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ABSTRACT

Conversion and storage of solar energy in the form of hydrogen fuel using a solar water
splitting device is one approach to meet increasing energy demands. Silicon microwires that
serve as the light absorbing elements in the proposed design of the device, consist of different
facets with an orientation along {110} direction. Oxidation of the microwire surface
adversely affects the performance of the device by limiting the available photovoltage to
drive the water splitting reactions. Functionalization of the silicon surface with an organic
group can improve the oxidative stability of the surface. In this work, methyl substitution on
a (110)-oriented monohydride terminated silicon surface using a chlorination/alkylation
procedure was studied. Transmission infrared spectroscopy (TIRS), atomic force microscopy
(AFM) and X-ray photoelectron spectroscopy (XPS) were used for characterizing different
surfaces. TIRS observations indicated presence of coupled monohydride chains along [-1 1 0]
direction on the hydrogen terminated silicon surface which was also supported by AFM
images. XPS studies revealed a surface coverage of 0.83 ML for a methyl-terminated surface.
The methyl-terminated surface was found to be stable when exposed to air, only 0.2 ML of
surface oxide was observed even after a month from sample preparation. Thus, this surface

preparation strategy can be implemented for the functionalization of the microwire surface.
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Chapter 1

Introduction

1.1 Solar Energy and Hydrogen fuel

The population around the globe is constantly increasing at an alarming rate. The
world population is estimated to increase from 6 billion in 1999 to 9 billion in 2044.! This
increase in the population in addition to an increased standard of living in the developing
countries have raised the energy demands based on the per capita consumption.> The
conventional energy resources are mostly based on non-renewable resources like fossil fuels.
The rampant use of fossil fuels not only causes a scarcity of these resources but at the same
time renders the environment in danger due to the emission of greenhouse gases. A
sustainable development requires judicious use of these available resources keeping in mind
the needs of future generations. This necessitates exploration of non-conventional, renewable

and environmental friendly energy resources.

Sunlight is an enormous and inexhaustible source of energy that can help to mitigate
the energy scarcity problems. The amount of solar energy falling on the earth surface is
equivalent to 130 million 500 MW power plants.® The use of photovoltaic technology for the
direct conversion of solar energy into electricity is an attractive scheme for energy harvesting.

This technique however, faces the challenges of low efficiency, high cost and most



importantly, a consistent delivery of power due to the seasonal and daily variation of the
available sunlight. Conversion of the solar energy in the form of chemical bonds seems to be
a promising approach that will resolve the energy storage problems and will provide a clean

path for harnessing energy.>*

Hydrogen gas, when burned in presence of oxygen, produces water vapor with a
release of energy as described in equation (1.1). The energy released in the reaction allows
the use of hydrogen gas as a fuel with no carbon emissions. However, being a light gas,
hydrogen is not freely available in the atmosphere and needs to be produced by other means.
The fuel used in the process of production of hydrogen consumes more energy than what can
be harnessed from H,(g).> This causes the use of hydrogen gas as a fuel, highly unfavorable
from an economic point of view. The use of sunlight to produce H(g) that can be stored and

used as a fuel later on, can solve the aforementioned problem of fuel consumption.

2H,(g) + O,(g) > 2H,0(g) (1.1)

1.2 Proposed Artificial Photosynthetic Device

One of the proposed designs of an artificial photosynthetic device is based on
conversion of solar energy into hydrogen fuel.>*®" This device will use semiconductor

materials to absorb sunlight to split water into hydrogen and oxygen gas.

Sunlight
2H,0(aq) - 2H,(g) + 0,(g) (1.2)



The device will consist of a dual array of high aspect ratio silicon microwire
structures (Figure 1) that will increase the surface area available for light absorption. These
microwires will be coated with suitable catalysts that will promote charge transfer at the
semiconductor-liquid interface that will help in driving the water splitting reactions. One of
the arrays that acts as photocathode will consist of p-type silicon that will drive the hydrogen
evolution reaction (HER) whereas the n-type microwire array will drive the oxygen evolution
reaction (OER).®* The two microwire arrays will be embedded in a polymer membrane that
will provide a mechanical support as well as a suitable medium for both electronic and ionic

charge transfer to help separate both the hydrogen and oxygen evolving reactions.®

OER

2H,0 mmde
O, + 4H"

H+
H+

Figure 1.1 The proposed design of a solar water splitting device. The semiconductor
microwire arrays coated with catalysts will absorb sunlight and provide a surface for
hydrogen evolution reactions. A polymer membrane provides mechanical support and
facilitates charge transfer. Copyright: Megan McClarty. Reprinted with permission, from
reference 2.



1.3 Surface Functionalization

The efficiency of the proposed water splitting device is highly affected by the inherent
losses in the device. The quality of the semiconductor surface is therefore very important for
efficient charge transfer at the liquid-semiconductor interface and at the polymer-
semiconductor junction. Silicon microwires are very sensitive towards oxidation when left in
air or in an agueous environment. Oxidation of these microwires increases the junction
resistance at the polymer-semiconductor junction that can adversely affect the device
performance.® To eliminate this problem, the silicon surface can be protected with a suitable
overlayer that will prevent oxidation of the surface. Attaching hydrogen to silicon surface
sites have shown to be an effective strategy as the hydrogen can provide a complete coverage
to all the surface silicon sites with excellent electrical and chemical properties of the resulting
surface. However, a hydrogen-terminated surface is only stable for a few minutes when left in

air or in an aqueous environment and is not suitable as a long-term solution.

Functionalization of a silicon surface with an organic group had shown a better
resistance towards oxidation.” The methyl (-CHs) group, due to its small size, can also
terminate all the available silicon sites on a Si(111) surface that makes it a suitable functional
group that can protect the entire surface from oxidation to have a long term stability.****

Therefore, attaching a methyl overlayer to the microwire surface seems to a suitable strategy

for a long-term operation of the device.



1.4 Microwire Growth and Orientation

Silicon microwires are grown on a Si(111) wafer using a vapor-liquid-solid (VLS),
bottom-up technique.? The wires grow vertically along the [111] direction (Figure 2) with a
hexagonal cross section. The wires grown on a Si(111) wafer substrate using this technique

1234 The edge joining the two

have {110}-oriented facets along the longer dimension.
consecutive {110}-facets may assume a different arrangement of atoms due to the irregularity
in the symmetry. Some reports suggest that the atoms at these edges can have a {211}-

orientation depending on the growth conditions.****

MANITOBA SEl 100kV  X5000 WD 24.8mm 1um

Figure 1.2 Model of silicon microwire with dominant crystal faces highlighted for a 6-sided
wire. To the right is a scanning electron microscope image for an array of microwires that
have 6-sided facets down the length of the wire. Copyright: Jared Bruce. Reprinted with
permission, from reference 12.

Due to the complex three-dimensional structure of the microwires, it is difficult to use
conventional spectroscopic techniques for surface characterization. Silicon surface

functionalization techniques are well developed and studied for planar Si(111) surfaces.®*!



Therefore, to understand the chemical conditions required for chemical modification of
silicon microwires, functionalization of a Si(111) surface is used as a reference.® {110}-
oriented surfaces have a different bonding structure as compared to a (111)-oriented
surface.®* The difference in the bonding structure can directly impact the surface coverage
and the chemical conditions required for surface preparation. Hence, {110}-oriented surfaces
would be a better model for silicon microwire structure and it is important to investigate the
functionalization techniques for these surfaces and the subsequent impact on the surface

coverage.

1.5 Thesis Outline

This thesis provides a detailed background on different strategies that are being used
for surface preparation and functionalization of silicon surfaces. Various experimental
techniques like transmission infrared spectroscopy, X-ray photoelectron spectroscopy and
atomic force microscopy are used to study a (110)-oriented planar silicon surface. Surface
coverage after functionalization of a Si(110) surface with the methyl group is calculated. The
effect of surface roughness on the oxidative stability of the surface is also discussed and a
comparison is made with the previously attempted functionalization techniques for a Si(110)

surface. The implications of these results on silicon microwires are also discussed.



Chapter 2

Background

2.1 Silicon Microstructure

Silicon is one of the most abundant elements found in the earth crust.'® It is a group
IV element in the periodic table with an atomic number 14. The element is the backbone of
all the semiconductor devices operating today. A very high purity (99.999999999%) single-
crystal silicon can be commercially produced that enables its use in microelectronic
devices.!” The semiconductor properties and abundance of the silicon also make it a suitable
material for photovoltaic applications.'® The silicon surface has a different structure when
compared to bulk silicon. This facilitates the manipulation of the silicon surface for various
applications. Thus, a thorough understanding of the silicon microstructure and different

surface preparation strategies is of vital importance.

The crystal structure of silicon is proposed to be of diamond type (Figure 2.1) with a
tetrahedral bonding arrangement in the bulk.*’™® Different crystal faces of silicon can be
obtained by cleaving the silicon crystal along a particular plane defined by their Miller
indices. The three common silicon wafers with different orientations are along (100), (110)

and (111) planes as shown in Figure 2.2.



Figure 2.1 A diamond cubic lattice structure.
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Figure 2.2 Miller index representation of different crystal planes.




The surface silicon atoms have unsatisfied valencies known as dangling bonds. A
dangling bond contains only one electron unlike a regular bond that has a shared pair of
electrons between two silicon atoms. An unreconstructed Si(100) surface has two dangling
bonds per surface silicon atom (Figure 2.3). A Si(110) surface on the other hand, consists of a
chain like structure that results into only one dangling bond per silicon site.'® This makes the
surface of a silicon wafer highly reactive and therefore, the preparation of the silicon surface
is mostly done in vacuum to avoid instantaneous reactions with gases and adsorption of

particles present in the atmosphere.!”?°
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Figure 2.3 A simple representation of arrangement of silicon surface atoms with different
orientations. Solid circles represent the top layer silicon atoms and the empty circles
represent second layer of silicon atoms or silicon atoms that are directly connected to the
body of the crystal. The dashed lines represent the dangling bonds.



When a bare silicon surface is exposed to air, the surface adsorbs the moisture present
in atmosphere. The adsorbed moisture dissolves the atmospheric oxygen which then attacks
the Si-Si back bonds to form a few nanometers thick native oxide layer. Ohmi predicted that
if the silicon surface is exposed to an only moisture or only oxygen environment, it will never
oxidize.?* The oxidation of the silicon surface can be prevented or delayed by passivating it
(terminating the surface silicon dangling bonds) with hydrogen using wet chemical processes.
Different bonding structure of the silicon surfaces with different orientations requires a

specific surface preparation strategy as discussed in the subsequent sections.

2.2 Wafer Cleaning

A silicon surface is often contaminated with particles adsorbed from the atmosphere,
organic films, metallic impurities, etc. These impurities can adversely affect the device
performance especially when the devices are of microscopic scale. For example, an impurity
can act as an etching mask when a silicon surface is treated with HF-based solutions in
various wet-chemical processes. The etching mask could preclude an effective passivation of
the surface and hence can act as an active site for oxidation. Thus, an effective removal of
any impurities present on the silicon surface is the first step for most surface preparation

procedures.

Various wafer cleaning procedures have been developed since the 1950s. Kern et al.
provided a brief overview of the evolution of different technologies for wafer cleaning from
1950-1989.%% The early silicon cleaning procedures include ultrasonic treatment for particle

removal and boiling in hot concentrated nitric, sulphuric or hydrofluoric acids for removing

10



organic impurities. In 1970, Kern et al. at Radio Corporation of America (RCA) developed
and published a very efficient peroxide based wafer cleaning procedure known as the RCA
clean.?® The RCA clean consists of two main steps: SC1 and SC2. In SC1, the wafer is treated
with a 1:1:5 (v/v/v) solution of NH,OH:H,0,:H,0 at about 80 °C for 10 minutes. The SC1
solution oxidizes the metallic and organic impurities present on the surface which then get
dissolved in the solution. This step slightly etches the silicon surface and leaves a thin oxide
layer.** An optional intermediate step between the SC1 and SC2 involves dipping the wafer
in concentrated HF solution for few seconds to remove the oxide formed in the SC1 step. In
the next step, known as SC2, the wafer is treated with a 1:1:6 (v/v/v) solution of
HCI:H,0,:H,0 at about 80 °C for 10 minutes. The SC2 step removes all the inorganic
impurities (like copper) that could not be removed in the SC1 step and also forms a protective

oxide on the surface that prevents further contamination.

Teramoto et al. showed that (110)-oriented silicon surfaces are more sensitive towards
surface roughening after the SC1 step as compared to a (100) or (111)-oriented surface.”®
This surface roughening could be attributed to the slight amount of etching during the SC1
process. Therefore, Si(110) wafers are cleaned with ozonized ultrapure water at room
temperature or a 1:4 (v/v) solution of H,SO4:H,0, at 95-100 °C (piranha clean) for 10
minutes.”>?* Both cleaning procedures do not induce any surface roughness to the silicon
surface. The inorganic impurities like copper are removed in the hydrogen-passivation step as

discussed in the next section.

11



2.3 Hydrogen Termination and Anisotropic Etching

Cleaning with the piranha solution leads to formation of a protective oxide that needs
to be etched away for H-termination of the surface. Etching with a concentrated or dilute
hydrogen-fluoride (DHF) solution can be used for H-termination.”#?®?” An HF solution
selectively etches the silicon oxide on the surface leaving behind an H-terminated surface.

The etching in an HF solution can be described by the following equation:

SiO,(s) + 6HF(aq) » SiF,(ag + Hyg + 2H,0(aq) 2.1)

However, when etched with DHF, some of the silicon sites get attached to —OH
groups that might lead to subsequent oxidation of the surface. Akahori et al. showed that
when the Si(110) wafer is treated with a dilute hydrogen-fluoride solution mixed with a small
amount of hydrogen-peroxide (H,0,), also known as a fluoride-peroxide mixture (FPM), a
better H-terminated surface could be obtained.™? The advantage of FPM etch is that if some
of the sites get attached to the —OH group, the peroxide ions can completely oxidize those
sites which is easier to remove by fluoride ions present in the solution. Therefore, the
resulting surface is completely H-terminated and hydrophobic in nature in contrast to the
oxidized surface which is hydrophilic. The H-terminated surface The FPM etch had also been
shown to remove any inorganic impurities (like copper) present on the surface,® which
facilitates in reducing the additional step of the SC2 process required in an RCA clean for the
removal of inorganic impurities. On the silicon surface resulting from an FPM etch, silicon
atoms at step edges and defect sites can have more than one unsatisfied valances i.e. the
dangling bonds, which result into one or more hydrogen atoms attached to a single silicon

atom and contain mono-, di- and tri-hydride terminated silicon sites.
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The surface coverage after functionalization of an H-terminated silicon surface highly
depends on the roughness of the H-terminated silicon surface.?® A rough H-terminated silicon
surface consists of mono-, di- and tri-hydride terminated silicon sites. An ideal H-terminated
silicon surface only has monohydride-terminated silicon sites.*® Steric hindrance due to the
presence of di- and tri-hydride species results into an incomplete coverage after

functionalization which may lead to a rapid oxidation over time.

The next step for an ideal H-terminated surface preparation is an anisotropic etching
of the surface obtained after the FPM etch. The anisotropic etching preferentially etches the
di- and tri-hydride species and produces a perfectly monohydride-terminated silicon surface.
Higashi et al. showed that when a Si(111) surface is etched with an HF solution buffered with
NH,F at a controlled pH, anisotropic etching is observed.*® This type of etching produced a
perfectly mono-hydride terminated surface. Alternatively, instead of using a mixture of HF
and NH4F, first the silicon oxide can be etched by dipping the wafer into an HF or FPM
solution and the anisotropic etching can be achieved by a subsequent etch in NH4F solution.
Jakob et al. found that when a buffered HF solution is used for etching a Si(110) surface, a
rough surface is obtained with di- and tri-hydride species.®* Ye et al. observed that the
electrochemical etching of Si(110) surface in NH4F solution requires a strict control of the
electrode potential.** This precludes the use of an NH,F for the anisotropic etching of (110)-

oriented silicon surfaces.
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Watanabe et al. (1991) first studied the anisotropic etching of a Si(111) surface by
treating the surface with boiling water for 10 minutes after the HF etching.®® However, the
degree of anisotropy was lower than that for a NH4F etch as observed by Pietsch et al. **
Inspired by the anisotropic etching effect of water on Si(111) surfaces, Watanabe et al.
(1996) first demonstrated that a monohydride-terminated Si(110) can be obtained by treating
the surface with boiling water for 10 minutes after the HF etching.*®> Arima et al. found that if
the FPM etched silicon surface is treated with water at room temperature for about 10
minutes, the OH™ ions anisotropically etch the di- and tri-hydride species leaving behind a

completely monohydride-terminated surface.’® The oxygen concentration in water needs to

be controlled as it can oxidize the H-terminated silicon surface on a prolonged exposure.

2.4 Functionalization

Functionalization refers to the modification of the silicon surfaces by attachment of
organic monolayers to impart desired chemical and electrical properties. Some organic films,
when attached to a silicon surface form self-assembled monolayers (SAMs). Ulman® defined
SAMs as “ordered molecular assemblies formed by the adsorption of an active surfactant on a
solid surface.” Bent et al. and Ciampi et al. provided a detailed overview of different dry and
wet chemical preparation methods used for functionalization along with their potential
applications.’”" Of these, the wet chemical surface functionalization approach for hydrogen
terminated crystalline silicon surface is most attractive as all the reactions are carried out in
chemical solutions and does not require a high temperature and low pressure requirement as
observed for surface preparation procedures in vacuum.’*’3"*® The high temperature
conditions may also degrade the microwire surface and may not be suitable for the polymer

membrane.
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Linford and Chidsey demonstrated that alkyl monolayers can be attached to
hydrogen-terminated Si(100) and Si(111) surfaces by thermal decomposition of diacyl
peroxides.®® Following their work, several functionalization methods were proposed
including two-step chlorination/alkylation, direct thermal attachment of alkyl Grignard
reagent, UV-mediated hydrosilylation, electrochemical attachment of hydrocarbon
monolayers, etc.” Of these, the two-step chlorination/alkylation method is the only wet
chemical functionalization method that allows attachment of methyl monolayers on a
hydrogen-terminated silicon surface. The other methods generally involve addition of larger
organic groups containing double or triple bonds which can directly attach to the free radicals
created due to the homolytic cleavage of Si-H bonds.*” Thus, the two-step
chlorination/alkylation is most suited functionalization procedure for the work presented in
this thesis. The method consists of two steps: in the first step, an ideal hydrogen-terminated
silicon surface is chlorinated in presence of a radical initiator (Figure 2.4). In the second step,
the chlorinated surface is reacted with alkyl Grignard (RMgBr) or alkyl lithium (RLi)
reagents to attach the required alkyl group to the silicon surface.® These reactions are needed
to be carried out in an oxygen-limited environment (generally a N,(g)-purged glove-box) as

the intermediate products are susceptible towards oxidation.

/

H Cl R
| PCl;/Chlorobenzene | RLi/THF |

> . _— .

Si Benzoyl peroxide Si 60 °C,> 3h Si

\ 90 °C, 45 minutes / | \ /

Figure 2.4 Two-step chlorination/alkylation procedure used for attaching organic mono-
layers on hydrogen-terminated silicon surfaces.
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2.5 Surface coverage

An understanding of silicon microstructure as depicted in section 2.1 helps in
estimating a possible surface coverage after functionalization for different surface orientation
and organic groups. For instance, an ideal hydrogen-terminated Si(100) surface will have di-
hydrides bonded to each of the surface silicon atoms. Therefore, to completely passivate the
surface with an organic molecule, all the silicon atoms would have to be bonded to two
functional groups. This will cause strong steric hindrance with the next neighborhood atom
which is also bonded to two hydrocarbon atoms. Therefore, Si(100) surfaces can never be

completely passivated with any of the functional groups.

Si(110) Si(111)

Figure 2.5 A two-dimensional representation of monohydride-terminated silicon surfaces.
The solid circles represent the surface silicon atoms attached to hydrogen and empty circles
represent the second layer (bulk, below the plane of the page) of silicon atoms. For the
Si(110) surface, only first layer of the silicon atoms is shown. Dashed lines represent the
repeating unit (unit cell configuration).
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Figure 2.5 shows a unit cell (two-dimensional) representation of Si(111) and Si(110)
surfaces. The inter-atomic distance between the surface silicon atoms on a (111)-oriented
surface is 3.8 A.*° This provides sufficient space for the methyl group, with a Van-der-Waals
diameter of 2.3-2.5 A,*>* to passivate all the silicon sites on a (111)-oriented surface, without
any steric hindrance. The ideal (110)-oriented surface can be represented as a rectangular unit
cell with four of the silicon atoms occupying the corners of the rectangle and the fifth silicon
atom is directly bonded to two of the corner atoms (Si-Si bond length ~2.35 A).3*%® The
comparable size of the methyl group with the Si-Si bond length could hinder the complete
passivation of a (110)-oriented surface. An incomplete surface coverage will lead to a
relatively lower stability towards oxidation which can affect the device performance. It is

therefore, important to explore the surface coverage possibilities for a (110)-oriented surface.
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Chapter 3

Experimental Techniques

3.1 Sample Preparation

A double-side polished, boron-doped, p-type, (110)-oriented, silicon wafer (p > 60 Q-
cm, thickness 350 um, Virginia Semiconductor, Inc.) was first cut into small rectangular
pieces (~2 cm x 0.5 cm). The wafer was then cleaned with a 4:1 (v/v) H,SO4 (18 M):H,0, (30
vol %), piranha solution that was kept at 95 °C -100 °C (caution: piranha solution can be
extremely hot and dangerous, needs to be handled very carefully) for 10 minutes. The
samples were then treated with deionized water (Millipore, 18.3 MQ-cm) for 10 minutes,
dried with Ar(g) and stored to be used later. The cleaned wafer was rinsed with methanol,
acetonitrile and water sequentially and dried with Ar(g) before it was etched with a 1:1:98
(v/viv) HF (49 vol %):H,0, (30 vol %):H,0 solution for 5 minutes (caution: HF is a very
dangerous acid, should only be handled in presence of a safety-buddy within 10 feet of the
operator. MSDS* sheets for detailed safety precautions can be obtained from the University
of Manitoba Clean-room). Finally, the sample was rinsed with deionized water (bubbled with
Ar(g) for about 30 minutes to reduce the oxygen content) for 10 minutes and dried with Ar(g)

to produce a monohydride terminated, H-Si(110) surface.*

*MSDS sheet can also be found at:
http://www.sigmaaldrich.com/catalog/product/sial/244279?lang=en&region=CA
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The monohydride-terminated sample was transferred to an N»(g) purged glove box
where it was reacted with a phosphorous pentachloride (PCls)-saturated, anhydrous
chlorobenzene (99.8%, Sigma-Aldrich) solution with a small amount of benzoyl peroxide
initiator at 90 °C for 45 minutes to obtain a chlorine-terminated, CI-Si(110) surface. The
sample was then rinsed with anhydrous chlorobenzene and anhydrous tertahydrofuran (THF,
>09.9%, Sigma-Aldrich). The resulting CI-Si(110) surface was reacted with 1.6 M methyl-
lithium reagent (Sigma-Aldrich) in THF at 60 °C for a minimum of three hours to produce a
methyl-terminated, CHs-Si(110) surface.>® The now-methylated sample was then cleaned
with anhydrous THF followed by rinsing with anhydrous methanol (99.8%, Sigma-Aldrich)
and removed from the chamber in the anhydrous methanol solution. The sample was then
sonicated sequentially with methanol, acetonitrile and deionized water for five minutes each

and finally dried with Ar(g).

3.2 Transmission Infrared Spectroscopy

1012 1010 104 106 104 102 10° 102
Wavelength (m) | | | | | | | |
Gamma X-rays UV Visible  Infrared Microwaves Radio
rays
Frequency (f2) g 1018 1016 104 1012 1010 10° 106

Figure 3.1 Wavelength and frequencies of different radiations in the electromagnetic
spectrum.
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Molecules in solids are continuously vibrating about their equilibrium positions above
an absolute zero temperature (0 K). The associated vibration frequencies lie in the infrared
region of the electromagnetic spectrum (Figure 3.1). When excited by an infrared light, the
molecules can absorb the portion of the radiation corresponding to the difference between the
consecutive vibrational states.** The absorbed vibrational frequency is a characteristic of a
particular vibrational mode for a given molecule and hence can be used to identify the type of

bonding between two different species.*?

Different vibrational modes include stretching and bending modes. A stretching mode
vibration changes the relative distance between two atoms but does not change the bond
angle (Figure 3.2). Bending mode vibration in contrast changes the bond angle but does not
change the bond length.** Stretching mode vibration can further be divided into symmetric
and asymmetric stretch depending on the relative phase (stretch or compression) of different

atoms vibrating in a molecule.

—

Symmetric Stretch Asymmetric Stretch

Figure 3.2 Different vibration modes in a molecule.
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Different types of set-up used for infrared spectroscopy include a reflection,
transmission and attenuated total reflectance (ATR) geometry. The absorbed signal in a
single-reflection geometry is very weak and therefore difficult to detect. ATR geometry
allows multiple reflection of the infrared ray passing through the sample and hence improves
the signal obtained. However, this geometry requires a polarized infrared light incident on a
silicon sample to detect the vibrational modes.*>* The transmission geometry allows the
orientation of the sample with respect to the incident infrared light so that the signals

corresponding to different polarizations can be obtained.**’

Incident ray
—-— Reflected ray
----Transmitted ray
Ny(g)
Infrared Source
74" -
v o_.—
\ Sample
\.
N
N,
T~~] mMcT
Detector
Ny(g)

Figure 3.3 Schematic representation of the set-up used for transmission infrared
spectroscopy. The incident ray hits the sample at 74° to the surface normal (Brewster angle).
The transmitted ray is detected by an MCT detector. The entire set-up is enclosed in an
N,(g)-purged chamber.
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A Thermo Electron Nicolet 6700 FT-IR spectrometer was used to collect all the
infrared spectra. The set-up was enclosed in chamber that was continuously purged with
N2(g) to reduce the moisture and CO,(g) content in the surrounding atmosphere. Polarization
of the incident infrared light was not controlled and a transmission-geometry was used. The
H-terminated Si(110) sample was placed in a sample-holder and the infrared light was
incident at an angle of 74° (Brewster angle for silicon) with respect to the surface normal as
shown in Figure 3.3. The Brewster angle was confirmed by rotating the sample on the sample
holder at different angles and observing the signal. Maximum signal was obtained at an angle
74° measured from the surface normal. When the sample is oriented at Brewster angle, most
of the s-polarized light is reflected off the surface.**" The transmitted light consists mostly
of p-polarized light with a small s-polarization component. Therefore, this geometry shows
absorbed signal corresponding to vibrational modes that have dipoles oriented both parallel
and perpendicular to the surface.* OMNIC (Thermo Scientific) software was used to collect
the infrared spectrum with a resolution of 4 cm™ (wavenumber) averaging over 1000 scans. A
liquid-nitrogen cooled, mercury cadmium telluride (MCT) detector was used and all the

spectra were referenced to a piranha-cleaned, oxidized Si(110) sample.

3.3 Atomic Force Microscopy

Atomic force microscopy (AFM) is based on the relative motion between a cantilever
tip and the given sample surface (Figure 3.4). The cantilever tip rasters over the sample
surface and gets deflected as a result of variation in the sample topography. The deflection in
the cantilever-deflection is detected by a beam-bouncing system consisting of a laser and a
photodiode. This set up can be used to study the morphology of a sample surface at a sub-

micron level.
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Photodiode

Feedback
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Sample Stage

Figure 3.4 A tapping-mode atomic force microscopy set up. A resonating cantilever tip scans
over the sample and the variation in the sample topography is detected by a laser beam-
bouncing system with feedback controls.

A di Dimension 3100 Scanning Probe Microscope (Veeco Instruments Inc.) was used
for all the AFM measurements. The AFM was operated in tapping mode. In tapping-mode, a
resonating cantilever is in intermittent contact with the sample surface. This mode allows
reducing the possible vibrations while scanning and any damage to the tip/sample over time.
The cantilever tip was first calibrated with a standard silicon grating sample. The height
calibration was done using standard graphite (HOPG) sample. The calibration ensured that
the tip was sharp and good for scanning (see Appendix B). After calibration, a freshly
prepared Si(110) sample was scanned within an area of 2um x 2um and a scan rate of 0.2-0.5
Hz. The feedback gains, amplitude set point and drive amplitude were varied during the scan
to improve the quality of the image. A Nanoscope version 6.0 software was used for data

collection.
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3.4 X-ray Photoelectron Spectroscopy

X-rays are highly energetic electromagnetic waves with shorter wavelengths when
compared to the infrared radiation as shown in Figure 3.1. These energetic x-rays can knock
out core electrons orbiting around the nucleus when irradiated to a sample surface. These
ejected electrons are known as photoelectrons and have characteristic binding energies given

12,

by

EBE = hU - EKE -W (3.1)

In the above equation, E,;. is the binding energy of an electron in the orbital, hv is the energy
of the incident x-rays, E,. is the kinetic energy of the ejected photoelectron and w is the work

function of the material.

X-rays can penetrate deep into a given material due to their high energy but the
ejected photoelectrons undergo a strong scattering in the bulk of the material. This scattering
results into a limited mean free path of the photoelectron of about few nanometers which
makes X-ray photoelectron spectroscopy (XPS) a good surface sensitive technique. A
different bonding environment on the surface due to the difference in the electronegativities
of the overlayer atoms bonded to the silicon surface causes a shift in binding energy obtained
in the high-resolution XPS spectrum. This shift in binding energy can be used to identify
different surface overlayer atoms bonded to the silicon sites and the integrated intensities
obtained from the peak-fitting can be used for a quantitative analysis of the surface

Coverage.9,11,40,44,48,49
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XPS spectra were collected on a Kratos Axis Ultra DLD XPS spectrometer in vacuum
environment with a base pressure of 10°° Torr. Al K, (1486.6 eV) monochromatic X-rays at
10 mA emission current and 15 kV anode voltage were used to excite the photoelectrons.
Charge neutralization was not required as the samples were conductive enough that charge
build-up was not an issue. All spectra were collected with a fixed analyzer transmission
mode. Survey scans were collected with a pass-energy of 160 eV and high resolution scans
were collected with a pass-energy of 20 eV. A high pass-energy allows larger number of
electrons to pass through the analyzer which increases the window of electron-energy that
could be observed but at the same time lowers the energy resolution. A low pass-energy
restricts the energy window but improves the resolution and helps in quantification and
deconvolution of individual peaks. Peak-fits for the high resolution XPS spectra were
obtained using the CasaXPS software. A Shirley®® procedure was used to first subtract the
background from the spectra and then the spectra were decovolved into different peaks as
found in the literature. The FWHMs of the constituent peaks were adjusted to achieve a best
fit. Peak positions for the high-resolution XPS spectra of Si-2p region, were referenced to the
bulk silicon peak (99 eV) and for the C-1s region, were referenced to the adventitious carbon

peak (285 eV).

3.5 Surface Coverage

Surface coverage refers to the fraction of the available silicon surface sites that are
attached to a given overlayer atom. The surface-overlayer model uses the ratio of the peak
areas obtained from the high-resolution XPS spectrum to calculate the surface coverage for a
given overlayer.40'44'48 According to the model, an equivalent fractional monolayer, ®,, can

be calculated as:
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In the above equation, l,/lIs; is the intensity ratio of the peak areas of surface overlayer to the
bulk silicon (Si 2p). 4 is the angle used for the collection of the electrons which was 0° (with
respect to the surface normal) for our set up. ps (2.328 g/cm®) is the volumetric density of
silicon and poy is the volumetric density of the overlayer (3 glcm® for C).*° SFg; (0.328) and
SFo (0.278 for C 1s) are the corresponding sensitivity factors (specific to the instrument) for
silicon and the overlayer atoms respectively. a is the atomic diameter for the overlayer atoms
(0.19 nm for C) and 4 is the escape depth for the electrons through the overlayer with the
assumption that 1o, = Asi for our calculations. The assumption holds valid as the calculated
values for Ao, for C 1s electrons was shown to be equal to the calculated value of g for Si 2p

electrons.**
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Chapter 4

Results and Discussion

4.1 Results

4.1.1 Hydrogen Termination

After the FPM etch and treatment with deoxygenated water, the hydrogen-terminated
Si(110) sample was analyzed using TIRS with the set-up as described in section 3.2. Figure
4.1 shows the TIRS spectrum obtained with reference to the piranha-cleaned, oxidized

Si(110) sample that was subsequently etched to produce a H-terminated Si(110) surface.
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Figure 4.1 TIRS spectrum of a hydrogen-terminated Si(110) surface. The peak at 2089 cm™

corresponds to an in-phase coupled-monohydride stretching vibration and the peak at 2070
cm™ corresponds to an out-of-phase stretching vibration (inset).
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TIRS spectrum showed two sharp peaks at wavenumbers 2089 cm™ and 2070 cm™.
The peak at 2089 cm™ corresponds to an in-phase coupled-monohydride stretching vibration
and the peak at 2070 cm™ corresponds to an out-of-phase stretching vibration as shown in
Figure 4.1 (inset). Both of these vibrational modes indicate a long chain monohydride

structures along [-1 1 0] direction®>**

on a (110)-oriented silicon wafer which was confirmed
by the AFM scans as shown in Figure 4.2. The peaks associated with the initial oxidation of
the H-terminated silicon surface were not observed in the region 2100-2200 cm™ of the TIRS
spectrum. The absence of these peaks suggested that there was no oxidation of the surface

after the treatment with deoxygenated water which was also supported by the XPS

measurements described in the next section (also see Appendix C).

Measure Data Zoom Measure

1: Height

a) b)

Figure 4.2 Tapping-mode AFM images of Si(110) surfaces for a 2um x 2um area. a) Before
etching Db) After FPM etch and treatment with deoxygenated water for 10 minutes,
anisotropic etching by water results into terraces in [-1 1 O] direction producing a well
ordered surface. The horizontal streaking line at the bottom of image b) is most likely to be a
result of topographic fluctuation that the tip couldn’t recover from while scanning.
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AFM measurements supported the TIRS observations for the H-terminated Si(110)
surface. Figure 4.2 shows tapping-mode AFM scans of a 2um x 2um area of Si(110) surface
before and after the hydrogen passivation. The surface before cleaning and etching (Figure
4.2a) showed an un-ordered surface with high and low lying areas. The variations in the
topography can be attributed to the presence of different atomic layers of silicon atoms. The
topographic features that appear higher (yellow region) are a few atomic layers high

compared to the lower regions (brown).

After the piranha-clean and hydrogen-passivation, the topographic variations were
still evident but an ordered arrangement was observed (Figure 4.2b). The anisotropic etching
with water removes the di- and tri-hydride species that are present on the step-edges of the
two atomic layers until a perfect monohydride surface is obtained. This anisotropic etching
leads to a long coupled-monohydride chain structure along [-1 1 O] direction on a (110)-

oriented silicon surface.'>#*

4.1.2 Surface Functionalization

Functionalization and surface coverage of the Si(110) surface was studied with the
survey and high-resolution XPS spectra. Samples were first analyzed with the XPS survey
scan to identify all the elements present on the surface. Figure 4.3 shows XPS survey spectra
of hydrogen-terminated, chlorinated and methylated Si(110) samples. The spectra showed
peaks that correspond to O 1s (531 eV), C 1s (285 eV), Si 2s (149 eV) and Si 2p (99 eV)
binding energies.”***® Peaks corresponding to Cl 2s (270 eV) and Cl 2p (200 eV) region
appeared for the chlorinated surface confirming the presence of the chlorine overlayer. These

chlorine peaks were absent in the survey spectrum for the methylated sample indicating that
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Figure 4.3 XPS survey spectra of hydrogen-terminated (red), chlorinated (blue) and
methylated (green) Si(110) surfaces. The spectra showed bulk silicon peaks along with C 1s

and O 1s peaks. Chlorinated samples also showed Cl 2s and CI 2p peaks that were absent in
the other two spectra.

the chlorine overlayer was completely removed after the methylation procedure. The
presence of oxygen peaks may indicate oxidation of the surface but were associated with
adventitious carbon based on the high resolution XPS observations. The spectra did not show
a fluorine peak (686 eV) indicating that the samples were clean after the rinsing process, free

of any residual impurities.

High resolution XPS spectra of Si 2p region as shown in Figure 4.4, were
deconvoluted into two bulk silicon peaks corresponding to the spin splits,*® Si-2ps, and Si-
2p1/2. The spectrum for chlorine terminated sample was fit to have an additional peak that

was associated with the surface overlayer. The shift in binding energy for the hydrogen and
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methyl overlayer was not significant enough to distinguish between the surface and bulk
silicon peaks.®* This peak fitting was used to obtain the peak intensity areas for surface
coverage calculations. The region between 101-103 eV showed no peaks that are associated
with the surface silicon oxide indicating that there was no oxidation of the surface during
treatment, within the detection layer of the instrument. This also confirmed that the O 1s

peaks in the survey spectra (Figure 4.3) can be associated with the adventitious carbon.

5000 cps

Intensity

b)

c)

103 102 101 100 99 98
Binding energy (eV)

Figure 4.4 High resolution XPS spectra of Si-2p region for a) H-terminated b) Cl-terminated
and c¢) CHgs-terminated Si(110) surfaces. The spectra were fit to have two peaks (red)
corresponding to the spin splits, Si-2ps, and Si-2py,. The Cl-terminated spectrum had an
additional peak (blue) that is shifted in binding energy due to the surface overlayer. No
silicon oxide peaks were observed in the 101 eV-103 eV region.
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Figure 4.5 High resolution XPS spectra of C-1s region for a) H-terminated b) Cl-terminated
and c) CHgs-terminated Si(110) surfaces. The spectra were fit to have two peaks (red)
corresponding to the adventitious carbon. CHs-terminated spectrum had a shoulder due to a

shift in the binding energy for the carbon bonded to silicon which required an additional
peak (blue).

High resolution XPS spectra of C 1s region for different Si(110) surfaces (Figure 4.5)
confirmed the presence of adventitious carbon that is adsorbed from the atmosphere. For the
case of methyl-terminated Si(110) surface, an additional peak was observed that corresponds
to the carbon in the methyl group, bonded to the silicon atoms on the surface. The shift in
binding energy for the carbon bonded to silicon can be attributed to the difference in the
electronegativities of carbon, hydrogen, oxygen and silicon. Carbon bonded to silicon is more
negative than the carbon bonded to hydrogen.*® The intensity area for the C-Si peak was used

to calculate the surface coverage for a methyl-terminated surface.
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4.1.3 Surface coverage and Oxidative Stability

Surface coverage for the methyl-terminated Si(110) surfaces was calculated using the
surface-overlayer model (equation 3.2). On average (6 different samples), a surface coverage
of 0.83 of an equivalent monolayer (ML) of methyl overlayer was observed. Webb et al.
observed a 0.85 ML of surface coverage on a methyl-terminated Si(111) surface based on the
area ratios obtained from High-resolution XPS studies.*® This ratio was correlated with a full

monolayer coverage of methyl overlayer based on the low temperature STM measurements.*

The surface coverage can also be investigated by studying the oxidative stability of
the methyl-terminated sample with time. A CH3-Si(110) surface that is not fully passivated,
will oxidize at a rapid rate when exposed to air in contrast to an ideal surface with a complete
monolayer coverage. Figure 4.6 shows the high-resolution XPS spectra for H-terminated and
methyl-terminated Si(110) surface, when exposed to air. An H-terminated surface got
oxidized at a much faster rate compared to a methyl-terminated surface. The resulting surface
oxide coverage was calculated by taking the ratio of the peak intensity areas associated with
the surface oxide and bulk silicon. After 2 days of exposure to air in laboratory conditions,
about 0.73 ML of surface oxide was detected for an H-terminated Si(110) surface, whereas
only 0.20 ML of surface oxide was observed for a methyl-terminated surface even after a
month of exposure to air. These observations are in excellent agreement with the oxidative
stability studies of methyl-terminated Si(111) surfaces.** The relatively high oxidative

stability of the methyl-terminated surface indicate a nearly full monolayer coverage of the
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surface with the methyl groups.
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Figure 4.6 High resolution XPS spectra of Si-2p region for H-Si(110) and CH3-Si(110)
surfaces. The peak between 101-105 eV represents surface silicon oxide. CH3-Si(110) surface
showed a greater oxidative stability even after a month of exposure to air.

34



4.2 Discussion

4.2.1 Functionalization and Surface Coverage

XPS data showed that the Si(110) surface was successfully covered by a methyl
overlayer after chlorination/alkylation procedure without any oxidation of the surface. The
surface-overlayer model showed an average coverage of about 0.83 ML for six different
samples with a standard deviation of 0.04 ML (See Appendix A). The statistical variation in
the monolayer calculations for these six samples can be attributed to the uncertainties in the
peak-fitting as the presence of adventitious carbon might affect the overall intensity variation
for the peak-area associated with the C-Si peak as shown in Figure 4.5. The main
contributing element that might vary the coverage values in equation 3.2 is the density term
(pov = 3 g/cm®) corresponding to carbon. The exact value associated density for carbon is
uncertain with a variation (2.3-3.5 g/cm®) in the reported values for different allotropic
forms.**1%** These variations combined with the instrumental accuracy will result into at

least 10% of uncertainty in the measurement despite the high statistical accuracy.

The surface overlayer model assumes that the surface coverage should be calculated
based on a close-packing arrangement of molecules on a given surface area. But, the methyl-
molecules are actually placed according to the surface sites, which limit the close-packing
arrangement of the methyl molecules as there are not enough surface silicon sites available.
For example, for a 1 cm? area on a Si(110) surface, the total number of carbon atoms that can
be closely packed (assuming circular cross-section) is about 3.5 x 10™ (atomic diameter for
carbon = 0.19 nm). But the number of surface silicon sites available for the same area is only
1 x 10™. Consequently, the surface coverage value as calculated from this model is an

underestimation of what the correct value should be. A more appropriate conclusion could be
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made by observing the CH3-Si(110) surface with a scanning tunneling microscope as shown

for the CH3-Si(111) surface.’**

The surface preparation plays a key role in determining the surface coverage for a
Si(110) and Si(111) surfaces. As shown in this thesis, a Si(110) surface showed similar
surface coverage as observed for a Si(111) surface after methylation wusing a
chlorination/alkylation procedure.** The difference here lies in the monohydride-surface
preparation for these two surfaces. For a Si(111) surface, the monohydride surface is obtained
by etching the surface in a buffered HF solution in a oxygen-limited environment. The degree
of anisotropy is lower when a Si(111) surface is treated with deoxygenated water unlike a
Si(110) surface which results into a perfect monohydride surface. Therefore, a specific

preparation procedure should be implemented for different surface orientations.

4.2.2 Oxidative Stability

Attaching organic groups to the silicon surface provides a greater stability towards
oxidation due to the more stable Si-C bond compared to the Si-H bond for the case of a
hydrogen-terminated surface.®*! Although a Si-C bond is strong enough to prevent the lateral
extension of oxidation on a surface passivated with a sterically hindered organic group (eg,
ethyl) that produces a lower coverage,'! but the sites that are attached to hydrogen could
quickly oxidize which may lead to a rapid deterioration of the surface. Therefore, passivating
the surface with an organic group that can provide nearly full monolayer coverage seems to
be a plausible strategy for long term stability. Methyl groups are smaller in size amongst all
the alkyl groups and hence can provide best possible coverage for a given silicon surface as
discussed in section 2.5. The oxidative stability of a methyl-terminated surface was also
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evident even after a month of exposure to the atmosphere. Although the mechanism of
oxidation of a methyl-terminated silicon surface is not well understood, but the small
oxidation (0.2 ML of surface oxide) can be attributed to some defect sites or sites at the step

edges as observed for the oxidation of methyl-terminated Si(111) surfaces.*

4.2.3 Impact of Surface Roughness

Unlike the silicon surfaces that are passivated with larger alkyl groups where the
steric hindrance is due to the size of the alkyl groups, the functionalized surfaces that are
prepared from a rough hydrogen-terminated surface face an inherent steric hindrance due to
the presence of di- and tri-hydride species. In this case, even if the organic group is small
enough to passivate all the silicon sites, the remaining Si-H bonds are still susceptible
towards oxidation. Oxidative stability studies of methyl-terminated Si(110) surface that were
prepared from a rough hydrogen-terminated surface (etched with 10% HF solution with no
further treatment with water) reported that the surface had a complete monolayer of oxide
only after a week of exposure to the atmosphere.'? TIRS observations presented in this thesis
showed that the hydrogen-terminated surface was ideal for functionalization with only

monohydride-species present on the surface.

4.2.4 Implications on Microwires

Surfaces with different orientations require specific surface preparation strategies as
discussed in Chapter 2. Silicon microwires consist of mainly {110}-oriented surfaces.
Presently hydrogen-terminated microwires are prepared by etching the oxidized wires with a

10% HF solution, treating it with a KOH solution and/or etching with a NH,4F solution.® As
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discussed in Chapter 2, these etching procedures do not produce a monohydride-terminated
surface on a (110)-oriented surface. Presence of di- and tri-hydride species will lead to a rapid
oxidation of the surface as discussed in section 5.2. The surface preparation strategy utilized

in this thesis can be implemented on the microwire surface for long term stability.

The atoms present on the edge between two different facets of the microwire may
have a different symmetry as discussed in section 1.4. On a hydrogen terminated microwire,
such edges are likely to have some di-hydride species to satisfy all the dangling bonds.>* The
amount of steric hindrance due to this arrangement is difficult to predict because despite the
presence of di-hydride elements, the deviation from the symmetrical arrangement may help in
relaxing the stress between neighborhood molecules which is not possible in a continuous
arrangement in case of an individual facet. Although the microwire facets mainly consists of
{110} surfaces, the edge needs to be dealt with once such measurements are transferred to

microwires to predict the complete passivation of the microwire surface.
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Chapter 5

Conclusions and Future work

Methyl-terminated Si(110) surfaces prepared from the hydrogen terminated, H-
Si(110) samples using chlorination/alkylation procedure, were investigated using XPS. These
samples showed nearly full monolayer coverage of methyl groups on the surface. The
oxidative stability studies revealed that the methyl-terminated Si(110) surface was stable
when exposed to air even after a month from the sample preparation. TIRS observations
showed monohydride peaks indicating that the H-Si(110) surface consisted of a coupled-
monohydride chain structure which was ideal for subsequent functionalization. These
observations were also supported by AFM images that showed an ordered topography of the
H-Si(110) surface after the FPM etch and treatment with water. Planar silicon studies are
very essential as the benchmark for the chemical and electrical behavior of silicon microwire

arrays. This technique can be implemented for functionalization of microwire arrays.

Although the XPS observations indicated a full-monolayer coverage of methyl
groups, it is still not clear how the molecules are arranged on the Si(110) surface to avoid the
possible steric hindrance that may arise from the comparable size of methyl groups to that of
the Si-Si bond length. As a future work, low-temperature tunneling microscopy studies of
CH3-Si(110) surfaces can provide an insight into the possible steric interaction between the

methyl-molecules attached to silicon sites. A comparison between the density of states on
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Si(111) and Si(110) surfaces will be helpful in understanding the electronic behavior of the
two surfaces which is essential in understanding the junction behavior at the microwire-

polymer junction.
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Appendix

A

A.1 Monolayer calculation for CH3-Si(110) surfaces:

A.2 TIRS Spectrum for monohydride terminated Si(111) surface:
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B.1 AFM-tip calibration:
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The tip calibration is first done by scanning a silicon grating sample. The grating
features have a 10 um pitch and are 200 nm deep. Once the scan is captured the distance
between these features is measured along with the depth. The sample is then replaced with a
standard HOPG surface. The sharpness of the tip can be examined by looking at the step
edges between two atomic layers stacked on top of each other (three lines in the image
shown). The step shown in the HOPG-scan is about 1 nm high which is equivalent to three
atomic layers (1 layer ~0.3 nm). The tip is good for scanning if these terraces and step edges

are clearly visible.

B.2 AFM-tip vibrations:

Measure Data Zoom

1: Height

While scanning, the AFM-tip sometimes encounter sudden vibrations due to some
topographic variations that degrades the image-quality. Varying the scan speed (0.2-0.4 Hz)
and the amplitude-setpoint (0.2-0.4) can help in reducing these vibrations. In the above image
for an H-Si(110) surface, the terrace lines are visible but the horizontal streaks are associated

with the noise due to vibrations of the tip.
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C.1 Effect of rinsing with deoxygenated water:
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The figure shows the TIRS spectra (without baseline correction) for Si(110) surfaces

after the FPM etch followed by treatment with normal DI water or deoxygenated DI water.

Monohydride peaks (at 2089 cm™, marked with the vertical line) for a Si(110) surface were

only observed when the surface was etched using FPM followed by rinsing with

deoxygenated water for 10 minutes. To ensure success, the DI water used must have a low

oxygen content. This was achieved by purging the DI water with argon or nitrogen gas for

about 30 minutes. The monohydride signature peak was absent if the final deoxygenated rinse

was not undertaken or undertaken with water that had not been fully purged.
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