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Abstract

Investigations of the chemical structure and charge carrier properties of alkylated crys-

talline silicon(111) surfaces are presented. Hydrogen-terminated Si(111) surfaces were

alkylated with a series of saturated hydrocarbons through a chlorination/alkylation proce-

dure and characterized using surface-sensitive techniques. High-resolution soft X-ray pho-

toelectron spectroscopy (SXPS) identified 1 monolayer of H, Cl, and C on the H-, Cl- and

CH3-terminated surfaces, respectively. Surfaces functionalized with bulkier alkyls showed

Si 2p binding energy shifts that suggest that unalkylated Si atoms are bonded to hydrogen.

Alkylated Si(111) surfaces were further characterized using transmission infrared spec-

troscopy (TIRS). The Si–Cl stretching and bending motions were identified at 583 and 528

cm−1, respectively. On the methyl-terminated Si(111) surface, a CH3 symmetrical bend-

ing vibrational mode at 1257 cm−1 polarized perpendicular to the surface was observed.

On the C2H5-terminated surface, a Si–H stretching and bending motion at 2080 and 627

cm−1, respectively, were observed, confirming that unalkylated Si atoms are terminated

with H atoms. Structural morphology of the CH3-terminated Si(111) surface was inves-

tigated by low energy electron diffraction (LEED), which found that this surface retained

a flat, unreconstructed (1 x 1) structure. Scanning tunneling microscopy (STM) images

of CH3-Si(111) were obtained at 4.7 and 77 K. The functionalized surface preserved the

atomically flat morphology of freshly etched H-Si(111), and at 4.7 K individual methyl H

atoms were clearly resolved for the first time.

Electronic passivation of the alkylated Si(111) surface was investigated through mea-

surement of surface charge carrier recombination velocities (S), through time-resolved

radio frequency (rf) photoconductivity decay methods. While unpassivated H- and Cl-

terminated surfaces reacted rapidly in an air ambient to yieldS>1400 cm s−1, alkylated
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surfaces preservedS<200 cm s−1 even when exposed to air for a period of weeks.

Finally, the two-step chlorination/alkylation route was compared to three other Si(111)

surface functionalization techniques: (1) chlorination with Cl2(g) followed by alkylation

with an alkylmagnesium halide reagent, (2) Lewis acid-mediated reduction of a terminal

alkene, and (3) anodization of the H-terminated Si(111) surface in diethyl ether containing

3.0 M CH3MgI. The chemical properties and charge carrier recombination rates of each

surface were measured as a function of time exposed to air.
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Chapter 1

Introduction to Silicon Surface
Chemistry and Electrochemistry

1.1 Charge Carrier Dynamics at Semiconductor Surfaces

and Interfaces

The semiconducting and light-absorbing properties of silicon have placed it at the center

of modern electronic and photovoltaic devices. Because there has been extensive and pro-

longed interest in the semiconducting photophysics of Si, the behavior of the bulk crystal is

well-understood.1 At the crystal surface, however, Si atoms are no longer protected by the

bulk material from chemical reactions with the environment, and molecular species can ab-

sorb onto or bond with surface atoms. These new molecular species can alter the electronic

structure of the semiconductor at the surface, potentially influencing the electronic behav-

ior of the entire material. To prevent this, electronic or photovoltaic devices made from Si

are typically covered in thick layers of high-quality, annealed silicon dioxide to protect the

surface from the ambient environment and prevent these deleterious chemical reactions.

This strategy has been adequate for microelectronic devices that have been produced for

the past several decades.

There is currently increasing interest in fabricating electronic devices of ever smaller

size. In particular, nano-scale Si particles have been proposed for light-emitting2 and mem-

ory3 devices, and Si nanorods have potential for nano-scale photovoltaic devices,4 thus

thrusting Si into the world of “molecular electronics.” As the Si crystal becomes smaller,
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the ratio of surface area-to-volume increases dramatically, and the properties of the surface

begin to dominate the properties of the device as a whole. In the limit of nanocrystals or

nanotubes, where a very large percentage of the Si atoms present are at or very close to

the surface, bulk Si crystal properties become meaningless. A primary obstacle for further

research in this area will be definition of and subsequent control over surface electronic

properties.

This situation becomes clear upon consideration of the behavior of electron and hole

charge carrier pairs at the interface of a semiconducting crystal and another medium of

differing electrochemical potential.5 Figure 1.1(a) shows the effect of placing a n-type Si

crystal into contact with a solution containing an electron acceptor/donor (A/A−) pair with

an electrochemical potential (E0) more positive in energy than the Fermi level (EF ) of

the semiconductor. As the potentials of the semiconductor and redox couple equilibrate,

electrons from the dopant atoms in the n-type semiconductor will transfer across the semi-

conductor/liquid interface to acceptor molecules in solution, leaving a net positive charge

in the crystal and a net negative charge in the solution (Figure 1.1(b)). Because the dopant

atoms are fixed in the crystal lattice, the cationic centers cannot diffuse to the surface to

match the negative charge in the solution, which is lined up at the crystal/liquid interface.

The net positive charge in the semiconductor instead is spread over a much larger portion

of the bulk crystal, called the depletion or space-charge region.

When the semiconductor is illuminated as shown in Figure 1.1(c), electrons are injected

from the valence band (VB) into the conduction band (CB), leaving behind an electron va-

cancy, or hole. The electric field established by the space-charge region drives the major-

ity charge carrier (electrons in the case of a n-type semiconductor) away from the crystal

surface towards the back of the crystal, and drives the minority carrier (holes) across the

semiconductor interface to the redox molecule in solution. The bulk charge carrier prop-

erties of any device created through this strategy are determined by the extent of the band

bending, which is in turn described by the difference inEF andEo(A/A−), and the depth

of the space-charge region (W ). When a photovoltaic cell formed from such a method is

illuminated, the total possible photopotential, called the built-in voltage (Vbi), is measured

from the bottom of the CB to the band edge, indicated in Figure 1.1(b).5
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Figure 1.1: Energy band diagram of a n-type semiconductor immersed in a solution con-
taining an electron donor-acceptor pair (E0(A/A−)). Thex-axis is distance into the bulk
crystal from the surface (x=0), and they-axis is energy increasing positive in the downward
direction. (a) Initial state withEF of the semiconductor at a more negative potential than
E0(A/A−), causing electrons to move from the semiconductor to acceptor species in solu-
tion; (b) After equilibration, a net negative charge is in solution, and a net negative charge
in the semiconductor extends into the crystal for distancex = W from the interface, result-
ing in bending of the semiconductor VB and CB by an amount called the built-in voltage,
Vbi. (c) Upon illumination withhν ≥Eg, electrons are injected into the CB, leaving holes
behind in the valence band. Figure adapted from Tan,et al.5
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Figure 1.2: Charge carrier recombination processes at a semiconductor/liquid junction.
Recombination of an electron-hole pair (a) in the bulk and (b) at the surface of the semi-
conductor crystal. Figure adapted from Lewis,et al.6
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This picture is complete in the absence of other processes that allow electrons and holes

to recombine and thus short the charge carrier gradient established by the semiconduc-

tor/liquid junction. For the work described herein, the two most important recombination

pathways occur either in the bulk or at the surface, shown in Figure 1.2.6 The flux (U )

of charge carriers to a recombination site has been described by the Schokley-Reed-Hall

equation:6

U =
pn− n2

i

τp0(n + n1) + τno(p + p1)
(1.1)

wheren andp are the concentrations of electrons and holes, respectively,ni is the total

charge carrier concentration in the absence of external excitation, andn1 andp1 are carrier

concentrations in electronic trap states:

n1 = nie
(ET−Ei)/kT (1.2)

p1 = pie
(−ET−Ei)/kT (1.3)

with Ei equal to the position of the Fermi level with no dopant atoms andET describing

the energy of the electronic trap state. Finally, the lifetime of each charge carrier in Eq. 1.1

is given by:

τn0 =
1

σνthNT

(1.4)

τp0 =
1

σνthNT

(1.5)

whereNT is the number of electronically active trap states,σ is the cross-section for carrier

capture on the surface, typically 10−15 cm2, andνth is the thermal charge carrier velocity,

which is 5.2 x 106 cm s−1 in n-type Si(111) at room temperature.1,7,8 Eqs. 1.4 and 1.5

assume thatσ remains the same for both electrons and holes. When recombination occurs

at the surface,n andp are replaced in Eq. 1.1 by the surface concentration of electrons and

holes,ns andps, respectively, with

ns = nie
(−qVbi)/kT (1.6)
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ps = pie
(−qVbi)/kT (1.7)

It is clear from Eqs. 1.1–1.3 that recombination achieves its maximum rate when charge

carrier traps are located at the middle of the bandgap. These electronic states, in turn, are

introduced into the crystal by lattice defects or chemical impurities. Bulk crystals of silicon

can be manufactured to an unprecedented degree of purity (1 impurity in 1010 Si atoms in

the crystals used in this work), ensuring that essentially no imperfection will be found in the

Si crystal. Electron-hole recombination in the bulk will thus be exceptionally slow. If the

Si surface has chemically reacted with its environment, however, new molecular orbitals

in the bandgap can promote very high rates of surface charge carrier recombination and

render a device useless.

The rate of surface electron-hole recombination (S) can be related directly to the num-

ber of electronic defects present at the surface through the surface lifetime of the charge

carrier:8

S = NT σνth =
1

τ
(1.8)

Given a surface atom density of 7.8 x 1014 cm−2 on Si(111),1 determiningS can lead to a

direct determination of the number of defects of the Si surface. Assuming that the surface

does not contain a significant number of structural defects,NT offers an approximation of

the number of surface defects caused by chemical bonding.

1.2 Chemical Modification of Silicon(111) Surfaces

In order to understand and control the introduction of electronic states on Si surfaces, a

current topic of interest is the passivation of these surfaces with thin, molecular layers that

can be manipulated through comparatively simple wet-chemical techniques. In order to

study the resulting chemical and electronic structure of such surfaces it is necessary to be-

gin with a well-defined template. The surface most commonly used in Si electronic and

photovoltaic devices is cut along the<100> crystal plane because this surface forms a

high-quality interface with the crystalline SiO2 insulating layer commonly added during

device fabrication processes.9 As can be seen from Figure 1.3(a), however, the (100) sur-
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(a)

(b)

Figure 1.3: Structure of two common silicon crystal faces. (a) Si(100) surface; (b) Si(111)
surface.
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face is quite sterically hindered, with one surface Si dangling bond pointed directly at that

of a neighboring Si atom. Only small atoms such as H or Cl will be able to bond to every

surface Si atom, limiting the ability to perform interesting chemistry at this surface. The

(111) surface, shown in Figure 1.3(b), has three of the Si tetrahedral bonds tied up in the

bulk crystal and one Si dangling bond normal to the surface and available for chemical

reactions. This is the least sterically hindered surface available on the Si crystal. Moreover,

the H-terminated Si(111) surface can be made atomically flat over hundreds ofÅngstroms

through simple wet chemical etching of the native SiO2 layer in aqueous fluoride solu-

tions,10 and thus provides an ideal starting material for surface alkylation.

The H-terminated Si(111) surface obtained through aqueous fluoride ion etching was

the first surface prepared through simple wet-chemical techniques that demonstrated the

concept of control over Si surface electronic properties through chemical bonding strate-

gies. This surface became especially promising when attenuated total internal reflection

infrared (IR) spectroscopy indicated that it was indeed atomically flat over very large areas,

exhibited by a Si–H stretch that was perpendicular to the<111> plane,10 and photoconduc-

tivity decay measurements showed it had a lowS of 0.25 cm s−1.11 This surface was found

to oxidize rapidly in air, however, forming a silicon/native silicon oxide interface that was

electrically defective and had essentially infinitely highS values.8 There has been much

interest in developing other chemical passivation strategies that prevent the extensive oxi-

dation of the Si(111) surface while preserving the low surface charge carrier recombination

velocity of the H-terminated surface.

One promising technique that has received much recent attention to solve the short-

comings of the H-terminated Si surface is the formation of surficial Si–C bonds.12 To

this end, the H-terminated Si surfaces of both single-crystal and porous Si substrates have

been alkylated using alkylmagnesium reagents,13,14 and halogenated surfaces have been

further alkylated using alkylmagnesium or alkyllithium reagents.15–21 Alkylation of the H-

terminated surface has also been attempted using free-radical initiation methods such as

irradiating with ultraviolet light,19,22–25chemical free-radical activation,26,27 thermal acti-

vation,26,28–34or hydrosilation.35–39 Other alkylation methods involve the formation of dan-

gling Si surface bonds using scanning tunneling microscopy techniques40 or the transition
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metal-catalyzed reduction of a terminal alkene directly on the Si–H surface.41 Additionally,

several electrochemical functionalization methods have been described.42–49 These alkyla-

tion techniques have also served as the starting point for bonding more interesting and

complicated molecules to the surface50 such as polymers,51 saccharides,52 and amines.53,54

A two-step surface alkylation procedure involving chlorination of H-terminated Si(111)

followed by alkylation with an alkylmagnesium halide reagent is shown in Figure 1.4.15,16

This reaction scheme was developed in our laboratory and has been analyzed extensively

to characterize the chemical structure of the surface. X-ray photoelectron spectroscopy

(XPS) demonstrated that this reaction proceeds without oxidizing the Si surface, shown

by the absence of the silicon oxides in the Si 2p region of the XPS spectrum. XPS also

showed that as longer alkyl chain lengths were introduced onto the surface, the ratio of the

integrated areas of the C 1s : Si 2p peaks increased approximately monotonically. The ratio

of integrated areas is proportional to the surface coverage of C atoms, and although it did

not prove that the C is chemically bonded to the Si surface, it did show that the coverage

of C increases in a manner predicted by the alkyl chain length. This is consistent with

the hypothesis that this functionalization method forms a regular alkyl layer of controlled

thickness on the Si(111) surface. On the Cl-terminated surface, high-resolution electron

energy loss spectroscopy (HREELS) revealed a peak at 550 cm−1 corresponding to the

surface Si–Cl stretch. When that surface was alkylated, the Si–Cl feature disappeared, and

a new peak at 650 cm−1 was observed. This was assigned to the surface Si–C stretch,

providing sufficient evidence for the first time that this surface was composed of surface-

bound alkyl groups. The HREELS spectra were, however, unable to estimate the overall

surface coverage of the Si–C feature.16

Although the chemical characterization and morphological properties of the alkylated

Si(111) surface prepared through this two step chlorination/alkylation route had not yet

been fully defined, there was considerable interest in how it would effect surface charge

carrier behavior. Further work in this laboratory showed that this functionalization route

generates alkyl-terminated surfaces that are sufficiently passivated to prevent electron-hole

pair recombination on crystalline Si(111) surfaces during exposure to ambient air for peri-

ods of at least one month. Over this time,S values remained<25 cm s−1, demonstrating
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Figure 1.4: A two-step chlorination/alkylation functionalization route of Si(111).16 A
freshly etched H-terminated Si(111) is exposed to a saturated solution of PCl5 in chloroben-
zene with a small amount of peroxide added as a radical initiator. The Cl-terminated surface
is then immersed in a solution of alkylmagnesium halide, CnH2n+1MgX, where n = 1 – 18
and X = Cl or Br, in tetrahydrofuran (THF).
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that the surface is exceptionally stable.8 This behavior was observed when the surface

was terminated with both CH3- and C8H17- groups, and further work in our laboratory has

shown reasonable electronic passivation on surfaces alkylated with branched alkyls such as

i-propyl- andt-butyl-, and even with bulky functional groups such as phenyl- and benzyl-.55

The initial success of this surface modification technique at chemical and electrical pas-

sivation is especially interesting in view of a simple steric model of the alkylated surface.

The internuclear distance between adjacent atop sites on the Si(111) crystal face is 3.8Å,1

implying that a methyl group, with a van der Waals diameter of 2.5Å,46 is small enough

to fit on every surface Si atom, and 100% surface coverage is possible. In contrast, the

van der Waals diameter of a methylene group is approximately 4.5–5.0Å,56,57 so complete

termination of Si atop sites on the unreconstructed Si(111) surface is not possible. Mod-

els of alkyl packing on the Si(111) surface have indicated that 50–55% surface coverage

is the maximum obtainable for long straight-chain alkyl groups on the Si(111) surface.57

These models were obtained by choosing initial conditions for packing arrangements and

densities that seemed chemically reasonable, then optimizing the structure to find the min-

imum energy configuration. A number of surface packing arrangements were attempted

and compared, but this technique is limited by the starting conditions and does not account

for packing arrangements that are not regular enough for the small unit cell used in these

calculations, but that still would provide high packing densities. Bulkier functional groups

such ast-butyl- or benzyl- impose even more severe packing limitations on the alkylated

Si(111) surface.

1.3 Summary

The work presented here addresses two intricately related questions on the chemical and

electronic characteristics of alkylated Si(111) surfaces. First, Si(111) surfaces functional-

ized through the two-step chlorination/alkylation route were characterized with a number

of surface-sensitive analytical techniques to determine the exact chemical and morpho-

logical structure of the Si-alkyl interface. Particular emphasis was placed on identifying

a surface Si–C bond and determining the extent of alkyl group surface coverage. These
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analyses were conducted on alkylated surfaces both after they were freshly prepared and

as they oxidized in air over a time period of up to several weeks. The functionalization

technique used throughout this research is described in detail in Chapter 2. In Chapter

3, XPS of these functionalized surfaces collected under high-resolution surface sensitive

conditions is described and evidence for a monolayer of surface Si–C bonds is presented.

Surface transmission infrared spectroscopy, which was used to characterize surface func-

tional group vibrational modes, is described in Chapter 4. Detailed morphology of the

CH3-terminated Si(111) surfaces investigated by low energy electron diffraction scanning

tunneling microscopy in ultra-high vacuum are described in Chapter 5. The stability of

these alkylated surfaces as they were exposed to air for long time periods is detailed in

Chapter 6.

The second major topic of this research is a description of the electronic properties of

the alkylated surface, which were characterized both on the freshly prepared surface and

and then monitored as the surfaces oxidized in air. This work is described in Chapters 7

and 8. Here experiments demonstrating electronic surface passivation are related to the

structure of the alkyl layer, the electronic band structure of the silicon at the surface, and

the functionalization reaction employed to prepare the modified surface. Finally, general

conclusions of the current understanding of the alkylated Si(111) surface are summarized

in Chapter 9.
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Chapter 2

Experimental Details of Silicon Surface
Alkylation through a Two-Step
Chlorination/Alkylation Route

2.1 Introduction

The alkylated Si(111) surfaces described in this work were prepared almost exclusively

through one experimental procedure, which will be described in detail here. Any differ-

ences in the alkylation procedure will be noted in subsequent chapters. A two-step chlori-

nation/alkylation functionalization route shown in Figure 1.4 was adapted from Bansal,et

al.1 and further refined from Royea,et al.2

2.2 Experimental

2.2.1 Materials

Silicon(111) wafers that were n-type were obtained from a variety of sources depending on

experimental conditions and will be described for each individual experiment. All solvents

used in alkylation reactions were anhydrous, stored under N2(g), and used as received from

Aldrich Chemical Corp. Solvents were only exposed to the atmosphere of a N2(g)-purged

flush box. Water with a resistivity of≥18.0 MΩ cm obtained from a Barnstead Nanopure

system (Dubuque, IA) was used at all times. All chemicals were used as received except

where noted.
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2.2.2 Sample Preparation

2.2.2.1 Preparation of H-Terminated Si(111) Surfaces

Each Si wafer was cut into samples of approximately 1 cm2. Throughout the functional-

ization procedure, care was taken to handle the wafer only by the extreme edge to avoid

scratching the surface, which would cause severe structural defects that might influence

chemical and electronic characterization efforts. Before chemical functionalization, each

sample was cleaned by sequential rising in a flowing stream of H2O, CH3OH, acetone,

CH3OH, and H2O, respectively. After cleaning, the sample was dried under a flowing

stream of N2(g). The Si wafer was then placed in 40% NH4F(aq) (Transene, Inc.) for 20

min to etch away the native SiO2 oxide layer and produce a H-terminated Si(111) surface.

During the etching process, the wafers were agitated occasionally to remove bubbles that

formed on the surface. After removal from the etching solution, the sample was rinsed

thoroughly with H2O and dried under a stream of N2(g). The sample was then immediately

inserted into the experimental apparatus or into the antechamber of a N2-purged glove box,

where all further chemical functionalization was conducted.

2.2.2.2 Preparation of Cl-Terminated Si(111) Surfaces

The H-terminated Si(111) surface was chlorinated by immersing the sample in a saturated

solution of PCl5 (99.998%, Alfa Aesar) in chlorobenzene to which a few grains of benzoyl

peroxide had been added as a radical initiator. The reaction solution was heated to 90–

100◦C for 45 min. The sample was then removed from the reaction solution, rinsed with

tetrahydrofuran (THF) and CH3OH, and then blown dry under a flowing stream of N2(g).

2.2.2.3 Preparation of CnH2n+1-Terminated Si(111) Surfaces

For alkylation, the Cl-terminated Si(111) sample was immersed in a 1.0–3.0 M solution of

CnH2n+1MgX in THF or diethyl ether with n = 1–14 and X = Cl or Br (Aldrich). Excess

THF was added to each reaction solution to allow for solvent loss. The reaction solution

was heated at 70–80◦C for an amount of time dependent on the alkyl chain length, with

longer chain lengths exposed for longer reaction times. The reaction times for each alkyl
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Reagent Reaction Time (hr)
CH3MgX 2–3
C2H5MgX 3–5
C4H9MgX 2.5–5
C5H11MgX 5–16
C6H13MgX 16
C8H17MgX 16
C10H21MgX 24
C14H29MgX 40
C6H5CH2MgX 16–18

Table 2.1: Alkylmagnesium halide reagents and reaction times for Si(111) surface alkyla-
tion with X = Cl or Br. All reactions were carried out in THF or diethyl ether + THF at
70–80◦C.



21

chain length are given in Table 2.1. At the end of the reaction, the sample was removed from

the alkylmagnesium solution and was rinsed with copious amounts of THF and CH3OH,

then immersed in CH3OH and removed from the N2-purged glove box. The sample was

sonicated for 5 min in CH3OH, sonicated in CH3CN for a further 5 min, and then dried

under a stream of N2(g). Sonication was found to be important for completely removing

residual Mg salts from the surface. After functionalization the sample was moved imme-

diately into the experimental apparatus of interest. If the sample needed to be stored for

some length of time it was moved back into the N2(g)-purged glove box and sealed in a

vial under N2(g).
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Chapter 3

High-Resolution X-ray Photoelectron
Spectroscopy of Functionalized Si(111)
Surfaces

3.1 Introduction

Analytical techniques for surface chemistry are generally limited by the vanishingly small

amount of material available for observation. The density of Si surface atoms along the

<111> plane is 7.8 x 1014 cm−2,1 substantially less than Avogadro’s number, and tradi-

tional solution phase analytical techniques developed to determine chemical bonding and

structure, such as nuclear magnetic resonance, infrared spectroscopy, or mass spectrometry,

are generally not possible.

One of the most useful techniques to characterize thoroughly the chemical composi-

tion of the alkylated Si(111) surfaces prepared herein is X-ray photoelectron spectroscopy

(XPS), in which the kinetic energies of atomic core electrons are measured as they are pho-

toejected from atoms of a solid material upon absorption of an incident X-ray of known

energy. The measured kinetic energy of the photoelectron,EKE, is a function of the X-ray

excitation energy,hν, the binding energy of the electron in a specific core orbital,EBE,

and the work function of the instrument,φ:

EKE = hν − EBE − φ (3.1)

Because Eq. 3.1 is a function of the excitation energy and the instrument work function,
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which are both instrument specific, it is often more helpful to rearrange Eq. 3.1 to express

binding energy,

EBE = hν − EKE − φ (3.2)

which is independent of the instrument on which it was collected. Photons in the X-ray

region of the spectrum penetrate the entire sample to excite photoelectrons throughout the

material, but the mean free path of a electron moving through a crystalline material such

as silicon is fairly short before it is scattered by collision with a lattice phonon. The only

photoelectrons that can escape the material to vacuum and can be measured by the elec-

tron detector originate from atoms that are relatively close to the surface. This allows the

bulk material, which would otherwise dominate the signal, to be screened out, which pro-

duces an analytical technique that is highly sensitive to surface composition. Although

X-rays photoeject core electrons that are not involved in chemical bonding, the core or-

bitals that contain these electrons are still influenced by the atoms’ valence interactions.

Changes in the electron density surrounding an atom caused by interactions with more or

less electronegative elements will cause the core electrons to be held more or less tightly,

respectively. This will result in small but measurable shifts in the core electron binding

energy spectrum on the order of a few electron volts (eV). The shift in core electron energy

can then be used to determine the extent of any bonding in which the atom participates.

Because of the importance of surfaces and interfaces of silicon in modern electronic

devices, XPS of Si surfaces, usually prepared in ultra-high vacuum (UHV) conditions,

has been explored and reported in the literature. In particular, the Si 2p core electron

peak has been identified as a useful peak for chemical analysis of Si surfaces. This peak

is spin-orbit split into a 2p3/2 and 2p1/2 doublet, with the 2p3/2 component centered at

99.4 binding electron volts (BeV).1,2 One of the most well-studied surfaces to date is the

Si/SiO2 interface on both the (111) and (100) oriented surfaces. Silicon oxidation states

from Si+ to Si4+ appear at approximately 1 eV intervals above the Si0 2p core level peak.1–5

Measuring the location of this silicon oxide peak allows the exact oxidation state of Si to be

determined. Furthermore, XPS of surface Si atoms has shown that when bonded to more

electronegative elements such as Cl, Br, C, and even H, the Si 2p core level peak is shifted
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to higher binding energies by<1 eV.6–15 This small shift can be measured under high-

resolution conditions, and chemical bonds between Si and other elements can be analyzed.

When the two-step chlorination/alkylation Si surface functionalization route that is the

subject of this report was first developed in our laboratory, XPS data on the functionalized

surface was collected.16,17 Several conclusions were drawn from this initial work. First,

with proper exclusion of H2O and O2 from the reaction conditions, the full functionaliza-

tion chemistry could be conducted without the formation of surface silicon oxides. This

was important because surface functionalization was initially investigated as a way to slow

Si surface oxidation processes, and it would have been deeply inconvenienced if the mod-

ification technique itself led to unwanted oxidation. Second, after the first chlorination

step it was possible to see the appearance of a small peak 1.1 eV higher in binding energy

than the Si 2p peak that quantitatively corresponded to≈0.7 of a monolayer of Si atoms.

This signal was attributed to surface Si atoms bonded to more electronegitve Cl atoms that

were drawing away electron density, slightly shifting the signal for the surface Si 2p peak

to higher binding energies than for the Si bulk peak. Finally, survey scan spectra of the

alkyl-terminated surface demonstrated that the ratio of the integrated areas of C 1s:Si 2p

increased monotonically with the number of C atoms in the alkyl chain. This was strong

evidence for a surface-bound alkyl group introduced in a controlled manner by the chlori-

nation/alkylation reaction, but did not prove the existence of a surface Si–C bond.

These measurements were carried out on an XPS instrument at the California Institute

of Technology that was not able to resolve the shifts in the Si 2p binding energy of<0.6

eV, which would have been necessary to investigate the presence of a surface Si–C bond

on the fully alkylated surface. This instrument also used a high-energy X-ray source that

resulted in ejected photoelectrons having enough kinetic energy to escape from up to 15Å

of Si crystal, meaning that the topmost layer of Si atoms only made up∼20% of the total

experimental signal. Both of these factors prevented previous XPS investigations of the

alkylated Si(111) surface from identifying possible Si atoms that might be bonded to the

carbon atom of the alkyl group. Although this XPS instrument continues to be important

for monitoring the functionalization reaction in our laboratory as seen below, it could not

fully analyze the modified surface. For higher resolution surface sensitive measurements,
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it was necessary to use a lower energy X-ray excitation source. To do this a synchrotron

“soft” X-ray source was used to resolve and quantify surface Si atoms bonded to Cl, H, C,

and O and to investigate the chemical species present on the nonalkylated portions of the

functionalized Si surfaces. These results for freshly prepared CH3-, C2H5-, and C6H5CH2-

terminated Si surfaces are reported here.

3.2 Experimental

3.2.1 Materials and Methods

Silicon(111) wafers polished on one side and having a thickness of 525µm were obtained

from Crysteco (Wilmington, OH). These n-type samples were doped with P to a resistivity

of 2.0–8.5Ω cm. A full description of the alkylation procedure can be found in Chapter 2.

3.2.2 Instrumentation

3.2.2.1 XPS Measurements

Preliminary spectroscopic data on functionalized Si(111) surfaces were collected using an

M-Probe XPS system in our laboratory. For these experiments, 1486.6 eV X-rays gener-

ated from a Al Kα source illuminated the sample from an incident angle of 35◦ off the

surface. Photoelectrons emitted along a trajectory of 35◦ off the surface were collected by

a hemispherical analyzer. Samples were inserted via a quick-entry load lock into the UHV

system and were kept at a base pressure of≤1 x 10−9 Torr. All samples were sufficiently

electrically conductive at room temperature so that no compensation for charging effects

was required. On each sample, a “survey” scan of core photoelectron binding energies over

a range of 1–1000 binding eV (BeV) was collected to identify all chemical species present

on the surface.

A simple model that had been developed previously18 was used to determine the sample

surface composition based on the relative intensities of the O 1s, C 1s, Cl 2s and 2p, and

Si 2p peaks observed in the survey scan XP spectra. The equivalent monolayer coverage of
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an overlayer species,Φov, can be expressed as

Φov =

[(
λ sin θ

aov

)(
SFSi

SFov

)(
ρSi

ρov

)(
Iov

ISi

)]
(3.3)

whereλ is the photoelectron penetration depth (1.6 nm on this instrument);θ is the pho-

toelectron takeoff angle with respect to the surface (35◦); aov is the atomic diameter of the

overlayer species; andρx andIx are the volumetric density and integrated area of the sig-

nal of the overlayer and Si, as indicated. The sensitivity factors (SFx) of the overlayer or

substrate atoms used by the ESCA 2000 software package employed in this analysis were

0.90, 1.00, 2.49, 1.70, and 2.40 for the Si 2p, C 1s, O 1s, Cl 2s, and Cl 2p peaks, respec-

tively. The solid-state volumetric densities (ρov) of C, O, and Cl (3, 0.92, and 2.0 g cm−3,

respectively)18,19were used to calculate the atomic diameter of the overlayer species (0.19,

0.30, 0.30 nm for C, O, and Cl, respectively) through the equation

aov =

(
Aov

ρovNA

)1/3

(3.4)

whereAov is the atomic weight of the overlayer species andNA is Avogadro’s number. The

volumetric density of Si isρSi = 2.328 g cm−3.20 The integrated areas under the overlayer

and substrate peaks,Iov andISi, respectively, were determined by the ESCA 2000 software

package.

3.2.2.2 SXPS Measurements

High-resolution SXPS experiments were performed on beamline U4A at the National Syn-

chrotron Light Source (NSLS) at Brookhaven National Laboratory.3 The sample was in-

troduced through a quick-entry load lock into a two-state UHV system that was maintained

at pressures of≤1 x 10−9 Torr. The beamline had a spherical grating monochrometer that

selected photon energies of 10–200 eV with a resolution of 0.1 eV. The selected excitation

energy was not calibrated independently because this study was principally concerned with

shifts in the Si 2p binding energy in reference to the bulk Si 2p peak, as opposed to the

determination of absolute binding energies. Samples were illuminated at an incident en-
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ergy of 140 eV, and the emitted photoelectrons were collected normal to the sample surface

by a VSW 100-mm hemispherical analyzer that was fixed at 45◦ off the axis of the photon

source. The beam intensity from the synchrotron ring was measured independently, and the

data in each scan were normalized to account for changes in photon flux during the scan.

No charging or beam-induced damage was observed on the samples during data collection.

The limited range of excitation energies available at this beamline, although well-suited

for high surface-resolution Si 2p core-level spectroscopy, prevented measurement of SXPS

survey scans of the surface.

The escape depth of Si 2p photoelectrons was calculated using an empirical relation

described by Seah.21 The size of the Si atom,aSi, was determined using Eq. 3.4 (ASi =

28.086 g mol−1 andρSi = 2.328 g cm−3)20 yielding aSi = 0.272 nm. The electron mean

free path,λSi, was then calculated from the empirical relation21

λSi = (0.41nm−1/2eV−1/2)a1.5
Si E0.5

Si (3.5)

whereESi is the photoelectron kinetic energy (37 eV for Si 2p photoelectrons under our

measurement conditions). Using this method,λSi of photoelectrons in the Si 2p peak was

calculated to be 3.5̊A. Electron escape depths in Si measured under similar conditions

have been reported to be 3.2–3.6Å.2,22 The penetration depth of the measurement can

be calculated fromlSi = λSi sin θ, whereθ is the collection angle off the surface. Data

presented here were collected atθ = 90◦, solsi = 3.5Å.

To identify features in the Si 2p region in addition to the Si 2p bulk peak, the background

signal was determined using a Shirley fitting procedure23–25 and subtracted from the orig-

inal spectra. The background-subtracted spectra were then processed to deconvolute, or

“strip,” the Si 2p1/2 peak from the spin-orbit doublet.1,2 To perform the spin-orbit stripping

procedure, the energy difference between the Si 2p1/2 and Si 2p3/2 peaks was fixed at 0.6

eV and the Si 2p1/2 to Si 2p3/2 peak area ratio was fixed at 0.51.1,2,17,18The residual spec-

trum composed of Si 2p3/2 peaks was then fit to a series of Voigt line shapes26 that were

5% Lorentzian and 95% Gaussian functions.18,27 If more than one peak was needed to fit

the spectrum, the full widths at half-maximum (fwhm) of all peaks were allowed to vary
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by ±25% from each other.28 Occasionally, results from the peak fitting procedure for a

given spectrum would differ greatly with small changes in the initial conditions of the peak

fit. To avoid bias in selecting a representative fit, multiple fits of the same data set with

different initial conditions were averaged, and the average peak center and area, along with

the standard deviation, are reported. This standard deviation represents a confidence level

of the curve fitting procedure, as opposed to an estimate of random errors over multiple

experimental measurements on nominally identical surfaces. Standard deviations obtained

through this process were neglected if they were below the sensitivity of the instrument

(0.01 eV, 0.02 monolayers).

A simple overlayer-substrate model was employed to calculate monolayer surface cov-

erage. This model was independent of instrumental sensitivity factors, although it as-

sumed negligible differences in the photoionization cross sections of surface and bulk Si

species.1,18,27 In this method, the number density of modified surface Si atoms,ΓSi,surf ,

was deduced from the ratio of the integrated area under the Si peak assigned to the surface

atoms,ISi,surf , to the integrated area of the Si peak assigned to bulk Si atoms,ISi,bulk, with

ISi,surf

ISi,bulk

=
ΓSi,surf

nSi,bulklSi − ΓSi,surf

(3.6)

In this expression,nSi,bulk is the number density of bulk crystalline Si atoms (5.0 x 1022

cm−3),20 andlSi is 3.5Å. SubstitutingI = ISi,surf/ISi,bulk andΓSi,bulk = nSi,bulklSi into

Eq. 3.6 and rearranging yields

ΓSi,surf =
I

1 + I
ΓSi,bulk (3.7)

Dividing the calculated value ofΓSi,surf by the number density of atop sites on the Si(111)

surface, 7.8 x 1014 cm−2,1 gives the monolayer coverage of modified Si atoms. The distance

between the first and second Si layers along a vector perpendicular to the Si(111) crystal

face is 1.6Å,9 implying that an electron escape depth of 3.5Å will sample 2.2 monolayers

of the Si crystal.
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3.3 Results

3.3.1 H-Terminated Si(111) Surfaces

3.3.1.1 XPS Results

Survey scan XPS data from a freshly etched H-terminated Si(111) surface exhibited peaks

only for the Si 2p (99.9 BeV) and Si 2s (151.1 BeV) orbitals (Figure 3.1(a)). Peaks observed

at successive intervals of 17.5 BeV higher than the two principal peaks are characteristic

of crystalline silicon samples and have been identified previously as plasmon loss features

that arise for the Si 2s and 2p photoelectrons.29,30 The lack of C and O signals indicated

that these elements were not present above the detection limit of the instrument, which was

∼0.3 monolayer for C and 0.2 monolayer for O.

3.3.1.2 SXPS Results

Figure 3.2(a) shows the high-resolution SXPS data of the Si 2p region of a freshly prepared

H-terminated Si(111) sample. As expected, a spin-orbit doublet was observed for bulk

Si. As seen in the inset of Figure 3.2(a), no silicon oxide signals were detected in the

binding energy region up to 5 eV above the bulk peak, even under these surface-sensitive

conditions.

Figure 3.2(b) shows the SXPS data remaining after background subtraction and strip-

ping of the Si 2p1/2 component of the Si spin-orbit doublet signal. The stripped data were

fit to a series of three Voigt functions: the bulk Si 2p3/2 peak, a peak shifted higher in core

binding energy by 0.15 eV, and a small foot shifted 0.55 eV higher in binding energy. The

0.15 eV shift is consistent with expectations for surface Si atoms bonded to H, which dis-

play photoelectrons 0.114–0.250 eV higher in binding energy than those of bulk Si.6–8 The

magnitude and direction of this shift is consistent with expectations because H (of Pauling

electronegativityχP = 2.20) is somewhat more electronegative than Si (χP = 1.90).31 The

small peak shifted 0.55 eV higher than the bulk Si 2p3/2 is possibly due to surface bound

-OH groups that might have formed during the short time the sample was exposed to water

vapor in air (<5 min) when it was placed into the vacuum system; however, no further
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Figure 3.1: Survey XPS of functionalized Si(111) surfaces prepared through a two-step
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Si(111). Peak positions are given in the text.
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Figure 3.2: (a) SXPS results for the Si 2p region of a freshly prepared H-Si(111) surface and
calculated background displayed relative to the binding energy (BeV) of the bulk Si 2p3/2

signal. The inset shows the entire energy region that was examined, displayed as a function
of the absolute binding energy measured before any data processing. (b) Background-
subtracted Si 2p3/2 region curve-fit as described in the text. Crosses, raw data; thin solid
line, center at 98.89 BeV; long dashes, center at 99.04 BeV; short dashes, center at 99.44
BeV; thick solid line, calculated curve fit. The arrow identifies a feature discussed in the
text.
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experiments were conducted to determine the identity of this peak.

The low-binding-energy tail of the Si 2p3/2 region shown in Figure 3.2(b) displayed a

small signal that was not explained by the peak-fitting procedure. This feature, identified

by an arrow in Figure 3.2(b), appeared consistently in the Si 2p3/2 spectra of all of the

functionalized surfaces reported here and has been observed occasionally in the literature

on chemically modified Si surfaces.4,8,15,32 Limited efforts have been undertaken to in-

vestigate the source of this signal on an unreconstructed Si surface, and there have been

suggestions that this peak results from Si defects.8 The small size of this feature did not

interfere with the surface chemical analysis that was the focus of our investigations and

will not be discussed further.

Table 3.1 summarizes the peak positions and surface coverages deduced from the fitting

of the high-resolution SXP spectra. The absolute energies of the bulk Si 2p3/2 peaks ob-

served for these surfaces are reported in Table 3.1, but because neither the excitation energy

nor the work function of the instrument was measured during the experiment, the absolute

energy observed has little meaning and will not be discussed further. On the H-Si(111)

surface the +0.15 BeV peak was found to represent 1.02 monolayer (ML) of coverage (Eq.

3.7). The peak shifted by a binding energy of +0.55 eV had a coverage of 0.11 ML, again

calculated using Eq. 3.7.

3.3.2 Cl-Terminated Si(111) Surfaces

3.3.2.1 XPS Results

As shown in Figure 3.1(b), a survey XPS scan of the Cl-terminated surface exhibited the

expected bulk Si 2s and 2p peaks; a O 1s peak at 531.2 BeV; and Cl 2p and 2s peaks at

199.5 and 270.3 BeV, respectively. Use of Eq. 3.3 produced a value of 0.73± 0.13 or

0.59± 0.08 ML for the Cl surface coverage depending on whether the Cl 2s or Cl 2p

peak was used. The same method produced a value of 1.4± 0.6 ML for the coverage of

O. If this oxygen were present as silicon oxide, the Si 2p oxide peaks at 101–105 BeV in

the high-resolution photoelectron spectrum should contain approximately 50% of the total

Si 2p intensity, because the instrumental configuration used in this work probed only 2.2
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monolayers of the sample. SXPS data of the Si 2p region of the Cl-terminated surface

(shown below), however, clearly indicated a lack of observable SiO2, consistent with the

hypothesis that the O 1s signal observed on these surfaces was due to absorbed adventitious

oxygen as opposed to silicon oxide.

3.3.2.2 SXPS Results

The SXPS peaks in the Si 2p region of the Cl-Si(111) surface, shown in Figure 3.3(a) were

very different from those of the H-terminated Si surface. After the background had been

removed and the spectrum stripped of the Si 2p1/2 peak, a second Si 2p3/2 signal was ob-

served at a binding energy +0.83 eV relative to the bulk Si 2p3/2 peak (Figure 3.3(b)). This

second peak was assigned to Si bound to Cl (χP = 3.16).31 Chlorine-terminated Si(111)

surfaces prepared using UHV techniques have been reported previously to display Si 2p

binding energy XPS shifts of 0.7–0.9 eV,9–14 in good agreement with our observations. The

signal at +0.83 BeV from the bulk Si 2p3/2 peak represented an equivalent coverage of 0.99

ML. A third peak, located at a binding energy 1.37 eV higher than the Si 2p3/2 peak, was

much smaller in amplitude, comprising 0.16 of a monolayer. This binding energy shift is

consistent with expectations for a Si atom bonded to two Cl atoms, which should exhibit a

chemical shift approximately twice that of a Si monochloride species.

3.3.3 Alkyl-Terminated Si(111) Surfaces

3.3.3.1 XPS Results

Figure 3.1(c) displays a survey XP spectrum of the CH3-terminated Si(111) surface. The

absence of Cl 2p and 2s peaks clearly indicated that Cl was eliminated after exposure to the

methylmagnesium halide reagent, while a C 1s signal appeared at 284.7 BeV. A O 1s signal,

ascribed to adventitious oxygen, was also visible on the functionalized surface at 531 BeV,

representing 1.27± 0.01 ML of surface monolayer coverage. As discussed above for the

Cl-terminated surface, inspection of the core-level spectrum in the CH3-terminated surface

(shown below) demonstrates that this O signal could not be ascribed to oxidized silicon

species.
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Figure 3.3: (a) SXPS results for the Si 2p region of a freshly prepared Cl-Si(111) sur-
face and calculated background displayed relative to the binding energy (BeV) of the bulk
Si 2p3/2 signal. The inset shows the entire energy region that was examined, displayed
as a function of the absolute binding energy measured before any data processing. (b)
Background-subtracted Si 2p3/2 region curve-fit as described in the text. Crosses, raw data;
thin solid line, center at 98.64 BeV; long dashes, center at 99.47 BeV; short dashes, center
at 100.01 BeV; thick solid line, calculated curve fit.
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To determine the effect of alkylating the surface with groups that were sterically pre-

vented from bonding to every Si atop site, the Si(111) surface was functionalized with a

variety of straight-chain alkyls. The XPS survey scan of the C2H5-Si(111) surface (Figure

3.1(d)) resembled that of the CH3-terminated Si(111) surface. This behavior was expected

because the presence of adventitious hydrocarbon on the surface is known to complicate

XPS analysis of terminating groups of similar C chain lengths.17 The O 1s signal at 531

BeV (0.7± 0.2 ML) was ascribed to adventitious sources and not silicon oxides.

3.3.3.2 SXPS Results

Figure 3.4 shows the high-resolution SXPS data of the Si 2p region for a CH3-terminated

Si(111) sample. A Si 2p3/2 peak was observed 0.34 eV higher in binding energy than the

bulk Si peak, consistent with expectations for a surface Si atom bonded to the more elec-

tronegative C (χP = 2.55)31 in the terminating methyl group. This second peak represented

a coverage of 0.85 ML (Table 3.1). As seen in the inset of Figure 3.4, no signals were de-

tected at binding energies greater than 1.0 eV relative to the bulk Si 2p3/2 peak, indicating

the absence of detectable oxidized silicon.

To investigate the effects of functionalization using longer alkylating agents containing

methylene groups, C2H5-Si(111) surfaces were prepared and analyzed by SXPS. High-

resolution SXPS data from the Si 2p3/2 peak on the freshly prepared C2H5-Si(111) surface,

shown in Figure 3.5(a), exhibited a Si 2p3/2 peak 0.19 eV higher in binding energy than the

bulk Si 2p3/2 peak. This shifted Si peak represented 1.02 ML of surface coverage. Similar

to what was observed on the H-terminated surface, a third peak was present at 0.61 eV

higher in energy than the bulk Si 2p3/2 peak, in this case with a relative area corresponding

to 0.19 of a monolayer. This peak possibly indicates a small oxygen-containing layer that

could not be eliminated as the sample was introduced from air into the SXPS vacuum

chamber. The total surface coverage of the two shifted peaks was 1.21 ML.

The peak +0.19 higher in energy than the bulk Si 2p3/2 signal was approximately

halfway between the peak energies for Si–H and Si–C signals observed on the H- and

CH3-terminated surfaces, respectively. To determine whether this peak resulted from two

independent surface Si moieties, it was fitted by two peaks having the same energy shifts,
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Figure 3.4: SXPS results for the Si 2p3/2 region of a freshly prepared CH3-Si(111) surface
after background subtraction and spin-orbit striping and displayed relative to the binding
energy of the bulk Si 2p3/2 signal. Crosses, raw data; thin sold line, center at 98.17 BeV;
long dashes, center at 98.51 BeV; thick solid line, calculated curve fit. The inset shows
the entire energy region that was examined, displayed as a function of the absolute binding
energy measured before any data processing.
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Figure 3.5: (a) SXPS results for the Si 2p3/2 region of a freshly prepared C2H5-Si(111)
surface after background subtraction and spin-orbit stripping and displayed relative to the
binding energy of the bulk Si 2p3/2 signal. Crosses, raw data; thin solid line, center at
98.20 eV; long dashes, center at 98.39 eV; short dashes, center at 98.80 eV; thick solid line,
calculated curve fit. (b) Same sample with the surface feature deconvoluted into two peaks
representing Si–H (+0.18 eV) and Si–C (+0.34 eV).
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shapes, and widths as those found on the H- and CH3-Si surfaces. Although the fitting

parameters were very constrained, there is a possibility that this procedure will result in

overfitting of these spectral data. As shown in Figure 3.5(b). this procedure produced a

best fit with the two peaks at +0.18 and +0.34 eV representing coverages of 0.53 and 0.43

ML, respectively. A third peak, at +0.69 eV representing a coverage of 0.11 ML, was also

present in the fit.

To investigate the effects of functionalization using bulkier alkylating agents, C6H5CH2-

terminated Si(111) was prepared and studied by SXPS (Figure 3.6). As shown in Table 3.1,

a Si 2p3/2 peak was observed at +0.15 eV from the bulk peak with a coverage of 1.10 ML. A

smaller peak 0.57 eV higher in binding energy than the bulk Si peak was also detected and

was found to represent a coverage of approximately 0.39 ML. The coverage calculations

are dependent on the calculated value of the electron escape depth, so a 0.2Å increase in

the calculated escape depth (to 3.7Å) would produce a decrease in the calculated coverage

of the two combined peaks to 1.2 ML.

3.3.4 High-Resolution SXPS of CH3-Terminated Si(111) Surfaces Col-

lected at Varying Excitation Energies

Methyl-terminated Si(111) surfaces were prepared at the California Institute of Technol-

ogy and shipped to Berlin for further high-resolution synchrotron-based SXPS analysis.

This data was collected by Dr. Ralf Hunger of the Institute of Materials Science at the

Technische Universität Darmstadt in Darmstadt, Germany, and is described extensively in

Hunger,et al.33 Because this work provided important evidence for both the chemical and

electronic structure of the CH3-terminated surface, important observations are summarized

here.

Once the methyl-terminated Si(111) surfaces were placed under UHV, they were an-

nealed by heating to 500◦C for 15 min, which did not alter substantially Si or C spec-

troscopic features. Samples were illuminated with excitation energies between 115–650

eV on beamline U49/2-PGM2 at the BESSY II synchrotron facility in Berlin, and ana-

lyzed with a Phoibos model 150 electron analyzer (SPECS).34 Because this beamline had a
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Figure 3.6: SXPS results for the Si 2p3/2 region of a freshly prepared C6H5CH2-Si(111)
surface after background subtraction and spin-orbit stripping and displayed relative to the
binding energy of the Si 2p3/2 signal. Crosses, raw data; thin solid line, center at 98.22
BeV; long dashes, center at 98.39 BeV; short dashes, center at 98.80 BeV; thick solid line,
calculated curve fit.
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Figure 3.7: SXPS of the Si 2p region of the CH3-teriminated Si(111) surface collected at
different excitation energies. Spectra are displayed after background subtraction and before
spin-orbit striping as a function of relative binding energy (eV) above the center of the Si
2p3/2 signal. Top:hν = 330 eV; bottom:hν = 150 eV. Closed circles are raw data and
the solid lines are the calculated curve fits. The surface (S) and bulk (B) peaks were fit as
described in the text. From Hunger,et al.33
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greater range of accessible excitation energies than the beamline at NSLS, photoelectrons

from the CH3-terminated surface were collected at a variety of different excitation ener-

gies, and therefore electron escape depths from the Si crystal lattice (λSi in Eq. 3.5). The

results of this analysis are shown in Figure 3.7. At the lowest excitation energy, 150 eV,

the spectrum was essentially identical to that shown in Figure 3.4. When the excitation

energy was raised to 330 eV, and photoelectrons from deeper in the Si crystal lattice were

collected, the Si peak previously assigned to surface Si atoms bound to the carbon atom of

the methyl group diminished in relative intensity of the overall signal. This verifies that the

Si 2p signal shifted to slightly higher binding energies is indeed due to the top most layer of

Si atoms and can only be observed when experimental conditions are optimized for highly

surface sensitive parameters. A Shirley background was fit and subtracted from the origi-

nal spectrum, then the Si 2p spin-orbit doublet was fit to a Voigt function with a Lorentzian

width of 0.055 eV. The energy difference between the Si 2p1/2 and Si 2p3/2 peak as fixed at

0.605 eV and the Si 2p1/2 to Si 2p3/2 peak area ratio was fixed at 0.52. This surface Si 2p

peak, labeled S in Figure 3.7, was shifted 0.30 eV higher in binding energy from the bulk

component (B) and represented a total relative signal intensity of 0.96 compared with the

bulk component.

The high-resolution photoelectron spectrum of the C 1s peak at 285 BeV was also

collected in these experiments through excitation of the surface withhν = 300 eV. After

subtraction of a Shirley-type background from the spectrum, the C 1s signal was fit to

a series of Voigt functions where the Lorentzian width was held at 0.15 eV. The C 1s

signal was composed of four peaks, labeled C0–C3 in Figure 3.8. They were assigned to

C bound to the more electropositive Si atom, located at 284.27 eV (C0), C contamination

from adventitious sources, at 285.47 eV (C3), and two smaller peaks at 284.65 and 285.03

eV (C1 and C2) identified as originating from C 1s atoms of the surface-bound methyl

group in the first and second C–H stretching vibrationally excited states. The observation

of these vibrational signals for the first time on Si(111)33 demonstrates the exceptionally

clean nature of the CH3-Si(111) surface prepared by this alkylation method.
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Figure 3.8: SXPS of the C 1s region on the CH3-terminated Si(111) surface collected at
hν = 330 eV. Spectra are displayed after background subtraction as a function of absolute
measured binding energy. Closed circles are raw data and solid lines are the calculated
curve fits, obtained as described in the text. C0: carbon from the methyl group bonded to
Si; C1 and C2: C–H vibrational stretching features from the carbon from the methyl group
bonded to Si; C3: non-methyl adventitious carbon. From Hunger,et al.33
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3.4 Discussion

Replacement of the H-terminated Si surface by a Si–Cl layer has been shown to yield a

metastable intermediate surface that can be subsequently treated with an alkylmagnesium

halide reagent, in an energetically favorable reaction, to drive the alkylation of Si to com-

pletion. The observed evolution of the high-resolution X-ray photoelectron spectra from

the H- to Cl- to alkyl-terminated Si(111) surfaces clearly supported this formulation of

the chemical transformations in the two-step chlorination/alkylation functionalization pro-

cess. The H-terminated Si surface exhibited a distinct peak at +0.15 eV relative to the bulk

Si 2p3/2 peak, in accord with expectations for surficial Si–H bonds exhibiting a positive

chemical shift due to the slightly increased electronegativity of H compared to Si. The

determination that this surface has 1 monolayer coverage of such Si–H bonds is in agree-

ment with other spectroscopically derived assignments of the structure of the NH4F-etched

Si(111) surface.35

Treatment with PCl5 eliminated the +0.15 eV Si 2p3/2 peak observed on H-terminated

Si(111) and produced peaks characteristic of a monochlorinated Si surface. The mea-

sured quantity of surface Si–Cl groups was close to 1 ML, with peaks representing pos-

sible dichloro Si species accounting for<0.20 monolayer, and with essentially no peaks

that could be attributed to trichloro Si species. Similar peak intensities and positions have

been observed previously for H-terminated Si surfaces exposed to Cl2(g) under rigorously

oxygen-free conditions.15 Although XPS survey scans of the Cl-terminated sample showed

some amount of O 1s signal, no SiO2 was detected between 101 and 105 BeV even under

the highly surface sensitive conditions used in this investigation. The adventitious species

could result from a number of sources, including absorbed solvent from the wet-chemical

preparation techniques, adsorbed pump oil vapor introduced in the quick-entry load lock, or

contaminating dust particles covered with oxygen-containing organic molecules that were

not possible to avoid when working in standard laboratory conditions. The Si 2p region,

which has specific and extensively studied spectroscopic shifts introduced by Si+–Si4+ ox-

ides1,2 was examined instead to address this issue. The lack of peaks from oxidized silicon

demonstrates that the functionalization reaction proceeded without measurable Si oxidation
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under ambient pressure conditions in a N2(g) atmosphere.

The SXPS data also indicated that alkylation of the chlorinated Si surface proceeded

without detectable silicon oxide formation. The lack of Cl signals on the methylated Si

surface is consistent with the formation of a nearly full monolayer of Si–CH3 bonds. The

peak +0.30 – 0.34 eV in binding energy relative to the bulk Si 2p3/2 peak is close to what

has been observed previously for surficial Si atoms bonded to alkyl groups.15,36,37Previous

SXPS studies of hydrocarbons introduced in UHV onto the Si(111)-(7 x 7) surface have

reported a Si 2p3/2 peak shifted by∼0.5 eV from the bulk Si 2p3/2 peak, in accord with an

expected shift of 0.4–0.5 eV based on simple electronegativity considerations.36,37 Methy-

lated Si surfaces prepared by treatment of a chlorinated Si(111) surface with CH3-Li have

also been reported to display Si 2p3/2 SXPS peaks that are shifted by 0.27 eV from the bulk

Si signal.15 For the surfaces described here, the calculated coverage of the overlayer species

was consistent with formation of nearly a full monolayer of Si–CH3 groups, with only a

very small amount of adventitious carbon sources seen in high-resolution scans of the C

1s region of the CH3-Si(111) surface. Furthermore, although some amount of adventitious

O was again observed, the absence of peaks shifted by>1 eV relative to bulk Si 2p3/2

indicated that no silicon oxide with higher oxidation states was formed on the methylated

surface.

Silicon(111) surfaces were further functionalized with longer, bulkier hydrocarbons

such as C2H5- and C6H5CH2-. Interestingly, no Si–Cl signals were detected on such sur-

faces, even when the alkyl group was sterically precluded from bonding to every Si atop

site on an unreconstructed Si(111)-(1 x 1) surface. Additionally, no oxide was detected on

any alkylated surface. Contamination of the surface by Mg salts from the alkylmagnesium

halide reagent was eliminated because no evidence for the Mg K1L23L23 Auger peak at 307

eV was observed in the XPS survey spectra of any alkylated surface (Figure 3.1(c)–(d)).

Because no elements other than Si, C, and O were detected in wide XPS scans of sur-

faces alkylated by the chlorination/alkylation procedure and because a negligible amount of

oxidized Si was present on such alkylated surfaces, the unalkylated surface Si atoms are ei-

ther reconstructed or have been terminated with Si–H bonds, presumably resulting from the

quenching of the alkylmagnesium halide reagent and work-up of the sample with CH3OH.
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The Si–C binding energy shift is no more than 0.2 eV greater than that of Si–H, making

reliable decomposition of the two peaks difficult, even under these high-resolution condi-

tions. However, fitting the single integrated peak at +0.19 eV above the Si 2p3/2 bulk peak

to two peaks at known Si–C and Si–H binding energy shifts resulted in a deconvolution

of the spectrum that was consistent with expectations for termination of a monolayer of Si

atop atoms on such surfaces with either Si–C or Si–H bonds. Scanning probe microscopy

studies or other independent spectroscopic signatures of such surfaces are required to as-

sign the packing and fractional coverage of such systems by either Si–C or Si–H groups,

and will be described in later chapters.

3.5 Conclusion

High-resolution SXPS studies of crystalline Si(111) surfaces functionalized through a two-

step wet-chemical route, involving chlorination of H-Si(111) followed by alkylation with

a variety of alkylmagnesium halide reagents, have shown that on the H- or Cl-terminated

Si(111) surface, a component of the Si 2p signal is shifted to higher binding energies than

the bulk Si 2p peak, indicating a bonding interaction between a surface Si atom and an

overlayer species that is more electronegative than the Si in the crystal lattice beneath the

surface. Functionalization with CH3-, an alkyl group that can, in principle, bond to every

atop site on the unreconstructed Si(111) surface, produced an SXPS signal in the Si 2p3/2

region that was shifted to slightly higher energies than the bulk Si 2p3/2 peak. The magni-

tude of this shift (+0.34 eV) is consistent with expectations for surface Si atoms bonded to

the C atom of the methyl group. The intensity of this positively shifted signal corresponded

to approximately 0.85 monolayer on the Si(111) surface. A similar, but lower-energy, peak

was also observed on silicon surfaces that were functionalized with longer and bulkier func-

tional groups that are sterically prohibited from forming bonds to every Si atop site on the

Si(111) surface. The SXPS data indicate that such surfaces are partially alkyl-terminated

and are either reconstructed or terminated with Si–H bonds at unalkylated sites. No evi-

dence was found for Si–OR moieties or other oxidized Si species that could, in principle,

contribute to the bonding of such surfaces. The detailed spectroscopic characterization of
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such functionalized surfaces is a required step in understanding the interesting chemical

and electronic characteristics of these alkylated Si systems.
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Chapter 4

Transmission Infrared Spectroscopy of
Methyl- and Ethyl-Terminated
Silicon(111) Surfaces

4.1 Introduction

Fourier transform infrared spectroscopy (FTIR) is a popular analytical technique for in-

vestigating the chemistry and structure of modified semiconductor surfaces.1,2 On Si(111)

surfaces, FTIR was important in characterizing the freshly etched H-terminated surface.3,4

In these pioneering studies, polarized IR radiation was used to determine that the H-

terminated Si(111) surface prepared through etching in NH4F(aq) is ideally flat when a

sharp Si–H stretch at 2083 cm−1 was observed by illumination with p-polarized light, thus

indicating the Si–H bond is perpendicular to the surface. When s-polarized light was used,

only a small Si–H stretch was observed and was attributed to the small number of Si sur-

face atoms present along a terrace step edge or defect site on the otherwise flat surface.4

Another application of FTIR to semiconductor surface chemistry has been monitoring the

oxidiation of the H-terminated Si(111) surface through the growth of Si–O–Si bonds from

the characteristic longitudinal optical (LO) and transverse optical (TO) Si–O–Si stretching

motions found at 1252 and 1065 cm−1, respectively.5

These IR studies have been possible by using attenuated total internal reflection (ATR)

IR techniques, which maximize signal from the substrate surface atoms and therefore high-

light vibrational modes from surface chemical bonds. In this experimental configuration,
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the IR beam is focused on the beveled edge of a semiconductor crystal and then internally

reflects off the surface/absorbate (or vacuum) interface a number of times before exiting

through the other end of the crystal.2,6 For a semiconductor crystal of only several cen-

timeters in length on which both the front and back surfaces are polished and etched, the

IR beam could internally reflect off the surface/absorbate interface dozens of times, re-

sulting in a large boost in the signal of absorbed IR light. This amplification allows IR

absorptions from surface features to be measured accurately with standard FTIR laboratory

equipment.

Although ATR IR allows the measurement of vibrational features associated with sur-

face chemical bonds with great success, there are several problems that limit its utility. The

overall path length through the substrate crystal can be quite long. By the time the IR beam

has emerged from the substrate, crystal lattice phonons absorb virtually all infrared light

near their vibrational energy, and possible surface vibrational modes in that region are un-

detectable. In silicon, this prevents standard ATR IR measurements of surface vibrations

below 1500 cm−1.5 By limiting the number of times the IR beam internally reflects off the

surface/absorbate interface, the total path length through the Si crystal can be shortened,

and this window can be extended to 900 cm−1, although with a corresponding loss of signal

from surface vibrational modes.5,7,8

To further the investigation of the alkylated Si(111) surfaces that are the subject of

this report, FTIR techniques would be ideal for identifying and characterizing surface Si–C

bonds unambiguously for the first time. This would be an important validation of the model

of the surface/overlayer structure formed through the two-step chlorination/alkylation func-

tionalization route that is proposed in Figure 1.4. Previous observations of the surface Si–C

stretching vibration on modified (111) and (100) surfaces through high-resolution electron

energy loss spectroscopy (HREELS) have tentatively placed the energy of the Si–C stretch-

ing motion at 650–700 cm−1,9–15 well within the region accessible by standard IR detectors

but hidden and not previously detected on a Si surface investigated through ATR IR because

of the large signal of the crystal phonon vibrations.

In the past several years, Dr. Yves Chabal and his laboratory at Rutgers University

have been developing the technique of transmission infrared spectroscopy (TIRS) for sur-
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face analysis in which the IR beam is transmitted through a crystal substrate polished on

both the front and back surfaces. The IR beam passes through the surface/absorbate in-

terface only twice, as it enters and exits the crystal. The substantially lower signal of

surface vibrational features relative to ATR IR must be made up for by the sensitivity of

the detector used. Modern DTGS detectors are capable of fulfilling these high-sensitivity

requirements.16 Because the beam passes through the bulk of the substrate only once, the

crystal lattice phonon vibrations do not completely absorb the beam in the region below

900 cm−1. If these phonon vibrations are subtracted from the spectra accurately, surface

features in that energy region can be observed. This was demonstrated by the Chabal lab-

oratory on a Cl-terminated Si(111) surface prepared by heating the H-terminated Si(111)

surface at 95◦C in a 0.3% mixture of Cl2(g)/N2(g) for 30 min. The TIR spectra of this

surface revealed two features at 584 and 527 cm−1, which were later identified as the Si–Cl

stretching and bending modes, respectively.17,18 With this demonstrated sensitivity for low

energy vibrational absorptions, it is now feasible to measure the surface Si–C bond of an

alkylated surface directly.

In the present report, TIRS was collected on H-, Cl-, CH3, and C2H5-terminated Si(111)

surfaces. Emphasis was placed on observing features in the low wavenumber region of

the IR spectrum, 400–1300 cm−1, that has previously been inaccessible to ATR IR spec-

troscopic investigations of Si surface chemistry. The strength of vibrational modes corre-

sponding to Si–H and Si–Cl stretching and bending motions was used to quantify the extent

of the surface functionalization after each step of a chlorination/alkylation reaction. Evi-

dence for a Si–C vibrational stretch between 600–800 cm−1 was sought on both methyl-

and ethyl-terminated surfaces, as well as evidence for other surface-termination groups on

sites on the ethyl-terminated surface that are not alkyl-terminated.
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4.2 Experimental

4.2.1 Materials and Methods

Float-zone grown n-Si(111) from Silicon Valley Microelectronics (San Jose, CA) was used.

This material was doped with P to a resistivity>30 Ω cm and polished on both sides to

a thickness of>450 µm. Samples were cut to a size of approximately 2 cm by 4 cm.

Functionalization of the surface with CH3- and C2H5- was accomplished according to the

procedures given in Chapter 2 with several modifications. First, the NH4(aq) etching so-

lution was degassed by bubbling with N2(g) in a partly sealed container for at least 1 hr

before the Si sample was immersed in the solution. This was done to ensure a flat surface

free of etch pits. Second, no N2(g) line was available in the N2(g)-purged glove box in

which functionalization was performed. At the end of the chlorination step the sample was

thoroughly rinsed with tetrahydrofuran (THF) and CH3OH, then THF again, which was al-

lowed to evaporate off of the sample surface. After each functionalization step the sample

was moved through ambient air into the sample compartment of the FTIR instrument. Care

was taken to move the sample from the preparation chamber to the instrument as quickly

as possible to prevent the growth of silicon oxides. After TIRS data were collected, the

sample was again moved quickly through air back to the antechamber of the N2(g)-purged

glove box.

4.2.2 Instrumentation

All TIRS spectra were collected using a Nicolet Nexus 670 FTIR that contained a N2(g)-

purged sample chamber. Spectra were recorded using the Omnic software package between

400–4000 cm−1 at a resolution of 4 cm−1 in transmission mode with a room temperature

DTGS detector. The instrument configuration is shown in Figure 4.1. For maximum

signal, the incident IR beam illuminated the surface from an incident angle,θ, of 74◦ off

surface normal, which is the Brewster angle for silicon. At the Brewster angle p-polarized

light is transmitted through the wafer while s-polarized light is reflected, preventing the

use of traditional polarization experiments to determine the orientation of surface motions.
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Figure 4.1: Configuration of TIRS experiments. For maximum signal to the detector,θ =
74◦, while for polarization-type experiments,θ = 30◦.
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To circumvent this limitation, spectra were also recorded by illuminating with an incident

beam angle of 30◦ off surface normal. As the incident beam moves closer to surface nor-

mal, the interaction with vibrational motions perpendicular to the surface becomes weaker,

and the interaction with motions parallel to the surface begins to dominate the signal. By

comparing spectra collected at 74◦ and 30◦ it was possible to determine which observed vi-

brational modes were perpendicular to the surface and which were parallel, thus providing

the same information as a polarization-dependent measurement. This strategy is referred

to as a “polarization-type” experiment.

After the sample was placed on the angle-controlled stage, the chamber was closed and

purged with N2(g) continuously. A spectrum was collected as the sum of 1000 consecu-

tive scans. Five consecutive spectra were recorded in this manner, and in general the fifth

spectrum was free of CO2(g) and contained only small amounts of H2O. This is the spec-

trum that is presented here. All data processing to determine peak centers and integrated

areas were done without manipulation of the sample spectrum. For presentation purposes,

the spectra shown here were occasionally processed to remove any residual H2O signal

and smooth the spectrum background with a linear function. The extent of any spectrum

processing for cosmetic purposes is noted on each figure.

The single beam spectrum of each surface was dominated in the low wavenumber re-

gion by Si lattice phonon vibrations, and so each sample was referenced to the surface of

its precursor to subtract out common components of the signal. The H-terminated Si(111)

surface was referenced to the native oxide-covered surface, the Cl-terminated surface was

referenced to the H-terminated surface, and the alkyl-terminated surface was referenced

to the Cl-terminated surface. When these difference spectra are displayed in absorbance

mode, peaks that are positive represent features that grew in during a surface reaction,

while negative peaks are chemical features that disappeared during the reaction. Features

common to both raw spectra such as Si–Si phonon peaks cancel and appear as flat re-

gions. Extensive experience determined that if the sample was not placed into the sample

holder carefully after sequential surface modification steps, the difference spectrum con-

tained large contributions from Si–Si phonon bands in the low wavenumber region of the

spectrum. No attempt was made to account for additional contributions to inconsistent
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phonon absorption such as sample temperature.

4.3 Results

4.3.1 H-Terminated Si(111) Surfaces

TIR spectra of the H-terminated Si(111) surface were collected with an incident IR beam

angle,θ, of 74◦ and 30◦ off surface normal. These spectra are shown in Figure 4.2. At

an illumination angle of 74◦, both the Si–H stretching (ν, 2083 cm−1) and bending (δ, 627

cm−1) motions were clearly visible.4,19–21Because the H-terminated surface was referenced

against the SiO2 surface from which it was made, the Si–O–Si motions LO and TO (1224

and 1058 cm−1, respectively) were seen as negative peaks because they disappeared during

sample etching in NH4F(aq). Apart from a small absorption feature at 2400 cm−1 from

atmospheric CO2(g) contamination in the FTIR sample chamber, no other significant peaks

were observed.

The Si–H stretching mode (2083 cm−1) and the LO Si–O–Si mode (1224 cm−1) de-

creased in intensity when the incident IR beam was moved from the Brewster angle to

30◦ off surface normal. The Si–H bending (627 cm−1) and the TO Si–O–Si modes (1058

cm−1) remained approximately as intense at both spectra collection angles. This effect is

expected to distinguish between vibrational motions that are perpendicular to the surface,

and thus do not interact strongly with an IR beam that is close to surface normal. This

demonstrates that the Si–H stretching mode is indeed perpendicular to the surface, as pre-

dicted by the model of an atomically flat Si(111) surface terminated with hydrogen that has

been observed in previous ATR IR experiments.4

4.3.2 Cl-Terminated Si(111) Surfaces

4.3.2.1 Experimental Results

The difference TIR spectra of Cl-terminated Si(111) at two different data collection angles

are shown in Figure 4.3, with the low wavenumber region shown in greater detail in Figure

4.4. The Cl-terminated single beam spectrum was referenced to the H-terminated sample
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Figure 4.2: TIRS and proposed peak assignments of the H-terminated Si(111) surface col-
lected at an incident beam angle of 74◦ (bottom) and 30◦ (top) off surface normal. The
spectra are on the same scale of absorbance (absorbance units), although they are offset for
easier viewing. Data are shown after subtraction of H2O and flattening of the baseline.
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of that wafer, so that modes associated with the Cl-terminated surface appear as positive

features, while modes present on the H-terminated surface appear as negative features in

the spectra. As expected from previous spectra of the freshly etched surface, the Si–H

stretching vibrational mode appeared greatly reduced when observed with an IR incident

angle of 30◦ off surface normal compared to spectra collected at the Brewster angle, while

the Si–H bending mode appeared equally strongly negative in both configurations. Two

peaks appeared on the Cl-terminated surface, at 583 and 528 cm−1, that were not observed

on the H-terminated surface. Polarization-type studies revealed that the strength of the

mode at 583 cm−1 was greatly reduced when probed at an incident IR angle of 30◦ rather

than at the Brewster angle, indicating that it is a mode that is perpendicular to the surface.

The mode at 528 cm−1 demonstrated similar absorptivity at either collection angle, indi-

cating that it is a bending motion that is parallel to the surface. Previous HREELS9,22 and

FTIR17,23–25studies have identified the Si–Cl stretching motion between 500–625 cm−1.

Given the absence of any other chemical features of this surface, as seen by both survey

scan and high-resolution X-ray photoelectron spectroscopy (Chapter 3), these two peaks

are assigned to surface Si–Cl vibrational modes, although which particular motions they

represent is not immediately clear, and will be discussed further in Section 4.3.2.2. As seen

previously on the H-terminated surface, CO2(g) in the sample compartment was observed

in a peaks at 2400 cm−1 and 667 cm−1, which can be seen in Figure 4.4.

The relative integrated area under each curve was used as a qualitative measurement

of the extent of surface coverage. Without separate consideration of the relative oscillator

strengths and cross-sections of each IR absorption feature this technique cannot be used to

identify quantitatively the absolute monolayer coverage of each chemical species involved

in a surface vibrational motion, but it is a useful tool for comparison between surfaces. Peak

areas were estimated with the Omnic software package used to collect and analyze all TIRS

data, and are given in Table 4.1. The ratio of the area under the observed stretching mode

to bending mode is also given as a useful aid for quickly comparing vibrational features on

different surfaces. On the freshly etched H-terminated surface examined at an incident IR

beam angle of 74◦, the area of the Si–H stretching mode at 2083 cm−1 was 1.48 x 10−2

± 0.03 x 10−2, while the area of the bending mode at 627 cm−1 was 3.31 x 10−2 ± 0.08
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TIRS peak area
-R θ ν(Si–H) δ(Si–H) ν:δ(Si–H)a

-H 74◦ (1.48±0.03)x10−2 (3.31±0.08)x10−2 0.45±0.02
30◦ (1.36±0.1)x10−3 (4.2±0.2)x10−2 0.033±0.002

-Cl 74◦b (-1.45±0.07)x10−2 (-3.7±0.3)x10−2 0.39±0.05
30◦b (-1.35±0.03)x10−3 (-4.4±0.6)x10−2 0.031±0.005

Table 4.1: Integrated areas of TIRS peaks on H- and Cl-terminated Si(111) surfaces as-
signed to Si–H and Si–Cl modes.a Ratio of the integrated area of the stretching modeν
to the bending modeδ. b Negative areas identify features on the H-terminated surface that
appear as negative peaks in the difference spectrum of the Cl-terminated surface.
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x 10−2. The ratio of the area under the observed stretching mode to the observed bending

mode was 0.45± 0.02. When this surface was chlorinated, the area of the negative Si–H

stretching peak in the difference spectrum attributed to hydrogen that had been removed

from the surface was -1.45 x 10−2 ± 0.07 x 10−2. The corresponding values for the Si–H

bending motion at 627 cm−1 on this surface was -3.7 x 10−2 ± 0.3 x 10−2. The overall

ratio of the Si–H stretching to Si–H bending mode on the Cl-terminated Si(111) surface

was 0.39± 0.05. Within the error of the experiment and the area determination technique,

the relative amount of Si–H present on the freshly etched surface that then disappeared on

the Cl-terminated surface was the same, supporting the hypothesis that hydrogen atoms on

the freshly etched surface are quantitatively replaced by chlorine atoms when the surface

is exposed to the PCl5 solution. The integrated areas of both Si–H vibrational modes when

scanned at an incident IR beam angle of 30◦, given in Table 4.1, confirm this conclusion.

In a separate study, Dr. Sandrine Rivillon of the Chabal laboratory at Rutgers University

compared three methods of Si(111) surface chlorination: exposing the H-Si(111) surface to

PCl5, to Cl2(g) illuminated by UV light to form a Cl· radical, and to Cl2(g) heated to 95◦C

to generate the Cl· radical. Comparing the two Si–Cl modes on these three surfaces led to

the conclusion that there were no substantive chemical differences in these Cl-terminated

surfaces prepared through different functionalization methods.18

4.3.2.2 Calculations of the Cl-Si(111) Surface

The quantitative disappearance of the Si–H stretching and bending modes on the chlori-

nated surface, as well as previous photoelectron spectroscopy evidence that indicates the

Cl-terminated surface is free of other chemical groups (Chapter 3), strongly suggests that

the vibrations at 583 and 528 cm−1 are associated with a single chlorine species having two

normal modes. Variation of the incident angle of the infrared beam relative to the surface

plane showed that the 583 cm−1 mode was polarized perpendicular to the surface while

the 528 cm−1 mode was polarized parallel to the surface. This set of observations cannot,

however, differentiate between monochloride or trichloride terminations of the silicon sur-

face. Qualitatively, the monochlorinated surface would have a higher stretching frequency

and a lower bending frequency, while the trichlorinated surface would have symmetric and
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asymmetric frequencies with the appropriate polarizations. For the monochloride, the low

frequency mode at 528 cm−1 would be associated with the Si–Cl bending vibration, while

for the trichloride, this same feature could be associated with the asymmetric stretch of the

Si–Cl3 mode. A theoretical investigation of the structures formed from the interaction of

chlorine with the Si(111) surface was performed by Prof. Krishnan Raghavachari and his

student Matthew Halls at Indiana University. These calculations are described in Rivillon,

et al.,18 but will be repeated here for clarity.

Calculations on Cl-terminated silicon surfaces were done with an approach that mixed

components of a periodic surface unit cell and a Si cluster model. This method was em-

ployed because the presence of a low frequency (528 cm−1) mode suggested that examin-

ing the substrate silicon motion would be important for fully modeling the surface stretch-

ing motions. While a calculation based on periodic boundary conditions can be used to

represent the uniform coverage properly, techniques for the computation of force constants

and vibrational frequencies are better developed in cluster models. The approach used here

combined these two methods to derive the geometry of the surface from a periodic unit cell

calculation, and then used these geometric parameters in a medium-sized cluster model to

derive the vibrational modes. Previously two-layer cluster models have been used to inves-

tigate the bond energy for Cl desorption as well as the Si–Cl stretching frequency for the

Cl-passivated Si(111) surface.26

The geometric parameters for a monochlorinated surface were obtained from complete

optimization of a periodic unit cell that contained four layers of silicon atoms. The surface

silicon atoms were terminated with the bound chlorine atoms while the bottom layer silicon

atoms were terminated with hydrogen. A B-LYP gradient corrected density functional27,28

with the polarized 6-31G∗ basis set29 was used in these calculations. The optimized Si–

Cl distance was found to be 2.11̊A, slightly shorter than the corresponding distance of

2.14Å found for a hydrogen-terminated Si10 cluster (adamantane-cage model for Si(111))

containing a single surface chlorine atom.

The geometric parameters obtained with the periodic unit cell were then used to gen-

erate truncated cluster models to analyze the vibrational modes of this system. A cluster

model containing seven chlorine atoms was generated to represent the local environment
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Figure 4.5: Silicon cluster model used in calculations of Si–Cl vibrational modes at the
B-LYP/6-31G∗ theoretical level. Gray atoms are Si and black atoms are Cl. Figure from
Rivillon, et al.18
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and interactions of surface chlorine atoms. The central surface chlorine was surrounded by

six other chlorines in a lattice-like structure, shown in Figure 4.5. This cluster, Si22H21Cl7,

was the smallest cluster that produced a qualitatively correct description of the collective

vibrations (vide infra) in the system. It contained seven first-layer silicon atoms each at-

tached to a chlorine atom, six second-layer Si atoms, six third-layer Si atoms, and three

fourth-layer Si atoms. All of the remaining broken Si–Si backbonds were terminated with

hydrogen atoms to remove any artifacts that might arise from the presence of nonphysical

unpaired spins. The overall point group symmetry of the cluster model wasC3v.

The harmonic vibrational frequencies of the cluster model were calculated at the B-

LYP/6-31G∗ theoretical model. The hydrogen atoms in the cluster were replaced with their

isotropic analogs (D or T) in the vibrational analysis to prevent any nonphysical mixing

of their vibrations with those of the Cl atoms. The lack of full periodicity in the cluster

model, coupled with the presence of seven chlorine atoms, yielded many more vibrational

modes than were seen experimentally. However, a careful investigation of the vibrational

modes and their associated intensities indicated a clear emergence of collective vibrational

modes even in such a small cluster model. For example, among the seven different Si–Cl

stretching vibrations in our cluster model, a collective vibration, polarized perpendicular to

the surface, occurred at 552 cm−1. This vibration occurred at the highest frequency and had

an intensity more than twice that of all the other six modes combined, clearly indicating that

this vibration was emerging as the allowed surface stretching mode. In a similar manner,

a mode parallel to the surface was calculated at 494 cm−1 belonging to the degenerate “e”

representation of theC3v point group. This mode emerged as a bending vibration with a

strong intensity, but was dominated by the motion of the surface silicon atoms parallel to

the surface and had only a small component associated with the surface-bound chlorine

atoms. The calculations suggest that this behavior is caused by the lighter mass of silicon

as compared to chlorine. The parallel motion of surface silicon atoms in their relatively

stiff potential shifts the absorption frequency of this “bending” mode to a value fairly close

to that of the corresponding stretching mode. Although this bending mode is submerged

in the lattice phonons, it has a strong computed intensity and is clearly associated with the

surface. A low-intensity bending mode associated mostly with chlorine atom motion was
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also evident. This mode occurred at a much lower frequency (∼100 cm−1), which was

beyond the range for which experimental data could be collected.

The emergence of two strong surface modes, a perpendicular mode at 552 cm−1 and a

parallel mode at 494 cm−1, is in excellent agreement with the experimental observations

in the present work. This supports the assignment of the mode at 583 cm−1 to a Si–Cl

stretching motion and the mode at 528 cm−1 to a bending motion. The calculated value of

552 cm−1 for the Si–Cl stretching mode is in good agreement with previous results (538

cm−1)26 at the B3-LYP/6-31G∗ level using a two-layer cluster model. The slightly low

values of the computed frequencies compared to the experimental values could have been

due to the use of the B-LYP density functional or to the relatively small size of the clusters

used to describe such collective vibrations.

Similar models were attempted in the periodic unit cell calculations for surface SiCl3

groups, but this surface configuration produced very large steric repulsions. The van der

Waals radius of chlorine is 1.8̊A,30 indicating that optimal distance between the chlorine

atoms should be≥3.6 Å. Since the Si–Si distance on the Si(111) surface is only 3.8Å,31

even with best possible dihedral rotations, no reasonable configurations containing SiCl3

groups on all surface silicon atoms could be generated. In an additional attempt to per-

form calculations on this surface, SiCl3 groups were attached to the seven surface silicon

atoms in the cluster shown in Figure 4.5. The resulting optimized structure (not shown) was

highly distorted and was not a realistic surface configuration. The presence of a uniform

trichlorinated Si(111) surface can therefore be ruled out based solely on steric considera-

tions.

4.3.3 CH3-Terminated Si(111) Surfaces

The Cl-terminated surface was functionalized with CH3- groups using a methylmagnesium

halide solution. After quenching the alkylating reagent, the resulting surface was again

analyzed by TIRS. The spectra acquired from two different incident angles of the IR beam,

74◦ and 30◦ off normal, are shown in Figure 4.6. These spectra were referenced against the

spectra of the Cl-terminated samples from which they were made, and so negative peaks
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Figure 4.6: TIRS and proposed peak assignments of the CH3-terminated Si(111) surface
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in the absorption spectrum represent features of the Cl-terminated surface that disappeared

during the alkylation reaction. On the Cl-terminated Si surfaces shown in Figures 4.3

and 4.4, the integrated areas of the Si–Cl stretching and bending modes at 583 and 528

cm−1, respectively, when examined at an IR incident angle of 74◦, were found to be 1.0

x 10−2 ± 0.2 x 10−2 and 3.7 x 10−3 ± 0.9 x 10−3, respectively (Table 4.2). Similar

areas were found for the corresponding negative Si–Cl features when the CH3-terminated

surface was examined under identical scan conditions, shown in Table 4.2. Measurement

of the areas of the Si–Cl bending mode when observed at an IR incident angle of 30◦

gave similar results. This indicates that all Cl initially present on the surface is removed

during the alkylation reaction, in agreement with previous XPS observations described in

Chapter 3. On the CH3-terminated Si surface, a small, broad peak centered at∼2068 cm−1

was observed, possibly indicating that a small amount of surface Si–H contamination was

present. Unfortunately, the region near the Si–H bending mode at 626 cm−1 was obscured

by a large Si–Si phonon mode, so it was not possible to determine if the peak at 2068 cm−1

did indeed represent surface Si–H groups.

New distinct peaks of the C–H stretching modes appeared around 2900 cm−1 on the

CH3-terminated surface, shown in Figure 4.7. Vibrational absorption features at 2856,

2909, 2928, and 2965 cm−1 were measured on the surface when the spectra were collected

at an incident IR beam angle of both 74◦ and 30◦, although all observed features were re-

duced in intensity when the incident IR beam angle was moved to 30◦. From a simple group

theory argument, a CH3- group should have two IR-active vibrational modes, ana1 sym-

metric stretching mode and ane asymmetric stretching mode at slightly higher wavenum-

ber.32 Previous investigations of CH3-terminated porous Si surfaces, with an amorphous

surface structure but high surface IR signal, have observed broad C–H symmetric and asym-

metric stretches centered at∼2900 and 2970 cm−1, respectively.33 FTIR studies of silicon

oxide surfaces terminated with trimethylsilane have also reported methyl C–H stretches at

2904 and 2963 cm−1.34 Other investigations of alkylated porous Si have observed C–H

stretching at 2860 and 2936 cm−1 from a terminating 6-trifluoroacetamindohexyl group,

in which all C–H bonds are on methylene (CH2) groups.35 With this information,36 the

peaks at 2909 and 2965 cm−1 likely represent the methyl C–H symmetric and asymmetric
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stretching vibrations, respectively, while the peaks at 2856 and 2928 cm−1 are possibly

from methylene C–H stretching motions. These methylene signals could originate from

hydrocarbon contamination that is known to be present on the CH3-terminated Si(111) sur-

face prepared through the two-step chlorination/alkylation route.

The low wavenumber region of vibrational absorptions on the CH3-Si(111) surface col-

lected from two different incident IR beam angles, along with proposed peak assignments,

are shown in Figure 4.8. When the surface was examined with the IR beam incident on the

surface at the Brewster angle, a sharp feature at 1257 cm−1 was clearly visible, but was not

seen when the IR beam was moved towards surface normal. This peak was assigned as the

C–H symmetric bending, or “umbrella,” mode of the methyl group.33,37 The polarization-

type experiments revealed that it is a motion that is perpendicular to the Si(111) surface.

This demonstrates that the methyl group introduced to the surface through the two-step

chlorination/alkylation route is oriented perpendicular to the surface, consistent with the

model of surface alkyl bonding proposed in Figure 1.4. A second sharp peak at 757 cm−1

appeared at both data collection angles. This absorption energy is expected for a methyl

C–H rocking mode,37 which would be parallel to the surface if it originates on a methyl

group normal to the Si(111) surface, and therefore is expected to be observed even when

the incident IR beam is itself near to surface normal. The integrated areas for both of these

peaks at both data collection angles are given in Table 4.2.

Another feature present in the spectrum collected at an IR incident angle of 74◦ off

normal was a small, broad absorption near 1100 cm−1, corresponding possibly to the TO

mode of Si–O–Si. Interestingly, this feature was not observed when the TIR spectrum of

the CH3-terminated surface was collected at an incident angle of 30◦ off surface normal. It

was already demonstrated (Figure 4.2) that because the TO mode is parallel to the Si(111)

surface, it should appear with equal intensity no matter what angle the surface is illumi-

nated with the IR beam. Because the spectra in Figure 4.8 were taken from two different

samples, inclusion of the TO peak on one sample could possibly have been caused by small

variations in the amount of O incorporated in the near-surface Si lattice that cannot be pre-

vented by the alkylation technique used here. The amount of oxide on the surface was

estimated by assuming that the native silicon oxide was 15Å thick, and by determining the
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ratio of the integrated areas of the TO peak on the CH3-terminated surface to that on the

native oxide surface (negative peak in Figure 4.2). The TO peak on the CH3-terminated

surface corresponded to a possible Si–O–Si coverage of 0.03 ML, or approximately 0.5Å.

In the low energy region of the TIR spectrum, shown in Figure 4.8, a feature at≈730

cm−1 was observed as a large shoulder on the methyl C–H rocking motion peak when data

was collected at the Brewster angle that disappeared when the IR beam was moved towards

surface normal. This polarization-type behavior indicated it could be a surface motion

positioned perpendicular to the Si(111) surface plane, although this was higher in energy

than most proposed Si–C stretches previously identified by HREELS investigations.10–15

Finally, Figure 4.8 shows a broad feature at∼620 cm−1 at both data collection angles.

This corresponded to a Si–Si lattice phonon mode that was not perfectly subtracted from

the CH3-terminated surface by referencing with the Cl-terminated surface, possibly due

to a slight difference in placement of the two surfaces in the IR sample holder or a small

temperature variation during data collection.38 A sharp absorption at 667 cm−1 was also

observed from atmospheric CO2(g) contamination in the IR sample compartment.

4.3.4 C2H5-Terminated Si(111) Surfaces

To collect infrared spectra of a surface on which complete alkyl termination is not possible,

TIRS was also conducted on a Cl-terminated surface that had been exposed to a solution

of ethylmagnesium halide. TIR spectra of the C2H5-terminated surface after subtraction

of H2O and baseline smoothing is shown in Figure 4.9. The peaks corresponding to Si–Cl

stretching and bending modes at 583 and 528 cm−1 were observed as negative features in

the spectrum, demonstrating that they decreased as the Si–Cl surface was exposed to the

alkylating solution. As on the CH3-terminated Si surface, the integrated areas of peaks

attributed to Si–Cl bending and stretching motions were used as a reference to determine

the extent of replacement of the chlorine by alkyl groups on the surface through the func-

tionalization procedure. As shown in Table 4.2, when the Si–Cl bending mode at 528 cm−1

was examined, the integrated area of the positive feature on the Cl-terminated surface was

identical to that of the negative feature on the C2H5-terminated surface, within the error
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of the experiment. This supports previous XPS observations that all Cl is removed from

the Si surface during exposure to the alkylmagnesium halide solution, even on a surface

where not all atop Si(111) atoms can be bonded to the alkyl group. The data from the Si–

Cl stretching mode (583 cm−1) was not as conclusive, although measurement of the area

under this peak could have been hampered by interference from the Si–Si phonon region

directly above 600 cm−1.

A broad peak on the C2H5-terminated Si(111) surface centered at approximately 2080

cm−1 was observed when TIRS was collected with an incident IR beam 74◦ off surface

normal and was not seen when the data collection angle was reduced to 30◦. This was

near the energy of the peak representing the Si–H stretching motion (2083 cm−1) observed

in the spectrum of the freshly etched Si(111) surface seen previously in Figure 4.2. This

peak could correspond to surface Si–H atoms that were present on the surface after the

alkylation, consistent with the hypothesis that if no more Cl is left on a C2H5-terminated

surface, the remaining Si atop sites might be bonded with H atoms. The Si–H signal from

this surface would no longer be the sharp peak characteristic of a highly ordered surface

with a single termination layer, but instead be broad and amorphous, representing Si–H

bonds in a variety of chemical environments.

Upon close inspection of the low wavenumber region of this surface, a feature at 627

cm−1 was apparent no matter at what IR beam incident angle the spectra were collected,

possibly corresponding to the Si–H bending vibrational mode. This can be seen in Fig-

ure 4.10. Like the probable Si–H stretching feature at≈2080 cm−1, the shape and size of

this peak were difficult to determine because the peak was partly buried by a strong Si–Si

phonon mode at≈610 cm−1. This Si–H feature would be expected for a mixed surface

monolayer comprised partly of Si–H and partly Si–C bonds, again consistent with the hy-

pothesis that the C2H5-terminated Si(111) surface is partly covered with Si–H bonds after

the two-step chlorination/alkylation functionalization procedure. The only other peak seen

in this region was a sharp absorption feature at 667 cm−1 from CO2 contamination in the

sample chamber. It is interesting to note that neither the CH3- symmetrical bending (1250

cm−1) or C–C stretching vibrational modes (1000 – 1050 cm−1) were observed.

The C–H stretching region near 2900 cm−1 is shown in Figure 4.11. Examination of
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TIRS peak location
-R ν (cm−1) intensitya assignment ⊥ to surface?
-H 2083 s ν (Si–H) yes

627 s δ (Si–H) no
-Cl 583 m ν (Si–Cl) yes

528 m δ (Si–Cl) no
-CH3 2965 m νa (C–H)CH3

2928 s νa (C–H)CH2

2909 m νs (C–H)CH3

2856 w νs (C–H)CH2

1257 m δs (C–H)CH3
yes

1100 w TO (Si–O–Si)
757 s ρ (C–H)CH3

no
-C2H5 2932 s νa (C–H)CH3

2910 m νa (C–H)CH2

2880 s νs (C–H)CH3

2840 w νs (C–H)CH2

2080 m ν (Si–H) yes
627 m δ (Si–H) no

Table 4.3: Assignment of TIRS peaks observed on functionalized Si(111) surfaces.a Qual-
itative assessment of peak intensity: s = strong, m = medium, w = weak.
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this region revealed four vibrational absorptions at 2840, 2880, 2910, and 2932 cm−1 on the

surface examined by the IR beam 74◦ off surface normal. Previous observations of an ethyl

group on the Si(111) surface have been limited in scope,39,40 but ZnO and ZrO2 surfaces

have been ethylated, and vibrational absorption features with four distinct peaks have been

observed.41,42 Based on these previous observations, as well as IR from self-assembled

alkyl monolayers on gold,36 the C–H stretching vibrational modes observed on the C2H5-

terminated Si(111) surface at 2840 and 2910 cm−1 are assigned to the CH2 methylene unit,

while the peaks at 2880 and 2932 cm−1 are assigned to the CH3 methyl group. A summary

of surface vibrational features observed on samples here is given in Table 4.3.

4.4 Discussion

By comparing the TIR spectrum of a freshly prepared Cl-terminated Si(111) surface ref-

erenced against a H-Si(111) sample to the TIR spectrum of that H-terminated surface, the

area under the Si–H stretching and bending vibrational modes on both surfaces revealed

that all surface H atoms were removed, consistent with the hypothesis that chlorination

by PCl5 replaces surface H atoms with Cl atoms quantitatively. Furthermore, the small

full width at half maximum (fwhm) of the Si–Cl stretching and bending modes on the Cl-

terminated Si(111) surface indicated that the surface was highly homogeneous. Because

the Cl-terminated surfaces were made from atomically flat, H-terminated Si surface, this

high homogeneity indicates that PCl5 chlorination of the H-Si(111) sample does not lead

to extensive roughening or pitting of the surface.18

It is unexpected to measure the stretching and bending motions of the Si–Cl bond so

close in energy, separated by only 60 cm−1, given that they correspond to very different

motions. One possible explanation is that the surface is terminated with SiCl3 groups and

that the two modes associated with the Si–Cl surface are the symmetric and asymmetric Si–

Cl stretching vibrational modes. Another possible explanation is that the surface is indeed

terminated by single Si–Cl bonds, but that the Si atom is in motion in both the stretching

and bending vibrational modes while the heavier surface Cl atom remains motionless. In

this case, both the stretching and the bending of the surface Si–Cl bond would involve the
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distortion of three Si–Si backbonds, which would have similar displacement energies. Cal-

culations on a mixed periodic unit cell/Si cluster model were used to distinguish these two

scenarios. These calculations confirmed that the trichlorinated SiCl3 surface is sterically

prohibited. Given that high-resolution XPS data described in Chapter 3 detected no SiCl3

species, these calculations confirm that surface Si atoms cannot be triply bonded to Cl, but

instead strongly suggest that the surface consists of monochlorinated Si species. Further-

more, calculations identified the mode at 528 cm−1 as originating from a Si–Cl bending

motion in which the Si is displaced, accounting for the unusually close energy of the Si–Cl

stretching and bending modes.

When this monochlorinated surface was exposed to an alkylmagnesium halide solu-

tion, the Si–Cl stretching and bending peaks were used to determine the extent of chlorine

removal by the alkylating reagent. Within the detection limit of the instrument and the ac-

curacy of the measurement technique, the Cl was completely removed during exposure to

the alkylmagnesium halide reagent. Although the surface modification procedure is con-

ducted under rigorously O2- and H2O-free conditions to avoid oxidizing the Si surface,

occasionally TIRS evidence for Si–O–Si vibrational modes was observed near 1100 cm−1.

This was present in amounts of<1 Å, however, indicating that this indeed is not an im-

portant part of the fully functionalized alkyl-terminated surface. This is consistent with

extensive high-resolution XPS evidence on the freshly prepared alkyl-terminated Si(111)

surface.

The observation of the Si–Cl stretching and bending vibrational modes at 583 and

528 cm−1 is a clear demonstration of the utility of TIRS for investigating extremely low

wavenumber vibrational absorptions on the Si surface, which was the original goal of this

research. With this capability, it should be possible to measure the infrared absorption of

the surface Si–C stretching motion, which has been predicted from previous HREELS ex-

periments to be between 600–700 cm−1. There was, however, no conclusive evidence of

a Si–C vibrational mode found in the experiments presented here. On the CH3-terminated

surface, two regions were examined carefully for evidence of the Si–C stretch. The first

was∼730 cm−1, where a broad shoulder on the C–H rocking mode appeared at an incident

IR beam angle of 74◦, but disappeared when the IR beam was moved to an incident an-
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gle of 30◦. This is representative of a surface-associated vibrational mode that is oriented

perpendicular to the Si surface, as seen for example in the Si–Cl and Si–H stretching mo-

tions at 583 and 2083 cm−1, respectively. HREELS investigations of this bond have placed

the Si–C stretching vibration below 700 cm−1,10–15 much lower in energy than the peak

observed here at 730 cm−1. While this does not mean that the actual infrared absorption

could be at a higher energy, it is not possible to conclude that this feature actually results

from the Si–C vibrational absorption.

The second absorption region that was investigated closely was the area between 600–

620 cm−1, which was often obscured by a large Si–Si phonon vibration that was particu-

larly difficult to reduce in the difference spectrum. In order to subtract this feature out of

the difference spectrum fairly, TIR spectra of a SiO2-covered Si wafer were recorded at

an incident beam angle of 74◦ and 73◦. Because the surface was deliberately offset in the

sample holder, when the difference spectrum of these two samples was calculated, it con-

sisted of a large Si–Si phonon vibration covering the area 600–620 cm−1. This was then

used as a background spectrum that was subtracted from the difference spectrum of the

CH3-terminated Si(111) surface. If the Si–Si phonon background is subtracted correctly,

any feature remaining under that region should be uncovered after the subtraction is com-

pleted. This procedure, however, revealed nothing on the CH3-terminated surface, even

after the Si–Si lattice phonon appeared to be completely accounted for (data not shown).

Given the demonstrated sensitivity to vibrational absorptions in this region, particularly for

ν andδ(Si–Cl), the lack of any clear signal that can be definitely attributed to the surface

Si–C stretching mode in this region is disappointing, but it must be left to further research

in this area to investigate further.

4.5 Conclusion

Comparison of TIRS observations of H- and Cl-terminated Si(111) surfaces has shown that

all terminating hydrogen atoms on the freshly etched Si surface are replaced with Cl atoms

when this surface is exposed to PCl5 and a radical generating reagent. Polarization-type

studies of the Si–Cl stretching and bending modes at 583 and 526 cm−1, respectively, con-



84

firm the conclusion from SXPS studies that the Cl-terminated surface is monochlorinated.

Observation of these modes, furthermore, is strong confirmation that TIRS is a technique

that should continue to be used to observe low energy surface vibrational modes that have

been heretofore obscured by Si–Si phonon vibrations from the lattice crystal. Polarization-

type behavior of the CH3- symmetric bending or “umbrella” mode at 1257 cm−1 identified

this as a feature that is perpendicular to the surface, consistent with the expectations for

a surface-bound methyl group defined by the tetrahedral geometry of Si and C. Although

no direct observation of the Si–C stretching vibrational mode near 650 cm−1 was made

in these studies, observations of C–H stretching and bending vibrations on both the CH3-

and C2H5-terminated Si(111) surfaces demonstrate cleanly alkylated surfaces that warrant

extensive further investigation with transmission IR spectroscopy.
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Chapter 5

Structural Characterization of
Methyl-Terminated Silicon(111)
Surfaces by Low Energy Electron
Diffraction and Scanning Tunneling
Microscopy

5.1 Introduction

Taken together, X-ray photoelectron and infrared spectroscopy studies described in Chap-

ters 3 and 4 strongly support the hypothesis that the two-step chlorination/alkylation func-

tionalization route results in a surface-bound alkyl group oriented perpendicular to the

Si(111) surface as predicted by the tetrahedral geometry of Si and C. Moreover, the ev-

idence suggests that virtually all of the atop Si atoms on the CH3- and C2H5-terminated

surface are bonded either to an alkyl group or a hydrogen atom at the completion of func-

tionalization. This is consistent with the conclusions of prior workers, who have sug-

gested that functionalization with longer alkyl chains yields incomplete coverage of the

Si(111) surface,1 with the remainder of the sites being terminated by either -OH, -H, or

other unidentified surface species.2,3 Because the Si crystal substrate is highly ordered,

these observations imply that the alkyl overlayer is itself well-ordered to accommodate a

high density of surface-bound alkyl groups. Previous molecular modeling studies have in-

dicated that methyl groups are the only saturated hydrocarbon moiety that can terminate
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every Si atop site on the unreconstructed Si(111) surface.2,4,5 Such complete chemical

termination is expected to offer the most robust passivation of surface defects and to pro-

vide the best resistance to oxidation of the resulting Si surface over functionalization by

hydrogen or chlorine atoms.

Although the chemical composition of alkyl-terminated surfaces has been thoroughly

investigated in Chapters 3 and 4, there is still little information on the morphological struc-

ture or long-range order of the fully functionalized surface. Recent scanning tunneling

microscopy (STM) images of the CH3-terminated Si surface have revealed bright spots in

a pattern consistent with a unreconstructed (1 x 1) adlattice structure on the Si surface.6,7

For CH3-terminated Si surfaces prepared through a two-step chlorination/alkylation route

similar to that described here, photoelectron diffraction has been used to estimate the length

of the Si–C bond as 0.18 nm.2 Both of these results are again consistent with the hypoth-

esis that the CH3-terminated Si surface has an unreconstructed morphology defined by the

tetrahedral geometry of both the sp3 hybridized surface Si and atop methyl groups.

To explore this question further, it is necessary to determine the structure of the CH3-

terminated Si(111) surface in atomic detail. In the work described in this chapter, the

structure of the CH3-terminated Si(111) surface was investigated by low energy electron

diffraction (LEED) to determine if the long-range order of the fully functionalized surface

involves reconstruction of surface Si atoms. STM studies were then performed at low

temperatures in ultra-high vacuum (UHV) conditions to investigate for the first time the

local atomic structure of the fully methyl-terminated Si(111) surface prepared by the two-

step chlorination/alkylation functionalization procedure.

5.2 Experimental

5.2.1 Materials and Methods

Silicon samples used in this work were (111)-oriented, Sb-doped, 0.005–0.02Ω cm re-

sistivity, n-type Si wafers having a miscut error of±0.5◦. Samples were obtained from

ITME (Poland). Low resistivity wafers were required to achieve adequate tunneling from
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the substrate in UHV at the low temperatures used in this study. A flat along one side of the

wafer was reported by the manufacturer to be cut along the<110 > plane. This was con-

firmed with X-ray crystallography and through analysis of etch pits seen by STM. After the

wafer was cut the orientation of the sample relative to the flat was marked and monitored

throughout STM data collection.

For LEED experiments, CH3-terminated Si(111) surfaces were prepared identically to

the procedures described in Chapter 2, and then sealed under N2(g) and mailed to the

BESSY synchrotron facility in Berlin. For UHV STM studies, a slightly different cleaning

and etching procedure was followed. The samples were cleaned and oxidized for 5 min at

80◦C in a solution of 1:1:5 (vol) 30% H2O2:30% NH3:H2O and were then terminated with

Si–H bonds by etching for 15 min in 40% NH4F(aq) that had been purged with N2(g) for

approximately 45 min. The sample was then transported directly to the N2(g)-purged glove

box, although it was exposed to ambient air for approximately 5 min. Chlorination and

methylation were then carried out as described in Chapter 2. After functionalization, the

sample was mounted onto the STM stage and quickly introduced into the UHV chamber of

the STM.

5.2.2 Instrumentation

LEED patterns were collected at electron energies of 40, 45, and 50 eV using a three-grid

reverse-view LEED system (VG). Data were collected at the BESSY synchrotron facility in

Berlin by Bengt Jaeckel of the Institute of Materials Science at the Technische Universität

Darmstadt, Darmstadt, Germany.8

STM data were obtained on an Omicron low-temperature UHV STM using etched or

mechanically cut Pt/Ir STM tips. Data were collected at 77 and 4.7 K by Dr. Hongbin Yu

at the California Institute of Technology.9

5.3 Results

Figure 5.1 displays the LEED patterns of a CH3-terminated Si(111) surface collected with

primary electron energies of 40, 45, and 50 eV. These energies were used because they pro-
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Figure 5.1: LEED pattern of CH3-Si(111) taken with electron energies of 40, 45, and 50
eV. Electron energies are noted on the figure. Figure from Hunger,et al.8
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duced a low electron penetration depth into the Si crystal, ensuring that the LEED pattern

is representative of the alkyl overlayer and does not probe the structure of the underlying

Si crystal lattice. The observed diffraction patterns exhibited a threefold symmetry corre-

sponding to a (111)-(1 x 1) surface structure. This pattern is consistent with expectations

for ideal, close-packed methyl termination of an unreconstructed Si(111) surface. The low

intensity of the background and the sharpness of the diffraction spots indicate that the sur-

face was well-ordered and consisted of extended, atomically flat terraces with relatively

few defect sites. The low level of diffuse background, even at low electron kinetic ener-

gies, indicates that the diffraction pattern was the result of a commensurate CH3- layer on

top of a well-ordered Si(111) surface layer. The LEED pattern suggests that the quality

of the methyl-terminated surface is comparable to that of the well-known wet-chemically

prepared H-terminated Si(111) surface.8

Dr. Hongbin Yu has previously examined the structure of the freshly etched H-Si(111)

surface prepared through the etching procedure described above by STM under UHV con-

ditions at both 4.7 and 77 K. He found that H atoms on this surface were separated by 3.8

Å, identical to the atop Si–Si distance on the (111) surface.10 Several attempts were made

to collect STM images of the intermediate Cl-terminated Si(111) surface prepared through

PCl5 chlorination, but were unsuccessful. The reasons for this are unknown, but are perhaps

due to the less rigorous cleaning procedure conducted on the freshly prepared Cl-terminated

surface that might leave contaminating organic solvents present in high enough quantity to

prevent tunneling between the sample and the STM under UHV conditions.

Figure 5.2 compares STM images of the morphology of the H-terminated Si(111) sur-

face with that of the CH3-terminated surface over a large surface area. A slight increase

in the etch pit density was observed as a result of the chlorination/alkylation procedure,

but large flat terraces, separated in height by single atomic steps, were observed on both

surfaces. The lack of substantial defect sites or etch pits on the CH3-terminated surface

confirms the presence of a nearly atomically flat surface described by the LEED patterns.

Figure 5.3 shows STM images of the CH3-terminated surface at 77 and 4.7 K, respec-

tively. The image at 77 K, Figure 5.3(a), consisted of a series of triangularly shaped bright

regions on a (1 x 1) structure, with spots separated by a distance of 0.38± 0.01 nm, labeled
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50 nm

50 nm

(a)

(b)

Figure 5.2: STM images of H- and CH3-terminated Si(111) surfaces collected at 77 K
shown in a 200 nm x 200 nm scan window. (a) H-Si(111); (b) CH3-Si(111). In each image
the scale bar is 50 nm. The black-to-light gray color change represents a single atomic step
in both cases, although the contrast shading is not on the same scale. For color versions of
these images see Yu,et al.9
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Figure 5.3: STM images of CH3-terminated Si(111) surfaces at 77 and 4.7 K. (a) CH3-
Si(111) at 77 K; (b) CH3-Si(111) at 4.7 K collected at a sample bias of Vs = -2.5 V and at
a constant current of 0.05 nA. Length scale bar is 1 nm and the color range (dark = low;
bright = high) is 0.05 nm. Features discussed in the text are noted. For color versions of
these images see Yu,et al.9
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as L and L’. This distance is equal to the spacing between atop sites on an unreconstructed

Si(111) surface, and is consistent with previous STM observations of the placement of ter-

minal H atoms on the freshly etched Si(111) surface. The ordering was quite robust, with

relatively few defects observed over large regions of the surface.

STM images collected at 4.7 K (Figure 5.3(b)) revealed further structure in the CH3-

terminated surface, with the triangularly shaped regions each resolved into three spots sep-

arated from each other by an average distance of 0.18±0.01 nm, indicated by H and H’

on Figure 5.3(b). Four methyl group drawings are superimposed onto the image, assuming

that the C atoms of the methyl groups are in registry with atop Si atoms, to illustrate the

position and relative orientation of methyl groups on the Si(111) surface. The 0.18-nm dis-

tance between H atoms on the same methyl group is consistent with the distance between

hydrogen atoms in a sp3-hybridized geometry. The repulsions between H atoms on adja-

cent -CH3 groups would be minimized if the C–H bonds on a methyl group were oriented

directly toward the carbon atoms on adjacent CH3- groups (i.e., if6 A–B–C = 0 in Figure

5.3). However, the STM data of Figure 5.3 indicated that the C–H bonds were rotated by

7±3◦ away from the center of neighboring -CH3 group (6 A–B–C = 7◦ in Figure 5.3(b)).

The orientation of this rotation relative to the location of the underlying Si–Si bonds

requires determining the registry of the methyl overlayer structure with that of the underly-

ing Si lattice. The manufacturer of the Si wafers indicated that the flat supplied with the Si

wafer was cut along the<110> direction, and this description was independently verified

by X-ray diffraction measurements on these Si crystals. The physical orientation of the Si

samples was controlled during the steps of wafer dicing and sample placement in the STM

instrument so that the directions of the low-index planes of the Si crystal were precisely

known, and are indicated in Figure 5.3(b).

The Si lattice orientation on such samples was furthermore independently verified by

an analysis of the orientation of the triangular etch pits, such as those at the lower left

corner of Figure 5.2(a), observed in STM images of the mounted sample. The step edges

of such pits on the H-terminated Si(111) have been identified as the<112> family, with

termination by Si monohydride groups.11 STM studies indicated that the step edges on such

pits in the H-terminated Si(111) surface did not change orientation as a result of the two-
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step chlorination/alkylation process. The orientation of the pits in Figure 5.2(a) therefore

provided independent confirmation of the direction of the low-index lattice planes. Using

these three independent verifications of the orientation of the Si crystal in the STM it was

possible to identify the surface unit cell, which is indicated by the parallelogram drawn

on Figure 5.3(b). This analysis determined that the C–H bonds of the methyl groups were

rotated 7◦ toward the underlying Si–Si back bond.

5.4 Discussion

During the two-step chlorination/alkylation functionalization route, the Si surface is ex-

posed to several harsh reactants including the Cl· radical and the methylmagnesium halide

in hot solvents. As seen in Figure 5.2(b), this results in remarkably little etching or other

deformation of the initial flat Si(111) surface. Low energy diffraction patterns of the CH3-

terminated surface, shown in Figure 5.1 confirm the long-range order of the functionalized

surface, as well as demonstrating that the surface remains in an unreconstructed (1 x 1)

configuration. One of the benefits of H-Si(111) is the low density of step edges along

terraces or defect sites, and since that structure appears to be largely preserved on the CH3-

terminated surface, it is possible that the ideal electronic passivity of the H-terminated

surface will also be preserved.

Based on prior photoelectron diffraction studies,2 the topmost Si atoms are assumed to

be located directly below the center of each triangular cluster of methyl-derived bright spots

in the STM image. The resulting orientation of the Si unit cell relative to the STM bright

spots of the sample is indicated by the parallelogram in Figure 5.3(b). Figure 5.4 presents

a model for the structure of the CH3-terminated surface that is consistent with the STM

and crystal orientation data. This analysis indicates that the C–H bonds in the overlayer

are rotated slightly toward the nearest Si–Si bonds in the underlying Si crystal, producing

6 A–B–D in Figure 5.4 of 23◦.

In order to understand the origin of the H–C–Si–Si torsional angle of 23◦, calcula-

tions were performed by Santiago Solares of the California Institute of Technology. Small

organic molecules such as H3C–CH3, H3C–SiH3, H3Si–SiH3, CH3–C(CH3)3, and SiH3–
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Figure 5.4: Proposed structural model of the CH3-terminated Si(111) surface, viewed nor-
mal to the<111>plane. Light gray atoms are the carbons of the methyl group, white atoms
are the hydrogens of the methyl groups, dark gray atoms are the first layer Si atoms (directly
beneath the carbons), and black atoms are the second layer Si atoms. Crystallographic ori-
entations are shown. A surface unit cell is outlined by the parallelogram.6 A–B–C is 7◦

and 6 A–B–D is 23◦. Figure adapted from Yu,et al.9
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Si(SiH3)3 prefer the staggered conformation (by 2.68, 1.40, 0.94, 3.66, and 0.73 kcal/mol,

respectively, at the B3LYP level with a 6311G**++ basis set). This type of interaction

would be expected to yield an angle6 A–B–D of 60◦ for an isolated methyl group bonded

to a Si(111) surface. This orientation, however, would place hydrogen atoms on adjacent

methyl groups directly against one another, which a simple steric model suggests is highly

unfavorable. Molecular mechanics calculations were performed in which the Si–C bond

length was artifically increased to 1.0 nm to minimize interactions between the C–H and

Si–Si bonds. The minimum-energy structure for such a surface was calculated to have an

angle6 A–B–D of 30◦, close to the 23◦ angle measured from the STM data, and confirm-

ing that the interactions that determine the packing of the CH3-terminated Si surface are

primarily the repulsions between hydrogen atoms on adjacent methyl groups in the func-

tionalized organic overlayer. This is contrast with the conclusions of previous researchers

in this field, whose model neglected to consider interactions between neighboring methyl

groups.6

The repulsive methyl-methyl interactions are tempered, however, by an attractive pref-

erence for the eclipsed conformation of the C–H bonds relative to the underlying Si–Si

bonds. This is manifested by a faborable interaction that produces an angle6 A–B–D of

23◦ on the methyl-terminated Si surface, as opposed to a repulsion between C–H methyl

bonds and the S–Si bonds leading from the Si bonded to the methyl group, which would be

expected to produce an angle6 A–B–D>30◦. The cause of this preference has not yet been

identified through calculations and is the subject of extensive ongoing theoretical analysis

by Solares and coworkers.12

5.5 Conclusion

In summary, the two-step chlorination/alkylation process produced a highly ordered CH3-

terminated Si(111) surface with very few structural defects. Low energy electron diffrac-

tion patterns demonstrated the CH3-terminated surface remains in an unreconstructed (1

x 1) configuration with very few surface defect sites such as etch pits. This observation

was confirmed by UHV STM studies of the fully methylated surface at low temperature.
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The methyl groups were frozen into discrete structural positions at 4.7 K, with the packing

dominated by repulsive interactions between hydrogen atoms on adjacent methyl groups in

the organic overlayer. Taken together, the data attest to the high degree of structural per-

fection obtainable on methylated Si surfaces that are produced through simple wet chem-

ical methods. The structural perfection suggests that these surfaces can provide superior

properties in many electrical and chemical applications where the H-terminated Si is too

unstable to be used for extended time periods or for which organic functionalization is

needed to impart desired chemical properties to the Si surface. While the CH3-terminated

Si(111) surface is the simplest and most ideal functionalized surface available to study, un-

derstanding the morphology of surfaces alkylated with longer or bulkier functional groups

is important for gaining a complete picture of the alkylated surface. UHV STM studies of

the C2H5-terminated Si(111) surface are therefore ongoing in our laboratory.
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Chapter 6

High-Resolution Soft X-ray
Photoelectron Spectroscopic Studies of
the Air Oxidation of Alkylated
Silicon(111) Surfaces

6.1 Introduction

Results presented in Chapters 3–5 describe the freshly prepared alkyl-terminated Si(111)

surface prepared through a two-step chlorination/alkylation functionalization route before

it has been exposed to even a mildly oxidizing environment like ambient air. When only

exposed to an inert N2(g) atmosphere, photoelectron and infrared spectroscopy and scan-

ning tunneling microscopy studies have shown that this surface is cleanly terminated by

approximately one monolayer of closely packed alkyl groups in a nearly ideal configura-

tion predicted by the model shown in Figure 1.4. While this is interesting in its own right,

if this chemistry is to have practical applications in microelectronics or photovoltaic de-

vices, it is necessary that this ideal surface be maintained even as the sample is exposed

to ambient air by preventing the growth of silicon suboxides, in contrast with the behav-

ior of H-terminated silicon. It is therefore necessary to study the chemical activity of the

alkyl-terminated surface as it is exposed to air over long time periods.

To address this issue, we have used high-resolution, “soft” X-ray photoelectron spec-

troscopy (SXPS) to investigate the oxidation of Si(111) surfaces alkylated with CH3-,

C2H5-, and C6H5CH2- groups. The use of a high intensity beam of low energy photons
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allows measurement of Si 2p photoelectrons that have low escape depths and thus provides

enhanced surface sensitivity over what is typically possible using traditional X-ray gener-

ation sources in laboratory-based XPS instruments. The surface sensitivity of SXPS was

used to identify and quantify the oxidation state and chemical environment of surface Si

atoms functionalized with alkyl groups. To determine the importance of step edge-mediated

oxidation processes, the oxidation of alkylated Si surfaces having varying densities of sur-

face step edges was investigated by increasing the miscut from the (111) orientation, and

scanning Auger microscopy (SAM) was used to measure spatial patterns of oxide growth

on an alkylated Si(111) surface.

6.2 Experimental

6.2.1 Materials and Methods

For core photoelectron studies, 525µm thick silicon(111) wafers polished on one side were

obtained from Crysteco (Wilmington, OH). These n-type samples were doped with P to a

resistivity of 2.0–8.5Ω cm. To study the effect of step edge density on the air oxidation

of alkylated surfaces, Sb-dobed, 0.005–0.02Ω cm resistivity, flat, n-type Si(111) wafers

with a miscut angle of±0.5◦ were obtained from ITME (Poland). Additionally, stepped

P-doped n-type Si(111) wafers with a resistivity of 0.005–0.02Ω cm and a miscut angle of

7◦ were obtained from Montco Silicon Technologies (Spring City, PA).

Surface modification of the Si samples followed procedures detailed in Chapter 2. After

spectra had been obtained on the freshly prepared surface, the samples were removed from

the UHV system and were exposed to ambient air and light conditions to allow growth of

Si oxides. The samples were periodically examined by SXPS to follow the growth of such

oxides.
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6.2.2 Instrumentation

6.2.2.1 SXPS Measurements

SXPS data were collected on Beamline U4A at Brookhaven National Laboratory, which

is described extensively in Section 3.2.2.2. Several changes were made to data analysis

procedures to accommodate for the presence of silicon oxide species on the surface. First,

after background subtraction and spin-orbit stripping, the spectrum was fit to a series of

Voigt line shapes1 that were 5% Lorentzian and 95% Gaussian functions.2,3 Once optimal

fitting parameters for the binding energy and peak width of Si+–Si4+ surfaces on the fully

oxidized Cl-terminated surface were determined, those parameters were used to fit all other

surfaces while only the peak height was allowed to float freely. This was done to determine

any differences between samples in the growth of specific oxidation states of Si.

The simple overlayer-substrate model described in Section 3.2.2.2 was employed here

to calculate the total monolayer coverage of surface species observed by SPXS.2–4 The

model as described previously was a simplification of a more complicated description that

is necessary when analyzing a silicon surface covered with oxides. In this method, the

number density of modified surface Si atoms,ΓSi,surf , was deduced from the ratio of the

integrated area under the Si peak assigned to the surface atoms,ISi,surf , to the integrated

area of the Si peak assigned to bulk Si atomsISi,bulk:

ISi,surf

ISi,bulk

=
ΓSi,surfσSi,surf

nSi,bulkσSi,bulklSi − ΓSi,surfσSi,surf

(6.1)

In this expression,nSi,bulk is the atom density of bulk crystalline Si (5.0 x 1022 cm−3),5

σSi,surf andσSi,bulk are the photoinonization cross-sections of the surface and bulk species,

respectively, andlSi is the electron escape depth, which was 3.5Å for the data presented

herein. The photoionization cross-sections of Si0–Si4+ species have been studied exten-

sively by SXPS on surfaces with well-ordered SiO2 layers of known thicknesses.4 Near the

photon excitation energy used in this work (140 eV),σSiO2/σSi ∼2, whileΓSiO2/nSi ∼0.5,

thus approximately canceling out of the surface intensity factor.4 For the highly amorphous

suboxides grown in air in these studies,nSin+ values are not known, cannot be accurately
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estimated, and would have to be measured from studies of the thickness of the disordered

layer. Therefore, throughout the analysis presented here,σSin+ was approximated as con-

stant for Si+–Si4+, simplifying Eq. 6.1 to:

ISi,surf

ISi,bulk

=
ΓSi,surf

nSi,bulklSi − ΓSi,surf

(6.2)

SubstitutingI = ISi,surf/ISi,bulk andΓSi,bulk = nSi,bulklSi into Eq. 6.2 and rearranging

yields:

ΓSi,surf =
I

1 + I
ΓSi,bulk (6.3)

which was previously seen as Eq. 3.7 in Section 3.2.2.2. Dividing the calculated value of

ΓSi,surf by the number density of atop sites on the Si(111) surface,nSi,surf = 7.8 x 1014

cm−2,4 gives the monolayer coverage of modified Si atoms. The distance between Si layers

along a vector perpendicular to the Si(111) crystal face is 1.6Å, implying that an electron

escape depth of 3.5̊A will sample 2.2 monolayers of the Si crystal.

6.2.2.2 XPS Measurements

To determine the influence of step edges on functionalized Si(111) surface oxidation, core

photoelectron spectra were collected according to the procedures described in Section

3.2.2.1.

6.2.2.3 SAM Measurements

Spatial resolution of surface oxidation was explored on a Physical Electronics (PHI) 680

Scanning Auger Nanoprobe at the High Temperature Materials Laboratory at Oak Ridge

National Laboratory. The sample was introduced through a load lock into a UHV chamber

maintained at≤10−10 Torr. The sample was impinged with an electron beam that was held

normal to the surface and maintained at 20 kV and 10 nA for a spatial resolution of 15

nm. Auger electrons were collected by a cylindrical mirror analyzer coaxial to the field

emission electron gun. Secondary electron images of the sample were used to identify a

debris-free region of the sample surface. Auger electron intensities were then collected
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over an area approximately 1µm square divided into 128 x 128 bins for a pixel width of

7.8 nm. The scan area was periodically calibrated with a scanning electron microscope

(SEM) image of a nearby piece of debris in order to account for spatial drift in the image

over the scan time. Between 1–5 such scans were added together for the final image. Care

was taken to collect data quickly in order to minimize damage to the alkyl overlayer by the

impinging electron beam. Because the amount of SiO2 on the surface of alkylated samples

was very small, it was not possible to collect spectra of the SiO2 signal (72–76 eV) in a

short enough amount of time to prevent beam damage. Instead, signal from the Si LVV

(90–92 eV)6–8 and O KLL (510 eV)9 regions were combined to determine areas of SiO2

in the SAM image. Spectra were collected with the electron analyzer held in the Si LVV

region (92 eV) and the O KLL region (510 eV), which were then superimposed to create a

composite image of Si and SiO2.

6.3 Results

6.3.1 SXPS Analysis of Alkylated Surfaces

6.3.1.1 Cl-Terminated Si(111)

Figure 6.1 shows the SXPS results of a Cl-terminated Si(111) surface immediately after

preparation and as it was allowed to oxidize in air for 48 hr. The spectra in Figure 6.1 are

shown after subtraction of the Shirley background and after stripping out the Si 2p1/2 con-

tribution, leaving only the 2p3/2 component of the Si peak. The freshly prepared surface,

which was described in Chapter 3,10 displayed a peak 0.83 eV higher in binding energy than

the bulk Si 2p3/2 peak, which represented a surface coverage of 0.99 equivalent monolayers

(ML). This peak was assigned to the chlorinated surface Si atoms, which are more positive

than the Si atoms in the bulk lattice because of the electron-withdrawing effects of Cl. A

small feature 1.37 eV higher in binding energy than the bulk peak and which represented

0.11 equivalent ML was tentatively assigned to dichlorinated Si presumably present along

step edges or etch pits. A survey XPS scan of the freshly prepared surface, shown in Figure

6.2(a), revealed some amount of adventitious O 1s signal. This adventitious species could
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Figure 6.1: Chlorine-terminated Si(111) surface freshly prepared then allowed to sit in
air for 12, 24, 36, and 48 hr. The scale is binding energy (BeV) relative to the center
of the bulk Si 2p3/2 peak of the freshly prepared surface. All spectra are shown after
background removal, spin-orbit stripping, and peak fitting. In all cases, cross marks are the
raw data, dashed lines are the fitted curves, and the solid line is the calculated curve fit. The
anomalous break in the pattern of growth of Si suboxides on the sample kept in air for 24
hr was most likely due to some contribution to the signal from the sample holder because
of an ill-focused beam.
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Figure 6.2: XPS of Cl-Si(111) surfaces freshly prepared, then exposed to ambient air for a
period of up to 54 hr. a) Freshly prepared surface; b) in air 20 hr; c) in air 54 hr.
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be from a number of sources, including absorbed solvent from the wet chemical prepa-

ration techniques, absorbed pump oil vapor introduced in the quick-entry load lock, or

contaminating dust particles covered with oxygen-containing organic molecules that were

not possible to avoid when working in standard laboratory conditions. The principal con-

cern of this study was the growth and characterization of silicon oxides, and because of the

uncertainty of the origin of the O 1s signal, this peak was not used to identify the presence

of silicon oxides on the surfaces described here. The Si 2p region, which has specific and

extensively studied spectroscopic shifts introduced by Si+–Si4+ oxides4,11 was examined

instead to address this critical question. The fact that the freshly prepared Cl-terminated

surface was free of silicon oxides in the region of higher binding energy above the bulk Si

2p3/2 peak is clearly demonstrated in Figure 6.1.

When exposed to ambient air, the chlorinated Si surface reacted rapidly, losing the Si–

Cl feature and growing silicon oxides at higher binding energy (Table 6.1). After 12 hr

in air, the monolayer coverage of the peak approximately 0.8 eV higher in binding energy

than the bulk peak, assigned to surface Si bonded to Cl atoms, dropped from 0.99 ML10 to

0.87 ML, while a large, broad signal of oxide centered at +3.13 eV above the bulk Si 2p3/2

peak appeared. This feature was accompanied by smaller suboxides at 1.85 eV and 3.74

eV above the bulk Si 2p3/2 peak, representing a total equivalent monolayer coverage of 1

ML of silicon oxides.

As air exposure of the Cl-Si(111) surface continued, the growth of the surface oxide

features correlated qualitatively to loss of the signal from surface Cl-bound Si atoms,≈0.9

eV above the bulk Si 2p3/2 peak. As can be seen in Table 6.1 and Figure 6.1, after the

surface had been exposed to air for 12 hr, the monolayer coverage of the highest order Si

oxide (Si4+, +3.74 eV) grew from below the detection limit of the instrument to 0.21 ML.

By the time the sample had been in air for 24 hr, the amount of Cl-bound Si atoms detected

on the surface had dropped to only≈0.5 ML, while the highest order oxide (Si4+, +3.78

eV) grew to 1.45 ML. A XPS survey scan of the Cl-terminated surface collected after the

sample had been exposed to air for 20 hr (Figure 6.2(b)) confirmed that the Cl 2s and 2p

signals at 200 BeV and 270 BeV, respectively, had dropped significantly from the freshly

prepared surface, indicating that most of the Cl present on the surface had disappeared. At
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this point it was difficult to determine if the SXPS peak previously assigned as Cl-bound

surface Si atoms was actually cleanly functionalized Cl-Si(111), or rather represented an

amorphous Si+ substrate.

After the Cl-Si(111) surface had been exposed to air for 48 hr, the XPS survey scan

shown in Figure 6.2(c) indicated only a small fraction of any Cl remained on the surface.

It is possible that the surface was stabilized to further oxidation with a submonolayer cov-

erage of surficial Cl moieties still present, but SXPS data do not eliminate the possibility

that our detection of the Si–Cl peak was hampered as it was convoluted with larger Si+ or

Si2+ oxides. Features representing Si2+ (+1.99 eV), Si3+ (+3.15 eV), and Si4+ (+3.79 eV)

oxides dominated the spectrum. The Si4+ oxide had a total surface coverage of 3.63 ML.

Because a penetration depth of 3.5Å used in these studies only sampled approximately

2.2 ML perpendicular to the (111) crystal face, this high monolayer coverage is possibly

a result of the limitations of the quantitative analysis of surface species described by Eq.

6.3, which might be inadequate for the amorphous surface described here. It is possible to

state conclusively, however, that after 48 hr in ambient air the Cl-terminated Si(111) sur-

face had thoroughly reacted to create an amorphous silicon oxide layer that, on the scale of

our surface sensitive conditions, was reasonably thick.

6.3.1.2 CH3-Terminated Si(111)

A CH3-terminated Si(111) surface prepared through a two-step chlorination/alkylation pro-

cedure was exposed to air, and substrate oxide growth was monitored by SXPS. Results

of these studies are shown in Figure 6.3. The differences between the behavior of these

methylated surfaces and the chlorinated surfaces discussed previously are striking and are

described quantitatively in Table 6.1. After 48 hr in air, the peak at 0.3 eV higher bind-

ing energy than the bulk Si 2p3/2 peak, assigned to surface Si atoms bonded to the methyl

carbon atom,10 did not shift substantially in binding energy or representative monolayer

coverage.

When the methyl-terminated surface had been exposed to air for 48 hr, a broad feature

representing oxidation states of Si2+–Si4+ but centered on the Si3+ oxidation state at +3.10

eV above the bulk Si 3p3/2 peak appeared, representing a total of 0.20 ML. Evidence for
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Figure 6.3: CH3-terminated Si(111) surface freshly prepared then allowed to sit in air for
48 hr. The scale is binding energy (BeV) relative to the center of the Si 2p3/2 bulk peak of
the freshly prepared surface. All spectra are shown after background removal, spin-orbit
stripping, and peak fitting. In all cases, cross marks are the raw data, dashed lines are the
fitted curves, and the solid line is the calculated curve fit. In the spectrum of the oxidized
surface, the region above 2 BeV is shown expanded 10x.
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Si+, Si3+, and Si4+ species was observed in quantities just above the detection limit of the

instrument, and negligible amounts of Si2+ were observed. Moreover, when the samples

were again examined after 2 months of exposure to ambient air, no increase in suboxide

coverage, no peak shifts, nor any other substantial change on the surface was observed

(data not shown). While the observation time of silicon oxide formation on these surfaces

was limited, it is clear that the CH3-terminated Si(111) surface was remarkably passivated

to chemical oxidation.

6.3.1.3 C2H5-Terminated Si(111)

The Si(111) surface was also functionalized with C2H5-groups and chemical oxidation was

observed as a function of time exposed to ambient air. The SXPS behavior of this surface,

shown in Figure 6.4 and described in Table 6.1, was similar to that of the CH3-terminated Si

surface. A feature in the spectrum of the freshly prepared ethyl-terminated surface at 0.19

eV above the bulk Si 2p3/2 peak, previously identified as surface Si atoms bonded to the

C of the ethyl group,10 did not shift significantly over time, indicating that the Si–C bonds

formed in the alkylation procedure were not substantially altered by exposing the surface

to ambient air. A peak observed on the freshly prepared surface 0.81 eV higher in binding

energy than the silicon bulk peak also did not increase in amplitude with time, comprising

only 0.25 ML after 48 hr of air exposure. Small features corresponding to silicon oxides

were observed at +1.85 eV, +3.10 eV, and +3.84 eV above the bulk Si 2p3/2 peak, also at

48 hr of air exposure. These signals together comprised 0.62 equivalent ML of oxide, with

the Si+ species representing the greatest portion of suboxide present. Taken together, these

three peaks on the Si surface after 48 hr of air exposure indicated that a range of silicon

suboxides from Si+ to Si4+ were present, although in significantly reduced quantities rela-

tive to the unpassivated Cl-terminated Si(111) surface. Unlike the CH3-terminated surface,

the C2H5-terminated surface had significant quantities of both Si+ and Si3+ suboxides.

6.3.1.4 C6H5CH2-Terminated Si(111)

The Si(111) surface was also functionalized with benzyl groups. Such functionalized sur-

faces (Figure 6.5, Table 6.1) behaved similarly to those alkylated with straight-chain hy-
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Figure 6.4: C2H5-terminated Si(111) surface freshly prepared then allowed to sit in air for
48 hr. The scale is binding energy (BeV) relative to the center of the bulk Si 2p3/2 peak of
the freshly prepared surface. All spectra are shown after background removal, spin-orbit
stripping, and peak fitting. In all cases, cross marks are the raw data, dashed lines are the
fitted curves, and the solid line is the calculated curve fit. In the spectrum of the oxidized
surface, the region above 1 BeV is shown expanded 10x.
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Figure 6.5: C6H5CH2-terminated Si(111) surface freshly prepared then allowed to sit in air
for 48 hr. The scale is binding energy (BeV) relative to the center of the bulk Si 2p3/2 peak
of the freshly prepared surface. All spectra are shown after background removal, spin-orbit
stripping, and peak fitting. In all cases, cross marks are the raw data, dashed lines are the
fitted curves, and the solid line is the calculated curve fit. In the spectrum of the oxidized
surface, the region above 1 BeV is shown expanded 10x.
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drocarbons; after 1 day in air, peaks present on the freshly prepared surface, at∼0.2 eV

and∼0.8 eV higher in binding energy than the bulk Si 2p3/2 peak, changed binding energy

and intensity only slightly. During the same period, only small oxide peaks 1.78 eV, 3.19

eV, and 3.75 eV higher than the bulk Si 2p3/2 peak, together representing<0.5 ML, were

observed. As on the C2H5-terminated surface, the Si+ and Si3+ signal (+0.78 eV and +3.19

eV above the Si 2p3/2 bulk peak, respectively) comprised the majority of the oxide signal.

6.3.2 Oxidation Rates of Stepped Surfaces

To determine if Si surface alkylation prevented deleterious oxidation by interrupting pos-

sible step edge-mediated oxidation mechanisms,12 alkyl-terminated surfaces of differing

step-edge density were prepared and stored in ambient air in the dark for a period of up to

6 weeks. Surfaces with a higher miscut angle have smaller terrace sizes, and thus a higher

fraction of the exposed surface lies along step edges instead of on the atomically flat ter-

races. A small change in miscut angle leads to a dramatic change in the step edge density

of the surface. With a 0.5◦ miscut, 1 in every∼600 surface Si atoms lies along a step edge.

Increasing the miscut to 7◦ increases the step-edge density by two orders of magnitude,

resulting in a surface on which 1 in every 7 surface Si atoms lies along a step edge. Figure

6.6(a) compares the oxidation of CH3-terminated Si(111) surfaces having a miscut angle of

either≤0.5◦ or 7◦. Figure 6.6(b) shows such a comparison for C2H5-terminated surfaces.

In both cases, after normalization for peak intensity, at no time during the course of the

air oxidation was any difference observed in native oxide growth on surfaces with different

miscut angles, and therefore with different surface step-edge densities. When the spectra

were deconvoluted into the characteristic oxidation peaks of Si, contributions from Si+ and

Si3+ species were again a larger part of the Si oxidation peak than the other two available

oxidation states.

6.3.3 SAM of Alkyl-Terminated Si(111) Samples

Another method of testing if Si surface oxidation begins at step edges is scanning Auger

microscopy, which can spatially resolve any chemical inhomogeneity on the Si surface.
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Figure 6.6: XPS of the Si 2p region of alkyl-terminated Si(111) surfaces at different miscut
angles. The spectra have been normalized for intensity. a) CH3-Si(111) stored in ambient
air in the dark for 39 days. Solid line: surface miscut≤0.5◦; dashed line: surface miscut
7◦. b) C2H5-Si(111) stored in ambient air in the dark for 19 days. Solid line: surface miscut
≤0.5◦; dashed line: surface miscut 7◦.
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There is a well-documented shift in the Si LVV Auger electron peak from 92 eV for Si0

to 75 eV for Si4+ in SiO2,6–8 which could be used to map regions of SiO2 on an otherwise

clean Si surface. When SAM was conducted on the C2H5-terminated surface, the imping-

ing electron beam was found to damage the alkyl overlayer on the surface before sufficient

data could be collected on the low signal from any existing SiO2 regions on the surface. To

overcome this problem, two spectral maps of the surface were collected: one of the Si LVV

region at 92 eV, and one of the O KLL region at 510 eV. These spectra were then superim-

posed to create a composite image in which areas of Si could be distinguished from areas

of Si + O due to silicon oxides.

On a freshly prepared C2H5-Si(111) sample, SAM images revealed a homogeneous

surface when scanning in both the Si LVV and O KLL energy regions (Figure 6.7). When

an identically prepared C2H5-Si(111) sample that had been exposed to air and light for 8

days was investigated with SAM, discrete chemically altered regions of the surface were

clearly visible. In a regular SEM image (Figure 6.8(a)) discolored portions of the Si sur-

face appeared in patches running approximately parallel to each other. The Auger electron

spectra of these patches versus the background surface are shown in Figure 6.8(b). The

lightly colored patches showed a decreased concentration of Si0 but an increased concen-

tration of O when compared to the otherwise clean Si background. In the SAM image of

the same area scanning in the Si LVV energy region (Figure 6.8(a)), these patches appeared

as areas deficient in Si LVV signal at 92 eV, while in the O KLL energy region SAM im-

age these patches appeared to have higher concentrations of O. These two images are also

presented overlayed in Figure 6.8(a). Although XPS data presented above indicates that

even freshly prepared alkyl-terminated surfaces contained some amount of non-oxide O 1s

(Figure 3.1(c)–(d)), SAM studies presented here found that on the oxidized alkyl surface,

the O KLL signal was concentrated in specific regions of the Si surface.

6.4 Discussion

There have been several examples of the ability of chemical functionalization of the Si sin-

gle crystal surface to reduce and in some cases halt the formation of active surface charge
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Figure 6.7: SAM image of a freshly prepared C2H5-terminated Si(111) surface investigated
in both the Si LVV (92 eV, left) and the O KLL energy regions (510 eV, right). Both images
were collected in 128 x 128 point scans with an electron beam held at 20 kV and 10 nA
with spatial resolution of 15 nm. The individual pixel scans were combined to form an
image map.



119

iv) Si LVV + O KLL

100.0 nm

i) SEM ii) Si LVV

iii) O KLL

100.0 nm

100.0 nm 100.0 nm

a)

b)

490 500 510 520

O KLL

50 60 70 80 90 100 110

Kinetic Energy (eV)

Si LVV

Figure 6.8: Auger electron spectroscopy of a C2H5-terminated Si(111) surface exposed
to air for 8 days. a) SAM images of a∼1 µm2 area of the surface: i) SEM image of the
surface; ii) SAM image collected by scanning in the Si LVV energy region (92 eV). Lighter
gray indicates greater Si signal; iii) SAM image collected by scanning in the O KLL energy
region (510 eV). Lighter gray indicates greater O signal; iv) composite SAM image of the
overlayed maps of the Si LVV (red) and O KLL (blue) energy regions. SAM images were
collected in 128 x 128 point scans with an electron beam held at 20 kV and 10 nA with a
spatial resolution of 15 nm. The individual pixels were then combined to form an image
map. b) Auger electron spectroscopy of a point on an isolated white discolored region in
the SEM image (solid line) and on the dark background in the SEM image (dashed line).
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carrier recombination trap sites.2,13 This remarkable electrical pssivation has been corre-

lated experimentally to the absence of large amounts of deleterious native silicon oxides,

which can provide numerous defect sites at the disordered Si/SiOx interface.2,14 The rela-

tionship between low rates of surface electron-hole recombination and lack of native silicon

oxides appears to be a complicated one, however, as shown in detail in the data presented

here. Alkylated surfaces of single crystal Si(111) were investigated by SXPS under high

surface sensitivity conditions to measure both the amount and oxidation state of native ox-

ides introduced when exposed to air. We found that although the rate of silicon oxidation

was dramatically slowed, some amount of silicon oxide did in fact appear. The native oxide

on an unpassivated Cl-terminated Si(111) surface covered all available oxidation states of

Si, from Si+ to Si4+, with the majority of the oxide signal from Si4+ species. This is sim-

ilar to what has been observed previously on unpassivated H-terminated Si surfaces.15–18

In contrast, the submonolayer of native oxide observed on the alkyl-terminated surfaces

described here appeared to correspond principally to Si+ and Si3+, albeit with small con-

tributions from Si2+ and Si4+ oxidation states.

The difference in Si oxidation states on the passivated versus unpassivated surfaces

could be useful in determining the structure of the native oxide developing on those sur-

faces. The structure of the Si/SiO2 interface has been the subject of prolonged interest be-

cause of its importance in integrated circuit fabrication.4,16,19–26Although the structure of

the Si/SiO2 interface depends on crystal face and growth conditions, it is generally agreed

that the junction is not abrupt, but contains an amorphous region≥3 Å thick where all five

oxidation states of Si (Si0–Si4+) are found.19,25 Previous core photoelectron spectroscopic

studies of the Si(111)/SiO2 interface have shown that Si+ and Si3+ are more abundant than

Si2+ because disrupting an atomically flat (111) surface through layer-by-layer oxidation

will cleave either 1 or 3 tetrahedral Si bonds.4,16,19,24,25To have periodic Si+, however, it is

necessary also to have some concentration of Si4+, which our data suggests is present only

in very small quantities. Two Si bonds will be cleaved only at step edges and etch defects,

which are a minor component of Si(111) surfaces prepared in this manner (Chapter 5). The

SXPS data alone, therefore, suggest that the slow oxidation of alkyl-terminated Si(111)

surfaces creates discrete patches of amorphous oxide that are spatially isolated from each
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other.

Another difference between the unpassivated and passivated surfaces studied here was

the behavior of surface-bound species as the sample was exposed to oxidizing conditions.

Studies of native oxidation growth of H-Si(111) surfaces at room temperature have pre-

viously shown that the first oxidation step is insertion of O into a Si–Si backbound, not

attack of the stronger Si–H bond.22,23,26 The data presented here on alkylated Si surfaces

show the same behavior, in that Si–C features remain largely unchanged during the first

several days of surface oxidation. On the Cl-terminated surface, the monolayer coverage

of Cl atoms dropped precipitously after the sample had been in air for only 12 hr during

the initial oxidation events. On alkylated surfaces, however, features in the spectra of the

freshly prepared sample that have been previously identified as surface Si atoms bonded to

carbon10 did not shift significantly either in binding energy or in monolayer coverage. This

indicates that the surface Si–C bonds are not altered by the oxidizing environment.

It has been suggested that oxidation of the Si(111) surface proceeds fastest at step

edges, rather than along the atomically flat terraces.12 One possible explanation for the

remarkable surface passivation reported here for alkylated Si(111), even when protected by

bulky alkyl groups, is that the role of the surface-bound moieties is to passivate step edges,

thereby preventing the initial oxidation events that quickly destroy the unpassivated H- or

Cl-terminated Si(111) surface. If the bulky alkyl group only must bond to step-edge Si

atoms and not to every surface Si atom in order to achieve adequate passivation, even large

functional groups would work reasonably well. One test of this hypothesis is to observe

the rate of oxidation on identically functionalized Si surfaces with differing step-edge den-

sities, which can be obtained easily by increasing the miscut of the sample away from the

(111) surface. When CH3- and C2H5-terminated Si(111) surfaces of different miscut an-

gles were exposed to air for long time periods, however, no difference in oxidation rate or

total amount of oxide of these surfaces was observed, indicating that any step-edge effects

of alkylation are negligible. SAM studies, however, do confirm that oxide is growing on

the C2H5-Si(111) surface in a non-uniform manner that suggests that the alkyl-terminated

surfaces does prevent a continuous, general oxide from growing on the surface. Further

investigation is required to determine if this oxide is nucleating specifically at step-edge or
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other defect sites, or if its growth is initiated by some other mechanism.

6.5 Conclusion

Surface sensitive SXPS of Si(111) surfaces alkylated through a two-step chlorination/ alky-

lation technique has been used to investigate the growth of native oxides on samples kept in

ambient air. We have found that this alkylation technique drastically reduces the growth of

silicon oxides over a time period of at least 2 months, allowing<0.40 ML of silicon oxides

to form. The oxide that is observed is principally Si+ and Si3+, with very limited contribu-

tions from the other silicon suboxides that are seen on unpassivated Si surfaces exposed to

the same ambient conditions. This effect was, to first order, identical for surfaces alkylated

with both small CH3- groups and larger, bulkier C2H5- and C6H5CH2- moieties that are

not sterically able to fit on every surface Si atom. Furthermore, SAM investigations of the

freshly prepared and oxidized C2H5-terminated Si(111) surface demonstrated that silicon

oxides do not grow uniformly on the surface, but instead appear in small patches, leaving

the rest of the Si surface clean. This observation is surprising, and one possible explanation

is that surface alkylation is important only by protecting the step edges from oxidation,

leaving the terraces to oxidize at the same slow rate.12 When the oxidation behavior of

two surfaces of differing step-edge density were compared, however, no difference in Si

oxide growth was seen over a period of several weeks. This result indicates that oxidation

on these alkylated Si surfaces is a complex process that requires significant further inves-

tigation before the goal of understanding Si surfaces and manipulating them at will can be

realized.
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Chapter 7

Electronic Properties of Si(111) Surfaces
Functionalized with Saturated
Unbranched Hydrocarbons

7.1 Introduction

Freshly prepared H-terminated Si(111) surfaces have low surface recombination velocities

(S) but rapidly form a disordered oxide layer when exposed to air. This silicon/native sili-

con oxide interface displays high rates of surface charge carrier recombination, reflecting a

significant density of electrically active trap sites.1 These surfaces are of great importance

because as electronic devices fabricated from Si become smaller in size, the properties

of the semiconductor surface begin to dominate the properties of the device as a whole.

Hence, there has been considerable interest in learning how to control surface electronic

properties through chemical methods, including protecting the surface from unwanted ac-

tivity. These protection strategies should prevent extensive oxidation of the Si(111) surface

while preserving the low surface recombination rate of the H-terminated Si(111) surface.

The formation of surficial Si–C bonds has been pursued as a possible solution to the

problem of uncontrolled Si surface oxidation.2 Previous work in our laboratory attempted

to correlate the chemical and electronic stability of the functionalized Si surface prepared

through the two-step chlorination/alkylation route. This has been done primarily through

measurement of surface recombination rates and current-voltage (I–V ) behavior on Si(111)

surfaces modified with a variety of alkyl groups. Surface charge carrier recombination
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velocities were measured on Si(111) surfaces terminated with either CH3- or C8H17- groups

and were found to be low even as the sample was exposed to air.1 Methyl-terminated

Si surfaces were used as electrodes in contact with a Fe(CN)3−/4−
6 (aq) solution andI–V

curves were collected while the sample was illuminated for up to an hour. Unlike the H-

terminated surface, the CH3-terminated photoanode suffered only a small reduction in ideal

rectifying behavior at the electrode surface.3

Detailed investigation of the oxidation of functionalized Si(111) surfaces in air was de-

scribed in Chapter 6. This work demonstrated that alkylation of the Si(111) surface through

a two-step chlorination/alkylation route is largely successful at preventing uncontrolled ox-

idation of the Si surface in air. Before further conclusions can be drawn about the capability

of this functionalization technique to passivate the Si(111) surface it is necessary to cor-

relate observed oxidation behavior directly to the rate at which charge carrier pairs on the

alkylated surface recombine. Surface charge carrier recombination velocities are our most

sensitive measurement of the electronic quality of a surface and must be the standard by

which surface passivation is judged. In the work described here, surface charge carrier re-

combination rates on H-, Cl-, and alkyl-terminated Si(111) surfaces were measured using

a radio frequency (rf) photoconductivity decay technique. These measurements were made

when the sample was maintained under N2(g) and then as they were exposed to air for

up to 1 month. Furthermore, a detailed electron band description of the CH3-Si(111) sur-

face was assembled from photoelectron spectroscopy measurements. The observed surface

charge carrier recombination dynamics were correlated to the chemical and band structure

measurements in an attempt to explain any apparent electronic passivation of the alkyl-

terminated Si(111) surface.
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7.2 Experimental

7.2.1 Materials and Methods

7.2.1.1 Materials

Two different types of Si(111) wafers were used in this study. The n-type Si(111) wafers

used for X-ray photoelectron spectroscopy (XPS) measurements were polished only on

one side and were obtained from Crysteco (Wilmington, OH). These samples were 525µm

thick and P-doped, with a resistivity of 2.0–8.5Ω cm. Samples for surface recombination

velocity measurements were obtained from Topsil Inc. (Frederikssund, Denmark). These

wafers were float-zone grown n-type, P-doped, Si(111), 280µm thick, with resistivities

of 3500–4600Ω cm, and were polished on both sides. The manufacturer reported a bulk

charge carrier lifetime,τb, of 2 ms.

All solvents used in functionalization reactions were anhydrous, stored under N2(g),

and, apart from occasionally pouring over molecular sieves, were used as received from

Aldrich Chemical Corp. Solvents were only exposed to the atmosphere of a N2(g)-purged

flush box. Nanopure 18 MΩ cm resistivity H2O was used at all times. All other chemicals

were used as received unless otherwise specified.

7.2.1.2 Sample Preparation

Several modifications were made to the process of Si functionalization described in Chapter

2 and so sample preparation methods will be described in detail here. Before use, all wafers

were chemically oxidized in 3:1 (v/v) concentrated H2SO4:30% H2O2(aq) at 100◦C for 1

hr, rinsed in H2O, and dried under a stream of N2(g). Oxidized samples of approximately

1 cm2 were cleaned by sonicating for 5 min in H2O, rinsing with CH3OH and acetone,

sonicating for an additional 5 min in H2O, and drying under a stream of N2(g). Samples

were etched for 20 min in 40% NH4F(aq) (Transene Inc.) to produce a H-terminated Si

surface. During the etching process the wafers were occasionally agitated to remove bub-

bles that formed on the surface. The samples were removed from the etching solution,

rinsed in H2O, dried under a stream of N2(g), and immediately inserted via a quick-entry
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load lock into an ultra-high vacuum (UHV) system for XPS measurements. The UHV

chamber was connected via a second quick-entry load lock into a N2(g)-purged flush box

in which further surface modification reactions were conducted. Once a sample entered the

UHV system it was not exposed to ambient air until after surface modification. Occasion-

ally wafers were inserted directly into the vacuum-sealed antechamber of the N2(g)-purged

flush box to prevent scratches on the surface that arose from contact with the XPS sample

holder.

7.2.1.3 Functionalization by Chlorination/Alkylation

Chorinated Si(111) surfaces were prepared by two different methods. In the first chlori-

nation method, a H-terminated sample was immersed into a saturated solution of PCl5 in

C6H5Cl that contained a few grains of benzoyl peroxide to act as a radical initiator.4,5 The

reaction solution was heated to 90–100◦C for 45 min. Samples were then removed from

the reaction solution and rinsed in tetrahydrofuran (THF) followed by a rinse in CH3OH

and were then dried under a stream of N2(g). Samples were occasionally also rinsed in

1,1,1-trichloroethane (TCE) before drying under N2(g).

In the second chlorination method, a H-terminated sample was placed into a quartz

Schlenk reaction tube and transported to a vacuum line. After thoroughly evacuating the

sample vessel, approximately 50–200 Torr of Cl2(g) (Matheson, 99.999%) was introduced

through the vacuum line into the reaction tube, and the sample was illuminated for 30 s

with 366 nm ultraviolet light from a UVP-type multiband lamp to generate a reactive Cl·

radical.6,7 Rigorous exclusion of ambient air from the reaction tube was required to pro-

duce oxide-free surfaces. Excess Cl2(g) was then removed under vacuum, and the flask was

transported to the N2(g)-purged flush box. XP spectra and surface charge carrier recombi-

nation velocities were collected for Cl-terminated samples that had been prepared through

both chlorination routes.

The chlorine-terminated Si surfaces were alkylated by immersing the sample in 1.0–3.0

M CnH2n+1MgX, wheren = 1, 2, 6, and 8 and X = Cl or Br, in either diethyl ether or

THF (Aldrich). The reaction was performed for 1.5–16 hr at 70–80◦C with longer alkyl

chain lengths requiring longer reaction times. Excess THF was added to all reaction so-
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lutions for solvent replacement. At the end of the reaction time, samples were removed

from the reaction solution and were then rinsed in THF, CH3OH, and occasionally TCE.

Samples were then sonicated for 5 min each in CH3OH and CH3CN and were dried under a

stream of N2(g). Occasionally a small Mg signal that presumably arose from the Grignard

reagent appeared in the initial XP spectrum. When this peak was observed, the sample was

sonicated in CH3OH for an additional 10 min to remove any remaining Mg. The samples

were then exposed to laboratory air, and XPS and rf photoconductivity data were collected

periodically during air exposures of>600 hr.

7.2.2 Instrumentation

7.2.2.1 XPS

XP spectra were collected in the UHV M-Probe system described in Section 3.2.2.1. Sev-

eral differences in data collection and handling are described here. Data were collected

with the M-Probe ESCA Software version S-Probe 1.36.00. An initial survey scan was run

from 0–900 or from 0–1000 BeV (binding electron volts) to identify all chemical species

on the surface. A second scan was collected at the Si 2p region at approximately 98.5–

105.5 BeV to measure the presence of any SiO2 species at≈104 BeV. Wafers were fixed

to the XPS sample holder at their edges, and XPS data were collected near the middle of

the wafer to prevent interference from any surface oxide growth that might be promoted by

scratches caused by contact with the sample fixture during handling of the sample.

The surface coverages of species of interest were compared between different samples

by referencing all peaks to the Si 2p peak at 99.4 BeV. The area under the peaks obtained

in the initial survey scan was determined by the XPS software. The detailed scan of the

Si 2p region was used to determine the amount of Si oxides present. The Si 2p1/2 and

Si 2p3/2 peaks were fitted with two peaks held 0.60 BeV apart and with the Si 2p1/2 : Si

2p3/2 peak area ratio maintained at 0.51, as has been described previously.4,8 Any peak

detected between 100 and 104 BeV, where Si+–Si4+ oxides would be located, was fitted

to a third peak.9 Peak line shapes were set at 95% Gaussian and 5% Lorentzian, with a

15% asymmetry. The SiOx : Si 2p peak area ratio was then obtained from the area under
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the third curve divided by the total area of the Si 2p1/2 and Si 2p3/2 peaks. This peak area

corresponds to the coverage of Si+, Si2+, Si3+, and Si4+ oxides on the surface.

The equivalent fractional monolayer coverage of SiOx on the Si(111) substrate was

determined from the SiOx:Si 2p peak area ratio using a substrate-overlayer model.8,10 The

overlayer thickness,dov, was computed using

dov = λov sin θ

{
ln

[
1 +

(
I0
Si

I0
ov

)(
Iov

ISi

]}
(7.1)

whereλov is the attenuation factor of the overlayer (2.6 nm),θ is the electron takeoff angle

relative to the sample surface (35◦ for this instrument),I0
Si/I

0
ov is an instrument normaliza-

tion factor related to the sensitivity and abundance of the substrate and overlayer species,

determined to be 1.3 for this instrument for a SiO2 overlayer on a Si substrate, andIov/ISi is

the measured SiO2 : Si 2p peak area ratio. Assuming that the oxide is composed entirely of

SiO2, the computed overlayer thickness,dov, was divided by the thickness of a monolayer

of SiO2, 0.35 nm, to determine the equivalent fractional monolayer of SiO2 present.8

For very thin oxide overlayers, the monolayer coverage of oxidized Si can also be

calculated directly from the SiO2:Si 2p peak area ratio.8 This approach directly determines

the amount of oxidized Si present on the surface regardless of whether it is SiO2 or it is

composed of other oxides of Si. The total observed Si 2p signal is

Isi ≈ nSiσSi

∫
0
exp(−z/lSi)dz = nSiσSilSi (7.2)

wherenSi is the atomic number density of Si atoms (5.0 x 1022 atoms cm−3), σSi is the

atomic photoionization cross-section of Si, and the escape depth,lSi, is given by

lSi = λSi sin θ (7.3)

with λSi = 1.6 nm. The measured signal arising from the oxidized surface Si atoms at

higher binding energies than the bulk Si 2p peak is given by

ISi,surf = ΓSi,surfσSi (7.4)
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whereΓSi,surf is the surface density of Si atoms, 7.8 x 1014 atoms cm−2 for Si(111). If

every surface Si atom is oxidized andσSi remains constant for every Si species, then the

relative intensity of the oxidized Si peak to bulk Si peak can be found by combining Eqs.

7.2 and 7.4:
ISi,surf

ISi,bulk

=
ΓSi,surfσSi

nSiσSilSi − nSi,surfσSi

=
ΓSi,surf

nSilSi − nSi,surf

(7.5)

As can be seen in Eq. 7.5, the SiOx:Si 2p peak area ratio is independent of the photoion-

ization cross-section of all species present in the scan. Substituting into Eq. 7.5 yields a

ratio of 0.21 for a Si(111) surface on which 100% of the surface Si atoms are oxidized. The

observed oxidized/bulk Si 2p peak area ratios were therefore divided by this normalization

constant to estimate the fraction of surface atoms that were oxidized.

7.2.2.2 Surface Recombination Velocity Measurements

Charge carrier lifetimes were measured using a contactless time-resolved rf conductivity

apparatus.1 Samples were illuminated at 1064 nm with 10 nm pulses from a Nd:YAG laser

operating at a repetition rate of 10 Hz. To ensure high-level injection conditions, the pulse

power was 7 x 10−4 mJ pulse−1 cm−2, which resulted in an injected carrier concentration

in the semiconductor immediately after the light pulse of 4 x 1013 carriers cm−3. The

sample was placed over a coil emitting a 450 MHz signal that was reflected back from the

sample. The difference in intensity between the initial and reflected signal was proportional

to the rf absorbed by the sample. Signals were averaged over 128 decays, plotted on a

digital oscilloscope (Tektronix, TDS210), and captured by the PC data acquisition program

WaveStar. Data were fitted to a single exponential decay to determineτ , the lifetime of

charge carriers in the semiconductor. Once samples were set in the rf conductivity sample

holder, they were not handled again for the duration of the experiment to prevent scratching

of the surface.

The fundamental charge carrier decay lifetime,τ , is dependent on the lifetime of the

charge carriers both in the bulk and at the surfaces of the sample. The surface recombination
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velocity,S, can be related to the measured lifetime using

S =
d

2

(
1

τ
− 1

τb

)
(7.6)

whered is the sample thickness,τb is the lifetime of a charge carrier in the bulk of the

semiconductor,1 and the factor of 2 is required for recombination on both sides of a double-

polished Si wafer. For the samples used here,τb � τ , and the expression forS reduces

to

S = d/2τ (7.7)

7.2.2.3 High-Resolution Core Level Photoelectron Spectroscopy

Further photoelectron spectroscopy to elucidate the electronic structure of the CH3-Si(111)

surface was collected by Dr. Ralf Hunger of the Institute of Materials Science at the Tech-

nische Universiẗat Darmstadt in Darmstadt, Germany.11 Silicon wafers doped with Sb to a

resistivity of 0.005–0.02Ω cm were used for these experiments. The silicon surface was

CH3-terminated following a procedure described in Chapter 2; only the PCl5 chlorination

route was employed. Core-level spectroscopy was collected on beamline U49/2-PGM2

at the BESSY II synchrotron facility in Berlin at excitation energies between 115–650 eV.

Core photoelectrons were collected by an analyzer positioned normal to the sample surface.

7.3 Results

7.3.1 XPS Results

Figure 7.1 presents representative XPS data for the functionalization of Si(111) surfaces

using a two-step chlorination/alkylation route. As expected,4,6,7 on a freshly etched Si(111)

surface (Figure 7.1(a)), only Si 2p and Si 2s peaks, at 100 BeV and 150 BeV, respectively,

were observed. After chlorinating the surface in a solution of PCl5, Cl 2p (200 BeV)

and Cl 2s (270 BeV) peaks became visible (Figure 7.1(b)). After alkylation, the Cl peaks

disappeared and a significant C 1s peak appeared at 285 BeV (Figure 7.1(c)). Table 7.1

presents the peak area ratios of C, Cl, and O that were detected in these XPS scans.
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Figure 7.1: Survey scan XP spectra of a Si(111) surface (a) cleaned and etched in 40%
NH3F(aq) for 20 min, (b) chlorinated with saturated PCl5 in chlorobenzene with benzoyl
peroxide at 90–100◦C for 45 min, and (c) then alkylated with C8H17MgCl for 16 hr.



135

surface preparation route -R
XPS peak area ratioa

C 1s O 1s Cl 2p
PCl5/CnH2n+1MgX -Cl 0.3±0.2 0.5±0.2 0.45±0.06

-CH3 0.52±0.03 0.459±0.003
-C2H5 0.40±0.004 0.27±0.07
-C6H13 0.68±0.08 0.4±0.01
-C8H17 0.6±0.1 0.3±0.2

Cl2/CnH2n+1MgX -Cl 0.3±0.2 0.2±0.1 0.8±0.4
-CH3 0.62±0.9 0.75±0.8
-C2H5 0.36±0.06 0.3±0.1
-C8H17 0.75±0.03 0.48±0.04

Table 7.1: Normalized peak area ratios for species present on the functionalized Si(111)
surface prepared through two different chlorination/alkylation procedures.aValues are nor-
malized to the Si 2p peak area.
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The XPS peak for the Si4+ in SiO2 appears at 4.3 BeV higher in energy than Si0, so

oxidation of the surface Si atoms is accompanied by the appearance of Si 2p peaks having

energies>100 BeV. No SiO2 was observed in the high-resolution Si 2p XPS scans at any

step in the alkylation process, indicating that the O 1s peak at 532 BeV shown in Figure

7.1 was due to the presence of small amounts of adventitious O on the surface.

Figure 7.2 presents high-resolution XPS scans of the Si 2p region during the air oxi-

dation of H-terminated Si(111) surfaces. A freshly etched H-terminated Si(111) surface

(Figure 7.2(a)) oxidized rapidly and displayed a prominent silicon oxide peak after only

4 hr of exposure (Figure 7.2(b)). The oxide grew further upon extended exposure to air

(Figure 7.2(c),(d)). The SiOx:Si 2p peak area ratio for H-terminated Si(111) is plotted in

Figure 7.3. The ratio was used to compute the monolayer equivalents of SiO2 on the sur-

face, which is given in Table 7.2. After 216 hr of exposure to ambient air, the H-terminated

Si surface displayed 1.4 equivalent monolayers (ML) of SiO2. Similar oxidation behavior

was observed for Cl-terminated surfaces that had been prepared using either chlorination

procedure (Figure 7.3, Table 7.2). In contrast, CH3-terminated surfaces displayed less ox-

ide growth than was observed after a few minutes of air exposure of the H- or Cl-terminated

Si(111) surfaces (Figure 7.3).

Similar behavior was observed for C2H5-terminated surfaces, shown in Figure 7.4.

Oxidation was suppressed on alkylated surfaces that had been prepared through use of

either PCl5 or Cl2(g) as the chlorination agent (Table 7.2). On all alkylated surfaces, silicon

oxide growth was negligible for the first≈30 hr of the experiment, and after 200 hr in air,

only <0.9 equiv monolayers of SiO2 were observed. As shown in Table 7.2, no clear

difference in the growth rate or accumulated amount of surface oxide was observed as the

chain length of the alkyl group increased.

7.3.2 Surface Recombination Velocity Results

Results of the rf photoconductivity decay studies for the various surfaces of interest are

summarized in Table 7.3. Silicon surfaces that had been functionalized through the chlo-

rination/alkylation route displayed long surface charge carrier lifetimes and low surface
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Figure 7.2: High-resolution XP spectra of the Si 2p region of a H-terminated Si(111) sur-
face that was (a) freshly etched (dashed-dotted line) and then exposed to ambient laboratory
air for (b) 4 hr (dotted line), (c) 72 hr (dashed line), and (d) 216 hr (solid line).
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Figure 7.3: Ratio of the oxidized Si 2p peak area to the bulk Si 2p peak area
for various Si(111) surfaces exposed to ambient air over extended time periods:
open circles, H-terminated Si; squares, Cl-terminated Si prepared using PCl5; dia-
monds, Cl-terminated Si prepared using Cl2(g); triangles, CH3-terminated surface pre-
pared through PCl5/CH3MgCl; closed circles, CH3-terminated surface prepared through
Cl2(g)/CH3MgBr. Standard deviation is not shown for clarity. Although the standard devi-
ation of oxide growth was sometimes large, occasionally as much as 50% of the value, no
overlap of the standard deviation of H- and Cl-terminated surfaces and the CH3-terminated
surfaces was observed after 30 hr in air.
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terminated Si prepared through PCl5/C6H5MgBr; triangles, C8H17-terminated Si prepared
through PCl5/C8H17MgCl. Standard deviations were large (∼50%), and no significant dif-
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SiOx equivalent monolayer coverage
time in air SiOx:Si 2p SiOa

2 SiOb
2

Surface preparation route -R (hr) peak area ratio (ML) (ML)
NH4F etch -H 216 0.3 1.4 1.4
PCl5/CnH2n+1MgX -Cl 264 0.40±0.09 1.8±0.3 1.9±0.4

-CH3 216 0.16±0.08 0.8±0.4 0.8±0.4
-C2H5 216 0.17±0.03 0.9±0.1 0.8±0.1
-C6H13 192 0.18±0.02 0.90±0.07 0.86±0.07
-C8H17 192 0.12 ∼0.6 ∼0.6

Cl2/CnH2n+1MgX -Cl 215 0.306±0.009 1.43±0.04 1.46±0.04
-CH3 288 0.11 ∼0.6 ∼0.5
-C2H5 312 0.08±0.02 0.44±0.09 0.40±0.08

Table 7.2: Normalized SiOx:Si 2p peak area ratio and fractional monolayer coverage
of SiOx on the functionalized Si(111) surface prepared through two different chlorina-
tion/alkylation procedures.aCalculated from Eq. 7.1 and then divided by 0.35 nm.
bCalculated by dividing the SiOx:Si 2p peak area ratio by 0.21, a normalization constant
representing 1 fractional monolayer of SiOx calculated from Eq. 7.5.
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recombination velocities.1 Methyl-terminated Si surfaces that were prepared using either

chlorination method displayed the lowest charge carrier recombination velocity of the chain

lengths included in this study. After methyl-terminated surfaces were exposed to laboratory

air, the carrier lifetime increased over a period of≈24 hr, after which it remained stable for

the duration of the experiment (150 – 700 hr). The CH3-terminated surfaces prepared from

a PCl5-chlorinated surface exhibited a stabilizedS value of 80± 30 cm s−1, and surfaces

prepared from Cl2(g) followed by treatment with CH3MgBr exhibited a stabilizedS value

of 150± 60 cm s−1. Ethyl-terminated Si surfaces functionalized through both chlorina-

tion techniques behaved similarly, with stabilizedS values of 80± 20 and 200± 80 cm

s−1 for the PCl5/C2H5MgBr- and Cl2(g)/C2H5MgBr-treated surfaces, respectively. These

values ofS indicate that these two alkylation techniques produced passivated surfaces that

maintained low electrically active trap densities for extended periods of time in air.

In general, theS values of all the alkylated surfaces were similar to each other. How-

ever, somewhat more complex behavior was observed on surfaces prepared using PCl5/

C6H13MgBr or PCl5/C8H17MgCl, as shown in Figure 7.5. Under N2(g), the rf photo-

conductivity decay lifetimes were 80± 50 and 80± 20 µs for the C6H13- and C8H17-

terminated surfaces, respectively. After 24 hr of exposure to air, the lifetimes decreased to

60± 30 and 50± 10µs, respectively. Upon extended air exposure, however, the lifetimes

gradually rose over a period of 600–700 hr to 120± 20 and 150± 7 µs, at which point the

experiment was terminated.

A series of controls was run to determine if the observed lifetimes were the result of ex-

perimental conditions and not bonded alkane chains. Freshly etched, H-terminated Si(111)

samples that were immersed in either chlorobenzene, chlorobenzene and benzoyl peroxide,

or chlorobenzene followed by THF and heated for identical reaction times as the func-

tionalized surfaces displayed short charge carrier lifetimes indicative of highly defective

surfaces (Table 7.3). Charge carrier lifetimes for these control surfaces were<22 µs (S =

650 cm s−1) under N2(g) and decreased to<10 µs after 1–3 hr of exposure to laboratory

air. Chlorine-terminated Si(111) surfaces prepared by either chlorination method displayed

charge carrier lifetimes of≈500µs (S = 30 cm s−1) under N2(g), butτ decreased to≈300

µs after only 10 min in air, and surface-limited carrier lifetimes, withτ <10µs (S >1400
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Figure 7.5: Charge carrier lifetimes of C6H13- and C8H17-terminated Si(111) prepared
by exposure to PCl5 followed by reaction with alkylmagnesium halide: circles, C6H13-
terminated Si(111); squares, C8H17-terminated Si(111).
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cm s−1), were observed after 24 hr in air. Surface recombination velocities of Cl-terminated

Si(111) samples prepared by chlorination with PCl5 that had been immersed in THF at 70–

80◦C for 3.5 hr were 200± 20 cm s−1 under N2(g) but increased toS >1400 cm s−1 after

24 hr of exposure to ambient air.

7.3.3 High-Resolution Core Level Photoelectron Spectroscopy Results

High-resolution soft XPS was used to determine the electronic band structure of the CH3-

terminated Si(111) surface. These results are described extensively in Hunger,et al.11 and

are summarized here. The amount of band bending,qVbb, at the functionalized surface was

determined from a comparison between the positions of the Fermi level,EF , at the surface

versus the bulk material. The absolute Si 2p binding energy, which is the energy difference

between the 2p orbital andEF , was found to be 99.68 eV.11 The binding energy of the Si

2p signal,ESi2p, with respect to the valence band maximum,EV B, is known to be 98.74

eV in the bulk material.12 Comparison of these two values implies a difference of 0.94 eV

from the top of the valence band to the Fermi level,EF at the surface. Because the bulk

Fermi level defined by the dopant density of the sample was 1.04 eV aboveEV B in the

bulk material, and assuming that the location ofEF does not change, this implies that the

valence band maximum at the surface is 0.10 eV higher in energy than in the bulk material.

This value is an approximation of the extent of band bending at the CH3-terminated Si(111)

surface.

The electron affinity,χ, of the CH3-terminated Si(111) surface was determined accord-

ing to:

χ = Evac − ECB = Evac − EF + EF − ECB = Wf − (Eg − EF − EV B) (7.8)

whereECB is the energy of the conduction band edges,Eg is the band gap of the sample,

Evac is the vacuum level, andWf is the work function of the material (Evac − EF ). The

dopant density of the Si samples used in these experiments setEF 1.04 eV above EV B (i.e.,

EF − EV B = 1.04 eV). The secondary electron cutoff was used to estimate Wf = 3.86 eV.

The bandgap of Si is well-known to be 1.12 eV. From these values, the electron affinity
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Figure 7.6: Surface energy band diagram of the CH3-terminated Si(111) surface. Known
quantities of the bulk material areχ, EF , EF−E−V B, andEV B−ESi2p. Surface properties
EF−ESi2p andWf were measured (99.86 eV and 3.86 eV, respectively), implying a surface
band bending,qVbb = 0.10 eV. Eq. 7.8 was used to calculate surface propertiesχ = 3.68 eV
andδ = -0.40 eV. Figure adapted from Hunger,et al.11



146

of the Si surface was calculated to be 3.68 eV. If the electron affinity of bulk silicon is

estimated at 4.05 eV,13 this indicates the presence of a surface dipole,δ, with a magnitude

of -0.4 eV. The degree of surface band bending and electron affinity of the CH3-terminated

Si(111) surface are summarized in Figure 7.6.

7.4 Discussion

Alkylation using both of the chlorination/alkylation routes significantly reduced the rate

of air oxidation and concomitantly preserved the electrical properties of the H-terminated

Si surface. Although the two chlorination routes produced differing levels of Cl on the

Si(111) surface, subsequent alkylation resulted in very similar coverages of alkyl groups

on the Si surface as determined by XPS (Table 7.1). The degree of electrical passivation

obtained through either chlorination/alkylation method is notable. The surface electronic

trap density,Nt, may be related toS through

S = Ntσνth (7.9)

whereσ is the cross-section for carrier capture on the surface, typically 10−15 cm2, andνth

is the thermal charge carrier velocity, which is 5.2 x 106 cm s−1 in n-type Si(111) at room

temperature.1,13,14 Hence the observedS value for such surfaces, 200 cm s−1, corresponds

to Nt = 4 x 1010 cm−2. Assuming a surface atom density of∼1015 cm−2,13 this corresponds

to an electrically active defect density of only 1 atom in every 105 surface sites.

It is interesting to compare the behavior of CH3-terminated Si(111) surfaces to sur-

faces functionalized with longer alkyl chains. Because the distance between atop atoms on

the unreconstructed Si(111) surface (3.8Å)13 is larger than the van der Waals radius of a

methyl group (2.5Å),15 methyl groups are the only alkyl group that can terminate every

Si atop atom site, and thus are unique among the straight-chain alkyls.1 It therefore would

be expected that methylated Si(111) surfaces would have the lowest incidence of defects

and would display the lowest surface recombination velocities. This behavior was in fact

observed experimentally, although surprisingly the other alkyl groups produced surfaces
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with S values that were only a factor of∼2 higher than those of the methylated Si(111)

surface.

The chemical stability of the functionalized surfaces will reflect not only the degree of

surface termination but also the nature of the alkylation agent, the ability of the overlayer to

prevent oxidants from reaching the surface, the level of surface defects, electronic passiva-

tion through induced band bending or surface dipoles, and possibly other factors. For short

term exposure to air, all of the surfaces prepared by the chlorination/alkylation routes were

much more chemically inert to oxidation than the H-terminated or Cl-terminated Si(111)

surfaces. Longer term exposure to air did produce some evidence for oxidation, although

the levels of oxide never exceeded the equivalent of 1 monolayer of SiO2 even after up

to 300 hr of air exposure. The CH3-terminated surfaces appeared to be somewhat more

resistant to oxidation than surfaces alkylated with longer alkyl chains, which is consistent

with the notion that CH3- groups can terminate more Si atop sites with Si–C bonds and

with the hypothesis that Si–C bonds are more kinetically or thermodynamically inert to

oxidative processes than are the unalkylated Si atop sites. It is possible that the greater

incidence of pinhole defects in surfaces functionalized with longer alkyl chains is offset by

the greater hydrophobicity of these chains, so that the overall rate of oxidation is similar for

the surfaces functionalized with alkyl chains ranging from one to eight carbons in length.16

In some cases, the changes in surface composition correlated well with changes in the

electrical properties of the surface, while in other cases the growth of oxide, surprisingly,

did not degrade the electrical properties of the Si surface. The rapid oxide growth seen

upon air exposure of the H- and Cl-terminated surfaces correlated with a precipitous drop

in surface charge carrier lifetimes. This was contrasted with the slower, yet still significant,

oxide growth on the alkylated surfaces prepared through chlorination/alkylation techniques

that did not deleteriously affect the charge carrier lifetimes of such surfaces. In fact all

of the samples that were functionalized using the chlorination/alkylation route showed an

increased lifetime with longer exposure to air. A similar effect on stabilizing the photo-

luminescent behavior of porous Si modified with surface-bound organic functional groups

has been described previously.16,17 It is possible that slower growth of the oxide allows it

to form in a more ordered fashion than that caused by rapid growth seen on the unpassi-
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vated surfaces, and that this ordered oxide does not introduce electron-hole energy traps

that promote extensive recombination. This is supported by the well-documented obser-

vation that high-quality SiO2 layers grown by thermal annealing have low surface charge

carrier recombination rates but that the native oxide, grown in an uncontrolled fashion in

air, supports high charge carrier recombination velocities.16–18

A second possible reason that surface alkylation electronically passivates the surface is

that the functionalized Si surface is stabilized by band bending induced by the alkylation

layer. If the passivated surface is protected by a reasonably large near-surface space-charge

region, then an energy barrier will prevent one of the charge carriers from reaching the

surface. The surface could have large numbers of trap states, but with a low concentra-

tion of one of the charge carriers, recombination rates will still be low. This can be seen

in Eq. 1.1, where the rejection of one charge carrier, and hence the accumulation of the

other charge carrier, at the surface will increase the denominator of the rate equation, thus

decreasing the overall recombination rate. This effect has been measured in our labora-

tory at the Si surface/liquid interface in the presence of strongly oxidizing molecules like

ferrocenium and molecular iodine in methanolic solutions.19,20 Although the Si surfaces

used in these experiments had high defect densities, strong band bending produced an in-

terface that supported exceptionally low rates of charge carrier recombination. To test if

this effect might also be occurring on the alkylated Si surface, high-resolution core level

photoelectron spectroscopy was used to determine the extent of any band bending on the

CH3-Si(111) surface in vacuum. This revealed that the bands were bent downward slightly

by 0.10 eV. While not insignificant, this value is approximately 3kbT at room temperature

(kbT = 26 mV at 300 K), and it is unlikely that this is a large enough barrier to prevent

the majority carrier from accessing the surface, and hence to cause the low charge carrier

recombination rates observed on this surface. Connecting surface alkylation to electronic

passivation must await further studies in our laboratory.
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7.5 Conclusion

One hypothesis driving the study of Si surface modification is that replacing the surface H

atom on the freshly etched surface with some other surface-bound moiety with a stronger

Si–R bond will prevent the large extent of Si surface oxidation, thus passivating the sur-

face to harmful electron-hole recombination activity. The two-step chlorination/alkylation

route has been found to slow surface oxidation substantially, but it does not stop it entirely.

Measurable silicon suboxides appear on surfaces alkylated with unbranched saturated hy-

drocarbons within a few days, thus indicating that the surface has not been fully chemically

passivated. This is contradicted, however, by the surface electron-hole pair recombination

behavior. Even as small oxides grow on the alkylated surface, it remains electronically pas-

sivated, and charge carrier recombination rates remain low. Indeed, in the first∼24 hr the

alkylated surface is exposed to air, surface recombination velocities drop before stabilizing

at a low value for extended periods of time.

One possible explanation of low charge carrier recombination rates, electronic passi-

vation from the presence of a large amount of band bending, has been shown here to be

improbable, based on observed band bending of only 0.10 eV, a relatively small barrier at

room temperature. Another possible explanation is that the oxide growing on the alkylated

surface more closely resembles the high-quality, annealed oxide grown on Si microelec-

tronic devices, which does not place orbital trap states near the middle of the Si bandgap

and thus does not cause extensive electron-hole surface recombination. This hypothesis is

somewhat supported by the results given in Chapter 6, which showed a difference in the

chemical state of the oxide growing on passivated versus unpassivated Si. Further mea-

surements of the location of possible surface trap states are required to determine if this is

correct.
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Chapter 8

Comparison of the Electrical Properties
and Chemical Stability of Crystalline
Silicon(111) Surfaces Alkylated Using
Grignard Reagents or Olefins with
Lewis Acid Catalysts

8.1 Introduction

Results presented in Chapters 6 and 7 make clear how important the production of high-

quality, oxide-free surfaces is to the success of surface functionalization techniques at pre-

venting harmful surface charge carrier recombination behavior. As described extensively

in Section 1.2, numerous research groups have examined a number of functionalization

methods for alkylating silicon surfaces.1 These techniques fall generally into the categories

of nucleophilic substitution with electron-rich functional groups such as alkylmagnesium

or alkyllithium reagents,2–10 hydrosilation of a terminal alkene through a radical intermedi-

ate,8,11–28and electrochemical grafting of a functional group onto the Si surface.29–36 The

work in this field has been pursued on Si(111) and (100) surfaces, as well as on porous

Si, and has been analyzed by numerous analytical methods appropriate for each surface.

There has been very little comparison of the quality of the surface generated by these var-

ious methods based on a consistent, clean, well-defined model, which makes it difficult

to evaluate the relative strengths or weaknesses of each functionalization route or to make
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a quantitative assessment of the most promising or useful functionalization methods. In

order for this promising field to develop further, some direct comparisons of the chemical

and electrical stability of different modification techniques must be made.

In the work described here, Si(111) surfaces were modified with straight-chain alkyl

groups by four functionalization techniques: (i) chlorination/alkylation with PCl5 as the

chlorinating agent or (ii) chlorination/alkylation with Cl2(g) as the chlorinating agent, (iii)

Lewis acid-mediated reduction of a terminal alkene, and (iv) electrochemical oxidation of

CH3MgI. The functionalized surfaces were initially characterized by X-ray photoelectron

spectroscopy (XPS) while time-resolved radio frequency (rf) photoconductivity methods

were used to determine the recombination velocities of charge carriers on the functional-

ized surfaces while the sample was maintained under N2(g). XP spectra and surface charge

carrier recombination velocities (S) were then measured periodically, while the function-

alized surfaces were exposed to air for over 600 hr. The chemical oxidation of the surface

due to air exposure, determined by XPS, was correlated to theS values of the surface to

determine if changes in the surface recombination velocity could be linked to changes in

the chemical composition of the functionalized Si surfaces.

8.2 Experimental

8.2.1 Materials and Methods

8.2.1.1 Materials

Two different types of Si(111) wafers were used in this study. The n-type Si(111) wafers

used for XPS measurements were polished only on one side and were obtained from Crys-

teco (Wilmington, OH). These samples were 525µm thick and P-doped, with a resistivity

of 2.0–8.5Ω cm. Samples for surface recombination velocity measurements were obtained

from Topsil Inc. (Frederikssund, Denmark). These wafers were float-zone grown n-type,

P-doped, Si(111), 280µm thick, with resistivities of 3500–4600Ω cm, and were polished

on both sides. The manufacturer reported a bulk charge carrier lifetime,τb, of 2 ms.

All solvents used in functionalization reactions were anhydrous, stored under N2(g),
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and, apart from occasionally pouring over molecular sieves to ensure solvent dryness, were

used as received from Aldrich Chemical Corp. Solvents were only exposed to the atmo-

sphere of a N2(g)-purged flush box. Nanopure 18 MΩ cm resistivity H2O was used at all

times. All other chemicals were used as received unless otherwise specified.

8.2.1.2 Sample Preparation

Because there were substantial variations in sample preparation from what was described

in Chapter 2, experimental procedures used in surface preparation will be described here in

detail. Before use, all wafers were chemically oxidized, cleaned, and etched as described

in Section 7.2.1.2. After etching, the samples were immediately inserted via a quick-entry

load lock into an ultra-high vacuum (UHV) system for XPS measurements. The UHV

chamber was connected via a second quick-entry load lock into a N2(g)-purged flush box

in which further surface modification reactions were conducted. Once a sample entered the

UHV system it was not exposed to ambient air until after surface modification. Occasion-

ally wafers were inserted directly into the vacuum-sealed antechamber of the N2(g)-purged

flush box to prevent scratches on the surface that arose from contact with the XPS sample

holder.

8.2.1.3 Functionalization by Chlorination/Alkylation

Chlorinated Si(111) surfaces were prepared by two chlorination agents, PCl5 and Cl2(g),

as described in Section 7.2.1.3. Subsequent alkylation of the Cl-terminated Si surface was

then conducted as described also in Section 7.2.1.3.

8.2.1.4 Lewis Acid-Mediated Terminal Alkene Reduction

A third functionalization route employed in this study was the Lewis acid-catalyzed re-

duction of a terminal alkene directly on the H-terminated Si(111) surface. The alkenes

1-hexene and 1-octene (>94%, Aldrich) were filtered over activated alumnia and dried by

refluxing over sodium/benzophenone. The alkenes were then transferred into the N2(g)-

purged flush box. Freshly etched, H-terminated Si(111) samples were functionalized by
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immersion in approximately equal volumes of the alkene and 1.0 M C2H5AlCl 2 in hexanes

(Aldrich) at room temperature for 12 hr.25,26 Samples were then removed from solution

and were rinsed in tetrahydrofuran (THF), CH2Cl2, and CH3OH, and dried under a stream

of N2(g). XP spectra and surface recombination velocities were then recorded on the func-

tionalized surfaces under a N2(g) ambient. Samples were then exposed to air for extended

periods of time during which XP spectra and rf photoconductivity decay data were period-

ically collected.

8.2.1.5 Electrochemical Reduction of CH3MgI

Hydrogen-terminated Si(111) surfaces were also functionalized through the electrochemi-

cal oxidation of CH3MgI.32,33Samples that were polished and functionalized on both sides

were used to obtain both XP spectra and surface charge carrier recombination velocities

for this system. These samples were treated slightly differently from those functionalized

through the methods described above because of the need to protect the electrical contacts

from the methylmagnesium iodide solution. A Teflon two-chambered cell was fabricated so

that both sides of the double-polished wafer could be exposed to the electrolysis solution.

Oxidized wafers were cleaned by sequential rinsing with H2O, CH3OH, acetone, CH3OH,

and H2O, and the samples were then dried under a stream of N2(g). Dried samples were

mounted into the cell to perform the surface functionalization reactions. Ohmic contacts

were made with a Ga/In eutectic on the regions of the wafer that were exposed above and

below the cell body. The contacts were shorted together using a tinned Cu wire.

The sample was etched by filling both sides of the cell with 40% NH4F(aq). After 20

min, the etching solution was removed and the cell was filled with H2O to rinse the sample

surface. The H2O was then removed from the cell, and the sample was dried under a stream

of N2(g). The surface and interior of the cell could not be dried completely in a short

period of time, so the partially dried sample was immediately placed into the antechamber

of a N2(g)-purged flush box and vacuum was applied to remove any remaining H2O. The

cell was then moved into the N2(g)-purged flush box for electrochemical modification.

Each chamber of the electrochemical cell contained a section of Cu gauze that served as

a counter electrode. The pieces of Cu gauze were connected together using a Cu wire,
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thereby forming a single counter electrode.

Alkylation was performed in a solution of 3.0 M CH3MgI in diethyl ether (Aldrich)

by applying 0.1 mA cm−2 of constant anodic current density for 5 min with continuous

stirring of the solution. After surface modification, the cell was rinsed with CH2Cl2 and

CH3OH, respectively. The cell was then dismantled, and the top and bottom ohmic contacts

were scribed off to leave behind only the portion of the wafer that had been exposed to the

reaction solution. This wafer was rinsed again in CH3OH, sonicated in CH3OH, further

sonicated in CH3CN, and dried with a stream of N2(g). XP spectra and rf photoconductivity

decay data were measured on the functionalized surface under a N2(g) ambient atmosphere,

and the sample was then exposed to air and the surface composition and electrical properties

were monitored periodically .

8.2.2 Instrumentation

XPS and SRV data were collected as previously described in Section 7.2.2.

8.3 Results

8.3.1 Surfaces Functionalized by Chlorination/Alkylation Methods

Results for Si(111) surfaces alkylated through two different chlorination methods, expo-

sure to PCl5 with a chemical radical initiator and Cl2(g) homolytically cleaved with UV

light, are described in detail in Section 7.3.1. To aid in comparison of the chemical and

electronic properties of alkylated surfaces prepared through different chemical techniques,

data described in Section 7.3.1 are repeated in Tables 8.1–8.3.

8.3.2 Lewis Acid-Mediated Terminal Alkene Reduction

8.3.2.1 XPS Results

The XP spectrum of a freshly prepared C6H13-terminated surface prepared through the

Lewis acid-catalyzed reduction of 1-hexene is displayed in Figure 8.1. The C 1s peak area



157

02004006008001000

Co
un

ts 
(a

rb
itr

ar
y 

un
its

)

Photoelectron energy (BeV)

O 1s

C 1s

Si 2s
Si 2p

Figure 8.1: Survey scan XP spectrum of C6H13-terminated Si(111) prepared by reduction
of 1-hexene catalyzed by C2H5AlCl 2.
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surface preparation route -R
XPS peak area ratiod

C 1s O 1s Cl 2p
PCl5/CnH2n+1MgXa -Cl 0.3±0.2 0.5±0.2 0.45±0.06

-CH3 0.52±0.03 0.459±0.003
-C2H5 0.40±0.004 0.27±0.07
-C6H13 0.68±0.08 0.4±0.01
-C8H17 0.6±0.1 0.3±0.2

Cl2/CnH2n+1MgXa -Cl 0.3±0.2 0.2±0.1 0.8±0.4
-CH3 0.62±0.9 0.75±0.8
-C2H5 0.36±0.06 0.3±0.1
-C8H17 0.75±0.03 0.48±0.04

CnH2n+1-CH=CH2/C2H5AlCl2b -C6H13 controle 0.17±0.01 0.21±0.002
-C8H17 controle 0.26±0.01 ∼1
-C6H13 0.26±0.01 ∼1
-C8H17 0.6±0.1 0.247±0.002

CH3MgI/h+c -CH3 1.4±0.9 13.±0.7

Table 8.1: Normalized peak area ratios for species present on the functionalized Si(111)
surface. aPreparation described in Section 7.2.1.3.bPreparation described in Section
8.2.1.4. cPreparation described in Section 8.2.1.5.dValues are normalized to the Si 2p
peak area.eSurface prepared by immersing the sample in alkene without C2H5AlCl 2.
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was somewhat lower than that observed for hexyl-terminated surfaces prepared through the

PCl5 chlorination/C6H13MgBr alkylation route (0.46± 0.08 vs. 0.68± 0.08, Table 8.1).

Octyl-terminated surfaces, however, displayed the same C 1s surface coverages for this

method as for the chlorination/alkylation route. Control surfaces prepared by immersing

Si(111) samples in either 1-hexene or 1-octene for 12 hr without addition of the Lewis

acid catalyst showed much lower normalized C 1s and O 1s peak area ratios (Table 8.1),

indicating that the functionalization did not occur readily in the absence of the catalyst.

Figure 8.2 summarizes the Si 2p high-resolution XPS oxidation data for C6H13- and

C8H17-terminated Si(111) surfaces prepared through this functionalization route, and also

displays the results for surfaces that were prepared by immersing a sample into the ter-

minal olefin without addition of the C2H5AlCl 2 catalyst. The C6H13-terminated surface

behaved identically to both of the controls and to the H-terminated surface, indicating that

this functionalization technique did not suppress the rate of oxidation of the Si. While

all of the surfaces functionalized through a two-step chlorination/alkylation process fully

resisted oxidation for the first 30 hr in air, the C6H13- and C8H17-terminated surfaces pre-

pared through reduction of a terminal olefin displayed rapid oxidation behavior identical to

the H-terminated Si(111) surfaces. Functionalization with C8H17- groups provided some

improved long-term resistance to oxidation. After 200 hr in air, the C8H17-functionalized

surface displayed a normalized SiOx:Si 2p peak area ratio of 0.21, as compared to a SiOx

: Si 2p peak area ratio of 0.12 observed for an C8H17-terminated surface prepared by PCl5

chlorination/C8H17 alkylation.

8.3.2.2 Surface Recombination Velocity Results

Table 8.3 presents theS values of C6H13- and C8H17-terminated Si(111) that had been

functionalized by the Lewis acid-catalyzed reduction of the terminal alkene. Under a N2(g)

ambient, the initial charge carrier lifetimes of these surfaces were 20–40µs, but the life-

times decayed rapidly upon exposure to air, withτ <15 µs after 24 hr of air exposure.

Unlike the lifetimes of hexyl- and octyl-terminated Si(111) surfaces prepared through the

PCl5/CnH2n+1MgX route, which dropped upon exposure to air but recovered their initial

values over a period of 600–700 hr, the lifetimes of hexyl- and octyl-functionalized Si(111)
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surfaces prepared through the reduction of a terminal olefin did not recover and remained

<15 µs until the experiment was terminated (≈500 hr). Surface recombination velocities

on control surfaces prepared by immersion in terminal alkene without the catalyst were

>1400 cm s−1 (Table 8.3), indicative of a highly defective surface containing a large num-

ber of electrical recombination sites.

8.3.3 Electrochemical Reduction of CH3MgI

8.3.3.1 XPS Results

Figure 8.3 displays the XP spectrum of a functionalized Si(111) surface prepared by an-

odization in 3.0 M CH3MgI in diethyl ether. A large C 1s peak was observed at 285.5 BeV

with a C 1s : Si 2p peak area ratio of 1.4± 0.9. Large peaks were also observed at 532 and

980 BeV, corresponding to O 1s and O K1L23L23 (Auger) peaks, respectively. Peaks at 620

and 631 BeV, identified as I 3d5/2 and I 3d3/2, respectively, were also observed periodically.

Occasionally a peak at 307 BeV, tentatively identified as the Mg K1L23L23 peak, was also

observed, even after the samples had been sonicated extensively in CH3OH and CH3CN.

The magnitude of the C 1s : Si 2p peak area ratio was larger than that expected for alkyl

chains of at least 12 carbon atoms in length,5 indicating that the C 1s signal was not due

entirely to surface-bound methyl groups. The O 1s : Si 2p peak area ratio (Table 8.1) was

substantially larger than that observed for any other alkylation method studied in this work,

although no SiOx signals were observed in the spectra of freshly prepared CH3-terminated

surfaces.

Methylated samples were kept in air for up to 150 hr, and XPS data were again collected

on the surfaces. All surfaces showed a SiOx:Si 2p normalized peak area ratio of>0.1,

although the peak areas varied widely and were occasionally in excess of 0.4. This latter

value corresponds to an equivalent SiO2 coverage of at least 2 monolayers.

8.3.3.2 Surface Recombination Velocity Results

After an extended period of time in air,τ values for these surfaces were 40± 20µs (S = 460

± 200 cm s−1, Table 8.3). A control surface was formed by immersing the Si electrode and
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the Cu counter electrode into the CH3MgI solution while no current was passed through the

cell. The resulting surface exhibitedτ ≤10 µs over a period of 100 hr in air, after which

time the sample was discarded. The electrochemical functionalization method therefore

produced a surface that was moderately more passivated electrically than a H-terminated

Si(111) surface but which still possessed significant levels of electrically active surface

recombination sites.

8.4 Discussion

The contrast between alkyl-terminated surfaces prepared through both two-step chlorina-

tion/ alkylation functionalization routes that were examined in Chapter 7 and other, nom-

inally similar, alkyl surfaces prepared through other wet-chemical techniques is striking.

Surface coverage of the alkyl group on the freshly prepared surface, estimated by the nor-

malized peak area ratio of the C 1s:Si 2p regions determined by XPS, are roughly similar

for C6H13- and C8H17-terminated Si(111) surfaces (Table 8.1). After approximately 1 week

of exposure to ambient air, only somewhat higher amounts of silicon oxides had grown on

C6H13- and C8H17-terminated Si(111) surfaces prepared through the Lewis acid-catalyzed

reduction of a terminal olefin than on identically terminated surfaces prepared through the

two-step chlorination/alkylation routes (Table 8.2). Yet alkylated surfaces produced by the

Lewis acid-catalyzed reduction of a terminal alkene directly on the H-terminated surface

showed significantly higher surface charge carrier recombination rates than those produced

through the chlorination/alkylation processes. This observation can be understood when

the probable mechanism of alkylation, shown in Figure 8.4, is considered.26,37,38 Because

alkylation involves coupling between an alkyl bonded to the negatively charged Lewis acid

catalyst and a hindered surface-localized cation, it is likely that steric constraints will pre-

vent alkylation from occurring at all possible surface sites. This could result in a surface

with substantial pinhole defects that would not be detected by the XPS analytical technique

used here because of inevitable contamination from adventitious hydrocarbon sources. If

the terminal olefin reduction functionalization route does indeed leave behind any great

number of pinhole defects at the Si(111) surface, it will be less likely to prevent substantial
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rates of surface electron-hole recombination.

Functionalization through the Lewis acid-catalyzed reduction of a terminal olefin on the

H-terminated Si surface, as well as transition metal-catalyzed terminal alkene reductions,

have been employed successfully on porous Si surfaces.25,26,39 Differences in behavior of

single-crystal and porous Si substrates may arise in part from the greater surface area of

porous Si, which will present less steric resistance to coupling between the surface and

the catalyst, as well as the distribution of chemically different silicon hydride sites that

are present on porous Si surfaces relative to that of atomically flat H-terminated Si(111)

crystals. Clearly, the reaction chemistry of crystalline Si(111) is quite sensitive to the

method of preparation of the alkyl overlayer on the functionalized Si surface.

Data from XPS and rf conductivity decay methods indicate that alkylated Si(111) sur-

faces formed by an electrochemical treatment are not as passivated chemically or electri-

cally as surfaces that were prepared through the chlorination/alkylation routes. Infrared

spectroscopic studies have indicated that the electrochemical anodization method produces

some degree of methylation of the Si(111) surface.33 The XPS data described above in-

dicate however that this surface also has a large O 1s XPS signal, as well as signals from

other elements used in the functionalization step. Accordingly, these surfaces displayed

chemical and electrical properties inferior to any of the alkylated surfaces that were pre-

pared by either of the chlorination/alkylation routes. Clearly, although all four of the Si

surfaces studied in this work nominally had alkyl groups introduced onto the Si surface,

subtle changes in the extent and quality of the alkyl termination are significant factors in

determining the magnitude and degree of chemical and electrical passivation of the result-

ing functionalized Si surfaces.

8.5 Conclusion

Significant differences were observed in the chemical and electrical properties of Si(111)

surfaces that were functionalized to introduce alkyl groups on the surface. A two-step

functionalization route involving chlorination of a freshly etched H-terminated surface fol-

lowed by alkylation with a Grignard reagent resulted in surfaces that resisted oxidation in
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air for a period of≈50 hr and subsequently oxidized only slowly in air. These surfaces also

displayed long charge carrier lifetimes and low surface recombination velocities, demon-

strating that they are well-passivated electrically even during native oxide growth. Similar

behavior was observed for surfaces that were functionalized using Cl2(g) as the chlorinat-

ing agent. Methylation using the chlorination/alkylation routes produced the lowest surface

recombination velocities of all the alkyl groups studied, although good chemical stability

and a high degree of electrical passivation was also observed for the other alkyl overlayers

on the Si(111) surface. In contrast, surfaces functionalized by the Lewis acid-mediated

reduction of a terminal alkene directly on the H-terminated Si(111) oxidized rapidly in air

and exhibited higher surface recombination velocities. Methyl-terminated Si(111) surfaces

prepared by electrochemical anodization of the Si in diethyl ether solutions of CH3MgI dis-

played extensive oxidation in air and exhibited significantly higher surface recombination

velocities than the other alkylated surfaces.
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Chapter 9

Summary of Current Understanding of
the Chemistry and Electrochemical
Characteristics of the Alkyl-Terminated
Si(111) Surface Prepared Through a
Chlorination/Alkylation Route

9.1 General Conclusion

The most important aspect of the work described here has been to demonstrate that a

two-step chlorination/alkylation functionalization route of the Si(111) surface produces a

surface-bound alkyl layer that is highly chemically and morphologically homogeneous.

Both high-resolution soft X-ray photoelectron spectroscopy (SXPS) and surface-sensitive

transmission infrared spectroscopy (TIRS) have shown the sequential formation of a H-

terminated and Cl-terminated surface on which very nearly 1 monolayer (ML) of surface

Si atoms are chemically bonded to the overlayer molecule. SXPS studies have shown that

when the Cl-Si(111) surface is exposed to an alkylmagnesium halide solution, all of the Cl

is replaced with an alkyl moiety linked to the surface with a Si–C bond. The most direct

evidence of this surface Si–C bond has not yet been observed using TIRS. Polarization-

type TIRS was used, however, to characterize the CH3- symmetrical bending motion on

the methyl-terminated surface located at a frequency of 1257 cm−1, and to demonstrate

that the methyl group is perpendicular to the Si surface, as predicted by tetrahedral geome-



173

tries of both C and Si. At all points in the surface functionalization chemistry described

herein, the level of contamination of the Si surface by either silicon oxides or adventitious

hydrocarbon species was low.

A question that has been consistently addressed in this work is the chemical bonding to

an Si(111) surface functionalized with an alkyl group, such as C2H5-, that is sterically pre-

vented from bonding to every surface Si(111) atop atom because of the restrictive distance

between Si atop atoms (3.8̊A).1 SXPS and standard laboratory-based XPS found that any

remaining unalkylated Si sites could not be functionalized with Cl, O, or Mg. The only

other atom that would be readily available to bond to the surface during the functionaliza-

tion reaction is H, which cannot be seen by survey scan XPS. Close investigation of the Si

2p region, however, revealed that the Si–C peak of a C2H5-terminated surface was shifted

+0.19 eV above the Si 2p3/2 bulk peak, which is between the photoelectron shifts from

Si–H surface bonds (+0.15 eV) and Si–C bonds on the CH3-terminated surface (+0.34 eV).

It was also broader than that seen on the CH3-terminated surface. These two observations

could be explained if this peak were actually a convolution of contributions from Si–C and

Si–H features. TIRS of the C2H5-terminated surface identified peaks that could be ascribed

to the Si–H stretching and bending motions, confirming that a Si–H species is present on

the alkylated surface. The peak corresponding to the Si–H stretching mode was centered at

2080 cm−1, slightly lower than the well-known value of 2083 cm−1 on the Si(111) surface,2

and was much broader than the sharp feature seen on the ideally flat Si(111) surface. This

indicates that any hydrogen bonded to atop Si atoms is exposed to a number of different

chemical environments, as expected for a surface that is sterically less ordered than either

the freshly prepared H- or CH3-modified surfaces.

These clean, alkylated Si(111) surfaces prepared through the two-step preparation tech-

nique were found to have a very high degree of morphological order. Low energy electron

diffraction (LEED) and scanning tunneling microscopy (STM) both demonstrated that the

CH3-terminated Si(111) surface retains an unreconstructed (1 x 1) structure over very long

length scales. Furthermore, a low density of surface defects or etch pits emerges on the

surface even after being exposed at high temperature to the harsh chemical reaction condi-

tions containing Cl· radicals and alkylmagnesium halide reagents. This has demonstrated
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that the nearly ideal, flat H-terminated Si(111) template provided by the freshly etched sur-

face2 is not significantly degraded, and the alkylated Si(111) surface can be considered flat

and defect-free on a long length scale. Moreover, the microscopic structure of the CH3-

terminated surface is ordered enough that at 4.7 K, it was possible for STM to resolve the

image of individual methyl hydrogen atoms for the first time. To date, STM studies of the

C2H5-terminated surface have not been able to determine if any comparable microscopic

order is present with the larger alkyl group, or to determine how the bulky C2H5- group

packs on the Si(111) surface. Such studies are ongoing in our laboratory.

The structural regularity of this surface becomes important when considering the elec-

tronic properties and chemical stability of the alkyl-terminated Si(111) surface when ex-

posed to oxidizing conditions for long periods of time. On an ideal surface, electron-hole

recombination would occur only at structural or chemical defects that have molecular or-

bitals inserted into the bandgap, where they would be accessible to charge carrier pairs

present at the surface, shown schematically in Figure 1.2. Measuring the rate at which these

charge carrier pairs recombine using radio frequency (rf) photoconductivity decay methods

provides a sensitive handle to determine the chemical perfection of the surface. These

measurements have shown that alkyl-terminated surfaces prepared through the two-step

chlorination/alkylation functionalization route have surface charge carrier recombination

velocities (S) of ≈100 cm s−1, similar to the freshly prepared ideal H-terminated Si(111)

surface (≈0.25 cm s−1),3 and much lower thanS of an unpassivated surface (>1400 cm

s−1).

Unlike the H-terminated surface, however, the alkyl-terminated surfaces studied here

maintained those low rates of electron-hole recombination over a period of time of at least

1 month that the sample was exposed to an air ambient. This suggests the alkyl layer im-

parted a level of chemical stability to the surface that prevented carrier trap states from

forming in the bandgap of the crystal in any measurable extent. It was also seen that

the method of surface functionalization was important. When surfaces prepared through

different functionalization routes were seen to be very similar by XPS, they still could dis-

play vastly different rates of surface charge carrier pair recombination. This is possibly a

result of the high sensitivity of radio frequency (rf) photoconductivity decay methods in
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determining the quality of surface trap states. Surfaces alkylated through a two-step chlo-

rination/alkylation route displayedS values that corresponded to a surface charge carrier

pair trap density, (Nt, Eq. 7.9) of 1 in 105 surface atoms (Chapter 7). An increase in

surface electron hole recombination velocity of 1 order of magnitude, the difference seen

in “passivated” versus “unpassivated” surfaces here, corresponds to an increase in surface

charge carrier trap states,Nt, also of 1 order of magnitude, to 1 atom in 104. It is unlikely

that this difference could be measured using chemical characterization techniques, even

under the highly surface sensitive conditions employed herein. This difference, however,

has been shown to be easy to measure through rf photoconductivity decay methods. This

underscores the importance of rigorous chemical characterization of the functionalized sur-

face combined with methods to determine electronic qualities of the surface, to assemble a

complete, detailed picture of the surface-overlayer interaction.

Given the extraordinary electronic passivity of alkyl-terminated Si(111) surfaces that

maintain low surface charge carrier recombination rates in air, it is reasonable to hypothe-

size that this is caused by a corresponding chemical passivity that prevents the surface from

oxidizing in air. This was found not to be the case, however, as low surface charge carrier

recombination rates were correlated to the appearance of a small amount of silicon subox-

ide, largely Si3+, on alkyl-terminated Si(111) surfaces. A second obvious hypothesis for

the low rates of surface electron-hole recombination is the presence of a significant amount

of band bending at the Si/alkyl interface that would prevent one of the charge carrier pairs

from reaching the surface. This was measured with surface-sensitive SXPS, but the extent

of band bending was found to be only 0.1 eV, which is not a significant barrier for either

charge carrier at room temperature. The work presented here was unfortunately not able

to determine the reason that this suboxide did not contribute to large electron-hole recom-

bination velocities as it appears to do on H- and Cl-terminated Si(111) surfaces, but this

puzzling observation provides the motivation for much future work.
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Appendix A

X-ray Photoelectron Spectroscopy Peak
Fitting Program

A.1 Introduction

To fit high-resolution soft X-ray photoelectron spectroscopy (SXPS) data collected at the

National Synchrotron Light Source (NSLS) at Brookhaven National Laboratory, it was

necessary to write a peak fitting program to fit the spectra to a series of doublets (for peaks

from the Si0 signal) and singlets (for peaks from the Si+–Si4+ signals) of Voigt functions

after subtraction of an appropriate background spectrum. The general description of the

peak fitting strategy as well as the specific program files are reproduced here. This peak

fitting program was written specifically for SXPS data collected in the energy range 30.02–

39.00 eV in 0.02 eV steps, for a total of 450 data points. For silicon SXPS data the Si

2p1/2 and 2p3/2 peak energy difference is well-known to be 0.6 eV and the relative area

of the Si 2p1/2 to 2p3/2 peaks is known to be 0.51.1–4 Voigt functions of 95% Gaussian

and 5% Lorentzian4–6 are also well-known to be appropriate for the Si 2p region under

high-resolution SXPS conditions. All of these parameters are included in the data fitting

programs described below, but can be easily modified to fit other samples or data collection

conditions. All programs were written as “.m” files in Matlab v. 6.0 (R13).
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A.2 Data Entry and Manipulation

A.2.1 Description

Data from NSLS was stored in text files as a 2-column matrix of the measured kinetic

energy in eV,EKE, and intensity of the ejected photoelectrons in counts,IE. The measured

kinetic energyEKE increased down the column of the matrix. Programs for background

subtraction and spin-orbit stripping, described below, required the electron intensity to be

expressed as a function of binding energy,EBE. The relationship betweenEKE andEBE

is defined by:

EKE = hν − EBE − φ (A.1)

wherehν is the excitation energy of the beam (140 eV at NSLS) andφ is the work func-

tion of the instrument (≈4.64 eV,7 although it was not calibrated). OnceEKE data was

converted toEBE, the data set was “flipped” so thatEBE decreased down a column. The

height of the electron intensity was normalized to 1. The high EBE region of the spectra

were often featureless, and peak fitting was easier if large regions of the flat background

were eliminated. Therefore a highEBE end point (ept) was designated, and the rest of the

data were ignored. Finally,a andb were defined as the mean of the 20 highest and lowest

EBE electron intensity points, repsectively. The final data set was defined asx1 = EBE and

y1 = IE.
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A.2.2 Program File “loaddata bnl.m”

% start

filename=input(‘filename = ’); % enter file name in format “filepath/filename.txt” and

% hit Enter

g=filename(:,1)

g1=140-g-4.64; % hν andφ should be changed depending on the data collection conditions

gnew=flipud(g1);

h=filename(:,2);

hnew=flipud(h);

hrealnew=hnew/max(hnew); % normalizes maximum peak height to 1

ept=input(‘high BE endpoint = ’); % select the data index number of the desired

% high binding energy endpoint and hit Enter

y1=hrealnew(1:ept); % this is the y-axis data

blast=y1(1:20);

b=mean(blast);

last=y1(ept-20:ept);

a=mean(last);

x1=gnew(1:ept); % this is the x-axis data

plot(x1,y1) % the normalized counts are plotted as a function ofEBE increasing

% from left to right

% end
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A.3 Background Subtraction

A.3.1 Description

The background of all SXPS data were assumed to be a Shirley-type background,8–10 fol-

lowing extensive precedent in the literature of XPS on the Si 2p core level.11 This back-

ground is caused by inelastically scattered photoelectrons of higher kinetic energy than

the energy being measured at any given point on theEKE axis. The background is thus

proportional to the integrated area above the highEKE side of the peak.8 The process for

determining this background is described in Figure A.1 in which the background,B(x), at

any point along the energy axisx in a spectrum composed ofk points of energy separation

h, is proportional to the total area of the curve above the background at that point11 and is

defined by:8

B(x) =
(a− b)Q

(P + Q)
+ b (A.2)

In this formulation,a andb are the high and lowEBE end points, respectively,(P+Q) is the

total integrated area of the curve less the background (called the “background-subtracted,”

or BS, spectrum), andQ is the total integrated area of theBS spectrum from any pointx

to pointk. The areaQ is defined by a simple trapazoidal rule:8

Q = h
[( k∑

i=x

yi

)
− 0.5(yx + yk)

]
(A.3)

The background is determined in an iterative procedure in which the first background is es-

timated asB1(x) = b, theBS spectrum is calculated, and the quantitiesQ and(P +Q) are

used in Eq. A.2 to determine the new backgroundB2(x). This is then used as the starting

point for the next step.8 The procedure for this is summarized as follows:10

(1) chooseB1(x) = b;

(2) calculate theBS spectrum,BS = IE(x)−B1(x);

(3) determineQ through Eq. A.3 and(P + Q) through a simple trapazoidal rule;

(4) calculateB2(x) through Eq. A.2;

(5) repeat steps (2) and (3) for the new background;

(6) compare(P + Q)B2(x) and(P + Q)B1(x). If the difference is greater than a given toler-
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Figure A.1: Schematic representation of background parameters for X-ray photoelectron
spectra. A total ofk number ofx data points evenly dispersed along the x-axis betweena
andb are shown asEBE increasing from left to right, andEKE decreasing from left to right.
(P + Q) is the total area under the background subtracted (BS) spectrum, whileQ is the
area under the curve between pointx and pointk. B1(x)–B4(x) are successive background
approximations. Figure adapted from Proctor and Sherwood.8
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ance, repeat steps (4) and (5).

Data were read in by the file “loaddatabnl.m” and used without further manipula-

tion. Area under the curve was calculated using a simple trapazoidal command in Matlab.

The tolerance was defined as a difference in(P + Q) of 1 x 10−5 between two sequen-

tial background approximations. The program paused between each iteration of fitting the

background to aid the user in following the calculation procedure. Occasionally the high

binding energy trailing background could not be fully cut out and would cause the back-

ground fitting program to fluctuate wildly after the first few iterations. If this happened,

the program was stopped after the last appropriate iteration, and that approximation of the

background was used as the final background.
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A.3.2 Program File “shirley bk450.m”

% start

% estimate first background:

BS1=y1-b;

Atot=trapz(x1,BS1);

BS1b=cumsum(BS1);

Axk=0.02*((BS1b)-(BS1+BS1(1))/2); % x-axis data step width collected at

% NSLS was 0.02 eV

B2=(a-b)*Axk/Atot+b;

plot(x1,y1,x1,B2); % plot of peak and calculated background

pause; % pause to allow inspection of the calculated background;

% to continue, hit any key

BS2=y1-B2;

Atotnew=trapz(x1,BS2);

Adiff=abs(Atotnew-Atot);

% begin iterations:

while Adiff>1e-5;

BS2b=cumsum(BS2);

Axk2=0.02*((BS2b)-(BS2+BS2(1))/2);

B3=(a-b)*Axk2/Atotnew+b;

plot(x1,y1,x1,B3);

BS3=y1-B3;

Atot=trapz(x1,BS3);

Adiff=abs(Atotnew-Atot);

pause; % to continue, hit any key

BS2=BS3;

Atotnew=trapz(x1,BS2);

end

% end
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A.4 Spin-Orbit Stripping

A.4.1 Description

Throughout the literature of Si 2p high-resolution SXPS it is common to analyze data after

the Si 2p1/2 portion of the peak has been removed from the data, converting the Si 2p

spin-orbit doublet into a single peak.1,2 When initial attempts were made to fit doublets

in the spectra collected at NSLS to a series of Voigt functions, it was observed that the

peak-fitting program would not adequately fit the full doublet peak, while the singlet could

be fit comparatively easily. Therefore all data was spin-orbit stripped prior to peak fitting,

assuming that the Si 2p1/2–Si 2p3/2 peak difference remained constant at 0.6 eV and relative

area at 0.51, as has been reported.1–4 To do this, the data was used as defined from the

previous program file “shirleybk450.m” without further modification. At each point in the

spectrum the peak intensity was measured, then 0.51 of that value was subtracted from the

spectrum 0.6 eV higher in binding energy.1,2
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A.4.2 Program File “remove.m”

% start

r=x1;

s=BS3;

top=ept-31; % skips the last 30 points, which do not have a point in the spectrum 0.6 eV

% higher up the x-axis

for n=[1:1:top];

P1=n;

P2=n+31;

I1=s(P1);

I2old=s(P2);

I2new=I2old-I1*0.51;

if I2new>0

s(P2)=I2new;

else s(P2)=0;

end

end

plot(r,s);

% end
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A.5 Peak Fitting

A.5.1 Description

Peak fits were based on a Voigt function described in the literature:5

f =
h(

1 + M(x−c)2

β2

)
exp

(
(1−M) log 2(x−c)2

β2

) (A.4)

whereh is the peak height,c is the position of the peak center,β is a factor related to the

full width at half maximum (fwhm), andM is the Lorentzian:Gaussian ratio, equal to 1

for a pure Lorentzian peak and 0 for a pure Gaussian peak. To fit the data described here,

M=0.05. To fit data to multiple peaks, multiple functions were added together as many

times as necessary to describe every peak to be fit, for example:

f =
n∑

i=1

hi(
1 + M(x−ci)2

β2
i

)
exp

(
(1−M) log 2(x−ci)2

β2
i

) (A.5)

In Matlab, the Voigt function was written as a “.m” function file, which was then called

by the peak-fitting file, described here as “prtcnew xx.m” where xx represents a file num-

ber. Once the “function.m” file was created and checked, it was not altered. When actual fit-

ting was carried out, changes in starting conditions were entered into the “prtcnew xx.m”

file only. Initial conditions given in the “prtcnew xx.m” program files below are represen-

tative of values used to fit Si 2p core level spectra collected at NSLS, but obviously can be

altered to fit the needs of any data set.

The peak-fitting programs output the values ofh, c, β, χ-squared, y-axis data of the

curve fit results and residuals, and peak areas. This data could be written separately into

a data file using the program files “printdataxx.m” and “printparamxx.m.” The “func-

tion.m” and “prtcnew xx.m” files for spectra from 1 to 6 peaks are given below. Detailed

explanations for each step will only be given for the first files. Data was input into the

program file directly from “remove.m” without further alteration.
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A.5.2 Program File “laurenvoigt14.m”

function yvoigt14=laurenvoigt14(c,xdata);

% in Matlab, the first line of a “function.m” file must name the function

% function.m file for 1 peak

% f=c(1)/(((1+M*(x-c(2))ˆ2)/c(3)ˆ2)*exp((1-M)*(log(2)*(x-c(2))ˆ2)/c(3)ˆ2))

% c(1)=height (h), c(2)=center (c), c(3)=beta (β)

% M=Lorentzian:Gaussian = 0.05 (1 for pure Lorenzian)

yvoigt14=c(1)./(((1+0.05*(xdata-c(2)).ˆ2)/c(3).ˆ2).*exp((1-0.05)*(log(2)*

(xdata-c(2)).ˆ2)/c(3).ˆ2));

% end
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A.5.3 Program File “prtc new 16.m”

% start

% laurenvoigt14 has 1 Voigt peak for any data with two peaks defined

% as a spin-orbit doublet

g=r;

h=s;

funstr=‘laurenvoigt14’; % define function to use

c0=[10,98.2,0.2]; % define starting values for peak fitting variables in format

% c0=[c(1),c(2),c(3)]

lb=[0,97.5,0.1]; % define lower bound of peak fitting variables

ub=[2000,102,2]; % define upper bound of peak fitting variables

c=lsqcurvefit(funstr,c0,g,h,lb,ub); % define initial conditions and x and y data

% for least squares curve fit

yvoigt14=laurenvoigt14(c,g); % call function to determine c(1) – c(3)

d=c(1)./(((1+0.05*(g-c(2)).ˆ2)/c(3)ˆ2).*exp((1-0.05)*(log(2)*(g-c(2)).ˆ2)/c(3).ˆ2));

% define curve with values found in curve fit

f=h-yvoigt14; % difference spectrum

plot(g,h,g,d,g,yvoigt14,‘x’,g,f,‘:’); % plot results

fprintf(1,‘height1 =%10.5f\n center1 = %10.5f\n beta1 = %10.5f\n’,c);

% print the values of c(1), c(2), and c(3) to the screen

darea=trapz(g,d); % calculate area defined by curve d

fprintf(‘curve 1 area =%10.5f\n’,darea); % print the value of the area under

% curve d to the screen

chisquared=(sum(0.5*(BS3-yvoigt14).ˆ2))/(ept-3); % goodness of fit

fprintf(‘chiˆ2 =%10.5f’,chisquared); % print the value of chiˆ2 to the screen

% end
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A.5.4 Program File “laurenvoigt15.m”

function yvoigt15=laurenvoigt15(c,xdata);

% function.m file for 2 peaks

% f=c(1)/(((1+M*(x-c(2))ˆ2)/c(3)ˆ2)*exp((1-M)*(log(2)*(x-c(2))ˆ2)/c(3)ˆ2))

% c(1)=height (h), c(2)=center (c), c(3)=beta (β),

% c(4)=height2 (h2), c(5)=center2 (c2), c(6)=beta2 (β2)

yvoigt15=c(1)./(((1+0.05*(xdata-c(2)).ˆ2)/c(3).ˆ2).*exp((1-0.05)*(log(2)*

(xdata-c(2)).ˆ2)/c(3).ˆ2))+...

c(4)./(((1+0.05*(xdata-c(5)).ˆ2)/c(6).ˆ2).*exp((1-0.05)*(log(2)*(xdata-c(5)).ˆ2)/

c(6).ˆ2));

% end
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A.5.5 Program File “prtc new 17.m”

% start

% laurenvoigt15 has 2 Voigt singlets

g=r;

h=s;

funstr=‘laurenvoigt15’;

c0=[10,98.4,0.17,3,98.8,0.17];

lb=[1,98.12,0.18,0.5,98.7,0.18];

ub=[2000,98.6,0.22,1000,99.3,0.22];

c=lsqcurvefit(funstr,c0,g,h,lb,ub);

yvoigt15=laurenvoigt15(c,g);

d=c(1)./(((1+0.05*(g-c(2)).ˆ2)/c(3)ˆ2).*exp((1-0.05)*(log(2)*(g-c(2)).ˆ2)/c(3).ˆ2));

j=c(4)./(((1+0.05*(g-c(5)).ˆ2)/c(6).ˆ2).*exp((1-0.05)*(log(2)*(g-c(5)).ˆ2)/c(6).ˆ2));

f=h-yvoigt15;

plot(g,h,‘b’,g,d,‘g’,g,j,‘r’,g,yvoigt15,‘x’,g,f,‘:’);

fprintf(1,‘height1 =%10.5f\n center1 =%10.5f\n beta1 =%10.5f\n

height2 =%10.5f\n center2 =%10.5f\n beta2 =%10.5f\n’,c);

darea=trapz(g,d);

jarea=trapz(g,j);

fprintf(‘curve 1 area =%10.5f\n curve 2 area =%10.5f\n’,darea,jarea);

chisquared=(sum(0.5*(BS3-yvoigt15).ˆ2))/(ept-6);

fprintf(‘chiˆ2 =%10.7f’,chisquared);

% end
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A.5.6 Program File “laurenvoigt16.m”

function yvoigt16=laurenvoigt16(c,xdata);

% function.m file for 3 peaks

% f=c(1)/(((1+M*(x-c(2))ˆ2)/c(3)ˆ2)*exp((1-M)*(log(2)*(x-c(2))ˆ2)/c(3)ˆ2))

% c(1)=height (h), c(2)=center (c), c(3)=beta (β),

% c(4)=height2 (h2), c(5)=center2 (c2), c(6)=beta2 (β2),

% c(7)=height3 (h3), c(8)=center3 (c3), c(9)=beta3 (β3)

yvoigt16=c(1)./(((1+0.05*(xdata-c(2)).ˆ2)/c(3).ˆ2).*exp((1-0.05)*(log(2)*

(xdata-c(2)).ˆ2)/c(3).ˆ2))+...

c(4)./(((1+0.05*(xdata-c(5)).ˆ2)/c(6).ˆ2).*exp((1-0.05)*(log(2)*(xdata-c(5)).ˆ2)/

c(6).ˆ2))+...

c(7)./(((1+0.05*(xdata-c(8)).ˆ2)/c(9).ˆ2).*exp((1-0.05)*(log(2)*(xdata-c(8)).ˆ2)/

c(9).ˆ2));

% end
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A.5.7 Program File “prtc new 18.m”

% start % laurenvoigt16 has 3 Voigt singlets

g=r;

h=s;

funstr=‘laurenvoigt16’;

c0=[14,98.8,0.2,8,99.5,0.18,8,100,0.2];

lb=[0.5,98.5,0.18,0.5,99.2,0.18,0.1,99.8,0.1];

ub=[50,99,0.22,50,100,0.22,25,100.2,0.4];

c=lsqcurvefit(funstr,c0,g,h,lb,ub);

yvoigt16=laurenvoigt16(c,g);

d=c(1)./(((1+0.05*(g-c(2)).ˆ2)/c(3)ˆ2).*exp((1-0.05)*(log(2)*(g-c(2)).ˆ2)/c(3).ˆ2));

j=c(4)./(((1+0.05*(g-c(5)).ˆ2)/c(6).ˆ2).*exp((1-0.05)*(log(2)*(g-c(5)).ˆ2)/c(6).ˆ2));

m=c(7)./(((1+0.05*(g-c(8)).ˆ2)/c(9).ˆ2).*exp((1-0.05)*(log(2)*(g-c(8)).ˆ2)/c(9).ˆ2));

f=h-yvoigt16;

plot(g,h,‘b’,g,d,‘g’,g,j,‘r’,g,m,‘c’,g,yvoigt16,‘x’,g,f,‘:’);

fprintf(1,‘height1 =%10.5f\n center1 =%10.5f\n beta1 =%10.5f\n

height2 =%10.5f\n center2 =%10.5f\n beta2 =%10.5f\n height3 =%10.5f\n

center3 =%10.5f\n beta3 =%10.5f\n’,c);

darea=trapz(g,d);

jarea=trapz(g,j);

marea=trapz(g,m);

fprintf(‘curve 1 area =%10.5f\n curve 2 area =%10.5f\n curve 3 area =%10.5f\n’,

darea,jarea,marea);

chisquared=(sum(0.5*(BS3-yvoigt16).ˆ2))/(ept-9);

fprintf(‘chiˆ2 =%10.7f’,chisquared);

% end
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A.5.8 Program File “laurenvoigt17.m”

function yvoigt17=laurenvoigt17(c,xdata);

% function.m file for 4 peaks

% f=c(1)/(((1+M*(x-c(2))ˆ2)/c(3)ˆ2)*exp((1-M)*(log(2)*(x-c(2))ˆ2)/c(3)ˆ2))

% c(1)=height (h), c(2)=center (c), c(3)=beta (β),

% c(4)=height2 (h2), c(5)=center2 (c2), c(6)=beta2 (β2),

% c(7)=height3 (h3), c(8)=center3 (c3), c(9)=beta3 (β3),

% c(10)=height4 (h4), c(11)=center4 (c4), c(12)=beta4 (β4)

yvoigt17=c(1)./(((1+0.05*(xdata-c(2)).ˆ2)/c(3).ˆ2).*exp((1-0.05)*(log(2)*

(xdata-c(2)).ˆ2)/c(3).ˆ2))+...

c(4)./(((1+0.05*(xdata-c(5)).ˆ2)/c(6).ˆ2).*exp((1-0.05)*(log(2)*(xdata-c(5)).ˆ2)/

c(6).ˆ2))+...

c(7)./(((1+0.05*(xdata-c(8)).ˆ2)/c(9).ˆ2).*exp((1-0.05)*(log(2)*(xdata-c(8)).ˆ2)/

c(9).ˆ2))+...

c(10)./(((1+0.05*(xdata-c(11)).ˆ2)/c(12).ˆ2).*exp((1-0.05)*(log(2)*(xdata-c(11)).ˆ2)/

c(12).ˆ2));

% end
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A.5.9 Program File “prtc new 19.m”

% start

% laurenvoigt17 has 4 Voigt singlets

g=r;

h=s;

funstr=‘laurenvoigt17’;

c0=[14,98.1,0.2,8,98.5,0.2,8,100,0.2,1,101,0.2];

lb=[0.5,98.0,0.18,0.5,98.8,0.21,0.05,99.7,0.16,0.05,101,0.16];

ub=[50,98.5,0.20,50,99.2,0.22,25,100.1,0.3,50,102,0.8];

c=lsqcurvefit(funstr,c0,g,h,lb,ub);

yvoigt17=laurenvoigt17(c,g);

d=c(1)./(((1+0.05*(g-c(2)).ˆ2)/c(3)ˆ2).*exp((1-0.05)*(log(2)*(g-c(2)).ˆ2)/c(3).ˆ2));

j=c(4)./(((1+0.05*(g-c(5)).ˆ2)/c(6).ˆ2).*exp((1-0.05)*(log(2)*(g-c(5)).ˆ2)/c(6).ˆ2));

m=c(7)./(((1+0.05*(g-c(8)).ˆ2)/c(9).ˆ2).*exp((1-0.05)*(log(2)*(g-c(8)).ˆ2)/c(9).ˆ2));

n=c(10)./(((1+0.05*(g-c(11)).ˆ2)/c(12).ˆ2).*exp((1-0.05)*(log(2)*(g-c(11)).ˆ2)/

c(12).ˆ2));

f=h-yvoigt17;

plot(g,h,‘b’,g,d,‘g’,g,j,‘r’,g,m,‘c’,g,n,‘k’,g,yvoigt17,‘x’,g,f,‘:’);

fprintf(1,‘height1 =%10.5f\n center1 =%10.5f\n beta1 =%10.5f\n height2 =%10.5f\n cen-

ter2 =%10.5f\n beta2 =%10.5f\n height3 =%10.5f\n center3 =%10.5f\n beta3 =%10.5f\n

height4 =%10.5f\n center4 =%10.5f\n beta4 =%10.5f\n’,c);

darea=trapz(g,d);

jarea=trapz(g,j);

marea=trapz(g,m);

narea=trapz(g,n);

fprintf(‘curve 1 area =%10.5f\n curve 2 area =%10.5f\n curve 3 area =%10.5f\n curve 4

area =%10.5f\n’,darea,jarea,marea,narea);

chisquared=(sum(0.5*(BS3-yvoigt17).ˆ2))/(ept-9);

fprintf(‘chiˆ2 =%10.7f’,chisquared);
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% end
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A.5.10 Program File “laurenvoigt18.m”

function yvoigt18=laurenvoigt18(c,xdata);

% function.m file for 5 peaks

% f=c(1)/(((1+M*(x-c(2))ˆ2)/c(3)ˆ2)*exp((1-M)*(log(2)*(x-c(2))ˆ2)/c(3)ˆ2))

% c(1)=height (h), c(2)=center (c), c(3)=beta (β),

% c(4)=height2 (h2), c(5)=center2 (c2), c(6)=beta2 (β2),

% c(7)=height3 (h3), c(8)=center3 (c3), c(9)=beta3 (β3),

% c(10)=height4 (h4), c(11)=center4 (c4), c(12)=beta4 (β4),

% c(13)=height5 (h5), c(14)=center5 (c5), c(15)=beta5 (β5)

yvoigt18=c(1)./(((1+0.05*(xdata-c(2)).ˆ2)/c(3).ˆ2).*exp((1-0.05)*(log(2)*

(xdata-c(2)).ˆ2)/c(3).ˆ2))+...

c(4)./(((1+0.05*(xdata-c(5)).ˆ2)/c(6).ˆ2).*exp((1-0.05)*(log(2)*(xdata-c(5)).ˆ2)/

c(6).ˆ2))+...

c(7)./(((1+0.05*(xdata-c(8)).ˆ2)/c(9).ˆ2).*exp((1-0.05)*(log(2)*(xdata-c(8)).ˆ2)/

c(9).ˆ2))+...

c(10)./(((1+0.05*(xdata-c(11)).ˆ2)/c(12).ˆ2).*exp((1-0.05)*(log(2)*(xdata-c(11)).ˆ2)/

c(12).ˆ2))+...

c(13)./(((1+0.05*(xdata-c(14)).ˆ2)/c(15).ˆ2).*exp((1-0.05)*(log(2)*(xdata-c(14)).ˆ2)/

c(15).ˆ2));

% end
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A.5.11 Program File “prtc new 20.m”

% start

% laurenvoigt18 has 5 Voigt singlets

g=r;

h=s;

funstr=‘laurenvoigt18’;

c0=[14,98.6,0.2,8,99.4,0.2,8,100.1,0.2,1,101,0.2,1,102,0.2];

lb=[0.5,98.4,0.16,0.5,99.1,0.16,0.1,100,0.16,0.05,100.6,0.16,0.02,101.5,0.1];

ub=[50,98.8,0.22,50,99.6,0.22,25,100.5,0.5,50,101.5,0.6,50,102.5,0.8];

c=lsqcurvefit(funstr,c0,g,h,lb,ub);

yvoigt18=laurenvoigt18(c,g);

d=c(1)./(((1+0.05*(g-c(2)).ˆ2)/c(3)ˆ2).*exp((1-0.05)*(log(2)*(g-c(2)).ˆ2)/c(3).ˆ2));

j=c(4)./(((1+0.05*(g-c(5)).ˆ2)/c(6).ˆ2).*exp((1-0.05)*(log(2)*(g-c(5)).ˆ2)/c(6).ˆ2));

m=c(7)./(((1+0.05*(g-c(8)).ˆ2)/c(9).ˆ2).*exp((1-0.05)*(log(2)*(g-c(8)).ˆ2)/c(9).ˆ2));

n=c(10)./(((1+0.05*(g-c(11)).ˆ2)/c(12).ˆ2).*exp((1-0.05)*(log(2)*(g-c(11)).ˆ2)/

c(12).ˆ2));

p=c(13)./(((1+0.05*(g-c(14)).ˆ2)/c(15).ˆ2).*exp((1-0.05)*(log(2)*(g-c(14)).ˆ2)/

c(15).ˆ2));

f=h-yvoigt18;

plot(g,h,‘b’,g,d,‘g’,g,j,‘r’,g,m,‘c’,g,n,‘k’,g,p,‘y’,g,yvoigt18,‘x’,g,f,‘:’);

fprintf(1,‘height1 =%10.5f\n center1 =%10.5f\n beta1 =%10.5f\n height2 =%10.5f\n cen-

ter2 =%10.5f\n beta2 =%10.5f\n height3 =%10.5f\n center3 =%10.5f\n

beta3 =%10.5f\n height4 =%10.5f\n center4 =%10.5f\n beta4 =%10.5f\n

height5 =%10.5f\n center5 =%10.5f\n beta5 =%10.5f\n’,c);

darea=trapz(g,d);

jarea=trapz(g,j);

marea=trapz(g,m);

narea=trapz(g,n);

parea=trapz(g,p);
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fprintf(‘curve 1 area =%10.5f\n curve 2 area =%10.5f\n curve 3 area =%10.5f\n curve 4

area =%10.5f\n curve 5 area =%10.5f\n’,darea,jarea,marea,narea,parea);

chisquared=(sum(0.5*(BS3-yvoigt18).ˆ2))/(ept-9);

fprintf(‘chiˆ2 =%10.7f’,chisquared);

% end
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A.5.12 Program File “laurenvoigt19.m”

function yvoigt19=laurenvoigt19(c,xdata);

% function.m file for 5 peaks

% f=c(1)/(((1+M*(x-c(2))ˆ2)/c(3)ˆ2)*exp((1-M)*(log(2)*(x-c(2))ˆ2)/c(3)ˆ2))

% c(1)=height (h), c(2)=center (c), c(3)=beta (β),

% c(4)=height2 (h2), c(5)=center2 (c2), c(6)=beta2 (β2),

% c(7)=height3 (h3), c(8)=center3 (c3), c(9)=beta3 (β3),

% c(10)=height4 (h4), c(11)=center4 (c4), c(12)=beta4 (β4),

% c(13)=height5 (h5), c(14)=center5 (c5), c(15)=beta5 (β5),

% c(16)= height6 (h6). c(17)=center6 (c6), c(18)=beta6 (β6)

yvoigt19=c(1)./(((1+0.05*(xdata-c(2)).ˆ2)/c(3).ˆ2).*exp((1-0.05)*(log(2)*

(xdata-c(2)).ˆ2)/c(3).ˆ2))+...

c(4)./(((1+0.05*(xdata-c(5)).ˆ2)/c(6).ˆ2).*exp((1-0.05)*(log(2)*(xdata-c(5)).ˆ2)/

c(6).ˆ2))+...

c(7)./(((1+0.05*(xdata-c(8)).ˆ2)/c(9).ˆ2).*exp((1-0.05)*(log(2)*(xdata-c(8)).ˆ2)/

c(9).ˆ2))+...

c(10)./(((1+0.05*(xdata-c(11)).ˆ2)/c(12).ˆ2).*exp((1-0.05)*(log(2)*(xdata-c(11)).ˆ2)/

c(12).ˆ2))+...

c(13)./(((1+0.05*(xdata-c(14)).ˆ2)/c(15).ˆ2).*exp((1-0.05)*(log(2)*(xdata-c(14)).ˆ2)/

c(15).ˆ2))+...

c(16)./(((1+0.05*(xdata-c(17)).ˆ2)/c(18).ˆ2).*exp((1-0.05)*(log(2)*(xdata-c(17)).ˆ2)/

c(18).ˆ2));

% end
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A.5.13 Program File “prtc new 21.m”

% start % laurenvoigt19 has 6 Voigt singlets

g=r;

h=s;

funstr=‘laurenvoigt19’;

c0=[14,98.6,0.2,8,99,0.2,8,99.4,0.2,1,100.2,0.2,1,101.3,0.2,1,102.2,0.2];

lb=[0.5,98.4,0.1,0.1,98.8,0.16,0.1,99.3,0.16,0.1,100,0.1,0.1,101,0.16,0.1,101.9,0.1];

ub=[50,98.7,0.22,50,99.1,0.22,25,99.6,0.5,50,100.5,0.6,50,101.7,0.6,50,102.7,0.8];

c=lsqcurvefit(funstr,c0,g,h,lb,ub);

yvoigt19=laurenvoigt19(c,g);

d=c(1)./(((1+0.05*(g-c(2)).ˆ2)/c(3)ˆ2).*exp((1-0.05)*(log(2)*(g-c(2)).ˆ2)/c(3).ˆ2));

j=c(4)./(((1+0.05*(g-c(5)).ˆ2)/c(6).ˆ2).*exp((1-0.05)*(log(2)*(g-c(5)).ˆ2)/c(6).ˆ2));

m=c(7)./(((1+0.05*(g-c(8)).ˆ2)/c(9).ˆ2).*exp((1-0.05)*(log(2)*(g-c(8)).ˆ2)/c(9).ˆ2));

n=c(10)./(((1+0.05*(g-c(11)).ˆ2)/c(12).ˆ2).*exp((1-0.05)*(log(2)*(g-c(11)).ˆ2)/

c(12).ˆ2));

p=c(13)./(((1+0.05*(g-c(14)).ˆ2)/c(15).ˆ2).*exp((1-0.05)*(log(2)*(g-c(14)).ˆ2)/

c(15).ˆ2));

q=c(16)./(((1+0.05*(g-c(17)).ˆ2)/c(18).ˆ2).*exp((1-0.05)*(log(2)*(g-c(17)).ˆ2)/

c(18).ˆ2));

f=h-yvoigt19;

plot(g,h,‘b’,g,d,‘g’,g,j,‘r’,g,m,‘c’,g,n,‘k’,g,p,‘y’,g,q,‘m’,g,yvoigt19,‘x’,g,f,‘:’);

fprintf(1,‘height1 =%10.5f\n center1 =%10.5f\n beta1 =%10.5f\n height2 =%10.5f\n cen-

ter2 =%10.5f\n beta2 =%10.5f\n height3 =%10.5f\n center3 =%10.5f\n beta3 =%10.5f\n

height4 =%10.5f\n center4 =%10.5f\n beta4 =%10.5f\n height5 =%10.5f\n

center5 =%10.5f\n beta5 =%10.5f\n height6 =%10.5f\n center6 =%10.5f\n

beta6 =%10.5f\n’,c);

darea=trapz(g,d);

jarea=trapz(g,j);

marea=trapz(g,m);
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narea=trapz(g,n);

parea=trapz(g,p);

qarea=trapz(g,q);

fprintf(‘curve 1 area =%10.5f\n curve 2 area =%10.5f\n curve 3 area =%10.5f\n curve 4

area =%10.5f\n curve 5 area =%10.5f\n curve 6 area =%10.5f\n’,

darea,jarea,marea,narea,parea,qarea);

chisquared=(sum(0.5*(BS3-yvoigt19).ˆ2))/(ept-9);

fprintf(‘chiˆ2 =%10.7f’,chisquared);

% end
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A.6 Data Recording and Archiving

A.6.1 Description

Two Matlab “.m” files were used to record and archive peak fitting results for each fitting

program. The x-axis and y-axis data of the original curve, the peak fit, and residuals are

printed into one file, “printdataxx.m,” while values for c(1)–c(n), peak areas, and chiˆ2 are

printed into a second file, “printparamxx.m.”

A.6.2 Program File “print data17.m”

% start

% fid=fopen(‘filepath/filename.txt’,‘w’); % write new file for x-axis and y-axis data

fprintf(fid,‘%10.5f %10.5f %10.5f % 10.5f %10.5f %10.5f\n’,[g h d j yvoigt16 f]’);

fclose(fid)

% end

A.6.3 Program File “print param17.m”

% start

% fid=fopen(‘filepath/filename.txt’,‘a’); % write a new file for numerical data

fprintf(fid,‘height1 =%10.5f\n center1 =%10.5f\n beta1 =%10.5f\n

height2 =%10.5f\n center2 =%10.5f\n beta2 =%10.5f\n’,c);

fprintf(fid,‘curve 1 area =%10.5f\n curve 2 area =%10.5f\n’,darea,jarea);

fprintf(fid,‘chiˆ2 =%10.7f’,chisquared);

fclose(fid)

% end
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A.6.4 Program File “print data18.m”

% start

% fid=fopen(‘filepath/filename.txt’,‘w’);

fprintf(fid,‘%10.5f %10.5f %10.5f %10.5f %10.5f %10.5f %10.5f\n’,[g h d j m yvoigt16

f]’);

fclose(fid)

% end

A.6.5 Program File “print param18.m”

% start

% fid=fopen(‘filepath/filename.txt’,‘a’);

fprintf(fid,‘height1 =%10.5f\n center1 =%10.5f\n beta1 =%10.5f\n

height2 =%10.5f\n center2 =%10.5f\n beta2 =%10.5f\n height3 =%10.5f\n

center3 =%10.5f\n beta3 =%10.5f\n’,c);

fprintf(fid,‘curve 1 area =%10.5f\n curve 2 area =%10.5f\n curve 3 area =%10.5f\n’,

darea,jarea,marea);

fprintf(fid,‘chiˆ2 =%10.7f’,chisquared);

fclose(fid)

% end
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A.6.6 Program File “print data19.m”

% start

% fid=fopen(‘filepath/filename.txt’,‘w’);

fprintf(fid,‘%10.5f %10.5f %10.5f %10.5f %10.5f %10.5f %10.5f %10.5f\n’,[g h d j m n

yvoigt17 f]’);

fclose(fid)

% end

A.6.7 Program File “print param19.m”

% start

% fid=fopen(‘filepath/filename.txt’,‘a’);

fprintf(fid,‘height1 =%10.5f\n center1 =%10.5f\n beta1 =%10.5f\n

height2 =%10.5f\n center2 =%10.5f\n beta2 =%10.5f\n height3 =%10.5f\n

center3 =%10.5f\n beta3 =%10.5f\n height4 =%10.5f\n center4 =%10.5f\n

beta4 =%10.5f\n’,c);

fprintf(fid,‘curve 1 area =%10.5f\n curve 2 area =%10.5f\n curve 3 area =%10.5f\n curve

4 area =%10.5f\n’,darea,jarea,marea,narea);

fprintf(fid,‘chiˆ2 =%10.7f’,chisquared);

fclose(fid)

% end
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A.6.8 Program File “print data20.m”

% start

% fid=fopen(‘filepath/filename.txt’,‘w’);

fprintf(fid,‘%10.5f %10.5f %10.5f %10.5f %10.5f %10.5f %10.5f %10.5f

%10.5f\n’,[g h d j m n p yvoigt18 f]’);

fclose(fid)

% end

A.6.9 Program File “print param20.m”

% start

% fid=fopen(‘filepath/filename.txt’,‘a’);

fprintf(fid,‘height1 =%10.5f\n center1 =%10.5f\n beta1 =%10.5f\n

height2 =%10.5f\n center2 =%10.5f\n beta2 =%10.5f\n height3 =%10.5f\n

center3 =%10.5f\n beta3 =%10.5f\n height4 =%10.5f\n center4 =%10.5f\n

beta4 =%10.5f\n height5 =%10.5f\n center5 =%10.5f\n beta5 =%10.5f\n’,c);

fprintf(fid,‘curve 1 area =%10.5f\n curve 2 area =%10.5f\n curve 3 area =%10.5f\n curve

4 area =%10.5f\n curve 5 area =%10.5f\n’,darea,jarea,marea,narea,parea);

fprintf(fid,‘chiˆ2 =%10.7f’,chisquared);

fclose(fid)

% end
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A.6.10 Program File “print data21.m”

% start

% fid=fopen(‘filepath/filename.txt’,‘w’);

fprintf(fid,‘%10.5f %10.5f %10.5f %10.5f %10.5f %10.5f %10.5f %10.5f %10.5f

%10.5f\n’,[g h d j m n p q yvoigt19 f]’);

fclose(fid)

A.6.11 Program File “print param21.m”

% start

% fid=fopen(‘filepath/filename.txt’,‘a’);

fprintf(fid,‘height1 =%10.5f\n center1 =%10.5f\n beta1 =%10.5f\n

height2 =%10.5f\n center2 =%10.5f\n beta2 =%10.5f\n height3 =%10.5f\n

center3 =%10.5f\n beta3 =%10.5f\n height4 =%10.5f\n center4 =%10.5f\n

beta4 =%10.5f\n height5 =%10.5f\n center5 =%10.5f\n beta5 =%10.5f\n

height6 =%10.5f\n center6 =%10.5f\n beta6 =%10.5f\n’,c);

fprintf(fid,‘curve 1 area =%10.5f\n curve 2 area =%10.5f\n curve 3 area =%10.5f\n curve

4 area =%10.5f\n curve 5 area =%10.5f\n curve 6 area =%10.5f\n’,

darea,jarea,marea,narea,parea,qarea);

fprintf(fid,‘chiˆ2 =%10.7f’,chisquared);

fclose(fid)

% end
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