the funnelling effect. Figure 4.18

shows for 30 keV He" line irradiation, the same as in the modeling section of
current flow, direct nanobeam patterning is used to pattern on a 0.4 Q.cm
wafer. At lowest fluence 1x10%cm funneling occurs but is relatively weak,
while on increasing the fluence to 1x10%cm very strong funneling occurs due
to the dominance of diffusion current where holes from an extended region are
funnelled to a single point. By further increasing the line fluence to
2.5x10%cm the repulsion from the built-in potential is strong and current is
deflected first and then focused at the surface; on further increasing the line
fluence to 7.5x10%cm, the repulsion is very strong and becomes dominant.
This was schematically discussed in Figure 4.17(b) and summarized in Table
4.2. To experimentally demonstrate the effect of ion fluence on diffusion
current and drift current, as well as on the combined funneling effect, Figure
4.19(a) shows AFM results on dips formed by point irradiation of 30 keV He"
ions and dip depth and width defined by the AFM line plot along the white
dash line. The experiment procedure has been described in section 4.4. Figure
4.19(b) shows the variation of dip depth and width with respect to point
fluence. Dip depth indicates the intensity of diffusion current, since a diffusion
current enhances the etching rate in the centre of the line while dip width
indicates the intensity of repulsion of holes away by the built-in potential.
Therefore, both components increase with fluence. However, it is not possible
to make quantitative comparison between the simulations and experiment
results, since the simulation ignores time evolution, and amorphization of the

damaged regions. These aspects will be discussed further in the later chapters.

80



Chapter 4. Diffusion current, drift current & funnelling
effect in ion irradiated Si wafers

®=1x10%cm ®=1x108/cm ®=2.5x10%m  ®=7.5x10%cm  14my

i A

AN

Figure 4.18 Simulation results on total current density for increasing line
fluence of 30 keV He"
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Figure 4.19 Influence of fluence. (a) Experimental results on dips (marked
by white arrows) formed by point irradiation with 700 nm spacing, while
increasing the ion fluence(unit: Helium/point), (b) plots showing increased
dip depth and width, defined from the most right AFM lineplot along the
white dash line.
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4.6.2 Geometry
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Figure 4.20 Influence of spacing. (a) Experimental (5.9x10%cm) and (b)
simulation results showing the effect of variation of spacing on the
current distribution and resultant structures

The spacing between irradiated features such as lines or dots is another
important parameter. The effect of different spacing on funneling is shown in
Figure 4.20. Five lines with a spacing of 20 nm~500 nm were irradiated, and
the experiment procedure was taken as described in section 4.4. With
decreasing spacing, the effect from defect regions of adjacent features starts to
influence each other and they can no longer be considered as isolated
irradiations. The experiment results is consistent qualitatively with the
simulated results, where for spacing and fluence of 40 nm, 1x10%/cm; 80 nm,
1x10%cm), current converges together. This is matching with the experimental
observation that lines merge together for spacing of 20 nm, 40 nm, and 60 nm.
For the same fluence, with increasing spacing the current streamlines can be
better resolved, as in the simulation results (1x10°/cm: 40nm and 80nm). The
definition of a separate feature is when the spacing between adjacent features
is large enough such that the current streamlines do not intersect.
Experimentally, this is indicated by the lack of a dark shadow around the
whole irradiation area, while the dark shadow is marked by white arrows for
the non-separate features. Therefore, the lines in Figure 4.20(a) cannot be
considered as resolved for spacing of < 200 nm for this particular fluence and

etch condition. When the spacing between adjacent features is so small that
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they behave as a single feature, effective ion fluence can be adopted. For
example, the 5 lines with 20 nm spacing with a line fluence of 5.9x10%/cm in
Figure 4.20(a) can be considered as a single line with fluence 5 times as large,
i.e. about 3x10%/cm.

4.6.3 Applied bias on the wafer
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Figure 4.21 Influence of applied bias. Experimental results showing the
effect of increasing the applied bias on both (a) low energy helium
irradiation and (b) high energy proton cases.

By increasing the applied bias, the drift current component is enhanced. Figure
4.21 (a) shows that increasing the etch current density from zero bias to
60mA/cm? for 30 keV He* with same line fluence, the funnelling effect is
stronger (better resolved grooves) due to a relatively weaker opposition by the
built-in potential. The experiment procedure is the same as described in
section 4.4. Similarly, for a higher energy lighter ion beam, a stronger
funneling is observed for a higher applied bias. In Figure 4.21, direct
nanobeam patterning using 250 keV protons produced buried silicon wires in
p-Si. Figure 4.21(b) shows that by increasing the applied current density from
30 mA/cm? to 800 mA/cm?, the opposition of the built-in potential by the end-
of-range cores is also less, resulting in the cores from being connected
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(marked by pink dashed circle) to being separate, then being smaller, and then
becoming isolated and free-rotating due to an extremely highly p-Si (porosity
close to 1 which is formed due to both a strong funneling as well as a higher
applied etch current density) formed surrounding the core (marked by the
yellow and white, and pink dashed arrow). The core marked by the pink arrow

came out of the plane, due to high porosity in the surrounding p-Si region.

4.6.4 Etch depth, especially for low energy heavy ion
Etch time is important, since the defect and hole density distributions change

with etch depth, especially for low energy heavy ions where the ion range is
very short. Figure 4.22 used the same experiment procedure described in
section 4.4. It shows the surface profile for fluences of 1x10° and 5x10%cm, as
the etch time increases from 0.5 s to 4 s. Due to the funneling effect, the deep
and central groove increases with etch time as well as a reduced opposition

from the built-in potential at a larger etch depth.
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Figure 4.22 Influence of etch depth. Experimental results of helium
irradiation with increasing the etch time (etch depth).

4.6.5 Wafer resistivity
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Wafer resistivity also plays an important role in the funnelling effect. Highly-
doped wafers have a higher hole density which enables a larger available hole
concentration gradient Vp, producing a stronger diffusion current which
enhances the funnelling effect. Meanwhile, the built-in potential largely
depends on the native wafer doping density. Higher-doped wafers have a
smaller built-in potential, so a weaker opposition to the funnelling effect.
Considered together, a highly-doped wafer has stronger diffusion current, and
less opposition from the built-in potential, thus, a stronger funnelling effect.
Figure 4.23 shows the simulation results of wafers with two different
resistivity, which clearly show a difference in the scale of potential and the
current which can flow between 0.9 um spaced defect regions in low

resistivity wafer but cannot in the high resistivity wafer.

Jiotal Jarife Potential (mV)

(a) 0.4 Q.cm 42

Figure 4.23 Potential map and current streamlines for 250 keV protons
with line irradiation of 0.9 pm spacing and line fluence of 4.2x10*/cm for
left column: Jital, @and right column: Jgrire ON (a) 0.4 Q-cm wafer, (b) 0.02
Q-cm wafer.

Due to the differing importance of the two current components in different

resistivity wafers, the resultant structure after etching can be significantly
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different. For example, the buried silicon wires have flat lower edge in 0.02
Q.cm wafers, while a “tail” is visible at the bottom of buried cores in 0.4
Q.cm wafers. The reason is a dominant role of diffusion current in 0.02 Q.cm
wafers while in 0.4 Q.cm wafers due to dominant role of drift current, as in
Figure 4.24. In Figure 4.24, direct nanobeam patterning using 250keV protons
produced buried Si wires in p-Si. The mechanism of formation of different
core shape in different resistivity wafers will be discussed in greater detail in
section 5.3. [54]

0.40.cm Si S L 0.020.emSi

Rorous Si

Figure 4.24 Different core shapes in different resistivity wafer. Cross-
section SEMs of individual wires for line fluence of 250 keV protons of (a)
6x10'%cm in 0.4 Q.cm wafers, and (b) 1x10'/cm in 0.02 Q.cm wafers.

This section has discussed the factors that influence the funnelling effect. The
good agreement in many aspects between simulation and experimental results
proves the validity of our simple simulation model in predicting some aspects

of the etching behavior under various irradiation conditions.
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4.7 Mathematical treatment

The total current density is composed of drift and diffusion current density and
the main resultant structures depend on the dominant component, however, the
effects from these two components exist at the same time for any experimental
conditions. In this section, equations are derived for factors that influence the
current flow in order to further provide a capability to predict the likely
behavior. These mathematical treatment were carried out by the author based
on the basic equations in semiconductor physics, but incorporated the effect of

ion irradiation.

4.7.1 Bragg peak is near the surface
In this case, the highest defect region is located in very narrow region near the

surface of the wafer, therefore, the current directly diffuses into the highest
defect region which itself has a built-in potential pointing outwards. To
simplify the case the defect region is seen as a single point, meanwhile, only
the vertical direction is considered, and the electric field is simplified as

follows:
Evertical = Eapplied — c@®P 4-14

where Eyerticar i the electric field in the depth direction, E,ppiicq i the

applied electric field, @ is the fluence, and c(¥) is a proportional constant by
assuming a linear relationship between built-in potential and the fluence,

which is a function of position.

P = Negr

According to Equation 4-4 and 4-11,

Jarr = aDVp = qDV(Nyo — fvd) = —qDf PVv 4-15

v is the defect density, Vv is the gradient of defect density, and ¢, D, f, ® as

defined in above text. Equation 4-15 shows that the amplitude of ¢ is
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proportional to amplitude of the gradient of the defect density, and the ion

fluence ®. The direction of J;, ¢ is along the direction of -Vv.

By replacing electric field in equation 4-8 using equation 4-14, replacing hole

density using effective doping concentration in equation 4-4,

]drift(vertical) = qupE = qlJ-p(NaO — fvd) (Eapplied - C(F)CD) =
qup [c(?)fv(F)CDZ - (C(F)Nao + fv(F)Eapplied)q) + NaOEapplied] = kzq)z -
ley® + b 4-16

ky, = qupC(F)fv(F) >0, ks= qup(C(F)NaO + fv(F)Eapplied) >0, b=
qHpNaoEappliea>0, = 0

Jarife(verticary 1S the drift current density in the vertical direction, q is the charge
of holes, p, is the mobility of holes, v(r)is the defect density, and all the

others defined earlier. Hole mobility does not change a lot with respect to
fluence, and can be seen as a constant. Equation 4-16 shows a quadratic

dependence of drift current density on ion fluence, and the symmetric axis of

Jarife = k2 @2 — k3@ + b is *s 0.
2k,
According to equation 4-15, the amplitude of diffusion current density is:

Jairf = qDf @ |Vv| = k@ 4-17

k, = qDf |Vv|>0, ® = 0, and all the others were defined earlier.

Figure 4.25 plots J4rig and J ;¢ With respect to @, and shows two intersecting

points.
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— diffusion current f
——drift current /

/. P -~ “
Jdiﬂ=k1¢’ ad

Jdriﬂ=k2¢’;_k3¢+b

[ AlISUap jua1in)d

Fluence @

Figure 4.25 Three fluence regimes. Schematic plot of the diffusion current
and drift current versus ion fluence (®) for low energy heavy ion beam
irradiated silicon

The overall fluence is split into three regimes by these two intersecting points,

as shown in Figure 4.25 and Equation 4-18:

Jariee > Jair (0 < ® < Py)
Jarife < Jaifr (@1 < @ < @y) 4-18
Jariee > Jaife (@ > @3)

Figure 4.25 is derived based on ignoring other effects, such as amorphization
and sputtering. This figure shows that at low fluence, the diffusion current is
weak; at moderate fluence, diffusion becomes dominant; at a higher fluence,
drift current is dominant again. However, Figure 4.26, fabricated using the
“surface patterning process” in section 4.4, shows the profile for different line
fluences where at highest fluence 2x10'%cm, a dip is overlapped to the up
ridge predicted above, though the first two regimes match with prediction
from above discussion. The reason is that the amorphization becomes
prominent at high fluence, shown by the deep line down in the center (marked

by white arrow). This will be discussed in last section of chapter 7.
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2
1 m 1 2 3
Increasing the Fluence

Figure 4.26 Comparison of three regimes with experiments. AFM surface
profile images of 0.4 Q.cm p-type type silicon irradiated with 30 keV He
ions with a period of 700 nm with (a) 6x10'/cm, (b) 3x10%cm, (c)
6x10%/cm, (d) period of 5 pm for 2x10'%cm. [67]

4.7.2 Bragg peak is beneath the surface
In this case the defect density is located beneath the surface and extends over

a region due to straggling. The high defect region cannot be seen as a single
point any more, instead, it is simplified as having a series of contours, each of
which has a constant defect density. Figure 4.27(a) shows the onset of core

formation (when etching comes to the upper side of high defect region).

(b)

Jdrift
--J (n+1)

diffuse

o Jd\ﬁuse(n)

E

applied

Current Density J
|

Ebutm\lj
- v p ".‘

p——
—
-

- -

n+1

n
Fluence ©

Figure 4.27 Core formation for high energy light ions. (a) Defect contours
and the electric field; (b) The regimes of fluence for high energy case.

Only the normal (with respect to the tangent of contour) direction is
considered, since the diffusion current is in this direction along the doping
gradient, and shown in equation 4-19, where c is a parameter that is dependent

on the distance from the defect points:
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E= Eappliedcose + Ebuilt—in = Eappliedcose + C(F)(D 4-19

For contour with number n:

Jaifuse (0) = —qDVp = —qDVN§"(n) = qDf®Vv(n) ~ki®
4-20

Jarife = QUPE = ql»l[_fv(n)c(n)q)z - (fv(n)coseEapplied + C(n)Ng)q) +
cosOEapprieaNS] = =k, ®@% — k3@ + b 4-21

u is also dependent on ®, however the change is ignored for simplification.
k,>0, k3>0, b>0, ® > 0. The symmetric axis of Jgpie = —k, @2 — k3® + b is

k
—-—=<0.

Figure 4.27(b) plots Jqrire and Jq; ¢ With respect to i, and they only have one
intersecting point. This point splits the fluence into two regimes. At a lower
fluence, J4riee>/difruse, Where holes are drifted towards the etch front due to the
residual electric field in spite of the diffusion of holes in the opposite direction,
and defect region etched; at a higher fluence, J4rife < Jaiffuse, Where holes are
diffused into the core region, and no holes are drifted towards the etch front,
and defect region is not etched and forms a core. One can analyse the core size
based on the relative amplitude of two current components of different
contours, Figure 4.27(b). For contour n and n+l, Vv(n) > Vv(n+1),
v(n)>v(n+1), c(n)<c(n+1), SO J4rif:(n) does not change a lot with n for same @,
while Jgiffuse (M)> Jaifruse (N + 1). Therefore, when ®p.> @ > Oy, Jgifruse (N +
1)< Jarise(n + 1), contour n+1 is etched away, contour n remains unetched;
thus core size (®,)= size(contour n); when fluence ®@pip > O > Dpyy,
Jaiffuse (M + 1)>Jgrire(n + 1), contour n+1 remains unetched, contour n+2 is
etched away, thus core size(®n+1)=Size(contour n+1). Core size increases with
fluence ®@. This matches with the experiment results and will be discussed in a
more precise manner in chapter 5. The effect of applied electric field can also

be studied in this context. Jg;sr is not related to E,ppjieq -
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Jariee = qQUPE = qlJ-(Ng - fCI)V(n))COSG)(Eapplied + c(n)CIJ/cos(E)) 4-22

For contour n and n+1, Vv(n)> Vv(n + 1), v(n)>v(n+1), c(n)<c(n+1). The
current for these two contours is shown in Figure 4.28. At a E,ppjieq, Where
Eapplied1 <Eappliea< Eappliedz, the outer contour n+1 is etched away, since

]diffuse(n +1, Eapplied) < ]drift(n +1, Eapplied); but for inner contour n, it is

left as a core, since ]diffuse(n' Eapplied) > ]drift(n: E:applied)-

When Eppiieq IS increased, such that E, ppiiea>Eappliedz,

Jaitruse (1 Eapplied) < Jarife(1, Eappriea), iNNer contour n is also etched away,
as in Figure 4.28. This explains why at a higher etching current density, a
smaller core is obtained for the same irradiated samples. This is consistent

with the study in chapter 5.

- -Jdrift(n+1) <

—J (n+1) -

diffusion -~
o = - -
Jdriﬂ(n)

Jdiﬂusion(n) -~

| E_|
appliedl Eapp"ec| applied2

Figure 4.28 Drift and diffusion current for two applied bias

92



Chapter 4. Diffusion current, drift current & funnelling
effect in ion irradiated Si wafers

Conclusion

Following the proposed model and concept of effective doping
concentration, two current components in ion irradiated wafers were
explored; one is drift current, where the electrical potential is a
superposition of applied potential and built-in potential in the defect
regions. The other is diffusion current, which arises due to the
nonuniformity of hole density. The funnelling effect was introduced which
represents an enhancement of hole current density in the region with
highest hole density gradient, since the diffusion current is usually
pointing towards a small region resulting in a high current density even
though the built-in potential usually deflects the holes away to a large
spatial distance. This leads to fabrication of buried channels, free-rotating
silicon wires surrounded by p-Si, buried p-Si with strong PL, hollow
columns between p-Si. Different factors that influence the funnelling
effect were discussed based on the comparison between experiment and
simulation, as well as on mathematical derivation by simplification. This
chapter is the first highlight of this thesis work where a reasonably
complete picture of current flow for a variety of cases is drawn, and the

proposed mechanism matches quite well with experimental results.
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5.1 Selectivity
5.2 Space charge region
5.3 Core formation mechanism and factors that influence core size,
minimum gap & shape
5.3.1 Core formation mechanism
5.3.2 Influence of ion fluence on cores
5.3.3 Influence of ion energy on cores
5.3.4 Influence of etch current density on cores
5.3.5 Influence of “neighbors” on cores
5.3.6 Influence of etch mode on cores

5.4Regularize the core shape

The time evolution is incorporated into study of core formation
mechanism. This detailed study on the formation of cores lays a
foundation for the next few chapters. To interpret the core
formation mechanism, two concepts are defined in the first two
sections. Section 5.1 defines selectivity; section 5.2 discusses the
space charge region. Section 5.3 illustrates the respective
dominance of these two concepts for two differently doped wafers
and their core formation mechanism. Section 5.4 briefly discusses
how to regularize and control the size of cores formed in these two

wafers.
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5.1 Selectivity

In this section, we first review the concept of selectivity with respect to doping

density in previous literature, and then develop the definition of a selectivity
coefficient in the context of ion irradiated p-type Si. When a Si wafer of
different regions of doping concentration is anodized at a fixed current or
potential, the dissolution current will be higher in regions of higher doping
level and p-Si formation can only take place there. This can tell the doping
impurity profile by converting potential values to dopant concentration based
on V.= f (NA%°) discussed in section 3.1, and the electrolysis time to a depth
scale. [72, 73]

The doping concentration influences voltage drop in the Helmholtz layer in
lightly doped silicon. This voltage drop is of the order of a few millivolts, but
it increases up to 150 mV for the highest doping concentration in the
investigated range varying from 2.5x10" cm™ to 10 cm™.[55]

In literatures, selectivity is used to describe the difference of etch rate caused
by variable doping concentration. The definition of selectivity coefficient is
S= dn/dno, Where dy and dyo are the porous silicon thicknesses, formed

respectively in the variable and constant concentration regions.
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Figure 5.1 Selectivity coefficient versus doping concentration. Selectivity
coefficient of the porous silicon formation reaction at constant current
density(10mA/cm?) as a function of silicon doping concentration
(reference doping level 10* cm™). (Reproduced from Ref. [73])

In Figure 5.1, an infinite selectivity coefficient is found for high doping levels
(greater than 3x10*® cm™), but a sharp decrease with the dopant concentration
is observed. When formation of p-Si is localized, it is important to consider
the selectivity coefficient. If the highest dopant concentration is limited to
10'8cm™, a low selectivity is obtained. In this case, regions of different doping
concentrations are simultaneously in contact with the electrolyte, the anodic
reaction will also proceed in regions of lower doping concentrations. But if the
regions to be converted to p-Si exhibit dopant concentrations of the order of
3x10*® cm™®, p-Si formation will be localized.[73] Though this study on
selectivity in literature is matching with discussion in section 4.5 where the
ideal initial doping concentration of the wafer for maximum increase of
porosity is around 2x10*~1x10%°/cm?, it takes no account of the increase of
current density arising from diffusion. A more complete understanding on the
selectivity study should consider both doping concentration, and increase of

current density.
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In locally ion irradiated silicon wafers, the etching rate at irradiated regions is
different from non-irradiated regions, either enhanced or slowed down.
Similarly, here the selectivity coefficient can be defined as S=dy/d;, where dy
and d, are the p-Si thicknesses, respectively, formed in the unirradiated and
irradiated regions. This definition is consistent with the one in literatures,
where unirradiated regions have constant doping concentration; while ion
irradiated regions have variable doping concentration. The selectivity
coefficient not only depends on initial doping concentration, but also the ion
fluence, ion energy, etch depth, etch current density, etc. Here, three 0.4 Q.cm
p-Si wafers were irradiated with lines with 250 keV proton at different
fluences of 1x10%/cm, 5x10'/cm, 1x10%/cm, 5x10*/cm, 1x10'/cm,
5x10*/cm, 1x10*/cm, 5x10%cm, 1x10%cm, and each sample was etched for
different time, 3 s, 255, 40 s, 75 s, for which the etch depth at non-irradiated
region is 120 nm, 1 um, 1.6 um, 3 um, correspondingly. For 75s, the irradiated
region is already undercut. The surface profile was studied after removal of all
p-Si and smoothing by oxidation at 1000 °C for 20 mins, and oxide removed.
The profile of these surfaces is a big bump superposed with a narrow shallow
groove in the middle. The step height and width increases with fluence. With a
larger etch depth, the step height as well as step width increases. This is due to
both a higher defect density and an accumulated effect along the etch path

before coming to the etch front of certain etch time, shown in Figure 5.2(a).

(6) 1o

Selectivity Coefficient(S

10° 10" 10" 10" 10"
Line fluence(/cm)

Figure 5.2 Defined selectivity coefficient of ion irradiated silicon. (a)
Schematics showing accumulation effect with increasing etch time and
depth at irradiated and non-irradiated regions; (b) Measured selectivity
coefficient S with respect to ion fluence for different etch time.

Selectivity coefficient study in 0.02 Q.cm wafers is under progress.
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5.2 Space charge region

In section 3.1, it was shown that the potential is mostly dropped within the
space-charge layer for p-type Si such as 0.4 Q.cm wafers which are not
heavily doped. A good example illustrating the space charge region (SCR) is
macroporous silicon formation, for which the basic electrostatics of the porous
electrode is sketched in Figure 5.3(a). A SCR is present in the semiconductor

electrode close to the interface with the electrolyte. [74]

(a) + Hole — Electric field lines (%) Tonized acceptors  (b)

l 2SCR 10
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Doping concentration(cm)

Macroporous silicon

Figure 5.3 Space charge region in macroporous silicon formation. (a)
sketch of the equilibrium charge distribution and the electric field around
pores in a p type semiconductor electrode; (b) Values of pore wall
thickness as a function of doping density together with the SCR width for
a potential(Vpi+V-2kT/e) of 0.1 V (Reproduced from Ref. [74]).

The forward current in a p-type Si wafer which is anodized in HF is either
dominated by diffusion, by thermionic emission, or by tunneling of holes. If
the distance between two neighbouring pores becomes smaller than 2W, the
pore wall becomes passivated due to the depletion of the holes in the SCR. [74]
Figure 5.3(b) shows a square root dependence of space charge region width
(W) on Na. With an initial doping concentration of 3x10%/cm® W after
irradiation is ~tens of nm, still very small compared to the size of the defect
region; while with an initial doping concentration of 4.8x10*/cm® W after
irradiation significantly increases which is ~hundreds of nm, several um or
even larger. [74] Therefore, in a 0.4 Q.cm wafer, SCR plays a more significant
role than in a 0.02 Q.cm wafer.

When the defect density is high enough, the SCR at the interface of silicon and

the electrolyte overlap and form a complete depletion region. In Figure 5.4,
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the color represents defect density, and the schematics show interface region

between silicon and electrolyte.

High defect region: medium fluence

+ Hole —> Electric field lines = lonized acceptors
(b) ) P

Figure 5.4 Overlapping space charge region in the low defect column or
end of range region. (a) Low defect region along the ion track column and
overlapped SCR at extremely high fluence; (b) High defect region at end-
of-range, and overlapped SCR to form Si core at moderate fluence for 0.4
Q.cm wafer.

This is the region that will remain unetched. Figure 5.4 (a) shows high fluence
case, where the low defect column is completely depleted. Figure 5.4(b) shows
moderate fluence case, where high defect end of range region is completely

depleted.
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5.3 Core formation

This section proposes the core formation mechanism in wafers with 0.02 Q.cm
and 0.4 Q.cm resistivity. Based on this core formation mechanism, a variety of
factors that influence the core size, minimum gap, and core shape are

discussed in detail.

5.3.1 Core formation mechanism
As discussed in section 4.5, high energy light ions with moderate fluences

produce buried silicon wires at the end-of-range regions. This is a combined
result of selective etching at unirradiated regions, and formation of a depletion
region in the irradiated regions, Figure 5.5.

(a)

0.02 Q.cm

Porous silicon

0.4 Q.cm

Increasing etching time

(b) Whole range End of range Cores

_______________
______________________

0.02 Q.cm

) - S

0.4 Q.cm

Porous Si -+ ¢
Si

— ~ |
End of range

Figure 55 (a) Time evolution of etching front; (b) Core formation
mechanism and comparison with experimental results: 0.02 Q.cm wafer
(1% row); 0.4 Q.cm wafer (2™ row).

The selectivity for non-irradiated and irradiated regions in a 0.02 Q.cm wafer
is quite high, such that when the etch front comes to end-of-range region, the
step height is so big that a silicon region is easily undercut and isolated, even

though the SCR is small, see Figure 5.5. In contrast to 0.02 Q.cm wafer, the
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selectivity for a 0.4 Q.cm wafer is very low, such that the etch front evolves at
a similar rate in irradiated and unirradiated regions. However, SCR width is so
large when it comes to the end-of-range region that they easily overlap,
resulting in a complete depletion region which is slowly undercut, leaving a
tail below the core due to a slowly reduced width of the depletion region see
Figure 5.5. This is in contrast with a core with flat lower edge in 0.02 Q.cm
wafer, discussed in section 4.6.5 and shown in the most right column as
comparison. Therefore, the width and height of end of range cores are
determined not only by the straggling determined by ion energy and ion type,
as mentioned in chapter 2, but also the wafer resistivity, ion fluence and
etching conditions. Therefore, even though the lateral and longitudinal
straggling is equivalent for certain ion type and ion energy, the width and
height of the cores are not necessarily the same, as discussed below. Since the
current flow is partly deflected from the irradiated regions, the etch front is
moving slower than in irradiated regions than unirradiated regions. This gives

rise to the silicon mount below in the right lower image.

Table 5.1 Importance of two factors in different wafers and different core
shapes

Factors 0.02 Q.cm 0.4 Q.cm
Selectivity Dominant Trivial
Space charge region Trivial Dominant
Core shape Flat lower edge Tail at the lower edge
Number of ions Total number of ions Local defect density

The shape is also determined by the ion fluence, ion energy, and etching
current density, etc. With increasing fluence, selective etching of non-
irradiated regions becomes more obvious in a low resistivity wafer (0.02
Q.cm), such that a trapezium-shaped core with a flat upper edge. When the ion
energy increases, selective etch becomes more important, such that the
difference in shape between the two wafers becomes more trivial. When the
etch current density increases, the width of the space charge region decreases,

such that the tail is shortened for 0.4 Q.cm wafers, as in Table 5.2.
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Table 5.2 Role of selectivity and SCR according to different experimental
conditions

Factors lon fluence lon energy Etch current
density
Selectivity Increased Increased None
SCR Increased None Decreased

In a 0.4 Q.cm wafer, the core width W, depends on the defect density in the
final silicon core. In comparison, in a 0.02 Q.cm wafer, Wcqre depends on the

size of defect contour at the time the core is undercut.

Table 5.3 Dependence of core width and core height on different effects
for two different resistivity wafers

Core size Width Height
0.02Q.cm Defect contour size Accumulated step from low defect
column
0.4Q.cm | Local space charge region Local space charge region width
width

The core in 0.02 Q.cm wafer follows the contour shapes of ion distribution as

calculated in the left of figure while it is not in 0.4 Q.cm wafers, Figure 5.6.

250keV proton
0.02 Q.cm

lon trajectory

Increasing fluence |

Figure 5.6 (Left) SRIM calculated ion distribution of 250keV proton in Si;
(Right) Cross section SEM image of cores in 0.02 Q.cm wafers versus
fluence of 250 keV protons

Mathematical derivation based on their different core formation mechanism in
wafers with two different resistivity can provide more information on the core
shape. In the following text, core width is Wcqre and core height is Heore, @ iS

the ion fluence, E the ion energy, J the etch current density.
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In 0.02 Q.cm wafer, assume that the core is undercut with contour n exposed,
and t is the time when the etch front at a non-irradiated region is at the same
depth with the lowest edge of the high defect region at irradiated regions,

shown in Figure 5.7.
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Figure 5.7 Schematics showing the derivation of core size in 0.02 Q.cm
silicon wafer

Wcore :2 Qf(n) 5'1

a(n) is the size of contour n (shown by light blue color contour) in the high
defect region.
Heore = step(t) — [T*—R(t)dt ~ step(t) 5-2

t S

Since the selectivity coefficient S— oo after t.
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t 1
Heore = Ry[t — fo Edt] 5-3
It mainly depends on accumulated step from selective etch of non-irradiated

region along low defect region.

In 0.4 Q.cm wafer, t is the time when the space charge regions from both
sides overlap at the interface of irradiated region, W(t) is the SCR width at t
at the interface, 6 is the angle between vertical line and the normal of etch

front, shown in Figure 5.8.

Surface

d; = Ryt/S
du = RUt

Woyre =25inOW ()

Figure 5.8 Schematics showing the derivation of core size in 0.4 Q.cm
silicon wafer

Wcore :ZSineW(t) 5'4

According to equation 5-4 and the equation of space charge region[75],

. 2¢eV _ . 28V -
Weore = 2sin 6 eNerr(t) = 2sin HJe(NAO—f*cb*v(t)) >3

It mainly depends on the defect density at the interface at time t. The etching

front moves forward, and finally meet at t;.
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Heore = step(t) + [ Ry(D)dt = [ Ry (Ddt = Ry(t; — t 5-6

In this equation, step(t) ~ 0 due to the small selectivity for 0.4 Q.cm wafers. Since
it is an isotropic etching, the etched layer thickness in vertical direction and
horizontal direction is the same. That is, Ry(t; —t) = W,,,., therefore,

according to equation 5-6,

Heore~Weore 5-7

The discussion above explained the clear difference in the shape of the cores, a
high selectivity in 0.02 Q.cm wafers produces a wide and short core, while a
wide space charge region in 0.4 Q.cm wafer produces a tail-like core with
equivalent width and height. The effect of different factors will be discussed
respectively in the following sections, in each of which only one factor is

variable, while other factors are constant.

5.3.2 Influence of fluence on cores
The most important parameter governing core formation is the ion fluence .

Figure 5.9(a) shows the cross section of cores, where a direct nanobeam

patterning using 1MeV protons produced buried Si wires in multilayer p-Si.

= W(1MeV, 0.40.cm) .
¢ H(1MeV, 0.4Q.cm) .

1E9 1E10
Line fluence(ions/cm)

Figure 5.9 Influence of fluence on cores in 0.4 Q.cm wafer. (a)Cross
section SEM images of cores in 0.4 Q.cm wafer from 1000 keV protons
with fluence of 2x10'%cm; (b) Variation of core width and height with
respect to line fluence.

The shapes of the cores resulting from 1 MeV proton irradiation in 0.4 Q.cm

wafer are all diamond-like. Varying the fluence does not significantly change
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the shape, except for the aspect ratio. Figure 5.9(b) plots the variation of core

size vs. @, showing the same order of width and height, matching with equation 5-7.

According to equations 5-4, 5-5,

. 26V _ 1 )
W core (®) = 2sin 9\/e(NA0—f*<D*v(t2)) =G J1i-c;® >8
c; and c, is constant when @ is the only variable.
According to equations 5-7, 5-8,
1
Heore (@) ~W ¢ore (P) = ¢4 59

A/ 1—C2(D

Figure 5.10 shows cross sectional images of Si cores buried in multilayer p-Si
produced by using direct nanobeam patterning with 250 keV protons with
decreasing ion fluence in 0.02 Q.cm wafer. The shape of the cores strongly
varies with fluence. At medium fluences as in (c)~(f), the cores are flat short,
while increasing the fluence, it grows taller and narrower on the top edge,
becoming as in (a), (b), while on decreasing the fluence, the top edge is flat,
and lower edge is narrower, as in (g); while decreasing the fluence more, no
core is formed, as in (h). It is evident in all the etched cross section a faint
white line is visible below the core, which is formed during the undercut of the
cores. When the core width is wider (for example, a larger beam size, a larger
lateral straggling due to a higher ion energy) or etching selectivity is not so
high (for example, a lower ion fluence), the undercutting process takes a
longer time, and this white line is more visible. Figure 5.11 shows variation of
Hcore and Wegre VS. @. The core is not a perfect square, so the core width and
core height do not have particular values, and the data points plotted in the

figure have certain errors depending on the core shape.
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Figure 5.10 Influence of fluence on cores in 0.02 Q.cm wafer. Cross
sectional SEM images of cores in 0.02 Q.cm wafer with 250 keV protons
with fluence of (a)5x10*/cm, (b)3x10/cm, (c)1x10/cm, (d)8x10*/cm,
(e)6x10*/cm, (F)5x10"%/cm, (g)2x10*°/cm, (h)1x10*/cm.

250keV Proton, 0.02 O .cm

—=— Width
—— Height

Size (um)
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o
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Figure 5.11 Core width and height with respect to the line fluence in
Figure 5.10(0.02 Q.cm wafer)

According to equation 5.3, Hcore(®)=Ry [t — ft !

o %dt] , With increasing @, S

increases significantly, and H increases sharply. According to equation 5.1,
Weore(®) = 2(n(®)), with increasing @, n increases, Weoe(®) increases,

however, the change is small since even within the adjacent contour defect
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density changes a lot. Therefore, the core height has much more significant

change with fluence compared to the width for a 0.02 Q.cm wafer.

5.3.3 Influence of ion energy on cores
With increasing ion energy, the depth of the end-of-range region increases,

and selective etching of non-irradiated regions becomes more important.
Furthermore, ion scattering increases as discussed in section 2.3, such that the
defect density within the high defect region for the same ion fluence is lower.

In 0.4Q.cm wafers: according to equation 5-5,

28V
e(No—f*@*v(t(E)) ’

Weore(E) = 2sin 9\/ where only t and v is dependent on

energy. With higher E, to have equal v, the contour is more inside, W_,,.. (E)
is smaller. The same is for height. Therefore, to have the same core size for a
higher E, a much higher fluence is needed. Therefore, with the same ion
fluence and other conditions, higher energy ions produce narrower and longer

cores in 0.4 Q.cm wafers.

In 0.02 Q.cm wafers: according to equations 5-1, 5-3, Heoe (E) =Ry[t —

t 1
Jo 55941
t,(E) = %, where R;(E) is the ion range,

To simplify that S is a constant along the depth,

R;(E) 1 1
Hcore (E) =RUW(1 _E) = (1 _E) RL(E) 5-10
Therefore, the height of core increases significantly with the ion energy in
0.02 Q.cm wafers.

Besides, due to straggling at the end of range regions as mentioned in chapter
2, the minimum core size is determined not by the beam size at the irradiated
sites, but by other factors, mainly ion energy. For example, 50keV protons
were used to fabricate free-standing nanowires with diameters below
50nm,[53] while higher energy protons were used to fabricate much thicker
wires.[24]
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5.3.4 Influence of etch current density on cores
Figure 5.12 and 5.13 shows the influence of increasing etch current density on

the cores in wafers with both resistivity. It used direct nanobeam writing with
250 keV protons.

300mA/cm?

wo/ q,01X8 Wwo/ 4,01 Xg

aouan|} aul| buisealou|

wo/ 01 XL

Figure 5.12 Influence of etch current density on cores in 0.02 Q.cm wafer.
Cross section SEM images of cores produced by 250 keV protons in 0.02
Q.cm wafer for varying the line fluence and etch current density

A consistent observation with the studies in section 4.6.3, smaller cores as
well as smaller minimum gap are achieved with a higher current density in
both wafers. For example, for the same fluence 5x10'%cm, cores are
connected at 3 mA/cm?, while separate on increasing the current density to 30
and 300 mA/cm?. [54]

An obvious change in 0.4 Q.cm wafer is that the lower part of the core, the tail
becomes shorter on increasing the etch current density, due to the reduced
SCR width.

Extracting the values of core width from Figure 5.12, figure below plots this

value vs. J.
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Figure 5.13 Variation of core width with respect to current density for
different line fluences in Figure 5.12

In 0.02 Q.cm wafers, Heore (J)= Ryt — Ryy fotﬁdt, the first item is not

related to J, while in the second item, R increases significantly with J. Thus
H decreases with increasing J. The same for Wcge. In 0.4 Q.cm wafers, a
higher J leads to lower V(J) and smaller W,,,.(J). The same is for the height.
Besides, for 0.4 Q.cm wafers, a lower J produces a lower undercutting of the

tail, producing a longer tail.

5.3.5 Influence of etching mode (AC/DC) on cores
Apart from the variation with etch current density, the etching mode can also

be changed between direct current and alternate current. The aim of using an
AC current is to significantly reduce the effect from capacitor, which was
earlier discussed in chapter 3.
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S5E10proton/em, AC S5E10proton/cm, DC

8E10proton/cm, DC

1E11proton/cm, DC

Gy

Figure 5.14 Comparison between AC and DC etched end of range cores in
0.02Q).cm wafers for three ion fluences

Figure 5.14 shows cross sections of cores produced using direct nanobeam
patterning method with 250 keV protons with the same ion fluence and
energy, but different etching mode. Even though the etch current density is
different, the significant difference in core shape mainly arise from the
different etching modes. By using AC etching mode with frequency of 100
Hz, the central part of the cores in 0.02 Q.cm become more circular instead of
flat short cores, which indicates that selectivity becomes less important in AC

etching mode.

5.3.6 Influence of “environment” on cores

All these factors mentioned above only consider single irradiated features
(though many of the examples given show several adjacent features).
However, the formation of cores also depends on its “environment”. When the
spacing between two irradiated points/lines becomes small, such that the
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current flow between them is influenced by both regions, core size and shape

also depends on the defect distribution of its neighbors.

Increasing line fluence
1x10'%/cm 3x101%/cm 5x101°/cm 8x10%%/cm
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Figure 5.15 Influence of spacing on cores. Cross sectional SEM images of
cores produced by 250keV protons while increasing ion fluence and line
spacing, while keeping a constant etch current density

The direction of the tail is a very good indication of current flow in 0.4 Q.cm
wafers, such as the slanted tail of cores on either side for 3x10'%/cm with 1.2
pMm spacing in Figure 5.15 which indicates a deflection of current from the
whole irradiated area. The influence of ion fluence on minimum spacing
achievable will be discussed later. Here, direct nanobeam patterning using 250
keV protons produced wires with different spacing and ion fluences. By
extracting the value of core widths, and plotting with respect to the spacing, it
indicates that the core size decreases with a smaller spacing between adjacent
lines when the cores are still resolvable. Figure 5.16 shows this effect, where
the core size reduces with decreasing spacing, which is due to a stronger local
J.
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Figure 5.16. Variation of core size with respect to line spacing for results
in Figure 5.15.

Another point worth noticing is that for a lower fluence the core size increases
more rapidly with spacing. This can be explained by the importance of the
built-in potential in this wafer, which is so large that the hole current is
deflected away from the whole irradiated region such that the local J does not
increase so much. Therefore, cores in the middle are smaller when they are not
so close and the fluence is not so high. Also cores on the outer edge are
smaller when they are close and the fluence is quite high, as observed in
Figure 5.15.
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Figure 5.17 Etch front evolution of single and two closely spaced lines. 250
keV proton line irradiation in a 0.02 Q.cm wafer, etched with periodic
high/low current density to observe the evolution of the etch front: Left
single line with fluence 8 x10*°/cm?; Right: two lines with 10 um spacing,
with fluence 4x10%/cm?

When adjacent features interact together, the region between closely spaced
regions also has a reduced etch rate as illustrated in the 1% row of Figure 5.17,
even though this region is not irradiated and has no defects. Due to this, the
etch front after undercutting the cores moves closer together, as shown by the
arrow (right), instead of the straight etch front in single core case (left), or
cores with a larger spacing. Therefore, the core on the outer edge is usually
not symmetric when the spacing is small.

All the discussions in this section on the “environment” are limited to cores at
the same depth; however, for cores of different depth it is even more
complicated. It is necessary to analyze the overall and local “environment” of
each wire and get the proper design for final current flow, to form structures

for particular applications.

5.3.7 Minimum spacing between features
The above discussion focused on core size, while another specification is the

minimum gap achievable, which is important in the application context of
coupling different photonic components. Figure 5.15 shows that the minimum

spacing between adjacent wires decreases with decreasing ion fluence, for
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example, the minimum spacing for 8x10'%cm is 2 pm, for 5x10"%cm is 1.6

pm, and for 3x10'%cm is < 1.2 pm, as plotted in Figure 5.18.
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Figure 5.18 Minimum spacing for different ion fluences for 250keV
proton in 0.4 Q.cm wafers

The minimum spacing is firstly limited by the straggling of the ions at the end
of range regions, as mentioned in chapter 2. Lower energy ions have less
straggling, and should be chosen when a small spacing is necessary. However,
the minimum spacing is not only limited by the straggling of ions, but also the
current flow mechanism. As shown in Figure 5.18, the selectivity between two
closely spaced features is not zero, and has a reduced etching rate. In the case
of 0.02 Q.cm, when this effect is so obvious that the lines cannot be separated
even when the whole irradiation area is undercut completely, the wires merge
together. In a 0.4 Q.cm wafer, even though this effect is not so dominant, a
large built in potential from the whole area is so high that current tends to
bend around the whole irradiated area rather than passing between closely

spaced adjacent features.

The minimum spacing is between the centers of adjacent features, however,
another concept of a minimum gap between cores is the distance between
cores, which does not necessarily happens at a minimum spacing case.

Minimum gap = Spacing - Core width, in 0.02 Q.cm wafer, the cores tend to
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be flat and wide, such that a much smaller minimum gap is available than in a
0.4 Q.cm wafer.

Therefore, to this extent, we can draw the conclusion that to fabricate
extremely thin wires, a 0.4 Q.cm wafer is favorable, while to obtain extremely
small gaps, a 0.02 Q.cm wafer is recommended.
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5.4 Control the core shape

Therefore, according to a variety of factors that affect the core shape and size,
it is possible to regularize the core shape, which is important in relevant
applications, such as waveguides, photonic crystals, etc. Regularizing the core
shape means to make core more regular in shape, like a circle or trapezium,
rather than extended tail above or below the core.

There are several different points worth noting for regularization of core shape.

To vary the etch J at the proper etch time to change the etch front;
To design proper “neighbours”, to tune the current flow and core shape;

To choose the right resistivity and etch mode to get proper shape.
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Conclusion

Time evolution is investigated in this chapter to understand the core
formation process, which complements the study in chapter 4 on the
current flow mechanism. Dominance of either selectivity or depletion
region width leads to different core formation processes in two types of
resistivity wafers. In the core formation regime of 0.02 Q.cm wafers, due
to extremely higher selectivity and relatively narrower depletion region
width, selectivity plays a major role in forming a flat low-edge silicon core.
Since the etching front of the unirradiated region is already at the same
depth level as the lower edge of high defect region when the etching front
reaches the high defect region, a silicon region is easily isolated in further
etching. In core formation in 0.4 (.cm wafers, due to a large depletion
region width and extremely low selectivity, the depletion region plays a
major role in forming a tail-like silicon core, since in this case the etch
front in irradiated and unirradiated regions move almost together. A core
forms when the defect density at the etch front of the irradiated region is
high enough to create a depletion region which remains unetched, and a
silicon region is slowly completely undercut and isolated. A better
understanding of such mechanisms enables an easier manipulation of
shape, size, minimum gap in fabrication of silicon nanowires and photonic

devices, and further applications which is discussed in chapter 6 and 7.
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6.1 Si Bulk Micromachining method
6.2 Si Bulk Micromachining results
6.2.1 Si walls and support structures
6.2.2 Free-standing wires with uniform diameter
6.2.3 Free-standing wires with modulated diameter & grids
6.2.4 Free-standing tip arrays
6.2.5 Multiple level Free-standing structures
6.2.6 Completely free-standing structures
6.3 p-Si Structuring
6.4 Glass structuring

The previous chapter discussed the mechanism of core formation
and the factors that are important for obtaining the proper shape,
width, height, spacing, and gap. Core formation is the central aspect
to true 3D structuring of Si, and it is one of the advantages of our
method compared to conventional approaches. This chapter
presents experimental results on structuring of p-Si and glass,
where glass structuring is realized based on oxidation of structured
p-Si with a proper porosity. The first section discusses bulk
micromachining of Si where a variety of types of structures and
methods are introduced. The last two sections discuss new
fabrication methods on structuring p-Si and glass based on the basic

mechanism of chapter 4.
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6.1 Si bulk micromachining method

There are two main steps in 3D Si micromachining using ion beam irradiation
combined with our electrochemical etching process. Building up a localized
defect distribution by ion beam irradiation in designed patterns is the first step.
There are two ways to do this. The proton beam writing beam line in CIBA
allows focusing of proton or helium beam with energies from 100 keV to 2
MeV, to beam sizes in both directions of 50~100 nm, with a beam current of
tens to hundreds pAs. The focused beam is scanned over the Si surface with
pre-designed patterns, Figure 6.1(a), referred as “direct nanobeam patterning”
in the text in previous chapters. The other method is to fabricate patterns on
polymer or metal using standard UV lithography or electron beam lithography,
and electroplating techniques, referred as “projection through mask”. Then a
large area ion beam is irradiated passes through the pattern and a defect
distribution is formed in p-type Si wafer, Figure 6.1(b). The advantage of
second method is mass production and large area structuring, which is simply
achieved by conventional lithography and large area ion beam irradiation in
CIBA. Earliest work on masked exposure of protons in materials is [43]. It is
much less time consuming and more efficient. However, the resolution is
limited by the diffraction limit of UV lithography; whereas on the other hand,
e-beam lithography cannot penetrate thick photoresist due to its low energy
and large scattering. Therefore, the first method of proton beam writing has
significant advantages for producing structures with high aspect ratio and high

resolution at the same time.
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(a) Large area proton beam
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Figure 6.1 Two irradiation methods. Schematic of two methods: (a)
Proton beam writing and defects from SRIM calculation by focused
proton beam patterning in Si; (b) Large area irradiation through
patterned mask and defects from SRIM calculation to build patterns in Si.

In these two ways, defects are generated, as in the first row of Figure 6.2. The
second step is electrochemical etching, where due to modulation of the hole
current by the introduced defects, porous silicon selectively forms, as
illustrated in the second row of Figure 6.2. Si structures are buried within p-Si
after the second step; a further step of removing the p-Si by a simple dip in
diluted KOH solution is needed. The three columns in Figure 6.2 represent
three most common structure types, where in the left column a single high
energy ion beam with high fluence totally stops p-Si formation in irradiated
regions and produces high aspect ratio pillars or walls. In the middle column, a
high energy ion beam with a high fluence produces walls to serve as supports
for free-standing wires which are fabricated at high defect regions of lower
energy ion beam with moderate fluences, discussed in chapter 5. In the
rightmost column, the formation of multiple level Si wires using two different

low energy ions is shown.
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Figure 6.2 Procedure of 3D Si micromachining in cross sectional view. (1
row) Step 1: lon beam irradiation and defect distribution; (2" row) Step
2: Electrochemical etching and p-Si formation selectively; (3™ row) Step 3:
Removal of p-Si and formation of three type of Si structures: (1% column)
Walls or pillars; (2" and 3™ column) Free standing single of multiple
level wires.

Based on the procedures discussed above in figure 6.2, the following Si

structures have been fabricated.
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6.2 Si bulk micromachining results

6.2.1 Si walls and support structures
A high fluence produces Si walls where the etching in irradiated regions can

be completely stopped. Figure 6.3 shows an example of fabricating Si walls
with direct nanobeam patterning method, using 2 MeV H,", with a fluence of
2x10" protons/cm to irradiate a 0.02 Q.cm wafer with lines of 2 um width and
20 um spacing. The structure area is 400 um x 400 pum. Figure 6.3(a) shows
the top view of the Si walls, and (b) shows a tilted view, while (c) shows a
magnified image of (b). The top surfaces of these walls are not very smooth
which indicates some etching of the irradiated regions after a long etch depth

in spite of the high defect density at these regions.

Figure 6.3 Si wall structures. Si walls with a spacing of 20 um, width of 2
pm and area of 400 pum. (a) shows the tilted view, while (b) is magnified
image of (a).

Such Si walls have been used as supports for free standing Si wires as in
Figure 6.4(b). Focused 2 MeV H," is used to write wires with a line fluence of
1x10° protons/cm, and focused 2 MeV protons with a fluence of 2x10%
protons/cm are used to write supports. The sample was etched at 40 mA/cm?
in 24% HF for 21 mins and p-Si removed by KOH solution, oxidized at 1000

oC for 2 hours in ambient condition, and oxide was removed.
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Cross section

Figure 6.4 Support s