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The core-level energy shifts observed using X-ray photoelectron spectroscopy (XPS) have
been used to determine the band bending at Si(111) surfaces terminated with Si-Br, Si-H,
and Si-CH3 groups, respectively. The surface termination influenced the band bending,
with the Si 2p3/2 binding energy affected more by the surface chemistry than by the dopant
type. The highest binding energies were measured on Si(111)-Br (whose Fermi level was
positioned near the conduction band at the surface), followed by Si(111)-H, followed by
Si(111)-CH3 (whose Fermi level was positioned near mid-gap at the surface). Si(111)CH3 surfaces exposed to Br2(g) yielded the lowest binding energies, with the Fermi level
positioned between mid-gap and the valence band. The Fermi level position of Br2(g)exposed Si(111)-CH3 was consistent with the presence of negatively charged brominecontaining ions on such surfaces. The binding energies of all of the species detected on the
surface (C, O, Br) shifted with the band bending, illustrating the importance of isolating the
effects of band bending when measuring chemical shifts on semiconductor surfaces. The
influence of band bending was confirmed by surface photovoltage (SPV) measurements,
which showed that the core levels shifted toward their flat-band values upon illumination.
Where applicable, the contribution from the X-ray source to the SPV was isolated and
quantified. Work functions were measured by ultraviolet photoelectron spectroscopy
(UPS), allowing for calculation of the sign and magnitude of the surface dipole in such
systems. The values of the surface dipoles were in good agreement with previous
measurements as well as with electronegativity considerations. The binding energies of the
adventitious carbon signals were affected by band bending as well as by the surface dipole.
A model of band bending in which charged surface states are located exterior to the surface

dipole is consistent with the XPS and UPS behavior of the chemically functionalized
Si(111) surfaces investigated herein.
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Chapter 1

1

Silicon Surfaces and Band Bending
1.1 Importance of Semiconductors
It would be difficult to overstate the role of semiconductors in the massive
technological transformations that have occurred in the last half century. Broadly speaking,
the two main uses of semiconductors have been in the development of electronic
components for computing and in applications for solar energy collection. Looking to the
future, a great deal of civilization’s hopes rest on continued technological advancement
using semiconductors.
Advancements in both electronic components and solar cells require increasing the
efficiency of the devices or, to state it a different way, decreasing the energy lost as waste
heat. Heat is produced in semiconductors during recombination, in which mobile charge
carriers of opposite sign (electrons in the conduction band and holes in the valence band)
combine, releasing energy as heat. Silicon, the dominant semiconductor used for electronic
devices and solar cells, is an indirect band gap semiconductor, so spontaneous
recombination in the bulk of the material is much slower than for other materials. Further,
as devices are miniaturized or constructed with cheaper polycrystalline material,
recombination at surfaces and interfaces plays an even larger role in limiting the efficiency
of the device. Understanding and controlling surface recombination is a major objective of
research. This work is an examination of the effects of silicon surface chemistry on the
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surface electronic properties of silicon and an exploration of the use of X-ray
photoelectron spectroscopy to measure the band bending and surface dipole of
semiconductor samples. These insights and techniques can provide direction for controlling
the electronic properties of a surface or interface.

1.2 Semiconductor Physics
The versatility and usefulness of semiconductors in a variety of applications arise
from the physical and electronic properties of the materials.1-2 In crystalline solids, atomic
energy levels form band structures with a range of energy states within each band. The
frontier orbitals that would form the LUMO and HOMO instead form the valence band and
conduction band respectively. The difference between the valence band maximum and the
conduction band minimum is the band gap, which for silicon is 1.12 eV. If the band gap is
very small or nonexistent, as is the case for metals, then electrons in the frontier orbitals are
able to gain or lose small amounts of thermal energy in order to occupy a previously
unoccupied energy state. If the band gap is very large, as is the case for insulators,
electrons in frontier orbitals are effectively locked into their energy state. The band gap of
semiconductors are in an electronic “sweet spot” which allows charge carrier populations
in both the conduction and valence band to be variable and manipulated.
Electrons can only move into an unoccupied energy state. Electron movement
through crystalline solids is analogous to a very simple bucket brigade. In the analogy,
atoms are represented by people and electrons are represented by buckets. If no people in a
bucket brigade have buckets, then obviously no buckets will move down the line. At the
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other extreme is a situation in which all of the people in the bucket brigade are holding
buckets. Assuming no person can hold two buckets, buckets cannot be set down, and
people cannot simultaneously give and receive a bucket, then no buckets would be able to
move down the line and the situation would be identical to the situation with no buckets.
An empty handed person is required to take a bucket and free up another empty handed
person in turn. In the most efficient bucket brigade, exactly half of the people would have
a bucket at any point in time.
In the semiconductor system, an electron in a mostly empty line of states, the
conduction band, is a highly mobile charge carrier. An empty state in a mostly filled line
of states, the valence band, is a positively charged mobile carrier called a hole. The context
in which the term is used is generally sufficient to distinguish between electrons as mobile
charge carriers and electrons in fixed states, such as core levels, throughout the
semiconductor. As the number of mobile charge carriers of either type increases, the
conductivity of the semiconductor increases as well.
Holes and electrons can be introduced to semiconducting material via dopant
atoms, which differ from the atoms they replace by the number of valence electrons
present. For silicon and germanium, n-type material will be doped with either phosphorous
or arsenic, which both have five valence electrons. The extra electron goes into the
conduction band and although it will be electrostatically attracted to the positively charged
nucleus of the dopant atom, it will have increased mobility due to the empty conduction
band states surrounding it. The p-type material will have excess holes due to boron
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substitution into the lattice structure. The boron with three valence electrons will attract to
it an electron from the valence band, creating a positively charged hole and leaving boron
negatively charged, thereby maintaining charge neutrality.
Doping of material changes both the conductivity of the material as well as the
position of the Fermi level within the band gap. The Fermi level is a hypothetical energy
level that has a 50% probability of being occupied by an electron at thermodynamic
equilibrium. For a metal at absolute zero, the Fermi level is the energy level of the highest
energy electron. In an electrochemical system, the Fermi level is the chemical potential of
the system. In a semiconductor, even at very high dopant levels, an energy level in the
valence band will always have greater than 50% probability of being filled and likewise an
energy level in the conduction band will have less than 50% probability of being filled.
Therefore, the Fermi level of a semiconductor, in the absence of an electric field, will be
located within the band gap. For intrinsic silicon, the Fermi level will be located half way
between the valence band maximum and the conduction band minimum. N-type doping in
semiconductors pushes the Fermi level closer to the conduction band as a function of the
dopant density. Likewise, p-type dopants push the Fermi level closer to the valence band.
When materials with different Fermi levels come into contact, electrons are transferred
from the material with the higher energy Fermi level until the Fermi levels are equilibrated.
For semiconductors, dopant atoms near the interface become ionized, establishing an
electric field which shifts the energy of the valence band and conduction band with respect
to the Fermi level in a process called band bending.
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A p-n junction is a good model system for understanding band bending in
semiconductors. As electrons flow from the n-type material to the p-type material and
holes flow in the opposite direction, they will ionize dopants and establish an electric field
until the energy required to move a charge through the electric field is equal to the initial
difference between the Fermi levels. The distance from the interface to the furthest ionized
dopants, the depletion width, will be a function of the projected charge per unit area and the
dopant density. After equilibration, the Fermi level remains flat and the charge neutrality
of the system is maintained.
The band bending observed in other systems is not as straightforward.

At

semiconductor metal contacts,3 vacuum contacts,4-5 and solution contacts,6-7 charged
surface states can contribute to the total charge which must be balanced by the charge in the
depletion region of the semiconductor. Surface states can be grouped into intrinsic surface
states and extrinsic surface states. Intrinsic surface states are ascribed to “clean wellordered” surfaces and will be present on a perfect surface, while extrinsic surface states are
present due to a perturbation from the ideal surface.8 These perturbations can include
defect sites, step edges, and adsorbed species. Intrinsic surface states are the result of the
termination of a periodic crystal potential, first described by Igor Tamm and subsequently
by William Shockley.9 Due to the greater theoretical interest in intrinsic surface states, the
term is often shortened to just “surface states” and intrinsic states are often assumed unless
explicitly stated otherwise. In this thesis the term is used to indicate both intrinsic and
extrinsic surface states.
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Fermi level pinning takes place when the charged surface states dominate the
position of the Fermi level at the semiconductor interface. In systems without a contacting
material (i.e., in vacuum) band bending must be the result of charged surface states making
these systems useful for studying the nature of surface states. In moderately doped systems
the density of charged surface states, which would cause band bending spanning the entire
band gap, would require only 0.02% of surface atop sites to have a charge associated with
them.

1.3 History of Semiconductor Device Development and Surface
States
The invention of the first transistor was closely tied to basic research on surface
states. Semiconductor transistors were intentionally researched and developed to replace
the existing technology of mechanical relays and vacuum tubes that were in use in various
electronic applications in the 1940s.10 Relays, in which electromagnets controlled by small
power inputs would open or close circuits controlling larger power outputs, were
constrained by the speed at which the mechanical switch could open and close. Vacuum
tubes could also be used as switches and amplifiers but they required considerable power
and had short shelf lives due to filament burnout and vacuum leaks. Semiconductors were
known to have variable resistance due to temperature and it was understood at the time that
if the variable resistance of semiconductors could be controlled electronically rather than
thermally, then relays and vacuum tubes could be replaced.
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Development of solid state semiconductor devices to replace relays and vacuum
tubes was pursued in earnest at Bell Telephone Laboratories under the direction of William
Shockley, with John Bardeen and Walter Brattain working on the project. Initial attempts
by Shockley to modulate the conductivity of semiconductors employed a semiconducting
material as one plate in a parallel plate capacitor in order to apply a “field effect” to change
the resistivity of the semiconductor. As shown in Figure 1.1, a charged metal plate was
hypothesized to induce charges in the semiconducting material and therefore increase the
conductivity.11 This scheme, however, did not work12-13 and a model was proposed by
John Bardeen to explain the independence of the work function to the position of the Fermi
level in the bulk of the semiconductor.14 Surface states were proposed to exist at the free
surface of the semiconductor and these states could be charged in the absence of an
external field or metal contact. If the semiconductor was exposed to an external field or
metal contact, these surface states would charge or discharge to compensate and prevent or
lessen any change in the charge concentration in the space charge region (Figure 1.2).
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Figure 1.1 Modulation of the Conductance of a Semiconductor.
representation of the “field effect”.11

Schematic

9

Figure 1.2 Schematic Representations of Surface States. Charged surface states present
in the absence of an electric field (a-c) and the compensation of an external charge by
additional surface states.11

It is unclear what exactly Bardeen thought about the nature of the proposed surface
states at the time. There is some evidence that he was ambivalent concerning whether the
surface states were intrinsic or extrinsic. In a Bell Labs Memorandum titled “The Genesis
of the Transistor,” W. Gorton wrote, “These results [Shockley’s initial failures] led to a
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reexamination of the theory and the postulation by J. Bardeen of the trapping of electrons
in the surface layers of, or adsorbed layers on, semiconductors, especially silicon and
germanium”15 [emphasis added]. In his landmark paper he explains the theory behind
intrinsic surface states and refers to them as Tamm levels, but Bardeen also writes,
“Surface states may also result from surface imperfections, from having foreign atoms on
the surface, etc.”14 His theoretical description of what will become known as Fermi level
pinning is identical for both intrinsic and extrinsic surface states.
The decision was made at Bell Labs to continue research on surface states. W.
Gorton wrote:
The nature of surfaces and surface phenomena have always
posed some of the most difficult problems in solid-state physics.
Bardeen’s theory afforded a means of investigating the electronic
behavior of the surface and of determining the properties and origin
of the surface states – results which would constitute important
contributions to the science of surface phenomena. There was also
the possibility that if action of the surface states could be prevented,
then the field effect would become efficient, and electronic
semiconductor amplifiers might become practical. Research on the
nature of the surface-state effects was thus seen to have the usual
combination of advantages of being physical research of
fundamental scientific importance, of involving skills, instruments,
and materials which were available almost uniquely at Bell
Telephone Laboratories, and of having, at the same time, the
possibility of leading to developments of great practical importance.
The obvious decision was, therefore, made to stress research on the
surface states, and as described below, the phenomena which led up
to the invention of the transistor were discovered in the course of
this fundamental research program.15
Clearly the concept of surface states was important to them at the time and crucial
to the development of the transistor.
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Brattain demonstrated in July 1947 that silicon surfaces could have variable
concentrations of surface states by measuring the contact potential difference between ntype and p-type silicon with a range of dopant densities and platinum. This method of
contact potential difference measurement can effectively measure the change in work
function across various samples. Initially, all samples had similar contact potentials, but
after heat treatment at 400°C, the p-type samples demonstrated a significant change, with
the greatest deviation present in the samples with the highest dopant density as shown in
Table 1.1.16 This was the first example of band bending of p-type, but not n-type, silicon
samples in air, and it was a demonstration that the band bending could be induced by
exposure to air. Further, Brattain demonstrated a change in the contact potential difference
due to illumination, also known as surface photovoltage (SPV), when samples were cooled
to 120 K.17 The absence of SPV at room temperature was likely the result of high
recombination rates of samples prepared by grinding and sand-blasting rather than
polishing and wet chemical etching as is used today.
Table 1.1: Contact Potential (V) of Si Samples after Stated Treatment16

Dopant Dopant
Type
Density
(N/cm2)
P
5.7 x 1020
P
1.5 x 1020
P
6.5 x 1018
P
3.1 x 1017
N
6.9 x 1018
N
2.3 x 1019
N
1.9 x 1020

In air after
sandblast
(V)
+0.31
+0.35
+0.30
+0.34
+0.32
+0.37
+0.37

In vacuum after
heat treatment
(V)
-0.27
-0.18
-0.10
+0.04
+0.16
+0.27
+0.30

After
exposure
to N2
(V)
-0.19
-0.10
-0.09
+0.14
+0.27
+0.35
+0.37

After
exposure
to air
(V)
+0.07
+0.13
+0.17
+0.28
+0.34
+0.39
+0.37
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Progress had stalled on implementation of a semiconductor in a variable
resistance device until Brattain discovered that he could effectively remove the surface
state charge by immersing a silicon electrode into an electrolyte solution.15, 18 Within one
month, the members of the Bell Labs team used the new insights gained to design and build
the first transistor10,
carriers.20-21

19

by using gold contacts on germanium to directly inject minority

Concurrent with their publication of the first transistor, for which they

received the Nobel Prize in Physics, the members of the Bell Labs team published two
other letters to the editor in Physical Review detailing their work on semiconductor
surfaces. N-type germanium samples were found to have conductivity that varied with
surface treatment when the different surfaces were anodized, oxidized, sandblasted or
etched.22 Shockley meanwhile measured surface state densities on various thin films and
obtained similar values from Brattain’s previous experiments.12,

16

Development

progressed rapidly for semiconductor electronic devices, with the issue of surface states
being effectively bypassed due to direct minority carrier injection.
All three Nobel Laureates from the Bell Labs team briefly returned to the issue of
semiconductor surface states in the subsequent years.

In 1953 Brattain and Bardeen

demonstrated that changes to the contact potential of germanium surfaces could be
achieved by changing the gaseous ambient, with ozone/peroxide vapors and water/alcohol
vapors having dominant and opposite effects.23 In their framework, changes to the contact
potential were “assumed to result from adsorption and desorption of fixed ions,” and “the
charge of the ions is compensated mainly by charges in the surface traps which, together
with the ions, form a double layer.” Thus the total charge of the surface states was the
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combination of both the adsorbed surface ions and the charging/discharging of
recombination traps. Unfortunately, they refer to a surface dipole by which they mean the
charge separation between the charged surface states and the charge in the space charge
region. Throughout this thesis, “surface dipole” will refer exclusively to the molecular
dipole between the two terminal surface atoms.
Shockley also looked at charged surface states once more in 1963 when he
characterized the contact potential of oxidized silicon in “wet” and “dry” ambient
conditions. He reported that water vapor increased both the concentration and the mobility
of ions on the surface.24 While the effects of charged surface states have been observed,
direct identification has remained elusive due to the low concentration of such states on the
surface.

Modern surface preparation techniques provide cleaner, more homogeneous

surfaces, ideal for studying the nature of surface states.

1.4 Silicon Surface Chemistry and Analysis
1.4.1 Molecular Modification
Different silicon facets, labeled by their Miller indices, will have differing
arrangements of silicon atoms on the surface. The silicon atoms on the unreconstructed
Si(111) surface form a hexagonal close pack configuration with 0.38 nm spacing between
atop sites.25 There are no bonds in the plane of the surface, and each silicon atop site can
form one bond perpendicular to the surface. Using aqueous etching it is possible to attain
high quality hydrogen terminated Si(111) surfaces with the Si-H bond oriented normal to
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26

the surface, large flat terraces using low miscut wafers, and very low defect densities.

Hydrogen terminated silicon is routinely used as a starting point for further silicon surface
chemistry due to the ease of preparation, cleanliness, and ideality of the surface.
Two dominant methods of silicon surface modification are hydrosilylation and
Grignard chemistry.27 Grignard chemistry involves first the replacement of the hydrogen
atom with a halogen, in either solution or the gas phase, followed by reaction with an
alkylmagnesium or alkyllithium reagent.28 A primary advantage of this technique is the
ability to attach small alkyl molecules including a single methyl group. When bulky
sterically hindered alkyl groups are added, the surface coverage is lower than the surface
coverage obtained with unhindered groups such as methyl, and some of the non-alkylated
sites revert to hydrogen termination.29 Hydrosilylation generally involves addition of the
Si-H bond across a terminal vinyl group, and it is typically used to attach long chain
alkyls.30 Controlling for the size of alkyl group attached, the Grignard technique was found
to have lower rates of oxidation when exposed to air and lower surface recombination
velocities when compared to the hydosilylation technique.31

1.4.2 Infrared Spectroscopy
The high quality of the Si(111)-CH3 surface has been demonstrated by infrared
spectroscopy. The starting Si(111)-H surface has Si-H bonds oriented perpendicular to the
plane of the surface, confirmed by the sensitivity of the stretching mode peak, located at
2083 cm-1, to the polarization of the infrared light (Figure 1.3).26 There is also an Si-H
bending mode that is located at 627 cm-1.32 After reaction with a non-sterically hindered
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alkyl Grignard the Si-H stretch is observed to be completely removed.

For the Si(111)-
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CH3 surface, a peak at 1257 cm-1 polarized perpendicular to the surface (Figure 1.4) has
been ascribed to C-H symmetrical bending, known as the “umbrella” mode. A C-H
rocking motion, also particular to the Si(111)-CH3 surface, gives rise to a peak at 757 cm-1
polarized parallel to the surface.32

Figure 1.3 IR Spectra of Si(111)-H. The peak at 2083 cm-1 is due to the Si-H stretching
mode. The absence of peak in the 30° orientation spectra indicates that the Si-H bond is
oriented perpendicular to the surface.26,32
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Figure 1.4 IR Spectra of Si(111)-CH3. The peak at 1257 cm-1 is due to the C-H
symmetrical bending. The absence of the peak in the 30° orientation spectra indicates that
the Si-C bond is oriented perpendicular to the surface.32

1.4.3 Scanning Tunneling Microscopy
Si(111)-CH3 surfaces have been imaged using low-temperature scanning tunneling
microscopy (STM) as shown in Figure 1.5.25 The surface was found to be highly ordered
with few structural defects and complete surface coverage on flat terrace locations. Images
collected at 77 K (Figure 1.5 inset) illustrate the lattice spacing of silicon atop sites on the
Si(111) surface with hexagonal close packed spots spaced 0.38 nm apart.

At this

temperature the methyl groups spin rapidly on the surface and the image shows the methyl
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groups as a single spot in registry with the underlying atop silicon atoms. Upon cooling
to 4.7 K, the methyl atoms stop spinning on the surface and are frozen into a two
dimensional crystal. The individual hydrogen atoms on the methyl group can be resolved
with the expected 0.18 nm spacing between them. Analysis of STM images of Si(111)C2H5 surfaces indicate that Si-C bonds only form at ~80% of total atop silicon sites.34

Figure 1.5 STM Image of Si(111)-CH3. STM images taken at 77 K (inset) and 4.7 K. 4.7
K image shows resolution of hydrogen atoms on the methyl groups.25

Scanning tunneling spectroscopy (STS) of hydrogen, methyl, and ethyl
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terminated Si(111) surfaces resulted in a conductance gap of approximately 2 V for all
surface types.35 The results indicate that there are no observable conductive midgap states
and that there is some evidence for tip-induced band bending. Tip-induced band bending
has been demonstrated on surfaces with a relatively lower density of surface states (Figure
1.6), even though these surfaces can have “pinned” Fermi levels and/or band bending in the
absence of an electric field.36

Figure 1.6 Schematic Illustration of STS Tip-Induced Band Bending. Tip-induced
band bending observed for Si(111)-H surface but not the Si(111)-7x7 surface.36

1.4.4 X-ray Photoelectron Spectroscopy
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X-ray Photoelectron Spectroscopy (XPS) has also been used to verify the chemical
functionalization of the Si(111) surface and the near ideal passivation obtained when using
a methyl Grignard. The photoelectric effect, the explanation of which won Einstein his
Nobel Prize, describes the ejection of electrons from matter due to the absorption of high
energy photons. All of the energy from a photon, which can be finely controlled by
selecting for a specific wavelength of light using a monochromator, is transferred to an
electron. Some of this energy goes toward breaking the connection between the electron
and nucleus (this “connection energy” is the sum of the binding energy and the work
function of the sample) and the rest of the energy is transferred to the electron as kinetic
energy. Any collisions of the emitted electron will reduce the kinetic energy, so XPS
measurements are performed in ultrahigh vacuum (UHV) to maximize the number of
electrons getting to the detector without losing any kinetic energy. Collisions within the
solid sample material will also reduce the kinetic energy, with a 1387 eV electron having
an escape depth through crystalline silicon in the range37 of 1.6 nm38 to over 3.9 nm,39
making the technique incredibly surface sensitive. Synchrotron sources are able to be even
more surface sensitive by causing emission of 150 eV electrons.40
The binding energy of an electron is characteristic of the elemental core energy
level from which it was emitted, so XPS is a useful tool for determining the elemental
composition of a surface. Neighboring atoms with different electronegativity values will
affect the charge density on an atom, with electrons from slightly positive atoms being
shifted to higher binding energies. For this reason, electrons from silicon or carbon atoms
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bound to oxygen will have a higher binding energy than electrons from pure silicon or
pure carbon samples. Each additional bond to oxygen shifts the binding energy of the
silicon electron higher, making XPS ideally suited for studying oxidation rates on silicon.
Si(111)-CH3 has been demonstrated to have a slower rate of oxidation in air than Si(111)Cl,41 Si(111)-C2H5,41 Si(111)-H31 and samples prepared via hydrosilylation.31
XPS is also used to distinguish between carbon bound to carbon and carbon bound
to silicon on the surface. The lower electronegativity value of silicon and hydrogen
compared to carbon, with Pauling electronegativity values of 1.90, 2.20, and 2.55
respectively, enable XPS to distinguish between Si-C bonds and C-C bonds on the surface.
The signal from C-C bonded C 1s emission is shifted 1.2 eV to a higher binding energy
relative to the Si-C C 1s emission.42 The C-C signal attributed to adsorbed adventitious
carbon can be removed, indicating desorption, on Si(111)-CH3 surfaces at 440 °C as shown
in Figure 1.7.40

Figure 1.7 SoftXPS C 1s and Si 2p Spectra of Si(111)-CH3 and Si(111)-C2H5 Surfaces.
Carbon bound to silicon is 1.2 eV lower than carbon bound to carbon, and the adventitious
carbon can be removed on the Si(111)-CH3 surface by annealing.40
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1.5 Band Bending Determination by XPS

Band bending and, more generally, the position of the Fermi level within the band
gap can be determined by XPS due to a fortunate quirk in the operation of the instrument.
As described above, the energy of the photon (hν) is completely transferred to the electron
in order to break the connection to the atom (composed of the binding energy (BEi) and the
work function of the sample (WF,i)) and to impart kinetic energy (KEi), which can be
written as
hν = BEi + WF,i + KEi ,

(1.1)

where BEi is the difference in energy from the core level to the Fermi level, WF,i is the
difference in energy from the Fermi level to the vacuum level, and the subscript “i”
indicates that it is located at the position of excitation.

During band bending, all

semiconductor energy levels (core levels, valence band, conduction band, and vacuum
level) bend in unison relative to the Fermi level. Therefore, the difference in energy from
the core level to the vacuum level, the sum of BEi and WF,i, is a fixed value regardless of
band bending and KEi is unaffected by band bending. However, the kinetic energy is
measured at the detector (KEd), and KEd is affected by the band bending.
In order to get emitted electrons from the sample to the detector, a small
accelerating potential is established that is equal to the difference between WF,i and the
work function of the detector (WF,d) such that
KEd = KEi + WF,i – WF,d .
Substitution into equation 1.1 yields

(1.2)

BEi = hν – (KEd + WF,d) .
The values for hν and WF,d are properties of the instrument and held constant.
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(1.3)
The

instrument directly measures KEd, which is only affected by BEi, so the XPS measurement
will be affected by the band bending and the position of the Fermi level within the band
gap. Figure 1.8 demonstrates the effect of band bending on the energy levels and values
pertinent to XPS measurements. Values changed by the introduction of band bending are
shown in red. All energy levels on the vacuum side of the band bending, in this case a C 1s
signal due to adventitious carbon, will also be shifted in energy as a result of the band
bending.

Figure 1.8 Energy Level Diagram of Silicon in an XPS Demonstrating Band Bending
Shift. Energy level diagram of p-type silicon in an XPS shown (a) without and (b) with
band bending, Ebb. The red or dark gray marking in (b) indicates energy levels or values
that are affected by Ebb, while the previous locations for the energy levels are depicted in
light gray. WF,s and WF,d are the work functions of the Si sample and of the detector,
respectively, hν is the X-ray energy. BE(Si 2p3/2) and BE(C 1s) are binding energies of the
Si 2p3/2 and C 1s core levels, respectively. BEV(Si 2p3/2) is the energy difference between
the Si 2p3/2 core level and the valence-band maximum. EBvbm and
are the energies of
the Fermi level with respect to the valence-band maximum in the bulk and at the surface,
respectively. The arrow for Ebb is pointing down because the value of Ebb is negative as
drawn. KEs is the kinetic energy of the photoelectrons emitted from the indicated core
levels at the surface of the sample. KEd is the kinetic energy of the photoelectrons as
measured at the detector. The valence (VB) and conduction (CB) bands of silicon are
shown. Note that the band bending, Ebb, will shift the Si 2p3/2 and the C 1s binding energies
by the same amount.
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Figure 1.8 Energy Level Diagram of Silicon in an XPS Demonstrating Dipole Shift
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Binding energy shifts due to band bending have been demonstrated previously by
XPS.5 For moderately doped silicon the escape depth of the photoemitted electrons is
much shorter than the depletion width, so even though the band bending is steepest at the
surface, all of the detected electrons for a specific peak will come from a narrow range of
energies and be shifted by the band-bending energy Ebb. Conversely, if the material is
highly doped and the depletion region is on the order of the escape depth of the electron,
the detected photoelectrons will have a range of energies corresponding to Ebb and the
peaks will be broadened out.

The bottom trace in each spectrum of Figure 1.9

demonstrates the different presentation of band bending for moderately doped (top) and
highly doped (bottom) silicon samples.43 By rotating the sample in XPS and changing the
emission angle, the effective escape depth can be varied, allowing progressively more
surface sensitive measurements by blocking out more of the bulk signal. When highly
doped samples with large amounts of band bending are analyzed in this way, the binding
energy is shifted by the band bending to a greater degree for the more surface sensitive
measurements as shown in Figure 1.10.
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Figure 1.9 XPS Si 2p spectra of p-Si(111)-H and p+-Si(111)-H Surfaces. Si 2p core-level
spectra demonstrate band bending in the dark and SPV for low doped sample upon
illumination.43
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Figure 1.10 Angle Resolved XPS Si 2p Spectra of p+-Si(111)-H Surface. Angle resolved
spectra demonstrate band bending by shifting away from the bulk binding energy as the
spectra get more surface sensitive.43
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In addition to measuring the band bending of semiconductors, XPS can be used

to measure the photoinduced flattening of the bands called surface photovoltage (SPV).
Photons, with energy larger than the band gap, will generate electrons and holes in the
semiconductor. Any charge carriers in the depletion region will be affected by the electric
field. Minority carriers will move to the surface and majority carriers will move into the
bulk. As minority carriers move to the surface they will either recombine with the charged
surface states present or screen some of the charge. In either case the effective charged
surface state density will be lowered. In the top spectrum of Figure 1.9, the Si 2p peak is
shifted closer to the expected flat band position upon illumination. Furthermore, when the
sample is cooled to -80 °C, effectively freezing out recombination at the surface, the peak
is shifted even closer to flat band conditions.43 At the lower temperature, the carrier
excitation from the X-ray source alone is enough to flatten the bands to some degree.
A clever proof of concept experiment demonstrating the SPV on silicon involved
taking spectra of p-type and n-type silicon simultaneously (Figure 1.11).44 In the dark, the
binding energy peaks of both materials were fairly close due to Fermi level pinning, but
after illumination the peaks from the two different materials shifted apart closer to their
expected flat band positions.
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Figure 1.11 XPS Si 2p Spectral Manipulation. Simultaneous Si 2p spectra of n-Si(111)H and p-Si(111)-H under illumination (a) and in the dark (b) demonstrating that
illumination affects the samples differently.44

1.6 Electrochemistry, Band Bending, and Surface States
In an ideal semiconductor electrochemical system, the Fermi level of the
semiconductor will equilibrate with the redox energy level in solution. While early work
on semiconductor electrochemistry found evidence for surface states giving rise to Fermi
level pinning which limited the potential of the system and reduced the overall efficiency,67

later reports found that surface states could be avoided in some electrochemical

systems.45-46 A much higher density of surface states is required to pin the Fermi level of a
semiconductor electrode compared to a semiconductor in vacuum.7, 47
Open circuit photovoltage is a measure of dark band bending in a semiconductor
photoelectrochemical system.

Charge transfer between the redox couple and
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semiconductor can bend the bands until the Fermi level intersects the valence band or
conduction band, depending on the redox couple. Upon illumination, the bands will flatten
producing a photovoltage. Surface dipoles have been demonstrated to shift the open circuit
photovoltages of Si(111) electrodes in contact with one-electron, outer-sphere redox
couples.48 A surface dipole will shift the energy level of the redox couple with respect to
the valence bands and conduction bands as shown in Figure 1.12.49 The Si(111)-CH3
surface being a negative dipole will push redox couples to a lower energy, or higher redox
potential (the sign conventions for energy and potential are flipped). Practically, this
means that a Si(111)-CH3 surface in contact with a redox couple will have the same
electrochemical behavior as a Si(111)-H surface in contact with a different redox couple
with a 0.4 V greater effective solution potential (Figure 1.13).48

Figure 1.12 Energy Level Schematic Illustrating Dipole Shifts of a Redox Couple.
Upon introduction of a negative dipole (b) the energy level of the redox couple is shifted
down relative to the valence band and conduction band. A positive dipole (c) shifts the
energy level of the redox couple up. Equilibration between the Fermi level and the redox
couple will result in band bending for all cases, but (b) will have the largest band bending
after equilibration due to the shifted position of the redox couple.49
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Figure 1.13 Open Circuit Voltage vs Effective Solution Potential. The open circuit
voltage of n-type and p-type Si(111)-H and Si(111)-CH3 samples were measured using a
variety of redox couples. Both n-type and p-type Si(111)-CH3 samples behaved like
Si(111)-H samples that were exposed to a solution potential 0.4 V higher.48

Semiconductor surface states and recombination centers occasionally seem to be
synonymous. Certainly in some cases they are one and the same, but there is no reason to
think that they must always be both. Measurements of effective surface recombination
velocities on semiconductor surfaces have clearly demonstrated that recombination can be
affected by both by the concentration of recombination centers as well as band bending at
the interface.50 Silicon surfaces which demonstrated long carrier lifetimes, and therefore
low SRV, under band bending conditions were shown to have higher SRV measurements
when redox couples in solution changed the band bending to be closer to flat band, as
shown in Figure 1.14. The electric field in the space charge region prevents holes from
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getting to the surface and therefore slows the rate of recombination. Interestingly, the
charged surface states that caused the initial band bending were positively charged,
however the electrons present at the surface did not recombine with them to any significant
degree.

Figure 1.14 Schematic of Band Bending and Surface Recombination. At high levels of
band bending, movement of holes to the surface is greatly inhibited, and without available
holes, surface recombination rates are lowered. When the bands are flattened, the hole
concentration at the surface is increased, as is the surface recombination velocity. This
phenomenon holds true even though band bending of this nature requires positively
charged surface states, indicating that these pre-existing surface states are not available for
recombination with electrons at the surface.50

1.6 Conclusions
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While charged surface states have been observed on semiconductors for almost as
long as semiconductors have been studied, there are still many open questions. The
objective of this thesis has been to study the behavior of semiconductor surface states,
albeit indirectly, to help elucidate their nature. Hopefully a better understanding of the
factors controlling semiconductor interface energetics and recombination will enable
development of higher efficiency semiconductor devices.
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Measurement of the Band Bending and Surface Dipole at
Chemically Functionalized Si(111)/Vacuum Interfaces
Reproduced from Gleason-Rohrer, D. C.; Brunschwig, B. S.; Lewis, N. S.
J. Phys. Chem. C 2013, 117(35), 18031-18042.

2.1 Abstract

The core-level energy shifts observed using X-ray photoelectron spectroscopy
(XPS) have been used to determine the band bending at Si(111) surfaces terminated with
Si-Br, Si-H, and Si-CH3 groups, respectively. The surface termination influenced the band
bending, with the Si 2p3/2 binding energy affected more by the surface chemistry than by
the dopant type. The highest binding energies were measured on Si(111)-Br (whose Fermi
level was positioned near the conduction band at the surface), followed by Si(111)-H,
followed by Si(111)-CH3 (whose Fermi level was positioned near mid-gap at the surface).
Si(111)-CH3 surfaces exposed to Br2(g) yielded the lowest binding energies, with the Fermi
level positioned between mid-gap and the valence band. The Fermi level position of
Br2(g)-exposed Si(111)-CH3 was consistent with the presence of negatively charged
bromine-containing ions on such surfaces. The binding energies of all of the species
detected on the surface (C, O, Br) shifted with the band bending, illustrating the importance
of isolating the effects of band bending when measuring chemical shifts on semiconductor
surfaces. The influence of band bending was confirmed by surface photovoltage (SPV)
measurements, which showed that the core levels shifted toward their flat-band values upon
illumination.

Where applicable, the contribution from the X-ray source to the SPV was
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isolated and quantified. Work functions were measured by ultraviolet photoelectron
spectroscopy (UPS), allowing for calculation of the sign and magnitude of the surface
dipole in such systems. The values of the surface dipoles were in good agreement with
previous measurements as well as with electronegativity considerations. The binding
energies of the adventitious carbon signals were affected by band bending as well as by the
surface dipole. A model of band bending in which charged surface states are located
exterior to the surface dipole is consistent with the XPS and UPS behavior of the
chemically functionalized Si(111) surfaces investigated herein.

2.2 Introduction
Band bending1 induced by charged surface states has been demonstrated to
influence, and sometimes dominate, the device characteristics of semiconductor surfaces,
including the surface barrier height,2 surface conductivity, surface recombination
velocity, and surface photochemistry.3 As devices become smaller, these surface effects
play an even larger role. The effects of band bending have been well documented for
silicon/metal contacts,2, 4 silicon/solution contacts,5-8 and silicon/vacuum contacts.9-10 In
many cases, the band bending is different than what is expected from a simple
comparison of the work functions of the contacting materials.

During the charge

equilibration process, surface states with donor or acceptor levels in the band gap become
emptied or filled, respectively, until the highest occupied donor/lowest unoccupied
acceptor states are positioned at the Fermi level. The charge equilibration process results
in trapped majority carriers in the surface states and a depletion layer inside the

semiconductor.
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These trapped charges generate an electric field within the

semiconductor. If the concentration of donors or acceptors is sufficient to dominate the
position of the Fermi level regardless of the contacting material or dopant type and
dopant density of the semiconductor, then the contact can be described as Fermi level
pinned. In vacuum, any band bending observed can only be ascribed to charged surface
states, measured as the surface state charge density Qss, and so any deviation from the
flat-band condition would be due to Fermi level pinning.
Identification of the nature of the states that contribute to Qss is typically
complicated by the low concentration of such surface state species. For example, for
moderately doped silicon with a relatively high concentration of net surface states,
sufficient to produce band bending of 0.7 – 0.8 eV, that spans the entire band gap, the
total charge would correspond to only ~ 0.02% of all surface atoms. Among other
possibilities, these surface states have been ascribed to surface unit cells diverging from
bulk cell properties, dangling bonds, metal-induced gap states, surface reconstruction,
step edges or dislocations, impurity atoms, and/or adsorbed surface ions.11 All of these
effects could contribute together to surface states. However, the surface states at the
highest occupied donor/lowest unoccupied acceptor energy level will determine the
ultimate energy of the Fermi level with respect to the valence-band maximum at the
surface (

). Historically, impurity atoms and adsorbed ions have been discounted due

to their assumed independence from the band bending,12 with adsorbed ions generally
treated as fixed charges without energy levels in the band gap.

X-ray photoelectron spectroscopy (XPS) has been used to determine the band
bending of semiconductors in ultrahigh vacuum (UHV).
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The binding energy, BE,

determined by XPS is a measure of the difference in energy between the elemental core
level and the Fermi level. While at equilibrium the Fermi level is flat (i.e., at constant
energy), the core levels as well as the valence and conduction levels will bend up or
down in unison due to the presence of the electric field in the space-charge region of the
semiconductor.

The escape depth of photogenerated electrons in crystalline silicon

ranges13 from 1.6 nm14 to over 3.9 nm15 for a 1387 eV electron. For XP spectra, when
the space-charge region is very large compared to the escape depth of the photogenerated
electron, as is the case for moderately doped Si, then all of the detected electrons will
have a relatively narrow energy distribution. Further, their binding energy will be shifted
from that calculated for the bulk (i.e., flat band) by the band-bending energy Ebb (in other
literature sources eVbb is used instead).

Alternatively, if the escape depth of the

photogenerated electrons is approximately the same as the depletion width, then the
detected electrons will have a range of energies, due to broadening by the spatially
dependent electric potential in the space-charge region of the semiconductor.16
The presence of a surface photovoltage (SPV)12 can help verify that an observed
binding energy shift is caused by band bending. Although most work on SPV has used
Kelvin probe measurements,12, 17 XPS has also been used.18-19 Upon illumination, charge
carriers are generated in the bulk and in the depletion region. Minority carriers generated
in the depletion region will move to the surface via drift due to the electric field, while
majority carriers in the depletion region will move into the bulk. Minority carriers
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generated in the bulk close to the depletion region will move toward the depletion
region via diffusion. A steady state will be established between minority carriers coming
to the surface, recombination, and surface state charging/discharging processes. This
steady state will result in a lower effective surface-state charge density and therefore will
reduce the band bending. The difference between the binding energy observed in the
dark and under illumination will give the SPV. This difference should be smaller than or
equal to the initial band bending, Ebb. Illumination cannot reduce the band bending to the
flat band condition unless the rate of surface recombination is very much lower than the
rate of minority-carrier diffusion and electron-hole generation by the light. The SPV
effect can also occur in the absence of deliberate illumination of the sample, due to
carrier excitation from the X-ray source, and such effects can possibly mask the intended
SPV experiment.16
The surface-based electronic properties (band bending, work function, and
dipole) have been studied and characterized on numerous Si surfaces. Three broad
classes of modification include deposition of inorganic thin films,20-23 of redox couples,
17, 24-28

and of molecules.29-32 Comparisons between different surface modifications, even

in the same class, are challenging due to variations in Si bond formation vs adsorption, in
the fraction of atop sites affected by the modification, and in the degree of Si oxidation
during modification, as well as due to the presence of unreacted sites.33
It is well-documented that p-type Si(111)-H surfaces exhibit band bending.16, 2426, 28, 32, 34-35

For both n-type and p-type Si(111)-H surfaces in vacuum, the Fermi level is

positioned at 0.7 – 0.9 eV above the valence band at the surface (

43
= 0.7 – 0.9 eV).

Most molecular attachment techniques, particularly those using sterically hindered
groups, leave residual Si-H bonds, and these residual bonds can dominate the bandbending properties after further modification. The majority of work on molecularly
modified Si surfaces, with and without redox couples, indicates minimal (< 0.1 eV)
change in band bending relative to the behavior of the Si-H surface. 24, 26, 28-29, 32, 36-37
Complicating analysis, the band banding on Si surfaces is not necessarily
constant. Si 2p3/2 binding energies on single p-Si(111)-H samples have been shown to
change with annealing.35 The Si 2p3/2 binding energies on single n-Si(100) samples with
a thin SiO2 layer were observed to shift to higher binding energy values, indicating
increased

, due to X-ray irradiation from the XPS source.

This behavior was

attributed to carrier trapping at the interface20 and correlated with the trace amounts of
residual Si-H bonds on some surfaces.22 Kelvin probe measurements have demonstrated
that the band bending of a single sample of alkylated p-Si(100) can reversibly change
over time, due to charge trapping caused by 848- and 670-nm illumination.38
Given these considerations, proper band-bending analysis requires the following:
measurement on multiple samples to obtain an appropriate statistical distribution, dark
conditions with minimal SPV generated from the X-ray source, minimal X-ray exposure
prior to core level analysis, consistent

positions on moderately doped samples of

both dopant types, and proper instrument Fermi level calibration at energies near the core
levels of interest (preferably using the positions of the Ag 3d and Au 4f peaks as
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standards). Furthermore, a surface modification known to completely eliminate Si-H
bonds can be useful for isolating the known positioning/pinning of the Si-H surface from
other characteristics affecting band bending.
Grignard chemistry has been well developed to introduce covalent Si-C
functionality to the atop sites of the Si(111) surface.33
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Sterically unhindered groups

such as methyl have been demonstrated to provide nearly complete termination of atop
sites on an unreconstructed Si(111) surface,42 as well as to prevent oxidation in air and in
solution and to maintain low surface recombination velocities.41

Gas-phase

bromination43 allows for the formation of polar Siδ+-Brδ- on Si(111) surfaces. Hence,
these techniques provide tools for observing how changes in the surface chemical
environment affect the surface band bending.
In this work, gas-phase bromination and small-molecule Grignard chemistry
have been used to prepare Si(111) surfaces that have 100% surface coverage as well as
relatively large differences between the values of the surface dipoles.

The resulting

band-bending behavior has been considered in the context of the possible location of the
charged surface states relative to the surface dipole. The shifts in binding energy of
adventitious carbon have been analyzed, and the dipole contribution to the energy shift
has been isolated. These surfaces therefore provide a model system for consideration of
the effects of redox couples adsorbed onto semiconductor surfaces.
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2.3 Experimental section
2.3.1 Materials

Methanol (VWR), acetone (VWR), hydrogen peroxide (30% , VWR), sulfuric
acid (VWR), dichloromethane (low evaporation residue, Aldrich), and tetrahydrofuran
(anhydrous, Aldrich) were used as received. Water with a resistivity of 18 M∙Ω cm was
obtained from a Barnsted Nanopure system.

Bromine (Aldrich) was collected by

distillation from a 1:1 mixture of bromine:sulfuric acid into a Schlenk flask, followed by
a freeze-pump-thaw procedure, and was stored under Ar(g) prior to use. CH3MgCl, 3.0
M in THF (Aldrich), was used as received, but only was used for a maximum of two
weeks after the SureSeal top had been punctured. HF(aq) (48%, Transene Inc.) was used
as received, and NH4F(aq) (40%, Transene Inc.) was degassed with Ar(g) for 30 min
prior to use.
Single-side polished, float zone, (111)-oriented Si wafers with a miscut angle of
±0.5° had the following specifications: p-Si(111), 11 – 18 Ω∙cm, boron-doped, EBvbm =
0.27 eV; n-Si(111), 0.8 – 1.5 Ω∙cm, phosphorous-doped, EBvbm = 0.88 eV; p+-Si(111),
0.001-0.002 Ω∙cm, boron-doped, EBvbm = 0.09 eV; n+-Si(111), 0.005-0.02 Ω∙cm,
phosphorous-doped, EBvbm = 1.02 eV; n++-Si(111), 0.002-0.004 Ω∙cm, phosphorous-doped,
EBvbm = 1.08 eV. Samples were cut into ~ 8-mm x 8-mm pieces.
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2.3.2 Surface Chemistry

Samples were cleaned by sequential rinses in streams of H2O, CH3OH, acetone,
CH3OH, and H2O. Samples were then placed in a solution of 1:1 H2O2:H2SO4 for a
minimum of 30 min, rinsed with H2O, submerged for 1 min in HF, rinsed with H2O, and
submerged for 5 min in degassed NH4F. Etched samples were sonicated for 20 s in H2O
and then for 20 s in CH2Cl2. Samples were then dried under N2(g) and immediately
placed under vacuum using a Schlenk line. The elapsed time between removal of the
sample from the etching solution and placement of the sample under vacuum was
typically 2 min.
Gas-phase bromination was performed on a Schlenk line. After a minimum of
three Ar(g) backfills, the sample flask was returned to vacuum and opened to a flask that
contained liquid Br2. Red-maroon bromine gas visibly filled the sample flask, and the
bromine flask was resealed after 1 s.

For samples that were to be subsequently

methylated, the sample and bromine were exposed to UV light for 1 min, with a total
reaction time of 5 min. For samples that were brominated immediately before analysis
by XPS (Si(111)-Br and Si(111)-CH3[Br]), the sample and bromine were kept in the dark
and reacted for a total of 1 min, after which the sample was returned to vacuum.
To methylate the Si surfaces, while under a positive pressure of argon, the Brterminated Si(111) surface was submerged in 3.0-M CH3MgCl in THF and heated for 90
min at 90 °C. After cooling, the samples were exposed to air, rinsed, and sonicated
sequentially in THF, H2O, and CH2Cl2 and then dried under N2(g). All samples were
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transferred through air to the load lock of the UHV chamber. Figure 2.1 provides a
graphical depiction of the process flow.

Figure 2.1 Schematic Representation of Si(111) Surface Functionalization.

2.3.3 Infrared Spectroscopy
All spectra were collected on a Thermo Scientific Nicolet 6700 Optical
Spectrometer with a DTGS-TEC detector and a purified-air purge.

Double sided

polished, n-type phosphorous-doped wafers with a resistivity of 63-77 Ω∙cm and a
thickness of 450-430 μm were cut to ~ 1.6 cm x 3 cm and prepared as described above.
Samples of this type were used only for IR analysis, but XPS analysis was also performed
on them, and their surface properties were found to be consistent with the other samples
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presented. After the surface chemistry was completed, the samples were positioned at
an angle of 76.4° from normal to the IR beam. Background transmission spectra of the
Si(111)-H surface were collected for each wafer prior to any further surface modification
and were used as a background for the other samples. Spectra were collected with 4 cm-1
resolution after 40 min of purging.44

2.3.4 Photoelectron Spectroscopy
All spectra were collected on a Kratos Axis Ultra system (base pressure 10-9 torr),
with a monochromatic Al Kα X-ray source. The X-ray source power either was set at 10
W (to minimize SPV effects) for Si 2p regions marked as such or for all other regions
was set at 150 W (to maximize signal-to-noise). A pass energy of 5 eV and a step energy
of 0.025 eV step-1 were used for the 10-W power experiments, a 40-eV pass energy and a
step energy of 1.0 eV step-1 were used for survey scans, and all other spectra were
collected using a 10-eV pass energy and a step energy of 0.025 eV step-1.

The

photoelectrons were collected at the surface normal by use of a hemispherical analyzer,
with no charge neutralization. The photoemission energy scale was calibrated using
freshly sputtered films of either Au or Ag, and the energy scale was confirmed to be
within 0.05 eV of standards or was recalibrated (Ag 3d = 368.26 ± 0.02 eV, Au 4f =
84.27 ± 0.02 eV) at 2-week intervals. Samples were measured in the dark unless
otherwise noted. External illumination was provided by an unfocused 150-W halogen
lamp that was positioned 20 cm from the sample (outside the UHV chamber) at an
incident angle of 30°. Secondary electron cutoff measurements were acquired in the

same UHV chamber by use of He I (hν = 21.2 eV) radiation. No voltage was applied
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to the sample during either the XPS or the UPS measurements.
All peaks were fit (with CasaXPS software45) to symmetric Voigt line shapes that
were 70% Gaussian and 30% Lorentzian product functions. The Si 2p regions were fit to
two peaks, and the C 1s regions were fit to two peaks for nonmethylated samples and to
three peaks for methylated samples. The peak positions were much less sensitive to the
fitting parameters than were the relative peak areas; hence, any error associated with the
fit was considerably less than the variation in binding energy observed between different
samples of nominally the same surface composition.

2.3.5 Band Bending, Evbm, Work Function, and Dipole Determination32
In XPS, the momentum of the emitted photoelectrons is measured at a detector.
The difference between the X-ray excitation energy (hν) and the sum of the kinetic
energy of the photoelectron at the surface plus the sample work function gives the
binding energy (BE), which is the difference in energy from the core level to the Fermi
level. The core level, valence band, and conduction band all bend in unison, so changes
to

(energy difference from the valence band to the Fermi level at the surface) are

mirrored by changes in BEs. While the work function of the sample (WF,s) affects the
kinetic energy of the electrons at the sample surface (KEs), the sum of the kinetic energy
at the detector (KEd) and the detector work function (WF,d) equals the sum of KEs and
WF,s.46 Thus the binding energy is given by Eq 2.1,
BE = hν – (KEd + WF,d) .

(2.1)
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WF,s, and consequently a surface dipole (δ), will not directly affect the binding energy
of photoelectrons generated interior to the dipole (Figure 2.2). Surface functionalization
treatments will result in different surface dipoles, WF,s, and band bending. While changes
in WF,s do not affect the observed BE, changes in the band bending will affect the
observed BE.
Alternatively, the binding energy of photoelectrons generated exterior to a surface
dipole will be shifted by the dipole (Figure 2.2b).

The core levels of adventitious

material will be shifted by the initial position of the Fermi level within the band gap, as
well as by the band bending and any surface dipole. Hence, the adventitious carbon
signal cannot be used as a binding energy reference for analysis of the energy levels of
the semiconductor.
The binding energy, using Au as a Fermi level reference, of the Si 2p3/2 peak of
bulk crystalline Si with the Fermi level pinned to the valence band, referred to as BEV(Si
2p3/2), was determined previously to be 98.74 eV,21 allowing the measured binding
energies to be placed precisely within the band gap. Samples with the Fermi level pinned
to the conduction band were also previously measured and were found to be in good
agreement with a 1.12-eV band gap. Properly grounded/calibrated Si 2p3/2 measurements
should therefore fall within the range between 98.74 and 99.86 eV.

The energy

difference from the valence band to the Fermi level at the surface can be determined for
moderately doped Si as
= BE(Si 2p3/2) – BEV(Si 2p3/2) .

(2.2)

Figure 2.2 Energy Level Diagram of Silicon in an XPS Demonstrating Dipole Shift
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Figure 2.2 Energy Level Diagram of Silicon in an XPS Demonstrating Dipole Shift.
Energy level diagram of p-type silicon in an XPS shown (a) without and (b) with a surface
dipole, δ. The red or dark gray marking in (b) indicate energy levels or values that are
affected by δ, while the previous locations for the energy levels are depicted in light gray.
WF,s and WF,d are the work functions of the Si sample and of the detector, respectively, hν is
the X-ray energy. BE(Si 2p3/2) and BE(C 1s) are binding energies of the Si 2p3/2 and C 1s
core levels, respectively, where the adventitious C is located exterior to δ and the Si is
located interior to δ. BEV(Si 2p3/2) is the energy difference between the Si 2p3/2 core level
and the valence-band maximum. EBvbm and
are the energies of the Fermi level with
respect to the valence-band maximum in the bulk and at the surface, respectively. Ebb is the
band bending energy, and the arrow is pointing down because the value of Ebb is negative
as drawn. KEs is the kinetic energy of the photoelectrons emitted from the indicated core
levels at the surface of the sample (exterior to the dipole). KEd is the kinetic energy of the
photoelectrons as measured at the detector. The valence (VB) and conduction (CB) bands
of silicon are shown. Note that the dipole, δ, will not directly affect the Si 2p3/2 binding
energy measurement, but could have an indirect effect if the dipole/surface treatment
changes the surface charge density, and consequently the band bending.

The degree of band bending can be determined by taking the difference in energy
of the Fermi level relative to the valence band in the bulk ( EBvbm ), as determined from
dopant density calculations, minus

. Note that positive Ebb indicates that the band

levels increase in energy relative to the Fermi level as one moves from the bulk to the
surface,
Ebb = EBvbm –

= EBvbm + BEV(Si 2p3/2) – BE(Si 2p3/2) .

(2.3)

The work function at the surface WF,s, which is dependent on both the band
bending and the surface dipole, as shown in Figure 2.2b, was determined from the UPS
spectra. The secondary electron cutoff was measured as the energy position of the half-
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height of the intensity determined from a straight line fit of the cutoff data, with WF,s
determined by
WF,s = hν - Ecutoff ,

(2.4)

where hν is the He I emission at 21.2 eV. The surface dipole (δ) can be calculated as the
difference between the surface electron affinity (χS) and the bulk electron affinity (χB),
which has a nominal value of 4.05 eV,1, 30

χ S = WF,s − EScbm = WF,s − ( Eg − ESvbm ) ,

(2.5)

δ = χ S − χ B = WF,s − Eg + ESvbm − χ B ,

(2.6)

where Eg is the band gap of silicon, i.e., Eg = 1.12 eV.
individually dependent on Ebb; however, the sum of

Both

and WF,s are

and WF,s is independent of Ebb,

giving a value for the dipole that is independent of the band bending.

Hence,

measurements in the light and in the dark should give the same value for the dipole;
however, in practice, differences due to X-ray and/or UV photon-generated SPV may
cause a discrepancy between the values determined by the two different approaches.
Table 2.1 summarizes the calculations for the relevant calculated quantities.
Table 2.1 Quantities Calculated
=
ESvbm BE (Si 2p3/2 ) − BE V (Si 2p3/2 ) 1

Ebb =
( EBvbm + BE V (Si 2 p3/2 ) ) − BE (Si 2 p3/2 )

W=
hν − Ecutoff 2
F,s

δ = χ S − χ B = (WF,s − Eg + ESvbm − χ B ) 3

BEV(Si 2p3/2) = 98.74 eV. 2hν = 21.2 eV. 3Eg = 1.12 eV and χB = 4.05 eV

1

2.4 Results
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2.4.1 Surface Characterization
2.4.1.1 XPS Survey Spectra
The survey spectra of all samples showed peaks at Si 2p (99 eV) and Si 2s (150
eV) (Figure 2.3). In addition, C 1s (285 eV) and O 1s (533 eV) peaks were observed on
all samples, consistent with the presence of adventitious adsorbed hydrocarbons. Using
the intensity of the low-energy carbon peak of a Si(111)-CH3 surface that had little
adventitious carbon as a reference for a coverage of one monolayer, the observed carbon
and oxygen intensities corresponded to 0.5 - 3 monolayers for various samples. No
correlation was observed between the binding energy shifts and the coverage of
adventitious species of carbon and/or oxygen. Signals in the Br 3d region were observed
only for Si(111)-Br and Si(111)-CH3[Br] surfaces (Figure 2.4). Using the intensity of the
Br 3d signal of a Si(111)-Br sample as a reference for a coverage of one monolayer, the
Si(111)-CH3[Br] surfaces were found to have 0.1 – 0.3 monolayers of bromine present on
the surface.
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Figure 2.3 XPS Survey Spectra of Si(111) Surfaces. Sample surfaces are clean with
adventitious carbon and oxygen accounting for 1-3 monolayers on unannealed surfaces.
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Figure 2.4 XPS Br 3d Spectra of Si(111) Surfaces.

Si(111)-CH3[Br] surface

concentration of bromine is 10%-30% (10% shown) the concentration of Si(111)-Br
surfaces.

2.4.1.2. IR spectra
The observed FTIR absorbance spectra, with a Si(111)-H subtraction (Figures
2.5-2.6), were in good agreement with previously reported data.47 No differences were
observed between the FTIR spectra of the Si(111)-CH3[Br] and Si(111)-CH3 surfaces.
Both the Si(111)-CH3[Br] and Si(111)-CH3 surfaces exhibit peaks at 1257 cm-1 (Figure
2.5) which have been ascribed to C-H symmetrical bending of the methyl group, known

as the “umbrella” mode, and which have been demonstrated to be polarized
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perpendicular to the surface. The Si(111)-CH3[Br] and Si(111)-CH3 surfaces also have
peaks at 757 cm-1 (Figure 2.6) due to the C-H rocking motion.47

Figure 2.5 IR Absorbance Spectra of Si(111) Surfaces. IR absorbance spectra subtracted
from Si(111)-H demonstrates no loss of characteristic Si(111)-CH3 peaks upon exposure to

bromine.
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Figure 2.6 IR Absorbance Spectra of Si(111) Surfaces. IR absorbance spectra subtracted
from Si(111)-H demonstrates no loss of characteristic Si(111)-CH3 peaks upon exposure to

bromine.

2.4.2 Binding Energy Shifts of Si 2p Peaks in the Dark
2.4.2.1 Moderate Dopant Density
Figure 2.2a depicts an energy-level diagram of the Si 2p3/2 binding energy as a
function of the observed band bending. Representative spectra are shown in Figure 2.7,
with the measurements obtained in the absence of deliberate illumination of the sample
depicted in black. The results of all measurements are shown in Figure 2.8 and averages
are listed in Table 2.2.
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Figure 2.7 XPS Si 2p Spectra of Moderately Doped Si(111) Surfaces. Si 2p core-level
spectra of various surfaces on moderately doped (a) p-type and (b) n-type Si (111) using 10
W X-ray source power. The difference between the conduction band and the Si 2p3/2 core
level (99.86 eV) and the difference between the valence band and the Si 2p3/2 core level
(98.74 eV) are marked by the solid vertical lines. The difference between the calculated
bulk Fermi level and the Si 2p3/2 core level under flat-band conditions is indicated by the
dashed vertical line for each given dopant type. Spectra obtained under deliberate
illumination are presented in gray.
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Figure 2.8 Si 2p3/2 Binding Energy of Functionalized Si Surfaces. Si 2p3/2 binding
energies of all samples using the 10 W X-ray source power. The solid lines mark the
difference between the conduction band and the Si 2p3/2 core level (99.86 eV) and the
difference between the valence band and the Si 2p3/2 core level (98.74 eV), respectively.
The dashed lines mark the difference between the calculated bulk Fermi level and the Si
2p3/2 core level under flat-band conditions for each dopant density. A significant deviation
from flat-band conditions was observed for the moderately doped samples, with surface
treatments bending the bands to maintain a specific
despite different dopant types.

Table 2.2: Si 2p3/2 Binding Energy of Functionalized Si Surfaces
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Ebb 2
Samples BE(Si 2p3/2)
σ1
Surface
(#)
(eV)
(eV)
(eV)
(eV)
n-Si(111)-Br
15
99.76
0.07
1.02
-0.14
n-Si(111)-H
17
99.63
0.05
0.89
-0.01
n-Si(111)-CH3
17
99.43
0.12
0.69
0.19
n-Si(111)-CH3[Br]
18
99.26
0.11
0.52
0.36
p-Si(111)-Br
15
99.66
0.12
0.92
-0.65
p-Si(111)-H
15
99.43
0.07
0.69
-0.42
p-Si(111)-CH3
26
99.29
0.08
0.55
-0.28
p-Si(111)-CH3[Br]
24
99.08
0.13
0.34
-0.07
1
2
Standard deviations of the binding energy. Positive band bending energies indicate that
the bands increase in energy as one moves from the bulk to the surface.

For samples with a moderate dopant density, labeled n-Si(111) and p-Si(111), the
surface treatment had a larger effect on the binding energy than did the type of dopant.
For example, for a given surface functionality, n-Si(111) samples exhibited signals that
were, on average, 0.15 eV higher in binding energy than the signals observed on pSi(111) samples.

In contrast, different surface treatments produced shifts in the peak

binding energies by as much as 0.50 eV on n-type silicon and 0.58 eV on p-type silicon.
The trend in binding energy position was consistent for both n-type and p-type Si
samples, with Si(111)-Br > Si(111)-H > Si(111)-CH3 > Si(111)-CH3[Br]. The full width
at half-maximum (fwhm) for all peaks was narrow, with values of 0.35 ± 0.02 eV.

2.4.2.2 High Dopant Density
For the highly doped samples, the peak positions were primarily affected by the
dopant type, and all signals appeared at energies close to the calculated flat-band

++

condition (shown as a dotted line, Figure 2.9). For n -Si(111) samples, the peak
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positions were in the high range of those observed, while the signals for the p+-Si(111)
samples were at the low end of the range. For the n+-Si(111) and p+-Si(111) samples,
some peak shifting was observed as a result of surface treatment, with the same trend as
(a)

(b)

(c)

Figure 2.9 XPS Si 2p Spectra of Highly Doped Si(111) Surfaces. Si 2p core-level
spectra of various surfaces on (a) very highly doped n-type (b) highly doped n-type and (c)
highly doped p-type Si (111) using 10 W X-ray source power. The difference between the
conduction band and the Si 2p3/2 core level (99.86 eV) and the difference between the
valence band and the Si 2p3/2 core level (98.74 eV) are marked by the solid vertical lines.
The difference between the calculated bulk Fermi level and the Si 2p3/2 core level under
flat-band conditions is indicated by the dashed vertical line for each given dopant density.

was observed on the moderately doped Si samples. No significant differences in
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binding energy were observed as a function of surface treatment on the n++-Si(111)
surfaces.
In addition to slight peak shifting, some spectra of n+-Si(111) and p+-Si(111)
samples exhibited peak broadening, with an increase in the measured fwhm.

The

samples that exhibited the broadest peaks were n+-Si(111)-CH3[Br], p+-Si(111)-Br, and
p+-Si(111)-H (Figure 2.9b and c). The n++-Si(111) samples showed no peak broadening
(Figure 2.9a).

2.4.2.3 Band Bending
The observed peak shifts from the calculated bulk values (dotted lines), as well as
the observed peak broadening, can be explained by the presence of band bending at the
silicon/vacuum interface. Band bending changes the binding energy by changing the
relative energy from the Si 2p core levels (bent) to the Fermi level (flat). For moderately
doped samples, the depletion width is much larger than the escape depth of the electron,
so the detected photoelectrons come from a “thin slice” (compared to the full bandbending diagram) of the sample at the silicon/vacuum interface. These detected electrons
come from a narrow energy range that is shifted from the flat-band energy by Ebb.

2.4.3 Binding Energy Shifts from SPV
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2.4.3.1 External Illumination
Upon illumination, samples furthest from their calculated flat-band energy in the
dark showed peaks that shifted significantly toward the calculated flat-band position
(Figure 2.7, gray lines). The shifts were approximately half the distance to the calculated
flat-band peak position. Conversely, samples that were near the calculated flat-band
energy did not show shifts in the peak energies upon illumination. The observed SPV
effect is therefore consistent with the interpretation that the binding energy shifts are the
result of band bending at the silicon/vacuum interface. The narrow depletion regions of
the highly doped samples resulted in no significant peak shifts or peak narrowing upon
illumination, due to a lower population in these samples of excited minority carriers that
were generated in the depletion region and driven to the surface by drift.

2.4.3.2 SPV and X-ray Source Intensity
The contribution of the X-ray-derived illumination to the SPV was determined by
measurement of the Si 2p3/2 position as a function of the power supplied to the X-ray
source (Figure 2.10). For samples that demonstrated some SPV, for example, n-Si(111)CH3[Br], increases in the X-ray power source also produced a change in the binding
energy position, with a shift toward flat band. No shift was observed for samples that
exhibited no SPV, and the shift was not additive with the shift produced by illumination
with visible light (i.e., the light trace in Figure 2.10 is flat). As has been suggested
previously,16 the X-ray source itself contributes to the SPV, so any measurement of band
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bending using XPS therefore needs to carefully consider the intensity of the X-ray
source.

Figure 2.10 Si 2p3/2 Binding Energies vs X-ray Power. Si 2p3/2 binding energy as a
function of X-ray power for n-Si(111)-Me[Br] with, and without, external illumination.
Due to very low count rates, peaks other than the Si 2p signal were not well-suited
to measurement using 10 W X-ray emission. Hence, the X-ray source was powered at
150 W, to facilitate comparison between the other spectra that were obtained in this work.
Even at higher X-ray intensities, SPV effects were observed clearly in some samples. For
example, Figure 2.11 shows the spectra of all regions of interest for a p-Si(111)-Br
sample in both the dark (black) and light (gray). The Si 2p region is shown twice, once at

10 W (trace a) and again at 150 W (trace b). All other XPS spectra (c-f) were collected
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with the X-ray source set at 150 W. The results were consistent, with all peaks shifting
by ~ -0.4 eV between the light and the dark scans. The Si 2p peaks observed using 150
W (trace b) exhibited less of a shift in binding energy than those observed using 10 W of
power to the X-ray beam (trace a), due to some SPV being provided by the X-rays
themselves at the higher power. The UPS spectra (trace g) exhibited the largest SPVinduced shift in binding energy, indicating that the UV lamp generated less excited
carriers in the silicon than the X-ray gun.

Figure 2.11 Surface Photovoltage Observed by XPS. Surface photovoltage observed on
p-Si(111)-Br surface in XPS (a) Si 2p at 10 W, SPV = 0.433 eV, (b) Si 2p at 150 W, SPV =
0.387 eV, (c) C 1s at 150 W, SPV = 0.394 eV, (d) Br 3d at 150 W, SPV = 0.390 eV, (e) O 1s
at 150 W, SPV = 0.40 eV, (f) VBM at 150 W, SPV = 0.4 eV, and (g) UPS He I spectra, SPV
= 0.45 eV.

2.4.4 UPS Measurements
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2.4.4.1 Work Function in Dark
UPS spectra were obtained both in the light and in the dark, with the secondary
electron cutoff region shown in Figure 2.12, and with calculated values listed in Table
2.3. The secondary electron cutoff was measured and was used to calculate the dark
work function and the surface dipole. Although the work function is dependent on

,

and hence will change with both dopant type and band bending, the surface dipole should
be independent of any electronic property or state of the sample. The dark work function
demonstrated a clear trend with surface treatment, and very minimal difference due to
dopant type, except for the Si(111)-CH3[Br] surface. The smallest work functions were
observed for the Si(111)-CH3 surface; intermediate work functions were observed for the
Si(111)-H and Si(111)-CH3[Br] surfaces; and the largest work functions were observed
for the Si(111)-Br surfaces. The work function measurements were not performed with
an applied voltage, which is used to ensure that the sample work function is larger than
the analyzer work function, due to concerns that an applied voltage could affect the
surface band bending. As a result, the smallest work functions measured, at 4.0 eV,
could be at the threshold of the analyzer work function, and therefore the reported work
function for those samples can be interpreted as an upper bound to the sample work
function.
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Figure 2.12 UPS He I Spectra. UPS He I spectra of the secondary electron cutoff region
for (a) n-type and (b) p-type silicon samples with (gray) and without (black) illumination.

Table 2.3: Work Function and Surface Dipole of Functionalized Si Surfaces
WF,s dark
WF,s light
δ dark
δ light
Surface
(eV)
(eV)
(eV)
(eV)
n-Si(111)-Br
4.86
4.86
0.71
0.73
n-Si(111)-H
4.29
4.27
-0.07
-0.03
n-Si(111)-CH3
4.04
4.01
-0.42
-0.38
n-Si(111)-CH3[Br]
4.40
4.17
-0.23
-0.33
p-Si(111)-Br
4.94
5.39
0.80
0.82
p-Si(111)-H
4.28
4.59
-0.27
-0.08
p-Si(111)-CH3
4.05
4.28
-0.50
-0.40
p-Si(111)-CH3[Br]
4.72
4.82
0.01
0.00

69

2.4.4.2 Work Function under Illumination
The work functions of illuminated samples were measured and compared to the
dark work functions, as shown in Figure 2.12 (gray lines) and in Table 2.3. For the ptype samples, illumination increased the difference between the work functions of the
different surface types, in stark contrast to the Si 2p XPS peak positions, which were
more similar to each other after illumination. Both results conform to the band-bending
analysis depicted in Figure 2.2.

2.4.5 Binding Energy Shifts of C 1s Peaks
Figure 2.13 shows representative measurements of the binding energy of the C 1s
peak relative to the binding energy of the Si 2p3/2 peak (at 150 W), with both
measurements performed on the same sample. The difference in peak positions was used
to eliminate effects due to differences in band bending, because both peaks are equally
affected by band bending, as demonstrated by the SPV effect shown in Figure 2.11b-c.
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Figure 2.13 XPS C 1s Spectra. XPS of the C 1s region relative to the Si 2p3/2 binding
energy position of the same sample. The two overlaid spectra are of the same sample after
an elapsed time of 47.5 hrs. The difference is the result of adventitious carbon adsorbed in
the vacuum chamber. The subtraction from the Si 2p peak enables isolation of the shift
caused by the dipole rather than the shift due to band bending.

The spectra exhibited signals due to adventitious carbon (C-C bonds and C-H bonds), and
spectra of the Si(111)-CH3 and Si(111)-CH3[Br] surfaces also exhibited peaks due to
silicon-bound carbon. On the Si(111)-CH3 and Si(111)-CH3[Br] surfaces, the carbon
bound to silicon was downshifted by ~ 1 eV relative to the adventitious carbon signal. A
much higher binding energy shoulder, upshifted from the C-C/C-H adventitious carbon

signal by ~ 1.5 eV, resulting from carbon bound to oxygen, was also observed on all
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samples. As shown in Figure 2.13, the location of the adventitious carbon signal was
variable and depended on the surface treatment. The relative binding energy position of
the adventitious carbon on Si(111)-Br was the lowest measured, and the position of the
adventitious carbon on Si(111)-CH3 was the highest measured, with a difference of 1.0
eV between them. These shifts are consistent with the adventitious carbon being located
exterior to the surface dipole and being affected by the value of the surface dipole, as
depicted in Figure 2.2b.
To ensure that the observed shifts were not the result of chemically different
carbonaceous species present on the different surfaces, the signals produced by
adventitious carbon that had been deposited in vacuum were also recorded. Without any
intentional introduction of carbon, the base adventitious carbon deposition rate on
samples in the UHV chamber was found to be 0.027 monolayers per hour, using the
intensity of the silicon-bound carbon (C-Si) signal on a Si(111)-CH3 surface as a
reference for 1.0 monolayer of coverage. After two days of adventitious carbon growth,
which was performed simultaneously for all four samples used in the measurement, the
peaks for adventitious carbon deposited in the vacuum chamber lined up with peaks
previously ascribed to adventitious carbon resulting from atmospheric exposure. No
significant chemical difference was assumed between the adventitious carbon deposited
on one sample as compared to another, and so shifts in the binding energy position cannot
be ascribed to chemical changes.

Analysis of Figure 2.13 indicates some slight

asymmetry in the adventitious growth C on the Si(111)-Br and Si(111)-H samples,

consistent with a decrease in the dipole strength with increased distance, due to a small
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induced dipole in the opposite direction on the interior adventitious carbon layers. The
initial surface concentrations of adventitious carbon were not constant, with initial scans
of Si(111)-CH3 and Si(111)-CH3[Br] showing less than 0.5 monolayers of adventitious
carbon, while Si(111)-Br and Si(111)-H surfaces had over 2 monolayers of adventitious
carbon.

The low levels of adventitious carbon on the Si(111)-CH3 surfaces were

achieved without annealing and in spite of the introduction of such samples to the
vacuum chamber through ambient air.

2.5 Discussion
2.5.1 Band Bending and Qss
2.5.1.1 Moderate Dopant Density
Functionalization of Si(111) surfaces has been demonstrated to induce band
bending such that any given surface will tend toward some specific value of
regardless of the dopant type of the silicon. Samples with large positive dipoles, namely
Si(111)-Br surfaces, resulted in large values for

, with the Fermi level positioned

near the conduction band for both n-type and p-type samples. The p-type samples
exhibited significant band bending, while the n-type samples were near flat-band, as
indicated by the SPV measurements. For Si(111)-H samples, with a surface dipole near
zero, the measured

was consistently lower than the measured

of the Si(111)-

Br surfaces. Si(111)-CH3 samples had a negative surface dipole and exhibited a Fermi
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level position that was near the middle of the band gap.
Band bending at the silicon/vacuum interface is the result of charged surface
states, with the net surface charge density, Qss, equal and opposite to the net surface
charge density for the space-charge region, Qsc, given by the product of the dopant
density and the depletion width,1
 E − kT 
Qsc = eN DW = 2eε Si N D  bb
 .
e



(2.7)

where e is the charge on a proton, ε Si is the permittivity of silicon (11.8* ε 0 ), ND is the
dopant density, Ebb is the band bending energy, k is the Boltzmann constant, T is the
absolute temperature (kT is 0.0256 eV at 25 °C), and W is the width of the space-charge
region. For moderately doped silicon with a high degree of band bending, Qss is in the
range of 1-3 x 10-8 C cm-2, i.e., 1-3 x 10-4 charged surface atoms per surface atom. Note
that while the space-charge region is a volume, the space-charge density, Qsc, is a charge
per unit area.

2.5.1.2 High Dopant Density
For highly doped samples, the band bending can give rise to peak broadening if
the depletion region is comparable in width to the escape depth of the electron. The
collected photoelectrons would then have a range of energies that corresponds to the band
bending. The lack of any observed peak shifting or broadening for the n++-Si(111)
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samples (Figure 2.8a) suggests that there is a very narrow depletion width, so that for
all surface treatments, the majority of collected electrons came from the flat-band region.
The calculated depletion width is 8 nm, but possible surface gettering of dopants could
reduce it. Also, small discrepancies at very low resistivity give rise to significant changes
in the calculated width.
The observed BE(Si 2p3/2) for n++-Si(111) samples were independent of surface
treatment, confirming that they are not affected by the surface dipole. The high dopantdensity samples provide qualitative support for understanding the observed binding
energy shifts in terms of band bending; however, using this technique, high dopantdensity samples cannot provide quantitative values for

or Qss.

2.5.2 Surface Dipole and Qss
2.5.2.1 Electronegativity
The trend in WF,s (Figure 2.12 and Table 2.3) is the opposite of that which would
be expected if WF,s is only affected by the band bending. As seen in Figure 2.2b, surface
band bending that causes the Fermi level to be at or near the conduction band, as is the
case with the Si(111)-Br surface (

~ 1 eV), should result in low WF,s. However,

these samples have the largest work functions (Table 2.3). The effect of the surface
dipole must therefore be large and in the opposite direction to the band bending.
The measured dipoles, shown in Table 2.2, are in good agreement with previously
reported surface dipoles on similar surfaces as well as in accord with considerations
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based on differences in the Pauling electronegativities of the various functionalities on
the surface, with values of 1.90, 2.20, 2.55, and 2.96 for Si, H, C, and Br, respectively.
The large positive δ (positive referring to the energy shift on a band energy diagram as
one moves from the sample to the vacuum) for the Si(111)-Br surfaces can be explained
in terms of the electron-withdrawing characteristics of the bromine atom creating a
significant charge separation, represented as Siδ+-Brδ-. The smaller electronegativity
difference between the Si and H is consistent with the small dipole observed for the
Si(111)-H surfaces. Consideration of the electronegativity difference between the Si and
C would lead to a positive dipole of intermediate magnitude, but previous work30 has
demonstrated that the Cδ--Hδ+ bond plays a more important role in determining the
surface dipole than the Siδ+-Cδ-

bond.

The measured dipoles for the Si(111)-CH3

surfaces therefore reflect the low values of the electron density at these surfaces.
Bromine termination of the Si surfaces resulted in either little net surface charge
(small Ebb) for n-type samples or in a relatively large amount of net positive charge (large
negative Ebb) for p-type samples. By definition, the surface dipole contributes no net
charge, but charged states near the dipole could be induced and/or stabilized. Silicon
bound to bromine will have a partial positive charge reflected in the work function. The
electron-withdrawing effects of the bromine would destabilize cation formation on the
attached silicon, and to a lesser degree, any of the nearest neighbors to the silicon.
Conversely, any positive charge on the vacuum side of the Si-Br bond would be
stabilized by the electron density on the bromine.

2.5.2.2 Energy-Level Diagram
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An alternative framework would be to consider the band-level diagram shown in
Figure 2.14. A surface dipole will move all levels of a species located outside the dipole
layer relative to the Fermi level of the surface. Thus a positive δ moves outside levels
toward the vacuum level, while a negative δ will move the outside levels toward lower
energy. This shift is observed for the adventitious C 1s peaks. As shown in Figure 2.13,
the C 1s peak shifted by 0.8 and 1.1 eV, respectively, when the surface termination was
changed from Si-Br to Si-H and from Si-Br to Si-CH3 surfaces. The energy difference
of δ on the same surfaces is 0.8 and 1.3 eV, respectively. Thus the adventitious carbon
peaks shifted in accord with expectations for a species located outside of the dipole layer.
If the Fermi level of the semiconductor equilibrates with a species located outside of a
surface dipole layer, then the observed δ will correlate with

and will inversely

correlate with Ebb.
The Siδ+-Brδ- dipole, which moves the C 1s core levels up, thereby decreasing the
distance from the core level to Fermi level, will also shift any energy levels at the Fermi
level to a position above the Fermi level (Figure 2.14b). Filled states above the Fermi
level will then donate their electrons to the semiconductor, and if such states were neutral
they will then become positively charged. This process will continue until all of the filled
donors lose their electrons or the energy level of the redox couple equilibrates with the
Fermi level. In this model, a positive dipole would be expected to produce downward
band bending (Figure 2.14c).
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Figure 2.14 Band-Level Diagrams of Model System. Band-level diagrams of a model
system in which the surface charge is a redox species located exterior to the dipole. Starting
conditions (a) and (d) depict no dipole, and the redox species equilibrated to the Fermi level
of the semiconductor resulting in a small amount of band bending. Introduction of a dipole,
but prior to any electron transfer, will cause the redox species to be shifted up relative to the
Fermi level for positive dipoles (b) and down for negative dipoles (e). Redox species above
the Fermi level will donate electrons to the semiconductor resulting in more downward
band bending(c), while those below the Fermi level will accept electrons causing the bands
to flatten (f). This model could be expanded by adding counterions to achieve positive band
bending.

Within this framework, for a negative dipole, such as the Cδ--Hδ+ bond on a
Si(111)-CH3 surface, all of the energy levels of the adsorbed molecules should be shifted
downward.

This shift will increase the observed core-level binding energy of

adventitious carbon and will move any energy levels at the Fermi level to a position
below the Fermi level (Figure 2.14d-e).

Any unfilled acceptors, in this case cations,

would be filled, decreasing the net surface charge and reducing the band bending. As
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shown in Figure 2.14f, all of the acceptor states have been filled, and so such states will
no longer equilibrate with the Fermi level. The partial positive charge on the hydrogen
atoms would destabilize any adjacent cations.

2.5.2.3 Surface Dipole vs. Terminal Si Electron Density
The inverse relationship between the surface dipole and the observed band
bending is not related to the electron density on the terminal silicon atom. Although the
Cδ--Hδ+ bond results in a negative dipole, the Siδ+-Cδ- bond is more polar than the Siδ+-Hδbond.

This behavior would place the Si(111)-CH3 surface between the Si(111)-Br

surface (strongly polar) and Si(111)-H surface (weakly polar) in terms of electron density
on the bonded silicon atom. Therefore, no trend was observed in the band bending as a
function of the chemical bond polarity of the terminal silicon atom.

2.5.3 Redox Adsorption
The very low

values observed for Si(111)-CH3[Br] samples do not neatly

fit the trend in surface dipoles but still fit within the framework of the larger model
advanced herein. The total elemental bromine on the Si(111)-CH3[Br] surface was only
10-30% of the total bromine on the Si(111)-Br samples, and no chemical bond changes
were observed by IR (Figure 2.5-2.6) or XPS analysis (Figure 2.3 and 2.7). As seen in
Figure 2.13, no appreciable loss of silicon-bound carbon was observed in the C 1s
spectra, and no signals ascribable to C-Br bonds were observed. The Br 3d XPS spectra,
Figure 2.4, indicate the presence of multiple oxidation states of Br on such surfaces, but

soft-XPS would be better suited to elucidate the nature of the bromine on the surface.
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Possible states of bromine include Br2, Br-, Br3-, BrO-, and BrO3-. Fixing the surface
Fermi level near the valence band requires either no net surface charge for p-type samples
or net negative charge for n-type samples. If a small amount of the bromine on the
surface were present as an anion (without a counterion), a low

would be expected.

The traditional model of surface states locates the charged atom on the
semiconductor side of the surface dipole. The rationale for this approach comes from the
long history of semiconductor metal contacts, in which the excess charge could not be
located on the metal. Defect sites, dangling bonds, step edges, and impurity atoms (at a
much higher concentration than dopant atoms) have been suggested as possible locations
for these charges. The model advanced herein locates the surface charge exterior to the
surface dipole on adsorbed redox species. The redox species could be introduced either
in the gas phase (even in vacuum) or during the solvent rinses. Any adsorbed species that
formed an “ion pair” with the semiconductor would be difficult to remove upon
introduction to vacuum, due to the electrostatic attraction. Introduction to vacuum would
remove solvating molecules, and so would have an effect on the redox potential of the
species. Adsorbed water should be considered as a possible source of surface charge,
considering the common ionization of water in the generation of static charge.
Furthermore, the role of surface chemistry and the surface dipole has long been known to
stabilize/destabilize the hydronium and hydroxide ions in the generation of static charge,
known as the triboelectric effect. Gas-phase adsorbed water has been demonstrated to
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affect the band bending similar to an adsorbed redox couple, and humidity affects the
48

surface conductivity of silicon.49-50

2.5.4 Measurement Variability
The relatively large range of values observed for the Si 2p3/2 peak position on
moderately doped samples indicates the need for a statistical analysis of band-bending
measurements. Measurement variability, even on a single sample measured at different
times left in vacuum, demonstrates the need for data collection on a large number of
samples. The band bending of a semiconductor in vacuum is not an inherent property of
a semiconductor; rather, it is influenced by the surface chemistry, adsorbed species, and
sample history. The variability is consistent with adsorbed ions/redox couples giving rise
to band bending. Molecular adsorption has been demonstrated to take place in vacuum
for adventitious carbon, and trace adsorption is difficult to rule out in standard
experimental measurements.
The Si 2p XPS spectra were used to determine the position of the Fermi level at
the surface,

, whereas the UPS spectra were used to determine the work function,

WF,s. Derivation of the surface dipole by this approach thus assumed that the same band
bending was present in both cases. However, even at very low power, the XPS clearly
generated some SPV. For this reason, determination of

and WF,s in the light may

give a more accurate measurement of the surface dipole than measurements of the dipole
performed in the dark.
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2.6 Conclusions

XPS studies have demonstrated variable band bending on chemically modified
Si(111) surfaces, with the surface dipole strongly correlated with

at the surface.

Si(111)-Br surfaces, with large positive dipoles, exhibited either no net surface charge (ntype) or a relatively large amount of net positive surface charge (p-type). Si(111)-CH3
surfaces, with negative surface dipoles, exhibited either net negative charge (n-type) or
net positive charge (p-type). The band bending on such surfaces was confirmed by SPV,
wherein the bending of the bands was reduced upon illumination. The X-ray source was
found to contribute to charge-carrier generation, but this effect was mitigated by the use
of a low-power setting for the X-ray beam. The binding energy positions of adsorbed
adventitious carbon shifted due to

as well as due to the presence of any surface

dipoles. Evidence of dipole-induced energy shifts of adsorbed molecules are consistent
with a model in which the charged surface states are adsorbed redox couples that are
located on the vacuum side of the dipole.
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