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Abstract 

Self-assembled monolayers (SAMs) of alkanethiolates on Au(111) represent 

promising platforms to study the molecular surfaces and interfaces for applications 

ranging from molecular electronics, nanophotonics to biology. Understanding the 

effect of growth conditions on SAMs particularly on their structural features is 

important from both fundamental and applied points of view. Knowledge of SAM 

structural features and structural phase transitions provides important insights into 

molecular packing for the control of the molecular self-assembly. 

We compared SAMs grown from different media, from 1 mM C10 solution in  

decalin, hexadecane and triethylene glycol and from C10 vapor. We present a 

molecularly-resolved scanning tunneling microscopy study showing the dependence 

of the  SAM structure on the growth conditions. We have established conditions for 

making samples almost vacancy islands (VI) free with very large SAM domains of 

(2√3 × 3)rect. superstructure and (√3 × 4√3)R30° striped-phase and investigated the 

orientation of low-index step edges of Au(111) for normal and striped-phase SAMs. 

We showed that the striped phase is stable to converting to (2√3 × 3)rect. below 

40 °C. 

We demonstrate that flat gold nanoparticles (FGNPs) supported on indium tin 

oxide glass (ITO) are excellent substrates for molecularly-resolved STM imaging of 

alkanethiol SAMs. Nanoparticles were characterized using STM, TEM, and SEM 

techniques. Surface treatment techniques, Ar/O2 and H2 plasma treatments, dry 

thermal annealing and exposures to UV/O3, were used to prepare the surfaces of 
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FGNPs supported on ITO and Au/mica substrates for high-resolution STM imaging 

of alkanethiol SAMs. 

We developed a convergent approach to functionalize SAM surfaces. Ordered 

mixed monolayers comprised of alkanethiols and azidoalkanethiols islands are 

formed and subsequent IMesCuIBr catalyzed [3+2] “click” cycloaddition reaction 

with substituted alkyne introduced dilute substituent onto the ordered surface. 

Mechanical stress is one of the major factors in current design and 

manufacture of very large scale integrated (VLSI) devices. Mechanical stress in deep 

sub-micron silicon technologies can drastically alter carrier mobility (e.g., 

approximately 25% dependent on device geometry). This affects the device 

performance. Current in-line production stress metrology is conducted only at a wafer 

monitor level. The available stress measurement techniques such as micro-Raman 

spectroscopy, nano beam diffraction (NBD), converging electron beam diffraction 

(CEBD) either do not have required resolution or they require complex data 

interpretation. We present a method for measuring mechanical stress in deep sub-

micron silicon devices with high spatial resolution using scanning Kelvin probe force 

microscopy and scanning surface photovoltage (SSPVM) techniques. 
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Chapter 1 

Introduction 

1.1  Self Assembled Monolayers 

Self-assembled monolayers (SAMs) provide a convenient, flexible, and simple system 

with which to tailor the interfacial properties of various types of materials (e.g. metals, 

metal oxides, and semiconductors) and provide promising platforms for the study of 

molecular surfaces and interfaces. SAMs are organic assemblies formed by the 

adsorption of molecular constituents from solution or from the gas phase onto the surface 

of solids. The adsorbates organize spontaneously into crystalline structures. The 

molecules or ligands that form SAMs have a chemical functionality, or “headgroup”, 

with a specific affinity for a substrate. In many cases, because of the high affinity of the 

headgroups for the surface they displace adsorbed adventitious organic materials from the 

surface. 

SAMs of alkanethiolates and their derivatives on Au{111} have drawn 

considerable attention as a model system for fundamental studies in nanoscale surface 

science.1-6 The alkanethiol-Au {111} system forms a well ordered SAM due to the 

chemisorptions of the sulfur head groups on the Au surface and the van der Waals 

interactions between alkyl chains. Structure of SAM greatly depends on growth 

conditions. Knowledge of SAM structural features and structural phase transitions 

provide important insights into molecular packing for the control of the molecular self-

assembly. Therefore understanding the effect of different growth conditions on the 

structural features of SAMs is important.  
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Extensive investigations have been carried out to understand fundamental features 

of alkanethiolate SAMs such as the molecular structure, growth process, stability, and 

interface properties using surface sensitive spectroscopy and microscopy.3,7-19 Among 

those, scanning tunneling microscopy (STM) has allowed study of the structure of SAMs 

with molecular resolution.7-8,10-11,13-15,20 

The results of experiments presents in chapter one describe the effect of growth 

medium on the structure of the monolayer and characteristics and kinetic stability of 

structures of monolayers deposited at elevated temperatures. 

1.2  Flat Gold Nanoparticles 

Nanophotonics and molecular plasmonics are developing nanoscale optical sciences and 

technologies where light is confined and controlled on dimensions much smaller than its 

wavelength.21-22 At the molecular scale, it takes the form of excited state energy flow 

between molecules such as in nature’s photosynthetic systems and in artificially 

engineered molecules.23-24 On slightly larger length scales, optically resonant structures 

such as metal nanoparticles can be used as nanophotonic antenna. Incident light (far-

field) excites the plasmon resonance modes in the nanoparticle which have highly 

localized near-field modes that concentrate the incident optical energy near their surfaces. 

When molecules are located  in the near-field region, this effect is responsible for surface 

enhanced fluorescence24-28 and surface enhanced Raman scattering (SERS),29-32 which are 

applications of the general concept of molecular plasmonics.33 At even longer length 

scales, the coupled plasmon modes of nanoparticle arrays have been used to confine and 

to guide photonic energy to build plasmon optics.34-37 The plasmon resonances of 
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subwavelength metal apertures impart them with anomalous transmission 

characteristics,38 and have been applied to create plasmonic lenses.39 Recently, shaped 

nanoparticles have attracted attention because of their application as photonic antennae.40-

42  

 Adjusting the shape of the nanoparticle tunes the plasmon resonance frequency 

and controls the spatial structure of the near-field.43 The very large SERS enhancements 

of 1014 observed in single molecule SERS experiments are thought to be due at least in 

part, to near-field hot spots around the particles.44 Utilizing the local hot spots of shaped 

nanoparticles for molecular plasmonics/nanophotonics will require precise placement of 

the molecular components at these positions as well as verification of their location.  

Typical nanoparticles have high curvature, therefore not flat enough for the STM 

to achieve molecular resolution where atomically flat terraces are required.  Hence, the 

production and characterization of optically resonant atomically flat metallic 

nanoparticles that can be used as platforms for ordered self-assembled monolayers are 

important. The flat substrates will also be used for STM-based imaging of molecules and 

can be used for spatially precise excitation of molecules. These substrates offer the 

unique advantage that simultaneous structural and optical measurements can be made due 

to the FGNP’s behavior as a photonic antenna.  

In chapter two we establish methodology for growing atomically flat gold 

nanoparticles (FGNPs), depositing them onto indium tin oxide (ITO) coated glass 

supporting substrates, and coating the FGNPs with self-assembled monolayers.  
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1.3  Surface Pre-treatment of Flat Gold Nnaoparticles 

Au has been widely used as a substrate for studies of self-assembled monolayes of 

alkanethiol molecules.3,13,45-48 Au substrates which are used in STM studies are typically 

Au{111} oriented thin films on mica or Au{111} surfaces of bulk single crystals.8,19,49-53  

The surface of Au should be atomically flat, or compose of atomically flat terraces large 

for high resolution STM of SAMs. 

Au surfaces stored under ambient conditions or solution prepared colloidal 

nanoparticles have ubiquitous carbonaceous and ionic contaminants adsorbed on their 

surfaces.54 Surface treatment or conditioning of FGNP/ITO substrates is required if the 

solution grown surface with adsorbents interfere with the subsequent experiments. For 

instance, solution grown FGNPs synthesized by the reduction of Au from HAuCl4 with 

citric acid usually result in adsorbed citrate ions and/or surfactants to the particle 

surface.55 The knowledge of FGNP surface morphology or shape upon pretreatments is 

not available. Therefore a detailed investigation is required to understand the surface 

morphology, the terrace size and structure of these nanoparticles after pretreatments, and 

how they influence the formation of alkanethiol SAMs.  

Common procedures for treating Au surfaces include electrochemical oxidation,56 

immersion into a strongly oxidizing solutions such as piranha solution,57 exposure to 

UV/O3,
58 or plasma (O2, H2, Ar),59 H2 flame annealing, and thermal annealing.60 

Sputtering also is typically employed to treat single crystal Au surfaces in UHV. Dry 

techniques are more suitable for treatment of FGNP/ITO substrates compared to wet 

chemical processes. Because the later bear the potential danger of contamination as well 

as possible degradation of ITO substrate induced by the reagents used. 
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Chapter three describes the systematic investigation of dry surface treatments of 

FGNP/ITO substrates using thermal annealing, Ar/O2 plasma, H2 plasma, and UV/O3 

exposure, and study of the surface morphology/terrace structure along and subsequent 

alkanethiol SAM growth.  

1.4  Reactive Self Assembled Monolayers 

Properties of SAM surfaces can be tuned by controlling the spatial arrangement (physical 

structure) of the SAM and the chemical properties of the exposed functional group. 

SAMs are used as a support matrix to immobilize other molecules (redox-molecules, 

oligonucleotides or any other molecule with a functional group of interest) or 

nanomaterials on surfaces such as gold, silver, silicon, and silica.2,4,61 Typically 

functional molecules are tethered to a thiol pendent group in one end and co-deposited 

with alkanethiol or backfilled into the already formed alkanethiol monolayer.62-63 This 

process does not always produce good results. Some molecules do not form well ordered 

monolayers on their own while others reduce the crystalline order of the existing 

alkanethiol monolayer. Thus it may not be practical to grow a well-ordered SAM using a 

thiol with any arbitrary terminal functional group.62 

A possible methodology that circumvents this problem is to first grow a 

monolayer of thiol with a reactive end group. Then in a subsequent step, a second 

molecule which has the desired chemical functional group couples to the functional SAM 

surface. This in-situ coupling reduces a significant amount of time involved in process 

development and synthesizing individual functional molecules and enables use of large 

number of functional groups. Click chemistry has been widely used to couple between 
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two groups and has been demonstrated as versatile and highly selective.64 Although all 

Click reactions may not be suitable for every situation, Sharpless “click” chemistry, 

specifically which uses CuI-catalyzed 1,3-dipolar cycloaddition of azide and alkyne has 

been proved to be very effective way to make connections between broad variety of 

functional groups.65-66 Not only does this produce a high yield but the chemistry is 

relatively simple. The functional groups used in click chemistry are highly specific, do 

not react with each other or with solvents. Incorporation of azide and alkyne groups into 

other molecules is relatively easy. The reaction occurs under very mild conditions and the 

coupling occurs only between the two reactants.  

We demonstrate molecularly resolved STM images of reactive SAMs of azide 

before and after reacting with p-tolylacetylene in chapter four. 

1.5  Process Induced Mechanical Stress in Integrated Devices 

Process-induced mechanical stress is an important parameter in engineering the 

performance of sub-micron size microelectronic devices such as complementary metal 

oxide field effect transistors (CMOS FETs) and bipolar junction transistors (BJTs). 

Uncontrolled stress can be parasitic and can degrade device performance.  But controlled 

stress can be used to enhance performance of some devices. For example, stress is 

currently used to enhance the performance of devices in strained Si/SiGe technologies.67-

72 Thus it is vital to accurately monitor and control stress in these structures. The 

available methods for measuring stress are not suitable for current in-line production 

stress metrology. Because they do not have required resolution, need complex data 

interpretation, or destructive. Therefore the demand for a method of measuring and 
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manipulating mechanical stress quantitatively with high spatial resolution exists in the 

semiconductor industry. 
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Chapter 2 

Characteristics of Alkanethiol/Au(111) Self-Assembled Monolayers 
(SAMs): A Scanning Tunneling Microscopy Study of Temperature and 
Growth Medium Dependent Structures 

 

2.1 Abstract 

Self-assembled monolayers (SAMs) of alkanethiolates on Au(111) represent promising 

platforms for the study of molecular surfaces and interfaces. Understanding the effect of 

growth conditions on the structural features of SAMs is particularly important from both 

fundamental and applied points of view. Knowledge of SAM structural features and 

structural phase transitions provide important insights into molecular packing for the 

control of the molecular self-assembly. This chapter presents a systematic STM study of 

the structure of alkanethiol/Au(111) SAMs grown at different temperatures and in 

different media. The typical structural features of SAMs include (i) the (√3 × √3)R30° 

overlayer lattice and related superstructures, (ii) the structural domain boundaries 

between crystalline domains with different orientational and translational registration, 

(iii) molecular defects where the alkanethiolate molecules are absent or disordered and 

(iv) substrate vacancy islands (VIs) that are one atomic layer deep holes in the Au{111} 

surface characteristic of some growth conditions. We have compared SAMs grown from 

different media, from 1 mM C10 solution in decalin, hexadecane and triethylene glycol 

and from C10 vapor. We present a molecularly-resolved scanning tunneling microscopy 

study showing the dependence of the SAM structure on the growth conditions. The sizes 

of VIs are observed to increase with increasing growth temperature due to Ostwald 
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ripening. This trend is the same for both solution and vapor grown SAMs, although the 

structure of the C10 monolayers can vary significantly with the growth medium. In 

solution at 100 °C (decalin and triethylene glycol), growth gives a monolayer dominated 

by a striped-phase, while vapor growth gives (2√3 × 3)rect. with large domains and few, 

if any, VIs. For vapor grown SAMs, we have established conditions for making samples 

almost VI free with very large SAM domains. When the (2√3 × 3)rect. SAM is present, 

the Au step edges annealed to the Au<110> direction.  

Further increase of the deposition temperature leads to formation of the 

striped-phase (√3 × 4√3)R30°. To grow this phase, the partial pressure of C10 must be 

slightly below the saturation vapor pressure. Excess or less amount of alkanethiol leads to 

the normal (2√3 × 3)rect. structure or disordered (incomplete) stripe structure. Stripes 

orient in the C10 nearest neighbor direction (Au<211>) and the low index step edges 

align in the same direction as stripes (Au<211>) in contrast to the (2√3 × 3)rect. SAM. 

Vapor-grown striped-phase SAM samples which were quenched in cryobath (isopropanol 

bath, −52 °C) and in a liquid nitrogen bath (−196 °C) have confirmed that the observed 

structures are representative of high-temperature phase. On the other hand, 

solution-grown SAMs have been observed to transition to the striped-phase between 

60 °C and 80 °C followed by gradual disordering of the structure above 100 °C. Also we 

showed that the striped phase is stable to converting to (2√3 × 3)rect. below 40 °C. 

2.2  Introduction 

Self assembled monolayers (SAMs) of alkanethiolates and their derivatives on Au{111} 

have drawn considerable attention as a model system for fundamental studies in 

nanoscale surface science.1-6 The alkanethiol-Au{111} system forms a well ordered SAM 
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due to the chemisorption of the sulfur head groups on the Au surface and the van der 

Waals interactions between alkyl chains. Extensive investigations have been carried out 

to understand fundamental features of alkanethiolate SAMs such as the molecular 

structure, growth process, stability, and interface properties using surface sensitive 

spectroscopy and microscopy.3,7-19 Among those, scanning tunneling microscopy (STM) 

has allowed study of the structure of SAMs with molecular resolution.7-8,10-11,13-15,20  

The experiments describe in this chapter study the effect of growth medium on 

the structure of the monolayer and the characteristics and kinetic stability of structures of 

monolayers deposited at elevated temperatures. The alkanethiols used throughout this 

study are 1-octanethiol, 1-decanethiol and 1-dodecanethiol. The solvents (Figure 2.1) 

used are ethanol, n-butanol, decalin, n-hexadecane, and triethylene glycol. Ethanol, 

n-butanol, and triethylene glycol are alcohols with increasingly higher boiling points. 
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Figure 2.1 Alkanethiols and solvents used in the study 

 

2.2.1  Structure of Alkanethiol/Au(111) SAM 

Due to their ease of preparation, alkanethiol SAMs on Au(111) are the most extensively 

studied  model system. They have been characterized by variety of techniques such as 

ellipsometry,21-22 infrared reflectance absorption spectroscopy (IRRAS),22-23 X-ray 

photoelectron spectroscopy (XPS),24-26 and scanning probe microscopy.7-8,10-11,13-15,20 
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Diffraction and spectroscopic methods have established the basic structure of alkanethiol 

SAMs.4,13,27-28 Many other structures other than the basic structure also have been 

observed at different deposition conditions.3,13,15,17,29-31 

Alkanethiolate molecules adopt a trigonal close packed lattice (√3 × √3)R30° on 

Au(111) at saturation coverage with nearest neighbor spacing of 0.499 nm (=√3a, where 

a=0.288 nm is the Au(111) nearest neighbor spacing, Figure 2.2), a structure 

commensurate with respect to the underlying gold lattice.8,15,17,30,32-38 Porter et al. 

reported the first STM images of (√3 × √3)R30° lattice of ethanethiol and octanethiol on 

Au{111}.39 The (√3 × √3)R30° unit cell consist of one atom and has an area of 

0.2165 nm2, surface coverage θ is 0.33 (relative to the Au(111) surface) and the alkyl 

chain tilt angle α is 30º from the surface normal. This corresponds to one thiol molecule 

for every three Au surface atoms. Superstructures of the (√3 × √3)R30° are frequently 

observed. Typically these are based on the (2√3 × 4√3)R30° unit cell with four 

molecules. These can have two to four distinct molecules, typically thought to exist with 

different alkyl chain twist (β) angles (Figure 2.3a).4,13,27-28,40 The factors which determine 

the structure of SAMs include; the interactions between thiol head groups with the gold 

lattice, the site where the sulfur atom binds to the gold surface, Van der Waals 

interactions among alkyl chains, interactions among alkanethiol end groups, and the 

surface coverage of alkanethiol molecules.3,29 
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Figure 2.2 Structure of the alkanethiol overlayer on Au(111): a) the 2D overlayer 
lattice showing only the sulfur head groups at the fcc three-fold hollow site; b) cross 
section of alkanethiol SAM on Au(111) with sulfur head group adsorbed to the Au 
adatom proposed by Mazzarello et al.41 

 

 

Figure 2.3 Orientation and possible adsorption sites of the alkanethiol molecule on 
Au(111): a) Schematic representation of an alkanethiol molecule on Au(111) defining the 
three angles describing its orientation. α is the polar angle of the chain axis from the 
surface normal, β is the twist of the plane of the all-trans alkane back bone and γ is the 
azimuthal angle defines the direction of the tilt; b) adsorption site nomenclature for an fcc 
(111) surface. 
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Figure 2.4 Normal 1-decanethiol SAM on Au(111) surface: a) 200 nm scan area which 
shows large area of the SAM as well as gold terraces, b) 100 nm image, c) 40 nm image, 
which shows domain boundaries (A), missing rows of molecules (B), disordered 
molecules (C), and vacancy islands (D), d) 20 nm image. 
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Figure 2.5 High resolution STM image of a 1-decanethiol SAM exhibiting the 
(2√3 × 3)rect. superstructure of (√3 × √3)R30° of vapor-phase grown SAMs at 100 °C; 
The image shows two types of low index structural domain boundaries. Missing zig-zag 
row structural domain boundaries are oriented along Au<110> while missing straight row 
structural domain boundaries oriented along Au <211>. 
 
2.2.1.1  The (2√3 × 3)rect. Super Lattice 

The (√3 × √3)R30° alkanethiolate SAMs has a superstructure  denoted as (2√3 × 3)rect. 

with four molecules per unit cell (Figure 2.2a).15,33,38,42-44 In most of the literature cited in 

this thesis, the superstructure of alkanethiol is referred as the c(4 × 2) which is relative to 

the (√3 × √3)R30° and is not relative to the Au (1 × 1) mesh. This is inconsistent with the 

standard practice of crystallography. Therefore we adopt (2√3 × 3)rect. for the 

superlattice as in Woodruff et al.45 This super lattice unit cell consists of four alkanethiols 

with two like pairs. The modulation in intensity is due to the existence of two 

confirmations (twist angles, β) of 1-decanethiol molecules.38,40,46 The existence of (2√3 × 

3)rect. super lattice has been confirmed with He diffraction methods 38,43-44, grazing 

incidence X-ray diffraction (GIXD) 47 and STM studies.15,17,33,48 Fenter et al. proposed 

(2√3 × 3)rect. SAM domain Boundaries

<211>

<110>

<110>

40 nm × 40 nm
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that neighboring sulfur atoms form surface disulfide. Although Fenter’s model is not 

widely accepted, it has been further supported with resonant sum-frequency generation.49 

 

 
 

Figure 2.6 The (2√3 × 3)rect. super lattice of the (√3 × √3)R30° structure of 1-
decanethiol on Au(111) surface: a) STM image, b) schematic diagram of the alkanethiol 
overlayer showing the sulfur atoms in the fcc three-fold hollow sites. 
 

2.2.2  Characteristics of Self Assembled Monolayers 

Alkanethiol SAMs on Au{111} have common structural characteristics: 

(i) Structural domain boundaries, that are attributed to a boundary between two 

regions with orientational and translational differences of molecules (marked 

as “A” in Figure 2.4c) or missing rows of molecules that may be straight or 

zig-zag (marked as “B” in Figure 2.4c). The missing straight rows are in Au 

<211> directions while missing zig-zag rows are in Au<110> directions 

(Figure 2.5).1 

(ii) Molecular defects where alkanethiol molecules are absent or disordered 

(marked as “C” in Figure 2.4c). 

a

40 nm ×40 nm
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(iii) Substrate vacancy islands (VIs) (marked as “D” in Figure 2.4c) that are one 

atomic layer deep pits in the Au(111) surface which are a result from the 

restructuring of the Au(111) surface during SAM growth.29 

In early studies it has been reported that the VI density increases with increasing 

alkanethiol concentration, and decreases with increasing length of the hydrocarbon chain 

These were first observed by Haussling et al.50 Later Edinger et al.51 observed that the 

depth of the VIs was the same as a lower terrace so concluded that they were one 

Au(111) atomic layer deep and are not a feature of the monolayer. Many subsequent 

studies have confirmed their conclusion.16-17,32,52-56 In Figure 2.4d, highly ordered SAM 

structures can be seen inside the VI. There have been several mechanisms proposed for 

the formation of vacancy islands. The first model attributed the VIs to etching of Au in 

the alkanethiol solution during growth, because they observed that the amount of Au 

present in the solution after growth corresponded approximately to one monolayers 

worth.51 However VIs also form during SAM grown from gas phase thiol, where etching 

cannot occur.14,21 Poirier proposed a mechanism by which excess Au atoms are ejected 

from the surface as the (√3 × 23) reconstruction is lifted during SAM growth. The 

presence of Au ad-atoms during the assembly process supports their hypothesis that 

restructuring of the Au(111) surface occurs.12 The vacancy islands can also undergo a 

process of coarsening due to surface diffusion of Au atoms to form larger vacancy islands 

(Ostwald ripening). The driving force in this process is minimization of the step-edge 

energy wherein small vacancy islands combine to form larger ones and eventually diffuse 

to the step edges where the VIs disappear.16-17,52 The Au surface diffusion can be 

accelerated by having the monolayer in a liquid like disorder,16 with invasive tunneling 
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conditions,32,53,57 and with increasing temperature.8,32,53-54,58 Further, in addition to VIs, 

Au substrates have other structural features such as steps and inter-grain boundaries 

(polycrystalline Au films) also contribute to SAM features.29 

In some practical applications of SAMs, it is desired to minimize the number of 

domain boundaries, missing rows, VIs, and disordered areas. A number of procedures to 

achieve this have been investigated. These include choice of solvents, formation of SAMs 

at controlled potential, repeated immersions followed by voltammetric cycles, and 

thermal treatment.29 Among all these procedures, thermal treatment of SAMs is 

considered to be a better approach. Thermal treatment has been applied to alkanethiol 

SAMs during their growth in solution as well as after the growth. Adsorption from 

solution at temperatures from −20 °C to 78 °C,54,59-62 or annealing of the SAMs (50–

100 °C)1,13,32 in air or UHV conditions have been shown to reduce the number of VIs, and 

to obtain large ordered domains. However, post-growth annealing of SAM may not be a 

good choice due to competing degradation processes (desorption and/or oxidation of the 

thiol). It is known that SAMs grown at higher temperatures exhibit lower number of 

domain boundaries, missing rows, VIs and disordered areas. 61 Although defects can 

never be completely eliminated, their density can be significantly reduced. 

2.2.3  Striped-Phases of Alkanethiol SAMs 

Other than the normal (√3 × √3)R30° structure and its (2√3 × 3)rect. super structure, 

there are also a variety of structures referred to as striped-phase because their salient 

feature are linear rows of adsorbate molecules, typically running along Au<211>. These 

striped-phases of alkanethiol can be divided into two categories namely lying down and 

standing up phases depending on the orientation of the molecular backbone with respect 
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to the surface normal. For the lying down phases, the chains are parallel to the surface (α 

= 90°). Stripe spacing depends on the chain length and azimuthal angle (β). The standing 

up striped-phases have α < 90° and different azimuthal angles. Therefore in general the 

entire range of phases observed in alkanethiol SAMs span from completely lying down 

phase to the normal (√3 × √3)R30° structure. These two types of stripes will be discussed 

in detail in the following sections. 

2.2.3.1  Lying-Down Striped-Phases Far Below Saturation Coverage 

The first ordered structures to nucleate on the Au(111) surface in the very initial stages of 

SAM growth are the lying down striped-phase. In these structures the sulfur head groups 

form rows and the alkyl chains lay flat on the surface also packing to optimize the 

inter-chain Van der Waals interactions.8,13-14,16,27-28,30,34-36,63-64 They have been called 

striped-phases8-9,14,16-17,31 and are generally denoted as (p × √3) structures,34 where p is 

7.5 < p < 19 and a multiple of the Au{111} lattice constant (0.288 nm).17,29,33-35 The value 

of p mainly depends on the deposition conditions, thermal history, and the age of the 

sample initially but have a dependence on the packing density and the chain length after 

the structure reaches equilibrium.8-9 These stripe structures have been observed by 

various experimental techniques such as STM,8,30,34-35 low-energy electron diffraction,65-

66 and helium diffraction.8-9 Most commonly observed stripe structures (Figure 2.7) have 

p values of 7.5 (δ phase), 11.5 (β-phase) and 19 (χ-phase).30 The type of structure mainly 

depends on deposition conditions. The low density stripe structures can be prepared by 

gas-phase deposition,9,30 brief immersion in dilute solutions34 and thermal annealing of 

the sample.26,35-36 In most cases two or more types of striped-phases exit in a single 

sample, depending on the deposition conditions and surface coverage.31 The stripes are 
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aligned in the Au <211> direction of the Au substrate with a nearest neighbor distance of 

0.499 nm. The δ-phase has the same structural arrangement as the φ-phase ((√3 × 

√3)R30°) except some molecular rows are missing periodically. All the other types of 

striped-phases have at least one molecule lying down parallel to the surface.31 

 

 

Figure 2.7 Schematics of the lying-down stripe phases: The α, β, and γ-phases of 
decanethiol on Au(111) (Reprinted from Poirier et al.).30 
 

2.2.3.2  Standing Up Striped-Phases 

The entire range of stripe structures discussed in the previous section has at least one 

molecule lying down parallel to the surface. In our investigation we discuss a 

striped-phase which can be grown from both solution and vapor phase deposition at 
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elevated temperatures. The coverage is high enough (3/4 of the (√3 × √3)R30°) that 

incorporation of additional thiols is very slow at room temperature, distinguishing it from 

lying down striped-phases. This striped-phase is a (√3 × √3)R30°. It is a (√3 × √3)R30° 

missing every 4th  nearest neighbor row. The structures produced with vapor were cleaner 

compared to those produced in solution. We demonstrate that this striped-phase grows 

when the vapor pressure of thiol is just below the saturation vapor pressure. The presence 

of sufficient thiol in the growth vial to maintain saturation vapor pressure leads growth of 

the normal (√3 × √3)R30° structure. This stripe structure is similar to the one described 

by Xiao et al. in post-deposition dry air annealed samples.26 Our growth procedure 

produces the stripes reproducibly and has been verified by STM imaging to be uniform 

across the surface. A more detailed description of this striped structure will be presented 

in the following sections. 

2.2.4  The Sulfur Atom Adsorption Site and Au Adatoms 

The adsorption site of the S atom (bridge, three-fold hollow and, a-top sites) on the 

Au(111) surface is a matter of controversy with different experimental and theoretical 

results reported from different research groups.67-72 Recently evidence has emerged that 

gold adatoms are present on the Au(111) surface. These include the experimental 

techniques such as X-ray standing wave experiments,73 X-ray diffraction,41 scanning 

tunneling microscopy72 and theoretical calculations41,74 (density functional theory and 

molecular dynamics).41,71-73,75-78 Kautz et al. used an STM based method to measure the 

coverage of Au adatoms in a (2√3 × 3)rect. SAM. In this method, they compare an initial 

image of the SAM to an image after the SAM had been completely removed by reaction 

with atomic hydrogen. When the SAM is removed, the Au adatoms form islands on the 
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terraces or diffuse to the step edges. The increase in area of the Au coverage is the Au 

adatom coverage. They measure a 1:2 gold adatom : alkanethiol ratio, i.e. one gold 

adatom for every two alkanethiol molecules. Maksymovych et al.,72 earlier reported the 

first STM images which support the adatom mediated bonding of alkanethiol species to 

Au(111) for low coverage methanethiol. They proposed that pairs of RS species bond via 

an Au adatom (RS-Au-RS). Mazzarello et al.,41 also reported that two CH3S radicals are 

bound to a Au adatom that has been lifted from the gold substrate as found by simulations 

as well as by extensive photoelectron and grazing incidence X-ray diffraction 

measurements. Nagoya et al.77 arrived at the same conclusion using density functional 

theory showing that the most stable structure of methanethiol on Au(111) is RS-Au-RS. 

2.2.5  Comparison of Deposition Methods of SAMs on Au/mica Substrates 

SAMs can be grown on Au/mica surfaces either from solution or from alkanethiol vapor. 

In both methods, the assembly mechanism is the same. First, molecules physisorb on the 

surface and then sulfur head group chemisorbs to the gold surface. As more and more 

molecules attach to the surface, they begin to adopt upright positions due to van der 

Waals interactions among the molecules. This process will continue until the entire 

surface is covered with the monolayer (Figure 2.8a). SAMs, highly dilute in a second 

“guest” component, can be prepared by “insertion” of a second molecule into an existing 

“matrix” SAM. This process takes advantage of molecular exchange that occurs at the 

SAM-solution interface. Insertion typically places the guest molecules at domain 

boundaries and other defects where exchange is most rapid (Figure 2.8b). A second, 

typically higher vapor pressure component can be added to an existing SAM. This 

process although similar to “insertion” is typically used to improve the crystalline order 
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in a poorly ordered SAM. For this application the added component is typically a matrix 

used to “back fill” the SAM, filling in the empty sites on the surface. This same result can 

be achieved with co-adsorption where both types of molecules are allowed to adsorb on 

the surface at the same time. If the interaction energies of both types of molecular 

components are the same, they adsorb at random positions and form a mixed SAM 

(Figure 2.8c). If the interaction energy is different, they can phase separate, forming 

distinct regions of each component molecule (Figure 2.8d). 

 

Figure 2.8 Common deposition methods of SAMs: Methods of making single or multi 
component SAMs either in solution or vapor; a) assembly of single component; b) 
insertion of guest molecule, c) co-adsoption of two components with same interaction 
energy, d) co-adsoption of two components with different interaction energy. 
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2.3  Materials and Methods 

2.3.1  Au/mica Substrate 

High resolution STM imaging requires an atomically flat surface. The substrate also 

plays an important role of defining the properties of the SAMs. Thiols have a very high 

affinity for gold.27 Gold is inert and does not oxidize in air. Therefore it does not require 

special precautions and can be handled easily at ambient conditions. Gold films grown on 

mica sheets have (111) oriented crystal grains with large atomically flat terraces which 

are ideal for STM studies.79 Au/mica substrates (1.0 × 1.1 cm Au film on 1.4 × 1.1 cm 

mica sheet cut into for equal pieces) used in the present study were obtained from Agilent 

Technologies (formerly Molecular Imaging). All substrates were H2 flame annealed 

immediately before use and reuse.80 

2.3.2  SAM Preparation 

2.3.2.1  SAMs Grown from 1 mM C10 Solutions in Solvents 

In this study, 1 mM solutions of 1-decanethiol in different solvents were used throughout. 

The solvents used were absolute ethanol, n-butanol, decalin, n-hexadecane, and 

triethylene glycol. Decalin (decahydronapthalene) is a compact saturated hydrocarbon. It 

is a bulky molecule and very unlikely to incorporate into the alkanethiol SAM because of 

its size. In contrast, n-hexadecane is similar in structure to alkanethiol and may 

incorporate into the growing SAM. triethylene glycol ((2-[2-(2-

hydroxyethoxy)ethoxy]ethanol, a polar hydrogen bonding solvent), was selected as a high 

boiling point analog to ethanol. A summary of properties of these solvents are listed in 

the Table 2.1. SAMs of 1-decanethiols were formed on Au/mica surfaces by immersing 
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the substrate in 1mM 1-decanethiol solution in PFA vials at different temperatures. For 

high temperature experiments, the samples were kept in a temperature controlled oven. 

 

Table 2.1 Alkanethiols and solvents used in these studies 

Solvent 
CAS Number 

(Supplier) 
Melting point Boiling point 

1-octanethiol 
111-88-6 

(Sigma Aldrich) 
−49 °C 197-200 °C 

1-decanethiol 
544-76-3 

(Sigma Aldrich) 
−26 °C 241 °C 

1-dodecanethiol 
112-55-0 

(Sigma Aldrich) 
−7 - −9 °C 266 - 283 °C 

ethanol (absolute) 
64-17-5 

(Pharmco 
Products Inc) 

−114 °C 78.4 °C 

n-butanol 71-36-3 −89.5 °C 117.2 °C 

decalin  
(decahydronapthalene) 
mixture of isomers 

91-17-8 
(Sigma Aldrich) 

−4 °C 187–196 °C 

n-hexadecane 
544-76-3 

(Sigma Aldrich) 
18 °C 287 °C 

triethylene glycol  
(2-[2-(2-
hydroxyethoxy)ethoxy]ethanol

112-27-6 
(Sigma Aldrich) 

−7 °C 285 °C 

 

2.3.2.2  SAMs Grown from C10 Vapor 

SAMs were also grown by adsorption from vapor phase (no solvent). The deposition time 

was standardized at 16 hours. The amount of C10 used varied depending on the 

experiment. The C10 for experiments requiring smaller volume (0.1 & 0.3 µL) was 

dispensed as a solution in CH2Cl2. Volumes greater than 1 µL were directly measured 
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using a micro pipette. PFA (5 mL) as well as glass (1 mL) vials were used at different 

temperatures depending on the experiment. 

The vapor pressure of C10 increases exponentially with temperature (Figure 2.9) 

and can be calculated using the empirical equation 

( )






+

−=
TC

BAPlog ,     (2.1) 

where T is temperature in Celsius, and  A, B, and, C are empirical constants for each 

component (Table 2.2).81 

 

Figure 2.9 Vapor pressure of 1-decanethiol and 1-dodecanethiol versus 
temperature.81 
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Table 2.2 Values of  A, B, and C in Equation 2.1 for C10 and C12.81 

 C10 C12 

A 7.3529 7.62037 

B 1955.2892 2309.1 

C 198.052 212.597 

 

2.3.2.3  Quenching of High Temperature Growth 

Samples which were taken out from the oven were subjected to fast or slow quenching. 

Slow quenching was done at room temperature for 10 minutes, while fast quenching 

requires immersion of the sample and the vial in a cryobath (isopropanol bath, ˗52 °C) or 

in a liquid nitrogen bath (˗196 °C) for about 10 minutes immediately after taking from the 

oven. 

2.3.2.4  Cleaning of Vials and Au/mica 

PFA vials (purchased from Jenson Inert Products) were used to prepare SAMs. The vials 

were cleaned by heating in H2SO4 at 60 °C then boiled in DI water (3 times) followed by 

drying them in an oven at 180 °C for three hours. The samples were rinsed with absolute 

ethanol and blown dried with nitrogen. 

2.3.3  Scanning Tunneling Microscope 

The STM used is a homebuilt beetle-style STM with an RHK Technology SPM100 

controller and XPMPro software. The tunneling current was measured using an Axon 

CV4 current amplifier. STM imaging was performed in dry N2 at room temperature. The 

Probe tips were clipped Pt-Ir (80 : 20) wire. STM images are typically recorded at −1.0V 

sample bias and a 1.0 pA tunneling current. The STM scan head assembly rests on a steel 

platform (600 lbs) (see Figure 2.10a) supported by pneumatic isolators. Because of the 
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large mass of the STM platform, the system has a very low resonant frequency. Therefore 

transmission of noise from the floor to the STM platform is strongly attenuated. Without 

the pneumatic isolators, we find that the building vibrations contribute noise on the order 

of the SAM corrugation (0.1–0.2 Å). The whole system is inside an acoustic isolation box 

which is constructed of three layers of alternating reflectors (MDF and Pb) and absorbers 

(foam). The dense lead/MDF barriers reflect sound, while the intervening layers of foam 

absorb it. The layers of lead are electrically connected and grounded so that they create a 

Faraday cage isolating the system from electromagnetic interference.  

 

 
 

Figure 2.10 Vibration isolation system of the STM: a) 600 lb pneumatic platform for 
isolation from floor vibrations, b) STM enclosure for acoustic and electromagnetic 
isolation, c) schematic diagram showing a cross-section of the wall construction of the 
STM enclosure, d) photograph of the foam and lead layers. 
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2.3.4  Oven and the Temperature Controller 

 

Figure 2.11 Temperature-time graph of the oven showing the typical thermal history 
of a 16 hour vapor grown C10 SAM, The inset is the same graph with a y scale range of 
2 °C which shows the stability of the temperature during the deposition. 

 

High temperature sample depositions were carried out inside an oven which is fitted with 

an Omega CN 9000 microprocessor temperature controller (0.1 °C resolution) with a Pt 

RTD temperature sensor. The omega data logger using Type-K thermocouples provides 

the thermal history of each growth. The thermal fluctuations naturally present due to the 

thermal regulation of the oven were significantly reduced by placing the sample vial 

inside a metal container. The time to heat the sample from room temperature to 120 °C is 

1.5 hours. The graph shown in Figure 2.11 has a stable temperature of 120.5 ± 0.2 °C at 

the sample vial. 
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2.4  Results & Discussion 

The main goals of experiments described in this section: 

1. Survey the solvent effect of the structure of SAMs at different temperatures. 

2. Investigate suitable conditions for making SAMs with fewer structural domain 

boundaries, missing rows, disordered areas and VIs. 

3. Investigate suitable conditions for making striped-phase SAMs. 

4. Investigate the striped-phase with respect to reverting to the low temperature 

(2√3 × 3)rect. phase and to adsorption of C10 from solution and vapor. 

2.4.1 Growth Temperature and Medium Dependent Study of the Structure of 
Decanethiol SAMs on Au(111) 

We investigate the dependence of the alkanethiol SAM structure on the growth medium 

(includes solution and vapor) and growth temperature in this section. C10 SAMs grown 

in different media at temperatures 20–140 °C (with increments of 20 °C) were studied 

with the STM. The choice of different media was discussed in section 0. Figure 2.12 is 

STM images of growth temperature dependent structures of C10 SAMs grown from 

different media (solutions and vapor). Our STM results indicate that the alkanethiol SAM 

structure is dependent on growth temperature. We observe formation of the typical 

(√3 × √3)R30° SAM structures at low temperatures which transition into a 

(√3 × 4√3)R30° striped-phase at higher temperatures for both solution-grown and vapor-

grown SAMs. The observed phase transition temperature appears to be different for 

solution and vapor-grown SAMs. While solution-grown SAMs at 100 °C gives a 

monolayer dominated by a striped-phase, vapor grown SAMs gives a nearly VI free 

(√3 × √3)R30° phase at the same temperature. The striped-phase was observed at 120 °C 
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for vapor-grown SAMs. It was found that the growth of stripes from vapor strongly 

depends on both the growth temperature and the amount of C10 in the container. 

The main observations are as follows: (i) faceted VIs; (ii) larger VIs at elevated 

temperatures; (iii) decrease of VI surface coverage at elevated temperature and the 

formation of nearly VI free structure at 100 °C for vapor-grown SAM; (iv) low-index 

step edges orient along Au<110> when the (2√3 × 3)rect. phase is present; (v) low-index 

step edge orient along Au<211> when (√3 × 4√3)R30 striped-phase is present; (vi) 

transition to (√3 × 4√3)R30 striped-phase for solution-grown SAMs occurs at lower 

temperature (~80 °C) than for vapor-grown SAMs (110–120 °C); (vii) gradually 

increasing disordered structures of solution-grown SAM at high temperatures (>100 °C). 

We discuss these observations in detail in the following sections. 

For decalin-grown SAMs, we observed the onset of the (√3 × 4√3)R30 

striped-phase at 60 °C with long range order at 100 °C. On the other hand, we observed a 

(2√3 × 3)rect. SAM structure at 60 °C in the case of polar triethylene glycol solvent. The 

transition to (√3 × 4√3)R30 striped-phase for SAMs grown in triethylene glycol occurs at 

80 °C (Figure 2.12). At 120 °C and above no molecular order was observed for decalin 

and triethylene glycol-grown SAMs. The C10/hexadecane grown SAMs did not convert 

to (√3 × 4√3)R30 striped-phase at all, instead showed signs of decomposition at 80 °C. 
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Figure 2.12 STM micrographs of growth temperature effects on the 1-decanethiol 
SAM structures grown with C10 in different solvents and C10 vapor: Scanning area 
for each image is 100 nm × 100 nm. The images are arranged in rows and columns by 
growth temperature and growth medium respectively. The temperature is indicated at the 
left and increases from top to bottom. The growth medium name is indicated at the top. 
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SAMs grown in hexadecane solvent showed increasing disorder in structures above 

60 °C. The long chain structure of hexadecane might impede the structural growth of 

SAM at higher temperatures. We note that high resolution STM imaging of 

C10/hexadecane SAM grown at higher temperatures was difficult to perform. SAM 

growth is a dynamic process where both adsorption onto the surface as well as desorption 

from the surface is always occurring. We hypothesize that the solution grown samples 

produced stripe structures at lower temperatures than that of vapor grown samples 

because the barrier to desorption is lower in solution than in vapor. Following the same 

line of reasoning for the different solvent, would lead us to conclude that C10 was more 

soluble in triethylene glycol than decalin. This hypothesis could be checked by measuring 

the relative solubility of C10 in these solvents. However from our experiment we would 

expect the solubility at 80–100 °C to rank in the order of hexadecane > triethylene glycol 

> decalin. 

The upper limit to the temperatures used in this study was determined by the onset 

of decomposition of the C10. For the purpose of this study, the onset of decomposition 

was the lowest temperature where the solution or neat C10 change to yellow/brown color 

(Table 2.3). 
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Table 2.3 Decomposition onset temperatures observed for neat C10 and 1 mM C10 
in different media 

Medium Temperature (°C) 

neat C10 180 

C10/decalin 120 

C10/triethylene glycol 140 

C10/hexadecane 140 

 
 
2.4.1.1  Growth Temperature Dependent Annealing of Vacancy Islands During 

SAMs Growth 
Both solution and vapor grown samples show the formation of the (√3 × √3)R30° phase. 

The effect of growth temperature on the structure of solution-grown SAM has previously 

been studied by Yamada et. al.61 As in their work, we observed an increase in SAM 

structural domain size with temperature in all media studied.  This trend is nicely 

illustrated by the temperature series of vapor-phase grown SAMs (Figure 2.12). At 

100 °C, nearly-VI free domains grow from vapor compared to 40 nm at 80 °C. 

The growth of larger VIs at the expense of smaller VIs at higher growth 

temperature may be attributed to the Ostwald ripening process.82 Ostwald ripening is 

characterized by the growth of large features at the expense of small ones. Our 

observation is consistent with those of other groups.20,82 This phenomenon is driven by 

the tendency to reduce the overall boundary tension or step edge energy. In this case it is 

energetically favorable for Au atoms to diffuse from step edges and the edges of large 

VIs, filling in the small VIs. 
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Figure 2.13 Variation of size and number of vacancy islands as a function of growth 
temperature for SAMs grown in three different solvents and SAMs grown from the 
1-decanethiol vapor. 
 

Figure 2.13 presents a quantitative analysis of growth temperature effects on the VIs. For 

vacancy island calculations, length and the width of all the VIs in a 200 nm × 200 nm 

image were measured. The VIs first grow larger with increasing temperature, then 

essentially disappear (anneal away) around 100 °C. Solution grown SAMs show 

monotonic trends with temperature increasing VI size and decreasing number. STM 

image in Figure 2.14 is VI free SAM grown from C10 vapor at 100 °C. The SAM 

exhibits very few domain boundaries and virtually no vacancy islands. 
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Figure 2.14 STM micrograph of high temperature vapor-grown SAM: (2√3 × 3)rect. 
phase with large Au(111) terraces and no VIs. 

 

 

Figure 2.15 An overview of the structural evolution of SAMs with growth 
temperature under the conditions discussed in the text. 

 

2.4.1.2  The (√3 × 4√3)R30° Striped-Phase Structure  

STM images of the (√3 × 4√3)R30° striped-phase SAM are shown in Figure 2.16 a, b, 

and c. The SAMs exhibits very few domain boundaries with virtually no vacancy islands. 
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Figure 2.16 STM micrographs of high temperature vapor-grown SAMs: a, b, and c) 
The striped-phase at 120 °C, d) sample which is being converted to striped-phase, both 
(√3 × √3)R30° structure and (√3 × 4√3)R30° stripes are present, e and f) cross sections 
over “c” and “d”, respectively. 

Further investigation into the stripe structure shows that stripes run in the C10 nearest 

neighbor direction, i.e. Au<211>.  The width of the stripes is found to be 1.7 nm which 

corresponds to four nearest neighbor rows. It is also possible to produce samples which 
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have both stripes and regular (√3 × √3)R30° structure either by reducing the deposition 

time or back filling an already prepared SAM. 

One of the interesting features of the stripes is that all the molecular rows in a 

single stripe have different elevations (Figure 2.16 c) and especially the fourth row is 

significantly lower, sometimes even not visible. The difference in contrast of the first 

three molecules within a single stripe (Figure 2.16c) may be assigned to molecules placed 

in different adsorption sites or having different α, β, or γ angles and the fourth row is 

simply a missing molecular row. Considering the fact that the underlying Au surface is 

never exposed, the contrast difference along the missing row (Figure 2.16c) is assigned to 

a CH2 group in the adjacent chain. Such a lattice structure differs from the striped-phases 

consisting of lying down molecules.29 Figure 2.17d is a model for the striped-phase 

assuming the sulfur adsorbs at the three four hollow site of the fcc lattice of Au. We note, 

however, that STM images recorded at ambient temperature showed a stripe with four 

different elevations within the stripe, fast scan directions parallel or perpendicular to the 

rows also produced different contrast level. Therefore, it is difficult to provide conclusive 

evidence on the orientation of striped-phase molecular back bone.  
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Figure 2.17 A high-resolution STM micrographs showing vapor-phase grown stripe 
phases: a) and b) striped-phase and Au<211> oriented step edges at 120 °C, c) stripes 
along the three <211> directions, inset figure (scanning area 20 nm × 20 nm) shows 
molecularly resolved stripes. d) a model which shows the possible arrangement of the 
molecular head groups on Au(111) surface. A stripe consists of three nearest neighbor 
rows plus a missing row. 
 

2.4.1.3  Low Index Step Edge Orientation of Gold  

The Au surfaces of both the high temperature VI free (2√3 × 3)rect. SAMs and the 

(√3 × 4√3)R30° striped-phase SAMs have low index step edges although their directions 

are different. The low index steps of Au in the (2√3 × 3)rect. SAMs run along Au<110> 

nearest neighbor direction (Figure 2.18a, and b)  while those of (√3 × 4√3)R30° striped-
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phase SAMs run along Au<211> next nearest neighbor directions (Figure 2.16a, b, c, and 

Figure 2.17a, and b). Therefore we hypothesize that the Au surface restructuring at high 

temperature is influenced by the structure of the alkanethiol monolayer on the surface.   

 

Figure 2.18 Low index step edge directions of nearly VI free (2√3 × 3)rect. SAMs: a 
and b) STM images, c) fft image of image b. 
 

2.4.1.4  Surface Coverage of the Striped-Phase 

The elevation of the stripes area is 0.28 nm lower than the (√3 × √3)R30° area which is 

an indication that the striped-phase has lower molecular coverage compared to the 

(√3 × √3)R30°. The surface coverage of (√3 × 4√3)R30° relative to (√3 × √3)R30° was 

calculated assuming that the molecular volume is constant and molecular area, i.e. the 

molecular foot print, depends on the surface coverage using the equation 2.2. Detail 

procedure of calculation of the surface coverage is given in Appendix 1. It was found that 

the relative surface coverage of the stripe SAMs is 0.83 compared to regular (√3 × 

√3)R30° SAM. Therefore it is confirmed that although packing density of molecules in 

stripe configuration is lower than the (√3 × √3)R30° structure but still they are in a 

standing up configuration. 
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h
h

A
A Δ−=1

'
 2.2 

Where  A – area of (2√3 × 3)rect. SAM 

A' – area of (√3 × 4√3)R30° SAM 
h – height of the (2√3 × 3)rect. SAM from the Au surface 
Δh – actual height difference of the two types of structures 

 
 
2.4.1.5  Further Investigation of Conditions for Striped-Phase Formation 

The growth temperature studies show a clear temperature dependence of the SAM 

structure, particularly the onset of the striped-phase. Our initial hypothesis was that the 

phase transition was temperature driven with the transition temperature near 115 °C. 

However this proved to be incorrect when we observed that (2√3 × 3)rect. would 

sometimes grow at 120 °C and (√3 × 4√3)R30° stripes at 110 °C. Given that the set point 

of the temperature was stable to ±0.20 °C this was not likely due to a temperature error. 

The controlling factors for the phase transition proved to be both temperature and the 

amount of C10 in the vial compared with the amount of C10 required to achieve the 

saturation vapor pressure in the growth vial. 

The vapor grown SAM samples discussed in previous sections were made by 

charging the 5 mL PFA vial with 1–2 µL of neat C10 liquid. Although our SAMs were 

usually reproducible, occasionally unexpected results were obtained, particularly when 

working at temperatures 110–120 °C. We noticed that increasing the initial charge of C10 

liquid resulted in reproducible growth of (2√3 × 3)rect. at 120 °C. In the design of the 

original experiments we had incorrectly assumed that the amount of the C10 that would 

evaporate at the growth temperature to produce the saturation vapor pressure was only a 

small fraction of this charge. Thus we assumed that C10 was always in excess. However 
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if C10 was truly in excess, additional C10 liquid should have no effect. Therefore it was 

compelling to further investigate how the structure of SAMs varies with different charges 

of C10 at different temperatures. We also compared the results with three different 

volume vials (1 mL glass, 5 mL PFA, and 85 mL glass) to further test this hypothesis. To 

allow the results of different vials to be compared, we define a saturation parameter, S, 

which is the ratio of the charge of thiol to the amount required to achieve the saturation 

vapor pressure at the particular growth temperature (Equation 2.3). If S is less than unity, 

all the C10 will be in the vapor phase at the growth temperature and the partial pressure 

of C10 will be less than its saturation vapor pressure.  If S is greater than unity, the partial 

pressure of C10 will equal its saturation vapor pressure and some C10 will be present as 

liquid.  If S is unity, the charge of C10 equals the amount required to saturate the vapor in 

the vial, so all the C10 charge will be in the vapor phase. 

 

RTVP
Mv

n
n

S
sat.vap.sat.vap.

charge ρ==       2.3 

Where 
S          – saturation parameter 
ncharge – moles of C10 charge 
nsat. vap. – moles of C10 in the saturated vapor 
Psat. vap. – equilibrium pressure (Torr) 
R – ideal gas constant (L Torr K-1 mol-1) 
T – temperature (K) 
V – volume of the vial (L) 
v – volume of thiol (L) 
ρ – density of thiol (g L-3) 
M – molecular weight of thiol (g mol-1) 

 

All the samples in this particular study were treated for 16 hours at temperatures 

ranging from 100 – 138 °C and C10 from 0.1 – 10 µL. Figure 2.19 consists of 
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representative STM images of such surfaces. Similar behavior was observed regardless of 

the size (volume) of the vial used for deposition. We observed that there is a clear 

relationship between the SAM structure and the saturation parameter, S. The apparent 

dependence on temperature is less strong. It was observed that for the formation of good 

clean stripes, the partial pressure of C10 inside the vial should be just below the 

saturation vapor pressure. Less than or more than the amount required for saturation 

produced incomplete stripes with defects or nearly VIs free (√3 × √3)R30° SAM 

respectively. In the Figure 2.20, we plot the saturation parameter, S, versus the deposition 

temperature for two different sizes of vials. The different colors represent the different 

type of structures and the shape of the symbol represents the size of vial. The line 

connecting the green symbols is the charge of C10 liquid required in the deposition vial 

to produce stripes. A large charge produced the (2√3 × 3)rect. structure, while a smaller 

charge produced incomplete stripes with defects. The samples which are immediately 

above saturation vapor pressure produced broken (2√3 × 3)rect. structure which we 

hypothesize the amount of C10 is not enough to retain the full (2√3 × 3)rect. structure but 

more than the amount for striped structure. 
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Figure 2.19 Example of four different types of SAM structures observed and their 
classification for the C10 volume-temperature study: a) full (2√3 × 3)rect. SAM, 
b) breaking up of the (2√3 × 3)rect., c) full stripe structure, d) incomplete stripes. 

c d

100 nm × 100 nm 100 nm × 100 nm

100 nm × 100 nm 100 nm × 100 nm

a b
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Figure 2.20 The 1-decanethiol SAM structures grow with different charges of C10 
as a function of temperature: The line along the dark green data points marks the 
necessary conditions for making good stripes (data for the 85 mL vial is not shown). 

 

2.4.1.6  Progression of Normal (√3 × √3)R30° Structure into Stripes 

Most of our samples were made with 16 hour deposition time for both the convenience of 

overnight deposition and to ensure the SAM reaches its final structure for the particular 

depositing conditions. Therefore to answer the question of whether the formation of 

stripes is an abrupt change or whether it is a gradual change with time, it is necessary to 

study samples made with different deposition times. Figure 2.21 a–f is such a study with 

conditions 0.5 µL of liquid C10 in 5 mL PFA vial at 120 °C. Images a–f are from 

samples of 30 minutes, 1, 1.5, 2, 4, 6 hours. The 30 minutes sample consists of the 
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normal low temperature (√3 × √3)R30° thiol structure. It should be noted here that the 

time the oven takes to raise the temperature to 120 °C is 1.5 hours. Thus the first two 

samples (Figure 2.21a, and b) did not reach 120 °C. After one hour, the surface has 

converted to nearly defect free (√3 × √3)R30° structure. At 1.5 hours, the sample still has 

the defect free structure but shows some indication that some areas of SAM are beginning 

to change. At 2 hours a significant portion of the monolayer has been converted to strips 

but still some of (√3 × √3)R30° structure can be seen. This conversion is complete in 4 & 

6 hours. The same trend of progression into stripes was seen in the samples made using 

1 µL of C10. In this case the same trend was observed, but the appearance of the 

striped-phase was delayed requiring ten hours. One significant difference of 0.5 µL 

versus 1 µL made stripe SAMs is that samples with 0.5 µL still have faceted vacancy 

islands while the 1 µL one does not have any although both have well developed stripe 

structures. This can be explained by considering the times the samples take to achieve the 

stripes. The samples exposed to high temperature for a longer period of time have more 

time for Ostwald ripening to proceed. Therefore we can conclude that the structure of 

SAM is (√3 × √3)R30° at first and it gradually changes to (√3 × 4√3)R30° stripes by 

desorption of molecules with oxidation or leaking out of some of the alkanethiol in the 

vial. 
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Figure 2.21 Time evolution of a regular 1-decanethiol SAM into striped SAM 
(deposition conditions: 0.5 µL of liquid C10 in 5 mL PFA vial at 120 °C); after a) 
30 min, b) 1 hr, c) 1.5 hrs, d) 2 hrs, e) 4 hrs, and f) 6 hrs. 
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2.4.1.7  Quenching Rate Dependence of Striped-Phase SAMs from Their Growth 
Temperature 

Although our samples are grown at high temperature, all STM imaging was performed at 

room temperature. We cannot say that the structure we observe in the high-temperature 

grown SAM structures exists at high temperature without performing STM imaging 

during SAM growth. We can test whether the high temperature structures form during the 

cooling phases. To explore this question we compared the SAM structures when samples 

were cooled slowly (from 120 °C to room temperature in about 10 minutes) to rapidly 

cooled samples (−196 °C liquid N2 and −52 °C isopropanol bath). Figure 2.22 shows 

STM micrographs of the striped-phase samples allowed to (a) cool slowly inside the oven 

(b) subjected to quenching in a cryobath at −52 °C, (c) and in a liquid nitrogen bath. Our 

results indicate that no significant changes occur in SAM striped structure between fast 

and slow cool down. This confirms that the stripe structure is representative of high 

temperature formation. 

 

 
 

Figure 2.22 The effect of quenching rate on the structure of striped-phase SAMs 
from their growth temperature (120 °C) after 16hrs.: a) slow cool down (120 °C to 
room temperature in 10 mns), b) in a cryobath (isopropanol −52 °C), and c) in liquid 
nitrogen(−196 °C). The image area is 100 nm × 100 nm in each image. 

 

 

cba

100 nm × 100 nm 100 nm × 100 nm 100 nm × 100 nm



56 

 

2.4.2  C10 and C12 Mixed SAMs Grown from Vapor 

Co-deposition of C10 and C12 from a mixture of 85% C10 and 15% C12 (17:1 in vapor) 

produced mixed SAMs which mostly consists of C12 molecules. Phase separation was 

not observed. As expected the surface consists of mostly of C12 molecules. It is reported 

in the literature that longer chain molecules prefer to attach to the surface than the shorter 

chain ones. Because the inter-chain Van der Waals energy favors the larger alkyl chain 

(C12 over C10). Therefore we expect the SAM to be enriched in the longer chain thiol 

compared to the vapor phase composition. Figure 2.23 shows that the C12 is clearly the 

majority component in the SAM although it is less than 6% of the vapor. 

 

 

Figure 2.23 C10 and C12 vapor co-deposited on Au(111) at 110 ºC for 16 hours (C10 : 
C12 liquid 85:15, vapor 17:1) 

 

2.4.3  Kinetic Stability of the Striped-Phase Structure with Respect to Insertion 
of C10 and Reversion to (2√3 × 3)rect. 

We carried out a systematic study of backfilling of striped SAMs at different 

temperatures from room temperature to 100 °C. A striped-phase SAM, grown at 120 °C 

was subsequently exposed to C10 vapor at different temperatures for 16 hours. If the 

a b
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striped-phase SAM was an open structure, we would expect it to rapidly take up C10 

molecules, convert to (√3 × √3)R30°. However we find that the striped-phase is 

remarkably stable to converting to (√3 × √3)R30° at temperatures 40 °C and below 

(Figure 2.24 b, and c). Only at 60 °C (Figure 2.24d) does the SAM began to take up C10. 

The process is more rapid at 80 °C (Figure 2.24e). After 16 hours at 100 °C the 

conversion is complete (Figure 2.24f). Even at 60 and 80 °C the stripes-phase is not 

simply taking up C10 molecules in the interior of its domains again indicating that the 

structure is not open. Rather conversion to (√3 × √3)R30° nucleates at domain boundaries 

and spreads across the surface. Note that the growing (√3 × √3)R30° domains advance 

along the stripes. As the (√3 × √3)R30° reaches the Au step edges they reorient to the Au 

<110> typically associated with that SAM phase. 
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Figure 2.24 Kinetic stability of the striped-phase with respect to back filling by C10 
and reversion to (2√3 × 3)rect. at different temperatures for 16 hrs. Two different scan 
sizes are shown for each temperature. a) STM image of the initial striped SAM, stripes 
backfilled with C10 at b) room temperature, c) 40 °C, d) 60 °C, e) 80 °C, and f) 100 °C. 
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2.5  Conclusions  

This chapter has presented a systematic study based on scanning tunneling microscopy 

(STM) to investigate growth temperature and solvent effects on the 1-decanethiol (C10) 

SAM features on Au{111} substrates. We have prepared SAMs of C10 grown from 

different solvents (ethanol, n-butanol, decalin, hexadecane and triethylene glycol) and 

vapor of C10 with growth temperatures ranging from 20 °C to 140 °C. Our STM study 

shows that the VIs undergo Ostwald ripening of which increases with increasing 

temperature for both solution and vapor grown SAMs. The structure of the C10 SAMs is 

observed to depend with temperature and solvent. For vapor grown SAMs, we have 

established conditions for making samples almost VIs free with very large SAM 

domains. When the (2√3 × 3)rect. SAM is present, the Au step edges annealed to the 

Au<110> direction.  

Further increase of the deposition temperature leads to formation of the striped 

phase (√3 × 4√3)R30°. To grow this phase, the partial pressure of C10 must be slightly 

below the saturation vapor pressure. Excess or less amount of alkanethiol leads to a 

incomplete (not clean) stripe structure or (2√3 × 3)rect. structure. The time associated 

with the formation of good stripes depends on the amount of alkanethiol. Stripes of C10 

have been observed to be oriented in the C10 nearest neighbor direction (Au<211>) and 

the low index step edges aligned in the same direction as stripes (Au<211>) in contrast to 

the defect free (√3 × √3)R30° SAM. Low temperature analysis of the vapor-grown 

striped-phase SAM has confirmed that the observed structures are representative of high-

temperature phase. On the other hand, solution-grown SAMs have been observed to 

transition to the striped-phase between 60 °C and 80 °C followed by gradual disordering 
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of the structure above 100 °C. Also we showed that the striped-phase is stable to 

converting to (2√3 × 3)rect. below 40 °C. 
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Chapter 3 

Atomically-Flat, Optically-Resonant Flat Gold Nanoparticles as 
Substrates for Scanning Tunneling Microscopy (STM) and Self- 
Assembled Monolayers (SAMs) 

 

3.1  Abstract 

Supported flat gold nanoparticles (FGNPs) are optically resonant substrates for high-

resolution scanning tunneling microscopy (STM). These are atomically-flat single-crystal 

plates with large Au(111) faces that expose only two to four atomic layers at the surface. 

The nanoparticles (lateral size from tens to thousands of nanometers) are prepared using a 

modified solution growth technique and then deposited on indium tin oxide (ITO) coated 

glass substrates. Nanoparticles were characterized using STM, TEM, and SEM 

techniques. We demonstrate that FGNPs are excellent substrates for molecularly-resolved 

STM imaging of alkanethiolate self-assembled monolayers (SAMs). 
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3.2  Introduction 

Nanophotonics is a developing nanoscale optical science and technology where light is 

confined and controlled on dimensions much smaller than its wavelength.1-2 At the 

molecular scale, it takes the form of excited state energy flow between molecules such as 

in nature’s photosynthetic systems and in artificially engineered molecules.3-4 On slightly 

larger length scales, optically resonant structures such as metal nanoparticles can be used 

as nanophotonic antenna. Incident light (far-field) excites the plasmon resonance modes 

in the nanoparticle which have highly localized near-field modes that concentrate the 

incident optical energy near their surfaces. When molecules are located in the near-field 

region, this effect is responsible for surface enhanced fluorescence4-8 and surface 

enhanced Raman scattering (SERS),9-12 which are applications of the general concept of 

molecular plasmonics.13 At even larger length scales, the coupled plasmon modes of 

nanoparticle arrays have been used to confine and to guide photonic energy to build 

plasmon optics.14-17 The plasmon resonances of subwavelength metal apertures impart 

them with anomalous transmission characteristics,18 and have been applied to create 

plasmonic lenses.19 

Recently, shaped nanoparticles have attracted attention because of their 

application as photonic antennae.20-22 Adjusting the nanoparticle shapes tunes the 

plasmon resonance frequency and controls the spatial structure of the near-field.23 The 

very large SERS enhancements of 1014 observed in single molecule SERS experiments 

are thought to be due at least in part, to near-field hot spots around the particles.24 

Utilizing the local hot spots of shaped nanoparticles for nanophotonics will require 

precise placement of the molecular components at these positions as well as verification 
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of their location. The scanning tunneling microscope is ideally suited to image molecules 

in their local environment (Figure 3.1a), but typical nanoparticles have high curvature, 

therefore not flat enough for the STM to achieve molecular resolution where atomically 

flat terraces are required. Hence, the production and characterization of optically resonant 

atomically flat metallic nanoparticles that can be used as platforms for ordered self-

assembled monolayers are important. 

We establish methodology for growing atomically flat gold nanoparticles 

(FGNPs), depositing them onto indium tin oxide (ITO) coated glass supporting 

substrates, and coating the FGNPs with self-assembled monolayers (Figure 3.1b). The 

flat substrates will also be used for STM-based imaging of molecules and can be used for 

spatially precise excitation of molecules. These substrates offer the unique advantage that 

simultaneous structural and optical measurements can be made due to the FGNP’s 

behavior as a photonic antenna. While the structural measurement can be performed with 

a variety of scanning probe techniques, STM provides the highest resolution, but also 

imposes the most stringent criteria on the substrate. The nanoparticle should be as thin as 

possible so that the STM feedback control can maintain the probe tip-sample distance 

while moving the probe tip from the supporting substrate to the particle. Stated another 

way, we need to be able to scan from the supporting substrate to the surface of the FGNP 

without crashing the tip of the STM into the edge of the particle. This is a practical 

consideration when scanning the ITO surface to find the particle. The greater the height 

difference, the slower the required scan rate. Even so, very abrupt changes in height, such 

as vertical edges can still be problematic. 
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The supporting substrate for the FGNPs must provide electrical contact for the 

STM tunneling current circuit but not quench the FGNP plasmon resonances. Thus the 

supporting substrate must be a both DC conductor and an optical insulator (optically 

transparent). The most commonly available material with this combination of properties 

is ITO coated glass. Although sputtered ITO coatings are not atomically flat, its function 

is only to make electrical contact to the FGNPs. As long as the grain structure is not so 

course or rough that the FGNPs cannot lie flat, it can be a satisfactory supporting 

substrate. Because we only require the nanoparticle to be atomically flat, the 

requirements for flatness of the conducting substrate are considerably relaxed. Molecules 

on the FGNP surface can be imaged by STM with molecular resolution so that the local 

nanometer-scale environment of the molecules can be known simultaneously with optical 

measurements. It should be noted that molecularly resolved STM images cannot be 

performed directly on the ITO surface because it is a polycrystalline sputtered thin film 

and does not exhibit atomically flat terraces. However it is flat enough to support the 

FGNPs which will play the role of an atomically flat gold raft on the rough ITO “sea.” 

Thus this strategy can be applied generally to other polycrystalline or amorphous 

supporting substrates. 
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Figure 3.1 A schematic of the FGNP/ITO substrate with SAMs: a) a schematic of a 
molecule in the thiol matrix emitting light while it is being imaged with the STM, b) a 
cartoon of a cross section of a self assembled monolayer of molecules on a flat gold 
nanoparticle on an indium tin oxide coated glass substrate. 

 

3.3  Materials and Methods 

3.3.1  FGNP Preparation 

FGNPs are prepared by adding 1.2 mL of 48 mM citric acid solution to 95 mL of 

0.24 mM HAuCl4 solution at 4 °C (refrigerator). The particles grow over a period of 3–4 

days and produce large flat triangles, hexagons, and intermediate shapes such as 

truncated triangles along with spheroids. Particles with irregular shapes can be produced 

by adding 5 mL of 5 mg/mL polyvinylpyrrolidine (PVP) (MW 55000) to the initial 

mixture of solutions at the beginning. 

 

a

b

Flat Gold Nanoparticle
(FGNP)

Indium Tin Oxide (ITO) coated glass substrate

Self Assembled 
Monolayer (SAM)

Molecule of Interest
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3.3.2  FGNP Deposition on ITO Coated Glass 

ITO coated glass substrates were obtained from Delta technologies and were cut to 

6 × 4 mm pieces with a scribe before use. All ITO substrates were ultrasonically cleaned 

in detergent (Micro-90 catalog # 9032) and then in deionized water prior to use. The ITO 

substrates were placed ITO side up at the bottom of a test tube filled with the Au sol 

containing the FGNPs, and centrifuged in a swinging-bucket rotor for 10 min at 600–

1500 g (min/max gs at the inner/outer radius, 2900 rpm) which is an IEC clinical 

centrifuge. Centrifugation deposits most of the particles in the column of solution onto 

the ITO surface. The resulting reddish brown layer of nanoparticles is visible by eye. 

Ultrasonication the sample in deionized water for at least 1 min removes the spheres and 

aggregates leaving a sparse coating where isolated FGNPs dominate (Figure 3.4). 

3.3.3  TEM and SEM 

TEM imaging were performed using a JEOL 2000-FX with 200 kV accelerating voltage. 

The copper TEM grids which were coated with carbon on one side and formvar on the 

other side were purchased from Ted Pella Inc (prod. # 01822 F). One drop of gold sol 

was put on the carbon coated side and let dry. The SEM is a JOEL JSM 880 with 15 kV 

accelerating voltage. No sample preparation is necessary as the substrate itself is 

conducting. Electrical connection between the surface of the ITO and the copper boat is 

established with Ag paint. 

3.3.4  Scanning Tunneling Microscope 

The STM is a custom designed beetle-style scan head using RHK Technology SPM100 

control electronics and XPM Pro control software. The current amplifier is an Axon CV4 

head stage with custom interface electronics. Probe tips are clipped Pt-Ir (80:20) wire. 
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They were cut using precision wire cutters. When the tip wire is in place in the tip holder, 

the edge of the tip should be between 0.108 – 0.140 inches from the edge of the tip 

holder. Tips that are too short will never reach the tunneling range while those too long 

will be crash onto the sample. Figure 3.2 is a schematic of the positions of the tip and the 

tip holder tube with respect to the scale in the eyepiece of the tip changing station at the 

magnification of 10×.  STM images are typically recorded at −1.0 V sample bias and a 

1.0 pA tunneling current. 

 

 

Figure 3.2 A schematic of the position of the edge of the tip and the edge of the tip-
holder with respect to the scale of the eyepiece of the tip-changing station at 
magnification of 10×. 
 
3.3.5  Single-Particle Dark-Field Spectroscopy 

Single-particle dark-field spectroscopy was accomplished using a simple single-particle 

dark-field light-scattering spectrophotometer constructed by combining an epi-

illuminated dark-field microscope (Nikon Eclipse ME600, 100X BD Plan ELWD NA 

0.8) with a fiber coupled spectrometer (Ocean Optics HR2000) with the slits set for 

23 nm bandwidth.  

piezo tube

tip holder

tip
tip position

10
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3.3.6  Zeta Meter Measurements 

Zeta meter measurements were performed using a ZM3-83 zeta meter from Zeta-Meter 

Inc. The two solutions tested are 95 mL of 0.24 mM HAuCl4 + 5 ml of 48 mM citric acid 

(particles negatively charged) and 95 mL of 0.24 mM HAuCl4 + 0.2 ml of 48 mM citric 

acid (particles positively charged). 

 

3.4  Results and Discussion 

3.4.1  Growth of Flat Gold Nanoparticles  

A wide variety of methods for growing shaped nanoparticles have been reported. Small 

single crystal cubo-octahedral nanoparticles can be grown in organic phase.25  Nanorods 

can be grown in micelles.26 Cubes, boxes, rings, and other shapes have been also 

demonstrated.22,27-28 Large flat single-crystal FGNPs have been used in TEM studies 

since the early 1950s.29-31 These FGNPs were prepared using a variety of methods most 

notably the reduction of HAuCl4 by salicylic acid. Brüche performed a systematic study 

of FGNP growth via the reduction of HAuCl4 by salicylic acid as a function of pH.32 It 

was found that the largest FGNPs formed when the HAuCl4 and salicylic acid were 

present in stoichiometric ratio and the pH was adjusted to ~2.5. These methods produced 

single crystal FGNPs in excess of 15 μm across. A later study by Turkevich investigated 

FGNP growth using a variety of reducing agents.33 Recently FGNPs have been prepared 

using a stepwise growth process using gold nanoparticle seeds.34-35 For reference, the 

standard Turkevich sol grown by reducing HAuCl4 with sodium citrate at 100 °C 

produces only multiply-twinned spheroids.36 Our own preparation is a variant of the 

standard sol, also described by Turkevich,36 reducing HAuCl4 with citric acid.37 But the 
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ratio of flat particles to the spheroids is much higher in our method than the previously 

reported methods. 

3.4.1.1  Proposed Models for Growth of Platelets 

It has been shown in several studies that the large flat surface of platelets is Au(111) 

oriented.38 Our TEM investigations also confirm those findings. In addition our studies of 

multiple dark-field TEM images show that the edges of large faces are parallel to the 

<110> and normal to the <211> directions (Figure 3.11, Figure 3.12, Figure 3.13). There 

are several explanations/models as to why platelets grow, from otherwise high symmetry 

fcc metal. The widely accepted hypothesis is given in Kirkland et al.38 They model and 

hypothesize the existence of multiple twins parallel to the directions of planes.39 

Therefore the initial precursor nucleus has a unique axis. If a regular fcc tetrahedron is 

truncated on the <111> direction and twined by reflection on {111} surface, then it 

produces a suitable precursor for the growth of triangular platelet as seen in the 

Figure 3.3a. The reflection followed by a 30° rotation along the three fold axis will give 

rise to a precursor nucleus with six fold axis normal to the twin plane (Figure 3.3b). But 

in doing so, it eliminates the twin. Kirkland et al. suggests that such a precursor nucleus 

produces hexagonal shape platelet. 
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Figure 3.3 A schematic representation of two proposed precursor nuclei: a) the bi-
tetrahedral precursor nucleus formed by reflection twinning of two fcc tetrahedra, b) an 
alternative precursor with a six-fold symmetry formed by reflection twinning and rotation 
by 30° of two fcc tetrahedra (Reprinted from Kirkland et al.38). 

 

The presence of 1/3 422 spots (Figure 3.12) which are forbidden for perfect fcc structures 

in a {111} electron diffraction pattern is observed as an evidence to the presence of 

multiple twins in lamellar platelets. These patterns have been observed for both gold and 

silver platelets by many authors and numbers of explanations and models have been 

proposed. In these models the fcc structure is viewed as stacks of trigonal close-packed 

(111) layers along the [111] direction, which follows the stacking sequence of 

ABCABCABC..., where A, B, and C represent the three possible registrations of the 

close-packed planes. Those models can be summarized as follows. 

Model 1: Forbidden 1/3 422 diffraction spots originates from truncation of the 

ABC stacking sequence along the [111] direction. When there are monatomic surface 

steps on the (111) surface, they result in a fractional unit cell along the [111] direction 

which in turn results in a fractional stacking period, e.g. ABCABC…AB.40 This 

corresponds to perfect fcc stacking, but with the number of layers not an integer multiple 

of three. Model 2: This model hypothesizes the presence of a single twin parallel to the 

a b
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(111) surface. Forbidden 1/3 422 reflection appears only if the number of atomic layers in 

(111) surface is not equal to 3n where n is an integer. The twin boundary in this case is 

not at the center of the crystal.33,38  Model 3: Regardless of number of (111) atomic 

layers, the presence of multiple twins on (111) planes causes the 1/3 422 reflections.33,38 

Model 4: When the twin boundary lies parallel to the surface and perpendicular to 

electron beam and if the twin boundary is in the center of the crystal (central twin), the 

1/3 422 forbidden reflections and 3 422 fringes appear. The effect on the HRTEM image 

and the diffraction pattern caused by a twin in the fcc bicrystalline silicon nanowires has 

been reported.41 Model 5: Insertion of an extra (111) layer, such as a B layer into the 

stacking sequence will produce a stacking fault of ABC(B)ABCABC---. Here the 

ABC(B)A is a twin-like thin slab. The forbidden 1/3 422 reflection appears due to the 

elongation of the reciprocal lattice points in the first order Laue zone.42 Model 6: Surface 

reconstruction also may result in extra reflections.43 Typically Au(111), surface 

reconstructions are only observed on clean surfaces. As we will discuss in the following 

sections, our particles are grown in solution and therefore the surfaces are covered by 

adsorbates, so we do not expect to observe any such reconstructions. 

It is interesting that an fcc metal would grow in such a highly anisotropic manner 

if not constrained by micelles or other means. Extensive electron diffraction studies of Au 

and Ag particles have shown that they have stacking faults parallel to the large faces.33,38 

These defects are exposed at the edges of the growing nanoparticle and will be the fastest 

growth sites. A further clue to the growth mechanism is the remarkably uniform thickness 

of the FGNPs, which is uncorrelated with size (area) and shape which will be discussed 

later in this chapter. This supports the hypothesis that FGNPs grow from a narrow 
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population of seed particles with parallel stacking faults, where growth occurs 

preferentially at the edges. This hypothesis is further supported by Millstone, et al. who 

observed that the thickness of their FGNPs were approximately equal to the diameter of 

their seed particles.34-35 

3.4.2  FGNPs on ITO Coated Glass 

 

Figure 3.4 Images of ITO, FGNP surfaces, and FGNP/ITO substrate: a) AFM image 
of ITO surface, b) STM image of ITO surface, c) STM image of a hexagonal shaped 
particle on ITO surface, d) SEM image of FGNPs on ITO/Glass substrate which shows 
different shapes and sizes of FGNPs. 

a b

c d
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Figure 3.5 SEM images of FGNPs ITO substrates:  a) the crude surface after 
deposition in the centrifuge, b) interrupted after 20 seconds of ultrasonication, c) close up 
showing FGNPs, spheres, and a rod. Note the thin single-crystal FGNPs are transparent 
to the electron beam, d) substrate free from spheres, aggregates, and poorly contacted 
FGNPs. 

 

A previous study has shown that gold nanoparticles can be grown on ITO surfaces.44 

However the orientation of these crystals is not controlled. Because flat particles typically 

orient flat when deposited on a surface for simple mechanical reasons, our strategy was to 

simply deposit them on ITO coated glass. 

The solution growth of the FGNPs produces a range of sizes and shapes. The 

usual 20–50 nm diameter multiple-twinned spheroids (spheres) outnumber the FGNPs. 

For our STM experiments we desire the FGNP fraction to dominate. Our initial work had 

focused on solution phase separation of the spheres from the FGNPs. This proved 

unnecessary because the spheres are easily removed after deposition on the ITO coated 

5 µm

a b

c d
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glass. The resulting reddish brown layer of nanoparticles on the ITO surface is visible by 

eye. This is a very dense layer containing Au spheres, FGNPs, and aggregates (Figure3.4 

a and b). Ultrasonication in deionized water for at least 1 min removes the spheres and 

aggregates leaving a sparse coating where isolated FGNPs dominate (Figure 3.4d). A few 

minutes of ultrasonication is generally enough to complete the process and longer ultra 

sonication times do not dramatically affect the results. We hypothesize that the FGNPs 

are more strongly bound to the ITO surface than the spheres due to their larger contact 

area. These substrates constitute our measurement ready samples. In addition to the ITO 

coated glass, we have also used the same procedure using other substrates such as glass 

and sapphire. However we will only focus on ITO coated glass substrates in this work. 

The maximum size of the area that can be scanned by our STM is 4 µm × 4 µm. 

Only 2 µm × 2 µm area is survey scanned at a time. Therefore a good sample has at least 

one FGNP in each 2 µm × 2 µm area of the surface. The most rapid diagnostic screening 

procedure to determine the quality of the FGNP/ITO substrates proved to be dark-field 

microscopy (DFM) (Figure 3.6). Although only the largest FGNPs are optically resolved, 

all the FGNPs are visible, thus DFM is an excellent technique for confirming the density 

of FGNPs on ITO surface. The samples can be rapidly screened and do not require 

special sample mounting. If higher resolution was required SEM was employed. 
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Figure 3.6 Dark-Field micrograph of FGNPs on ITO where different colors of 
particles according to their size and shapes are visible. (image size is 80 µm × 50 µm and 
inset is 24 µm × 14.5 µm). 
 

For our work polydispersity of size and shape is an advantage, because we can easily 

choose the particles we want to study. We have varied the quantity of citric acid and 

found that the highest yield of well formed FGNPs occurs near the stoichiometric amount 

of citric acid described above (3:2, citric acid : HAuCl4 , Figure 3.7). Less citric acid 

leads to particle defects (irregular shapes and particles with holes), while more produces a 

higher population of bipyramids and multiply-twinned spheroids. This agrees with the 

earlier work of Brüche using salicylic acid as the reducing agent.32,45 From the Zeta meter 

measurements, we confirmed that the sign of the charge of the particles changes from 

negative to positive when the amount of citric acid added to the solution is changed from 

citric acid rich to citric acid deficient with respect to the stoichiometric amount. A 

solution with excess citrate produced particles that are negatively charged (adsorbed 
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citrate anions). A solution deficient in citrate (excess gold) should produced particles that 

are positively charged (adsorbed Au+3), which we have confirmed by Zeta potential 

measurements.                                          AuClସ +  3eି → Au଴ +  4Clି HOOCCHଶCሺOHሻሺCOOHሻCHଶCOOH →  HOOCCHଶCሺOሻCHଶCOOH + 2Hା +  COଶ + 2eି                   HOOCCHଶCሺOሻCHଶCOOH →  CHଷCሺOሻCHଷ +  2COଶ 

Figure 3.7 The redox half reaction for the reduction of Au from HAuCl4 by citric 
acid. 

 

3.4.3  STM Imaging 

 

Figure 3.8 STM images of atomic terraces on FGNPs: a) a truncated triangular FGNP 
on ITO. The image has been processed to show simultaneously the topography on the 
FGNP and the ITO surfaces. b) a hexagonal FGNP on ITO. The image has been scaled to 
show the islands and vacancy islands on the surface of the FGNP. Both particles are 
covered with a decanethiol SAM. The steps visible at the FGNP edges are tip artifacts 
caused by the abrupt edge. 

STM images of the FGNP/ITO substrates show that the terraces on the large {111} faces 

of the FGNPs are atomically flat (Figure 3.8 a and b). We observe that the FGNP {111} 

surfaces generally expose only 2–4 different atomic layers. The top most exposed layers 

are islands and the lowest exposed layers are vacancy islands. In all cases we have 

a b
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observed, the island step edges are meandering steps. We only observe low index step 

edges at the FGNP edge. Furthermore the islands are distributed uniformly across the 

FGNP surface indicating that the thickness is uniform throughout the particle. Note that 

the ITO substrate is substantially rough at the nanometer scale (Figure 3.4 a and b). This 

is not surprising for a sputtered polycrystalline film. Despite the roughness of the ITO 

supporting substrate, the FGNPs remain flat for high quality STM imaging. The FGNPs 

shown in Figure 3.8 a, and b have decanethiol SAMs on their surfaces. High resolution 

images show that decanethiol forms well-ordered crystalline SAMs on FGNPs. Structural 

characterization of alkanethiol self assembled monolayers on FGNPs will be discussed 

later in this chapter and in chapter four. 

We have also imaged FGNPs without the alkanethiolate SAMs. We presume the 

gold surfaces are covered by adsorbates such as citrate, because they are deposited from 

solution. The surface structure of the FGNP are similar in characteristic to the SAM 

covered FGNPs. However the quality of the images is lower. This is because citrate ions 

are disordered on the surface, in contrast to decanethiol SAMs. We attribute this 

difference to the displacement of adsorbed ions by the 1-decanthiol to create a more 

easily imaged, lower energy surface. This hypothesis is not necessarily true with 

adsobates such as polyvinylpyrolidine (PVP) a commonly used stabilizer for colloidal 

nanoparticles. Cleaning of such surfaces of FGNPs will be discussed in chapter four in 

more detail. 
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3.4.3.1  Tip Artifacts in STM Images 

 

Figure 3.9 Schematic diagram and STM images showing how multiple tips produce 
artifacts in STM images: a) a sharp edge being imaged by a double tip, b) the 
topography produced by the two tips, c) an STM image of a triangular shaped particle 
produced by a double tip, d) high resolution image of the edge area. 

 
The edges of the FGNPs are extremely sharp and steep. Because the FGNP surface falls 

away more steeply than the side of the STM probe tip, step like artifacts at the FGNP 

edges are produced (Figure 3.8). These are not steps in the surface of the FGNP, but 

rather the same edge imaged with different satellite tips of the master STM probe tip. 

Although the master tunneling tip is atomically sharp, it typically does not protrude more 

than a few atomic layers beyond the end of the gross probe tip structure. Very-steep 

Tip moving direction

Object being 
imaged

Image
produced

Tunneling current
Tip 1

Tip 2 Surface produced by tip 1

Same Surface reproduced by tip 2
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large-amplitude features like the FGNP edges are essentially a topographic step function. 

Indeed the sharpest edge transition we have measured in our imaging experiments 

dropped 15 nm from the FGNP surface to the ITO supporting substrate in about 1 nm. 

Thus, when the tip scans over the edge of the FGNP, the gross structure of the tip is 

revealed. In principle these FGNPs could be used to deconvolve the last 15 nm of the 

STM probe tip, we have not focused on this application. This is analogous to what is 

observed when the STM probe tip images an isolated molecule that protrudes above the 

surface; in this case the molecule is a topography delta function. That this is truly a tip 

artifact which can be verified by observing that identical surface features occur on each 

of the artifactural steps. An interesting application is that the same area can be imaged 

using different satellite-tips of the master probe tip. Thus if the master tip is bad, good 

images can often be obtained from one of the satellite-tips. 
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3.4.4  Effect of the Roughness of the ITO Substrate on the Large Scale Flatness of 
FGNP Surface 

 

 
Figure 3.10 Effect of the roughness of the ITO substrate on the large scale flatness of 
the FGNP surface revealed by different processing methods. The bumps visible in the 
figures a–c are caused by the rough ITO surface as revealed in the high pass filtered 
images with different filters. Bumps are 2–3 nm in height with 2º–3º local slopes on 15 
nm thick particle. 

 

The ITO surface is rough on the nanometer scale, FGNPs are essentially atomically flat 

crystals. Figure 3.10 shows an FGNP on an ITO surface. The ITO surface can be seen to 

have asperities greater than 5 nm in the region surrounding the FGNP. The FGNP is also 

resting on similar asperities which cause it to bend. These create the high regions on the 

FGNP visible in the top row of imaging. We have determined that these are due to 

bending of the FGNP by the ITO rather than bumps inherent to the FGNP. The high spots 

are 2–3 nm high which will correspond to more than 10 atomic gold layers. If the particle 

was thicker in these areas, a series of atomic steps would be seen encircling these areas in 

the high-pass filtered images.  

a b c

d e f g
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3.4.5  TEM and Crystallography   

 

Figure 3.11 In-focus multiple dark-field TEM images of the three dominant FGNP 
shapes, equilateral triangle, truncated triangle, and regular hexagon. In each case the 
large face is {111} and the edges are normal to <211> directions. The schematic at the 
right show the crystallographic directions. 

 

 

Figure 3.12 SEM and multiple dark-field TEM image of FGNPs on ITO: a) SEM 
image of flat gold nanoparticles deposited on an ITO coated glass substrate, b) in-focus 
multiple dark-field TEM image of a triangular shaped flat gold nanoparticle which shows 
the crystallographic orientation. The first ring of images, barely visible in the figure, are 
due to the normally forbidden 1/3 422 diffraction spots which appears in thin 
crystals.33,38,40,46 
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Figure 3.13 SEM and multiple dark-field TEM images of PVP grown FGNPs: a) 
SEM images of a PVP grown flat gold nanoparticles. b) TEM image and an in-focus 
multiple dark-field TEM image of a PVP grown particle which shows the 
crystallographic orientations of the faces. 

 

Electron diffraction shows that the FGNPs are single crystals (Figure 3.11, Figure 3.12, 

Figure 3.13). The large faces are {111} and the edges are normal to  <211> directions, 

which is consistent with prior work.33,38 The first ring of images shown in the diffraction 

images are from the 1/3 422 reflections. We used in-focus multiple dark-field TEM 

imaging because each diffraction spot is a real space image of the particle and the 

orientation of each crystallographic direction with respect to the FGNP shape is clear. 

The contrast visible within the diffraction images of the particles is due to strain. Strain is 

commonly observed in these particles if they are not lying perfectly flat on the TEM grid. 

It is especially evident for FGNPs because they are quite thin and transparent to the 

electron beam. 

 

(a) (b)
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3.4.6  FGNP Shape, Size, and Thickness 

FGNP shape, size, and thickness were measured from the STM images. Our study was 

not intended to produce a statistical distribution, but to learn if there is a correlation 

between these parameters. Most of the particles measured have highly symmetrical 

shapes ranging from regular hexagons to equilateral triangles. The most frequently 

occurring shape was the symmetrically truncated equilateral triangle (Figure 3.14, Figure 

3.15). The particles measured in this study ranged in size from 50 nm to 800 nm on a 

side. No correlation between size and shape was observed. Measurements of the particle 

thickness fell in a narrow range of 15–20 nm (60–80 atomic layers) and remarkably 

showed no correlation to size or shape of particles. Because we are interested in 

electronic measurements it is also interesting to note that the FGNP thickness is roughly 

one half the room temperature electron mean-free path (37 nm).33,47 STM results of 

thickness agree with those obtained from TEM of shadowed samples. The thickness can 

also be gauged by the FGNP/ITO contrast in SEM images, where large number of 

FGNPs can be rapidly observed. We do observe some particles that are clearly thicker 

than the main population. No obvious difference in size and shape distinguishes them 

from the main population of thin particles. We emphasize that polydispersity is an asset 

for our experiments because we select individual particles to use for our measurements. 

The range of particle sizes and shapes facilitates size and shape dependence experiments. 

Fortuitously the most important parameter, thickness, is controlled within a narrow range. 
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Figure 3.14 SEM images of different shapes of flat nanoparticles found in the gold 
sol: a) a triangle, b) a truncated triangle, c) a hexagon and, d) a triangle with rounded 
corners. 

 

 

Figure 3.15 STM images of different shapes of nanoparticles found in the gold sol: a) 
truncated triangle, b) hexagon, and c) two perfect triangles. 

 

Because the shapes range from equilateral triangles to regular hexagons through the 

intermediate truncated triangle shapes, we need to define our measurements carefully. 

For this study we made two measurements, the length of the longest side L, and the width 

a b
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across the particle perpendicular to this edge H (geometric height). This is satisfactory for 

most of the particles, because they have very high symmetry.  For the purpose of our 

measurement we defined the truncated triangle as an equilateral triangle with 

symmetrically snipped corners. Occasionally lower symmetry particles were observed 

and will be discussed separately. In addition to the variation in shape, there is also 

variation in the sharpness of the corners. For simplicity the rounding was not measured 

explicitly. Triangles with well rounded corners are counted as truncated triangles. 

Figure 3.16 is a graph of geometric height versus length of particles. The symbols 

show the rough classification of the shape of each particle. We show for comparison the 

lines that constrain L and H for the high symmetry shapes hexagons (yellow), and 

equilateral triangles (green). The most frequently occurring shape is the truncated 

triangle. No correlation between size and shape is evident. The outlier FGNPs falling to 

the right of the equilateral triangle line are asymmetrically truncated triangles and 

elongated hexagons, which would require additional measurements for complete shape 

characterization. Thus shapes classified as hexagons, but appearing to the right of the 

regular hexagon line are elongated. Truncated triangles with one snip larger than the 

other two (trapezoids), will similarly appear to the right of the triangle line. The most 

highly asymmetric particles (not included in this study) have the appearance of rods but 

are elongated hexagons or trapezoids, distinguished on close inspection of the end facets. 

Note that even in these asymmetric particles, the angles between adjacent edges remain 

120°, as expected from the crystallography. 

The thicknesses of the FGNPs have also been measured from our STM images of 

the FGNP/ITO substrates. In Figure 3.17 we graph the thickness versus particle area. The 
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symbols designate the different particle shapes measured. The thickness of the particles is 

in the range of 15–20 nm, which corresponds to approximately 60–80 atomic layers. It is 

remarkable that there is no evident of correlation with the particle shape or area. Our 

STM results agree with those also obtained from TEM of shadowed samples. 

 

 

Figure 3.16 Analysis of FGNP size and shape. A graph of the geometric height, H, 
versus the length of the longest side, L, shows the distribution of FGNP shapes. The 
lines denote the H/L aspect ratios for regular hexagons (yellow) and equilateral triangles 
(green). The symbols denote the particle shape, hexagon, truncated triangle, and triangle 
assigned by inspection. Asymmetric truncation causes the measured H/L to deviate from 
the ideal position on the graph (see text). 
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Figure 3.17 Analysis of FGNP thickness. A graph of thickness versus area shows that 
the FGNP thickness is controlled within a narrow range and that it is uncorrelated to the 
particle area. The symbols denote the particle shape, hexagon, truncated triangle, and 
triangle assigned by inspection. Note that there is also no apparent correlation of FGNP 
thickness with shape. 
 

3.4.7  SAMs of Alkanethiol Molecules on FGNP/ITO Substrates 

There has been considerable effort to study SAMs of alkanethiol and their derivatives on 

Au/mica(111) surface with STM. But very little attention has been drawn to study the 

SAMs of molecules on FGNP surfaces. Therefore it is important to study structural 

characteristics of SAMs of alkanethiols on FGNP surfaces and compare them to SAMs 

on Au/mica surfaces if FGNPs are to be used as atomically flat substrates for STM 

studies. 

Characteristics of the SAM structure depend on the deposition conditions, growth 

temperature, and the concentration of alkanethiol. SAMs grown at room temperature 

from 1 mM solutions in ethanol form well ordered (√3 × √3)R30° structures with many 

structural domain boundaries, vacancy islands, and disordered regions with missing 

molecules. SAMs grown on FGNPs under similar conditions show the features (Figure 

3.18). The deposition temperature reduces the number of vacancy islands and increases 
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the molecular domain size. Growth of alkanethiol SAMs also increases the size of the Au 

terraces on FGNPs. Compare Figure 3.10 of the as grown FGNP (no SAMs) and FGNPs 

after SAM growth. Just as we have observed for Au/mica substrates, increasing the 

growth temperature produces further smoothing of the FGNP. We will discuss this 

phenomenon in more detail in chapter four. At elevated temperatures the (√3 × 4√3)R30° 

striped-phase is also observed on FGNPs (see chapter two). FGNPs are nanometer-scale 

single crystal substrates suitable for alkanethiol. SAMs behave in the same way as they 

do on Au/mica surfaces. 

 

Figure 3.18 1-decanethiol SAMs on FGNPs with different growth temperatures: 1-
decanethiol deposited from 1 mM solution at a) room temperature, b) 60 °C, c) 90 °C, 
d) 110 °C. 

It is reasonable to assume that the as-grown FGNP surfaces are covered by citrate ions 

because they are negatively charged. Therefore the quality of the images of room 
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temperature deposited SAM is lower than the high temperature SAMs or SAMs on 

treated FGNPs which will be discussed in chapter four. The quality of the SAM layer 

depends on the ability of the alkanethiol molecules to replace the citrate ions. 

As we showed in the chapter two, high temperature stripes of the striped-phase on 

Au(111)/mica surface are in <211> directions. They force the Au steps to rearrange such 

that they form low index step edges. The stripes on FGNPs also are in <211> directions 

as evidenced in the Figure 3.19c and d. We did not observed any low index step edges of 

terraces on FGNPs. The question of whether striped-phase alkanethiol does not promote 

the steps on FGNPs to convert to low index steps is open for further study. 

 

Figure 3.19 STM images of terraces and high temperature stripe structure on  
FGNP: a) terraces on an FGNP, b) stripes of decanethiol on the FGNP surface of a, c) 
stripes of decanethiol molecules with respect to the edge of the FGNP, b) molecularly 
resolved image of the stripes in c. (We did not see any evidence for presence of low index 
step edges with striped-phase on FGNPs we studied). 

a b
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3.4.8  Guest Molecules in Thiol Matrix 

The alkanethiol SAM is used as a matrix to support and isolate the single molecules to be 

studied. Therefore it is important to optimize the conditions of deposition of guest 

molecules in the thiol matrix on the FGNPs. We found that these guest molecules can be 

co-deposited on the FGNPs. The Figure 3.21a shows tethered anthracene molecules co-

adsorbed with octanethiol (C8) on the FGNP. The measured height deference between 

the top of the octanethiol layer and the tethered anthracene molecules is 67 ± 10 pm. It 

has been reported that the measured height deference of organic molecules with STM is 

only a half of the physical height difference.48-49 We estimate the maximum physical 

height of the anthracene moiety above the C8 SAM to be 240 pm (Figure 3.21), which 

would correspond to 120 pm in STM. Thus we hypothesize that these anthracene 

molecules are rotated or bent with respect to the rest of the C8 molecules. 

 

 

Figure 3.20 STM image of tethered anthracene molecules co-adsorbed with the 
octanethiol on an FGNP (a), shown with red arrows (1 mM total octanethiol in EtOH, 
90% octanethiol 10% tethered anthracene) and average height difference between the 
anthracene molecules and octanethiol layer (b). 
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Figure 3.21 A schematic diagram showing a tethered Anthracene molecule in the 
octanethiol matrix. 

 

3.4.9  Dark-Field Light-Scattering Spectroscopy 

 

Figure 3.22 Dark-field light scattering spectra of single FGNPs on ITO coated glass. 
The color of the spectra matches the color of the frame of the SEM images of 
corresponding particles which they were measured. 
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Using FGNP/ITO substrates prepared such that the individual FGNPs can be resolved (a 

few microns apart), we can record spectra of the individual particles, Figure 3.22. Each of 

the spectra in Figure 3.22 are corresponds to the FGNP with the matching color of the 

frame. Our spectra show that there are two prominent peaks at about 675 nm and 775 nm 

for triangular shaped particles. When the particle is more hexagonal shape, the first peak 

at 675 nm disappears. We assign these peaks to the in-plane quadrupole mode observed 

by Millstone, et al.34 Note that the peak is more red shifted for larger particles (orange 

and red color spectra). This is in agreement with the theoretical calculations of Shuford et 

at.50 Furthermore, the scattering spectra of spherical FGNPs (Turkevich standard citrate 

sol) deposited on ITO coated glass exhibit resonances that are distinctly further into the 

green (550-600 nm range).36,51  

3.5  Conclusion 

In summary, FGNP/ITO substrates are optically-resonant atomically-flat Au(111) 

substrates suitable for STM studies. They offer the unique advantage that simultaneous 

structural and optical measurements can be made with the aid of FGNP plasmon 

resonances. The atomically-flat single-crystal FGNPs allow high resolution STM imaging 

of molecular monolayers so that the local nanometer-scale environment and the exact 

position of the molecules can be known. Furthermore, the preparation we describe 

produces a highly disperse distribution of sizes and shapes, which have the very narrow 

range of particle thicknesses desired for STM imaging. This size/shape polydispersity 

makes it possible to perform a wide range of experiments on a single substrate by 

characterizing individually each particle of interest. 
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An added benefit is low cost, simple preparation, and broad applicability. These 

substrates are low cost compared to Au single crystals and commercial Au(111)/mica 

substrates.4848,49  The preparation of the FGNP/ITO substrates employs basic wet 

chemical techniques and does not require costly specialized equipment as do 

Au(111)/mica substrates. These substrates can be applied broadly as inexpensive, “easy-

to-prepare” Au(111) STM substrates. Although our emphasis has been to develop 

substrates that satisfy the very stringent requirements of high-resolution STM 

(electrically conductive, single crystalline, and atomically flat), these substrates can also 

be used for other SPM techniques (AFM, NSOM, etc.). If electrical conductivity is not 

required, other substrates such as glass or mica can be substituted. These substrates 

should prove valuable for a wide variety of SPM and optical experiments. 
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Chapter 4 

Surface Treatment of Supported Flat Gold Nanoparticles and 
Gold/Mica Substrates for Ordered Molecular Self Assembly: A 
Scanning Tunneling Microscopy Study 
 

4.1  Abstract 

Surface treatment techniques were used to prepare the surfaces of flat gold nanoparticles 

(FGNPs) supported on indium tin oxide coated glass substrates (ITO) and Au/mica 

substrates for high-resolution scanning tunneling microscopy (STM) of 1-decanethiol 

(C10) self assembled monolayers (SAMs). These techniques include Ar/O2 and H2 

plasma treatments, dry thermal annealing, and exposures to UV/O3 of the surfaces of 

supported FGNPs and standard Au/mica substrates prior to the formation of SAMs. 

Molecularly resolved images of high-quality SAMs with the characteristic (√3 × √3)R30° 

structure and related superstructures of C10 grown on the pretreated Au/mica and 

FGNP/ITO surfaces are presented. The rough surfaces induced by plasma treatment can 

be repaired either by dry thermal annealing the substrates or alkanethiol deposition on the 

Au surface at elevated temperatures. An STM analysis of the terrace sizes reveals a range 

of 6–28 nm on the Ar/O2 plasma treated FGNP surfaces. About 6–7 atomic layers 

exposed to the surface are observed after plasma treatment compared to about 3–4 atomic 

layers of as prepared FGNPs. In contrast, UV/O3 treated FGNPs show relatively larger 

terraces of about 16–48 nm compared to the Ar/O2 treated surfaces. We find that all 

plasma treatments roughen the surface considerably more than UV/O3. Further, a change 

in the surface morphology is observed for those FGNPs which alkanethiolate deposited at 

110 °C in solution. The edges of particles became thicker than the middle of the particle. 
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The sizes of terraces are bigger and a particle consists of only 2–3 terraces. However, 

overall shape of the FGNPs remains unchanged till 180 °C where gross changes in the 

FGNP morphology begin. The results suggest the viability of surface treatment 

procedures to prepare the surface of FGNPs for molecular self assembly without 

changing appreciably the surface morphology. 
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4.2  Introduction 

In the last 25 years, Au substrates have been widely used for studies related to 

engineering the self-assembly and functional characteristics of adsorbed alkanethiol 

molecules.1-6 SAMs of alkanethiols and their derivatives on Au are not only useful as 

model systems from the viewpoint of basic surface science but also important for 

advanced technology applications in molecular electronics, nanophotonics, and 

optoelectronics.1,7 Au substrates which are used in STM studies are typically Au{111} 

oriented thin films on mica or Au{111} surfaces of bulk single crystals.8-14 The surface of 

Au needs to be atomically flat, or be composed of atomically flat terraces large enough 

(at least few nano meters across) for high resolution STM of SAMs. 

Characteristics of the SAM layer depend on the substrate on which the molecules 

are deposited. Some applications of SAMs require highly ordered SAMs while others do 

not. Surface conditioning or treatment of the Au substrates to remove contamination is a 

key to achieve highly ordered SAMs. SAMs with poor structural order have ubiquitous 

carbonaceous and ionic contaminants adsorbed on Au.15 Roughness on the nanometer 

scale can also lead to disordered SAMs.  

Common procedures for treating Au surfaces include electrochemical oxidation,16 

immersion into a strongly oxidizing solutions such as piranha solution,17 exposure to 

UV/O3,
18 or plasma (O2, H2, Ar),19 H2 flame annealing and thermal annealing.20 

Sputtering also is typically employed to treat single crystal Au surfaces in UHV. The 

surface-conditioning induced morphological changes in the Au surface and their effect on 

SAMs has been studied by X-ray photoelectron spectroscopy (XPS), ellipsometry, and 

contact angle measurements.12,15 Some of the procedures oxidize the Au surface and have 
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a detrimental effect on the packing quality of SAM.12,15,21-24 STM has been used to 

examine the surface morphology.15,23,25-27 However there are no reports using molecularly 

resolved STM imaging of the alkanethiol SAMs grown on treated or conditioned Au 

surfaces. 

In chapter three we introduced ITO supported FGNPs as single crystal Au(111) 

substrates which offer the benefits of relatively simple preparation, inexpensive 

compared to Au single crystals or commercial Au/mica substrates, and broad 

applicability.28 These nanoparticles have edge lengths much larger than their thickness 

and possess multipolar plasmon resonances.29-33 We showed that FGNP/ITO substrates 

can be applied as single crystal atomically flat Au{111} substrates for SAM growth and 

subsequent STM imaging, as well as optically-resonant atomically-flat Au{111} 

substrates.28 However, surface treatment or conditioning of FGNP/ITO substrates is 

required if the solution grown surface with adsorbents interfere with the subsequent 

experiments. For instance, solution grown FGNPs synthesized by the reduction of Au 

from HAuCl4 with citric acid usually result in adsorbed citrate ions and/or surfactants to 

the particle surface.34 While we have demonstrated that molecularly resolved STM 

images of alkanethiol SAMs on FGNP surfaces can be obtained when no surfactants are 

used during FGNP growth, no molecular resolution of SAMs could be obtained if the 

FGNPs were grown with polyvinylpyrolidine (PVP) or stabilized with PVP after their 

growth. We hypothesize that the small alkanethiol molecules cannot displace the larger 

polyelectrolyte molecules from the surface, as they do to other small molecules such as 

citrate. This is not to suggest that alkanethiol does not adsorb in the presence of PVP, 

only that the PVP is not displaced, thus interferes with STM imaging. We do not expect 
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molecularly resolved STM imaging of adsorbed PVP molecules because they should be 

highly disordered and fluxional, in contrast to the sterically locked alkanethiol molecules 

in a well-ordered SAM. Surface treatment of PVP-stabilized FGNPs with plasma of 

UV/O3 is expected to decompose PVP molecules into much smaller components such as 

CO, CO2 and H2O that are easily removed from the surface.  

The knowledge of FGNP surface morphology or shape upon treatment is not 

available. Therefore a detailed investigation is required to understand the surface 

morphology, the terrace size and structure of these nanoparticles, and how they influence 

the formation of alkanethiol SAMs. FGNPs are ideal probes to study how vigorous the 

destructive/reconstructive process of atomic redistribution occurs on sub-micron size Au 

surfaces upon treatment. In the event of larger scale redistribution of Au atoms, the 

particle morphology is expected to change dramatically along with the formation of small 

Au islands in their vicinity. Dry techniques are more suitable for treatment of FGNP/ITO 

substrates compared to wet chemical processes due to the fact that the later bear the 

potential danger of contamination as well as possible degradation of ITO substrate 

induced by the reagents used. 

The purpose of this chapter is to describe the systematic investigation of dry 

surface treatments of FGNP/ITO substrates on the using thermal annealing, Ar/O2 

plasma, H2 plasma, and UV/O3 exposure, and study of the surface morphology/terrace 

structure along and subsequent alkanethiol SAM growth. While the primary aim is to 

investigate viability of surface treatment techniques on FGNP/ITO substrates, a parallel 

investigation of the effects of treatment on the surface morphology, SAM growth and 

chemical state of the standard Au/mica substrates was also carried out. In this chapter, a 
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STM-based analysis of the surface atomic layers/terrace morphology of treated FGNPs 

that suggests the applicability of treatment techniques without changing appreciably the 

surface morphology of the nanoparticles is presented. Molecularly resolved STM 

imaging of well-ordered alkanethiol SAMs grown on treated PVP stabilized FGNPs and 

Au/mica substrates is also discussed.  

4.3  Materials and Methods 

4.3.1  Au/mica Substrates 

Au/mica substrates (1.0 cm × 1.1 cm Au film on 1.4 cm × 1.1 cm mica sheet) were cut 

into four approximately equal pieces used in the present study were purchased from 

Agilent Technologies. 

4.3.2  FGNP/ITO Substrates 

FGNP/ITO substrates were prepared using the method described in chapter three.28 

Briefly, 95 mL of 0.27 mM HAuCl4 was mixed with 1.2 mL of 48 mM citric acid 

solution and kept at 4 °C for 4 days in a refrigerator. The growth process of FGNPs was 

complete in 4 days. FGNPs were then deposited onto ITO coated glass by centrifuging 

the FGNP solution in a test tube with the ITO/glass substrate at the bottom for ten 

minutes. In a second step, spherical Au particles and small aggregates of FGNPs were 

removed by ultra-sonication of the FGNP/ITO glass sample in DI water for 30–60 s 

depending on the sample. Dark-field microscopy is a relatively simple and fast method to 

check the readiness of the sample. If it still contains spherical particles after the first 

sonication, then the process of sonication can be continued until the surface is free of 

spherical particles. Normally the gold sol is good for two weeks after the growth is 
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complete. If one needs to use it after two weeks then 5 ml of (5 mg/mL, MW 55000) PVP 

should be added to the sol to prevent aggregation of particles. 

4.3.3  Alkanethiol SAM Growth 

SAMs of C10 were grown on Au(111) surfaces by immersing the substrate in 1mM 

C10/ethanol and 1 mM C10/1-butanol solution in PFA vials at room temperature and at 

elevated temperatures. The selection of the solvent depends on the deposition 

temperature. The boiling points of ethanol and 1-butanol are 78.4 °C and 117.2 °C 

respectively. Deposition time was 16 hours.  

4.3.4  Scanning Tunneling Microscope 

The STM used is a home-built beetle-style STM with RHK SPM 1000 control 

electronics. All the imaging was performed in dry N2 at room temperature. A detailed 

description of the STM can be found in chapter two. 

4.3.5  X-ray Photoelectron Spectroscopy 

XPS spectra were obtained using the PHI 5800 Physical Electronics Photoelectron 

Spectrometer with monochromatised Al Kα X-ray radiation (1486.6 eV). The background 

pressure of the analysis chamber was 2 × 10−8 Torr. Energy of electrons was measured 

using hemispherical analyzer. Pass energy of the analyzer was set at 187.85 eV. The 

carbon peak at 284.8 eV was used as a reference. 

4.3.6  UV/O3 Treatment  

UV ozone treatment was carried out using Novascan PST-UVT temperature controlled 

UV surface decontamination system in ambient air. The UV light was switched on for 5 

minutes and the sample was kept in the chamber for another 25 minutes for the reaction 
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to complete. The temperature during the treatment was kept at room temperature 

(substrate heater off) or at 50 °C depending on the experiment. 

4.3.7  Plasma Treatment 

Plasma treatment was carried out using a March Plasmod (capacitively coupled plasma 

cleaner). Ar/O2 and H2 plasma were used. The recipe followed for Ar/O2 plasma is, Ar 

5 min, 0.6 Torr at 50 W followed by O2 5 min, 0.6 Torr at 50 W.35 The recipe followed 

for H2 plasma is, H2 5 min, 0.6 Torr at 50 W. 

4.3.8  Thermal Annealing of Substrates 

FGNP/ITO samples were resting on a watch glass inside a temperature controlled oven 

for one hour at temperatures ranging from 120 °C to 250 °C during dry thermal 

annealing. 

4.3.9  Terrace Size Analysis 

Terrace size analysis of STM images was performed using the following procedure. 

Equally spaced horizontal and vertical reference lines were drawn on the STM image 

(Figure 4.1) and distances between each step edge were measured alone each line. These 

results were binned by terrace with to produce histogram. The bin frequencies were then 

normalized for image size to give a linear fractional coverage. This is the probability of 

finding flat regions (terraces) within the bin range travelling along a straight line in any 

direction. 

 

 widthimage
value binfrequencycoverage fractional linear ×=   (4.1) 
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Figure 4.1 Linear fractional coverage analysis; example with the analysis grid 
placed on an STM image. 
 

4.4  Results and Discussion 

4.4.1  Plasma Treatment 

 4.4.1.1  Ar/O2 and H2 Plasma Treatment of Au/mica Substrates 

 Ar/O2 and H2 plasma were employed to treat Au/mica substrates. X-ray photoelectron 

spectroscopy (XPS) was performed to study the chemical composition of treated 

substrates. STM images show that plasma treated Au surfaces are usually rough at the 

nanometer scale (Figure 4.2a). Thermal annealing after plasma treatment anneals the 

substrate forming well defined atomic terraces that are suitable for STM studies. 

Molecularly resolved STM images of the (√3 × √3)R30° structure and related 

superstructures of alkanethiols on Au(111)36-39 could be obtained on Ar/O2 plasma treated 

and thermally annealed Au/mica surface (Figure 4.2c). Similar STM images were 

obtained on H2 plasma pretreated Au/Mica surface (Figure 4.2d) as well.  

 

200 nm × 200 nm, -1V, 0.85 pA
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Figure 4.2 STM images of Ar/O2 and H2 plasma treated Au/mica surfaces and SAMs 
deposited after the treatment: a) after Ar/O2 plasma treatment, b) after thermal 
annealing in air of Ar/O2 treated sample at 150 °C, c) a higher resolution STM image 
after deposition of C10/EtOH SAM at room temperature on Ar/O2 plasma and thermally 
treated Au/mica substrate showing a (√3 × √3)R30° structure, d) a high resolution STM 
image of C10 SAM on H2 treated Au surface showing the (√3 × √3)R30° structure. 
 

4.4.1.2  XPS Analysis of the Plasma Treated Au/mica Substrates 

STM images of UV/O3 treated samples shows some indication of formation of gold oxide 

on the surface. XPS elemental analysis was carried out on Ar/O2, H2, and UV/O3 plasma 

treated Au/mica surfaces in order to examine the chemical composition of the treated Au 

surface. Figure 4.3 is XPS spectra of H2, Ar/O2, UV/O3 plasma treated and untreated Au 

surfaces. Inconsistent with the earlier observation of gold oxide (AuxOy) formation during 

O2 plasma treatment of gold,12,23,27 we did not find any direct evidence of the presence of 

200 nm × 200 nm, –1V, 0.86 pA 200 nm × 200 nm –1V, 0.87 pA
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gold oxide. According to the earlier reports,22-23 presence of Au2O3 should give an 

additional peak at 85.7 eV in addition to the 84.03 eV and 87.7 eV regular Au 4f 7/2 

peaks in the XPS spectrum. Our XPS results show absence of any additional gold peak 

(s) at 85.7 eV of the plasma treated samples ((Figure 4.3). We also did not find clear 

oxygen peaks at higher binding energies in the O 1s region of the corresponding XPS 

spectra (not shown here) that are normally found at around 531 eV and 529 eV. The 

peaks at 531 eV and 529 eV have been attributed to gold oxide and chemisorbed oxygen 

respectively.12,21-23 Nevertheless, we do not exclude the possibility of the formation of 

gold oxide on the plasma treated Au/mica surface. Due to our experimental limitations, 

the XPS spectra could not be acquired immediately after the plasma treatment of Au/mica 

substrates. The time duration between the plasma treatment and the XPS scan was about 

4 hours and there is a possibility that the gold oxide might have decomposed during this 

time.  

 
Figure 4.3 XPS spectra of the Au 4f 7/2 peaks of four differently treated samples: 
Dark blue line: UV/O3 treated Au/mica, pink line: Ar/O2 plasma treated Au/mica, green 
line: untreated Au/mica, light blue line: H2 plasma treated Au/mica. Only peaks 
corresponding to metallic Au0 were observed. No peaks corresponding to other oxidation 
states of Au were observed. 
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 4.4.1.3 Ar/O2 Plasma Treatment of FGNP/ITO Substrates and Terrace Width 
Analysis  

Ar/O2 plasma treatment of PVP-stabilized FGNP surface is expected to decompose the 

PVP molecules which are attached to the surface. The energetic species in the plasma 

react with the PVP to create small gaseous molecular compounds that are removed in the 

flowing gas. A terrace width analysis of Ar/O2 plasma pretreated FGNP/ITO substrates 

was carried out. Figure 4.4 is STM images of the terrace structure on a typical FGNP 

before and after plasma treatment. Plasma treatment of FGNP substrates has created 

many small terraces on the surface.  

 

 

Figure 4.4 STM images of the terrace structure on a FGNP: a) before Ar/O2 plasma 
treatment, b) after Ar/O2 plasma treatment. 
  

Significant changes in the surface morphology are observed after plasma treatment 

(Figure 4.4b). A detailed analysis of the terrace widths showed a range of 6–28 nm on the 

Ar/O2 plasma treated FGNP surfaces (Figure 4.5). Due to the roughness, these surfaces 

were relatively difficult to image with STM at high resolution. They often display 
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artifacts due to multiple tips (Figure 4.4b). We observed 6–7 Au(111) atomic layers 

exposed at the surface after plasma treatment, compared to 3–4 atomic layers on the as 

prepared FGNPs. Further, the overall shape of the FGNPs remained unchanged after 

plasma treatment as verified by the scanning electron micrographs (Figure 4.6). Changes 

of the terrace morphology with temperature will be discussed in the next section. 

 

 

Figure 4.5 A graph of linear fractional coverage vs. terrace width of plasma treated 
FGNPs. The terraces widths range 6–28 nm. Three colors represent the three images 
analyzed. 
 

 

Figure 4.6 SEM images of an FGNP a) before and b) after plasma treatment. 
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4.4.1.4  Growth of Alkanethiol SAMs on Ar/O2 Plasma Treated and Annealed 
FGNP Surfaces 

Plasma treated FGNP substrates are rough at the nanometer scale. In this section we show 

that SAM growth at elevated temperatures smoothes the Au surface, by reducing the 

number of exposed Au layers and increasing the terrace width. This is attributed to the 

surface diffusion of gold atoms reported in earlier studies of gold films and bulk gold 

surfaces.26,40-47 Porath et al.41,48 states that surface diffusion is the main process for 

rearrangement of surface of annealed gold films below 300 °C. Lin et al. 43 studied the 

surface roughness with different annealing times. They reported a reduction of surface 

roughness with increased annealing time and temperature. This surface diffusion of atoms 

results in smoothing of the treated FGNP surface creating much larger terraces. 

Alkanethiol SAMs were grown on the plasma treated PVP-stabilized FGNP/ITO 

substrates in 1mM C10 solution in absolute ethanol at different temperatures. Figure 4.7 

are STM images of the structure and sizes of terraces on plasma treated FGNP surfaces 

for various growth temperatures in C10 solution. The FGNP surface consists of small 

terraces just after plasma treatment (Figure 4.7a). Room temperature alkanethiol 

deposited FGNPs have larger terraces (Figure 4.7b) compared to the as treated FGNPs. 

The size of the terraces also increases with alkanethiol deposition temperature. These 

results are consistence with our results of high temperature alkanethiol deposition which 

we discussed in the chapter two. We see a thickening of edges of FGNP edges as the Au 

atoms diffuse from the edges onto the terraces at 110 °C. We attribute this to the early 

stages of the gross shape changes observed at much higher temperature, where the FGNP 

takes on a more compact shape (see section 0). 
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Figure 4.7 STM images of a typical PVP-stabilized FGNP after Ar/O2 plasma 
treatment and annealing in C10 solution at various temperatures showing gradual 
increase in the terrace size with temperature: a) after the treatment, C10 deposition at b) 
at room temperature, c) at 60 °C, d) at 110 °C (The images are scaled to better represent 
the sizes of terraces). 
 

The FGNP shown in Figure 4.8a is a plasma treated PVP-stabilized particle. Molecularly-

resolved STM images of SAMs grown at 60 °C could be obtained on the FGNP (Figure 

4.8 b, c, and d). The structural domain boundaries (blue arrow in Figure 4.8b) that are 

missing zig-zag rows of molecules oriented in Au<110> crystallographic directions—

which are the same directions as the FGNP edges. The transition from the nano-

roughness of the fresh plasma treated FGNP surfaces to the large terraces is dramatic and 

results in excellent quality SAMs for STM imaging. In this example no molecular 

resolved imaging was possible before removal of the PVP by Ar/O2 plasma treatment. 
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Figure 4.8 STM images of a hexagonal shape FGNP after Ar/O2 plasma treatment 
and C10 SAM growth at 60 °C: a) Overview showing the FGNP on the ITO substrate. 
The rosette shows the Au<110> directions which are parallel to the FGNP edges, b, c, 
and d) series of successively higher magnification images on the FGNP. 
 

4.4.2  UV/ O3 Treatment 

4.4.2.1  UV/O3 Treatment of Au/mica Substrates 

UV/O3 is commonly employed as a surface treatment to remove organic contaminant. We 

decided to employ UV/O3 as a treatment for FGNP surfaces and compare it to plasma 

treatment. Large terrace structures were seen on UV/O3 treated Au/mica surfaces (Figure 

4.9) compared to the Ar/O2 or H2 plasma treated surfaces that showed small terraces. 

40 nm × 40 nm,  Vsample = -1 V; Itunnel = 1 pA 8 nm × 8 nm,  Vsample = -1 V; Itunnel = 1 pA

<110>
<110>

200 nm 

a b

c d

200 nm × 200 nm,  Vsample = -1 V; Itunnel = 1 pA



123 

 

Also, the UV/O3 treated Au/mica surfaces are not rough. However, STM images revealed 

10–15 nm size islands which are 3 nm thick (bright regions in Figure 4.9 a and c). These 

islands were not present after about 20 hours but reappeared after UV/O3 treating the 

sample again. The islands were pushed away by the STM tip which indicates that they 

have low conductance. Therefore, it is likely that these are gold oxides formed during the 

treatment. However, molecularly-resolved STM image showed a regular (√3 × √3)R30° 

SAM structure (Figure 4.9d) indicating that the gold oxide formation did not have 

significant impact on the SAM quality, possibly because it has been decomposed during 

the self assembly process. 

 

Figure 4.9 STM images of UV/O3 treated Au/mica substrate and SAMs: a) STM 
image of a Au/mica surface after UV/O3 treatment at 50 °C, b) STM image of the same 
sample after 20 hours, c) STM image of the same sample after ozone treatment at room 
temperature again, d) High-resolution STM image of C10 SAM deposited on the 
substrate shown in “c”. 
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4.4.2.2  UV/O3 Treated FGNP/ITO Substrates and Terrace Width Analysis 

UV/O3 was also applied to treat PVP-stabilized FGNP/ITO substrates. Relatively large 

terrace structures were observed compared to the Ar/O2 pretreated FGNP surfaces 

(Figure 4.10). Terrace width analysis of UV/O3 pretreated FGNP surfaces was performed. 

The terrace width ranged 16–48 nm. However, the distribution also includes some very 

large terraces as can be seen in the histogram (Figure 4.11), compared to the surface 

morphology resulting from Ar/O2 plasma treatment. Nevertheless, the overall terrace 

morphology does not change appreciably after UV/O3 treatment of FGNPs. This is likely 

due to the much lower energy of the UV/O3 compared to Ar/O2 plasma. UV/O3 does not 

have enough energy to alter the gross morphology of the surface while Ar/O2 plasma 

does. 

 

Figure 4.10 STM images of a UV/O3 treated PVP-stabilized FGNP surface with 
different scan sizes showing the terrace morphology after surface conditioning. 
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Figure 4.11 Histogram showing linear fractional coverage vs. terrace width of 
UV/O3 treated FGNPs. The average size of terraces ranges from 16 nm to 48 nm. The 
different colors represent different images measured. 
 

 

Figure 4.12 STM images of 1-decanethiol SAM deposited (at 60 °C) after UV/O3 
treatment of FGNPs: a) An overview image of SAM grown on a FGNP surface, b) 
SAM on the same particle, c) SAM structure showing the domain boundaries in the same 
directions as the FGNP edges, d) Molecularly resolved image showing a characteristic 
(√3 × √3)R30° structure. 
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STM imaging shows the characteristic (√3 × √3)R30° SAM structure on UV/O3 treated 

FGNP (Figure 4.12). The characteristics of SAMs on Au/mica and FGNPs are similar. 

Therefore we can argue that the nano-size dimension of the substrate does not have any 

effect on the SAMs formation and produce similar results.  

4.4.3  Thermal Stability of FGNPs 

 

Figure 4.13 SEM and DFM images of gradual change of the shape of an FGNP with 
increasing temperature: a) SEM image of an FGNP before thermal annealing, b) SEM 
image of the same FGNP after thermal annealing at 250 °C for one hour, c) Series of 
consecutive Dark-field images of the same FGNP after thermal annealing at each 
temperature. 
 

Alkanethiols can be deposited at different temperatures. Properties and quality of the 

SAM layer greatly depends on that particular temperature which it is grown. The FGNP 

substrate should be stable over the range of useful SAM growth temperatures. Although 

there are studies of melting temperatures of spherical Au nanoparticles,49 the stability of 

FGNPs at elevated temperatures has not been investigated. In our study, we heated 

particles at successively higher temperatures, holding them at each temperature for one 

140°C

1 μm1 μm

Initial Final

160°C 180°C 200°C 220°C 250°C

a b

c



127 

 

hour. A dark-field microscopy image (Figure 4.14c) was taken after heating at each 

temperature. SEM images of the particle before the first heating and after the final 

heating (at 250 °C) were taken (Figure 4.14 a and b). Most of the particles measured 

started to deform at or around 180 °C a beginning of transition to more compact shapes. 

We expect the temperature at which FGNPs start to deform would depend on their 

thickness. The onset of melting for FGNPs begins around 180 °C, significantly lower 

than 1064.18 °C for bulk Au. The change of the shape of these thin platelets (FGNPs) is 

driven by their transition to a more stable compact structure, e.g. spherical shape has a 

lower surface energy than a thin platelet.  

Peppiatt et al.50-51 observed a change of shape from polyhedral to spherical of Bi 

and Pb crystals whose diameter is about 20 nm due to an effect associated with the 

melting. The chemical potential of the particle is different from the bulk material and 

depends on the size of the particle. Therefore the chemical and physical properties also 

change with the changes of chemical potential. Consequently a dependence of the 

melting point on the size of the particle is also expected. They show that particles with 

diameter of 20 Å melts at 600 K. Same is true for larger size particles. The thicknesses of 

our FGNPs are in the range of 15–25 nm. Therefore a similar behavior of the melting 

point of FGNPs is expected. 

The bright contrast at the edge of the particle in Figure 4.14c is the first stage of 

this melting process which is similar to the thickening of edges of the FGNP we observed 

for particles annealed in C10 at 110 °C. The Au atoms diffuse from the corners and edges 

of the particles towards the middle transforming the platelet to a more spherical shape. 

We did not explore temperatures above 250 °C. We anticipate that higher temperatures 
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would lead to more compact shapes. However the temperature-thickness dependence is 

beyond the scope of this study. The deformation of FGNP particles can be attributed to 

the surface diffusion of gold atoms similar to what has been seen in gold films.40-42,44-47,52 

4.5  Conclusions  

A systematic study of treatment of standard Au/mica and ITO supported FGNP substrates 

with plasmas of Ar/O2, H2 and UV/O3 was carried out to remove contaminants adsorbed 

on those surfaces. STM analysis showed that molecularly resolved images of high-quality 

SAMs of C10 can be grown on Au/mica and FGNP/ITO surfaces after these 

pretreatments. XPS analysis of the plasma treated Au/mica substrates showed no 

evidence of gold oxide formation. Highly ordered (√3 × √3)R30° SAMs of C10 were 

grown and could be imaged with molecular resolution on previously PVP stabilized 

FGNPs after pretreatment. Rough surfaces induced by plasma treatment can be repaired 

by dry thermal annealing the substrates or alkanethiol deposition on the Au surface at 

higher temperatures. SAMs grown at 110 °C show surface diffusion in the very early 

stages of gross morphological changes to the FGNP shape. This is evidence by the 

thickening of edges of the FGNP. Gross changes to the FGNP shape by thermal 

annealing begin at 180 °C. Therefore the FGNP/ITO substrates may not be suitable as 

atomically flat substrates at temperatures higher than 180 °C. However that the context of 

alkanethiol SAMs, the stability of alkanethiols is the limiting factor because they begin to 

decompose at lower temperatures. 
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Chapter 5 

Scanning Tunneling Microscopy Characterization of Functionalization 
of Reactive Self Assembled Monolayers and Observation of Surface 
Structure Directed Chemistry 

 

5.1  Abstract  

Self-assembled monolayers can be used as platforms for molecular electronics, molecular 

photonics, and for biology. In order to incorporate the functional molecular components 

in the monolayer, a SAM tethering moiety is typically attached to the functional 

component requiring a new synthesis for each component and tether length. We 

developed a convergent approach in which ordered mixed monolayers comprised of 

alkanethiols and azidoalkanethiols are initially formed and characterized on Au(111) 

surfaces. A subsequent IMesCuIBr catalyzed [3+2] “click” cycloaddition reaction with 

substituted alkyne, introduced dilute substituent onto the ordered surface. We produced 

islands of 10-azido 1-decanethiol surrounded by 1-decanethiol and obtained STM images 

with molecular resolution in both regions. The tethered azide moeities were reacted with 

p-tolylacelylene at the presence of IMesCuIBr catalyst. Analysis of the special 

distribution of reacted azide sites showed that, the first two rows of molecules at the 

boundary react most rapidly, the rate decreasing with distance toward the interior of the 

island. The reaction rate of the molecules near the edge of the island is 4–10 times faster 

than the molecules at the interior of the islands.  
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5.2 Introduction 

The importance of self assembled monolayers (SAMs) in surface science and surface 

modification was discussed in chapter one in detail. We showed that they have drawn 

considerable attention as model systems for fundamental studies in nanoscale surface 

science1-4 as well as for their potential in molecular functional applications.5-6 Also we 

discussed the structure of alkanethiol-Au{111} system  and showed that it forms a well 

ordered SAM due to the chemisorption of the sulfur head groups on the Au surface and 

the van der Waals interactions between alkyl chains. There have been extensive 

investigations carried out to understand fundamental features of alkanethiolate SAMs 

such as molecular structure, growth process, stability, and interface properties using 

surface sensitive spectroscopy and microscopy.3,7-19 Among those, scanning tunneling 

microscopy (STM) has allowed study of the structure of SAMs with molecular 

resolution.7-8,10-11,13-15,20 Developing methodologies for the control of structural and 

chemical properties of these surfaces is the key to extend their utility. Research to tune 

SAM surfaces includes control of the spatial arrangement (physical structure) of the SAM 

and the chemical properties of the exposed functional group. 

SAMs are used as model systems and are used as a support matrix to immobilize 

other molecules (redox-molecules, oligonucleotides or any other molecule with a 

functional group of interest) or nanomaterials on surfaces such as gold, silver, silicon, 

silica.2,4,21 Typically functional molecules are tethered to a thiol pendent group in one end 

and co-deposited with alkanethiol or backfilled into the already formed alkanethiol 

monolayer.22-23 Unfortunately this process does not always produce good results. Some 

molecules do not form well ordered monolayers on their own while others reduce the 
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crystalline order of the existing alkanethiol monolayer when they are inserted. Thus it 

may not be practical or possible to grow a well-ordered SAM using a thiol with any 

arbitrary terminal functional group.22 

A possible methodology that circumvents this problem is to first grow a 

monolayer of thiol with a reactive end group. Then in a subsequent step, a second 

molecule which has the desired chemical functional group couples to the functional SAM 

surface. This in-situ coupling reduces a significant amount of time involved in process 

development and synthesizing individual functional molecules and enables use of large 

number of functional groups. Wide use of this method is hindered by difficulties in 

introducing reactive groups, requirements of harsh conditions, side reactions, difficulties 

of removing by products and low yield.24-26 Unlike the conventional solution chemistry, 

performing chemical reactions on surfaces is very challenging due to difficulties of 

removing the molecules that are not reacted or byproducts of the reaction.23 

Therefore for this purpose, two reactive chemical functional groups must be 

selected, their reaction must be specific so they only react with each other. Elimination of 

side reactions reduces the difficulties of removing any by-products.27 Their reaction 

should also occur readily and with mild conditions. This is important because harsh 

conditions will affect the order of the SAM. Click chemistry has been widely used to 

couple between two groups and has been demonstrated as versatile and highly selective.28 

Although all Click reactions may not be suitable for every situation, Sharpless “click” 

chemistry, specifically which uses CuI-catalyzed 1,3-dipolar cycloaddition of azide and 

alkyne has been proved to be very effective way to make connections between broad 

variety of functional groups.29-30 Not only does this produce a high yield but the 
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chemistry is relatively simple. The functional groups used in click chemistry are highly 

specific and do not react with each other and with solvents. Incorporation of azide and 

alkyne groups into other molecules is relatively easy. The reaction occurs under very 

mild conditions and the coupling occurs only between the two reactants. The CuI catalyst 

not only increases the rate of Huisgen 1,3-dipolar cycloaddition but also promotes the 

regiospecificity of the 1-2-3-triazole.31-32 

 

5.2.1 CuI Catalyzed Alkyne-Azide “Click” Chemistry 

 

 

Figure 5.1 Huisgen 1,3-dipolar cycloaddition of azide with alkyne to form 1,2,3-
triazole 

 

CuI-catalyzed alkyne-azide coupling was introduced independently by Sharples and 

Meldal groups.29,33 Both the alkyne and azide can be introduced and remain unaffected 

due to their kinetic stability until the catalyst is introduced. Without the catalyst this 

reaction requires elevated temperatures and long reaction times.27 Introduction of CuI 

catalyst significantly increases the reaction rate up to 107 times.34 Only the terminal 

acetylenes react with the azide to form 1,4 substituted 1-2-3-triazol.33 In general, terminal 

end groups can be any functional group. In the experiments presented here, the azide 

molecules are immobilized on the Au(111) surface, but the acetylene group can also be 

tethered on the surface.35-36 
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Various surface characterization techniques such as polarized infrared external 

reflectance spectroscopy (PIERS),37 X-ray photoelectron spectroscopy (XPS),38 

electrochemical measurements, grazing-angle infrared spectroscopy have been used to 

monitor and to characterize reactions on surfaces. There have been no reports of using 

high resolution scanning probe microscopy (STM, AFM) to image the surface of reactive 

SAMs and determine if the reaction is spatially homogeneous or occurs faster in some 

regions than others. We might expect that the reactivity of the azide group will depend on 

the local environment, specially the degree to which the solution reagent has access to 

each azide group. The molecules which are immobilized on a surface have limited spatial 

degree of freedom and therefore they are sterically locked (Figure 5.3). To answer some 

of the questions stated above, mixed SAMs of 1-decanethiol (CH3(CH2)9SH, Figure 5.1-

(1)) and 10-azido-1-decanethiol (N3(CH2)10SH, Figure 5.1-(2)) on Au(111) substrates 

were formed first and then reacted with p-tolylacetylene (C9H8, Figure 5.1-(3)) in the 

presence of CuI catalyst. The samples were imaged with STM before and after the 

reaction with molecular resolution. 

 

 

Figure 5.2 Molecules used in the study: 1) 1-decanethiol, 2) 10-azido-1-decanethiol, 3) 
p-tolylacetylene.  
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Figure 5.3 Schematic of SAM of 1-decanethiol and 10-azido-1-decanethiol before 
and after the reaction with p-tolylacetylene. 

 

5.3 Materials and Methods 

5.3.1 Preparation of (10-Azidodecyl) Disulfide 

In this scheme the starting material is 1,10-decanediol, but any length carbon chain could 

be chosen simply by using a different alkanediol. First one alcohol group is converted to 

a bromide. The bromide is then subsequently replaced with azide to form 

10-azido-1-decanol. The hydroxyl group is next activated with methane sulfonyl chloride 

to produce the methanesulfonate (mesylate). Thiourea displacement and hydrolysis gives 

10-azido-1-decanethiol. The thiol converts to disulfide upon storage. In ethanol or 

chloroform conversion to disulfide is essentially complete within 24 hours, while the neat 

thiol liquid is stable for several days (Figure 5.4). 
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Figure 5.4 The reaction path for converting 1,10-decanediol into 
10-azido-1-decanethiol. 

 

5.3.2 Au/mica Substrate 

Gold films grown on mica (1.0 cm × 1.1 cm Au film on 1.4 cm × 1.1 cm mica) were cut 

into four approximately equal pieces) used in the study were purchased from Agilent 

Technologies (formerly Molecular Imaging). They were H2 flame annealed before use.39 

5.3.3 SAM Preparation  

5 ml PFA vials with conical bottom (purchased from Jenson Inert Products) were used to 

prepare SAMs. The vials were cleaned with ethanol rigorously and dried at 120 °C for 

several hours before using them. The cleaning procedure of PFA vials in H2SO4 which 

we discussed in the chapter one was not used here as it was not established at the time of 

this study. 
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5.3.3.1 Azide SAM 

The initial deposition of azide on the Au/mica substrate was done with 1 mM solution of 

azide in absolute ethanol at room temperature for 16 hours. Following SAM growth, the 

substrate was washed in absolute ethanol and blown dried with nitrogen. 

5.3.3.2 Azide Island SAMs 

The azide SAM layer was back-filled with 1-decanethiol vapor at 60 °C for 6 hours. The 

sample was washed in absolute ethanol and blown dried with nitrogen. 

5.3.3.3 Reaction of the SAMs 

The 10-azido-1-decanethiol molecules which were immobilized on the surface were 

reacted with 50 mM p-tolylacelylene with the presence of 0.1 mM IMesCuIBr catalyst at 

45±0.25 °C for 2 hours. The solvent for both p-tolylacelylene and catalyst was a 1:3 

mixture of H2O and t-BuOH. The samples were washed in t-BuOH and in absolute 

ethanol respectively and blown dried with nitrogen at the end. 

5.3.3.4  Scanning Tunneling Microscope 

The STM is a custom designed beetle-style scan head STM which uses RHK Technology 

SPM100 control electronics and XPM Pro control software. The current amplifier is an 

Axon CV4 head stage with custom interface electronics. Probe tips are clipped Pt-Ir 

(80:20) wire. STM images are typically recorded at −1.0 V sample bias and a 1.0 pA 

tunneling current. A detailed description of the STM can be found in chapter one. 

5.4 Results and Discussions 

10-azido-1-decanethiol SAMs on Au/mica were made using different conditions such as 

deposition time, solution concentration and deposition method (i.e. vapor or solution 

growth). Although the only structural difference between the 10-azido-1-decanethiol and 
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1-decanethiol is that the former has terminal azido group while the latter has a terminal 

methyl group at the tail positions, we observed that well ordered SAMs of 

10-azido-1-decanethiol molecules could not be prepared. A sample STM image of 

10-azido-1-decanethiol is shown in Figure 5.5. Although we can observe Au substrate 

steps and vacancy islands, we were not able to observe SAM structural domain 

boundaries on molecularly resolved images. Also the disorder in the 

10-azido-1-decanethiol monolayer may be a result of other factors. Sulfur as well as azide 

can bind to the Au surface, which would contribute to disorder in the monolayer. The self 

assembly may have been hindered by impurities in the 10-azido-1-decanethiol as well, 

e.g. disulfides. 

 

 

Figure 5.5 An STM image of 10-azido-1-decanethiol SAM on Au/mica. 

The order in SAMs can sometimes be improved by a subsequent exposure to vapor of a 

second “matrix” alkanethiol at elevated temperature. This procedure adds additional 

molecules to the SAM to tighten it up, and provides additional thermal energy to allow 

the SAM to order. We term this method “back filling”. We found that backfilling the 

40 × 40 nm, –1 Vsample, 1 pA
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disordered 10-azido-1-decanethiol SAMs enforced an ordered structure. A surprise 

benefit was that some 10-azido-1-decanethiol desorbed leaving domains of well ordered 

10-azido-1-decanethiol surrounded by 1-decanethiol. The coverage of 

10-azido-1-decanethiol on the surface depends on the duration of the back-filling and the 

temperature. The islands could occur due to kinetics of SAM replacement or due to phase 

separation. Phase separation could be driven by the dipolar interaction between 

neighboring azido groups which is lacking with the C10 molecules. Determining the 

origin of island formation is beyond the scope of this work. Although there are several 

previous studies of similar type of reactive monolayers on Au(111),23,37,40 ours is the first 

study to show structural arrangement of molecules on the surface with high resolution 

STM topographic images (Figure 5.6). 
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Figure 5.6 STM images of 10-azido-1-decanethiol islands surrounded with C10 
molecules: a) large area STM image of a 10-azido-1-decanethiol island and the 1-
decanethiol SAMs around it, b) an 10-azido-1-decanethiol island surrounded with C10, c) 
an image which shows the structure of 10-azido-1-decanethiol domains (yellow lines are 
in Au<211> directions), d) normal 1-decanethiol SAM with, A and B – domain 
boundaries, C – disordered areas, D – vacancy island. 

 

Typical alkanethiol monolayers make (√3 × √3)R30° structure with respect to the 

Au(111) lattice. There are common characteristic features of a monolayer such as domain 

boundaries, vacancy islands, missing rows of molecules, and disordered areas (Figure 

5.6d). Those features can be tuned with deposition conditions. The size of domains of 1-

decanethiol increases with temperature and a single domain has large number of 

a
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molecules even at room temperature deposition. Molecular rows of 1-decanethiol follow 

Au next nearest neighbor directions, which are Au<211>. STM images of mixed 

monolayer of 10-azido-1-decanethiol and 1-decanethiol (Figure 5.6) reveal that the 

islands of 10-azido-1-decanethiol consist of much smaller ordered domains. Each domain 

has 10–15 molecules in it. The molecular rows do not exactly follow the commensurate 

of the gold under-layer and has a slight rotation. The nearest neighbor spacing for 

(√3 × √3)R30° structure of alkanethiol with methyl end group is 5.0 Å. The van der 

Waals diameter of azide ‘tube’ is 3.1 Å. Formation of small domains and rearranging the 

molecular orientation is a result of the azide group trying to bunch together yet 

constrained by the alkyl SAM roots. 

5.4.1 Reaction of 10-azido-1-decanethiol Molecules on the Surface with p-
Tolylacetylene 

Surfaces present a different environment for reactions than in solution. In solution, the 

reactants are free to tumble and explore many possible configurations. At surfaces where 

one reactant is bound to the surface, the number of accessible configurations is greatly 

restricted. Figure 5.7 a and b are two STM images of 10-azido-1-decanethiol molecules 

on Au(111) substrate before and after reacting with p-tolylacetylene. In Figure 5.7 b, 

there are three different height levels. From lowest to the highest are C10 SAM, 

10-azido-1-decanethiol, and reacted 10-azido-1-decanethiol. According to the Figure 5.7b 

only the 10-azido-1-decanethiol molecules which are close to the boundaries of islands 

has reacted most. In the control experiment without the p-tolylacetylene (Figure 5.7 d), 

we do not see any reaction sites and therefore it confirms the accuracy of the images in 

Figure 5.7 b. 
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Figure 5.7  STM images of 10-azido-1-decanethiol reacted with p-tolylacetylene and 
the control sample: a and b) STM images of 10-azido-1-decanethiol (a) before and (b) 
after reacting with p-tolylacetylene, The bright spots are the reacted 
10-azido-1-decanethiol molecules, c, d, e, f) STM images of the control samples, (c) 
before and (d) reacted without p-tolylacetylene, (e) and (f) reacted without CuI catalyst. 
In control samples no such reaction is visible. 
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c d

100 × 100 nm, −1 Vsample, 1 pA 40 × 40 nm, −1 Vsample, 1 pA
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200 × 200 nm, −1 Vsample, 1 pA 40 × 40 nm, −1 Vsample, 1 pA
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5.4.2  Reaction Sites 

According to STM images, only a fraction of the 10-azido-1-decanethiol molecules 

which are located close to the edge of the islands have reacted. This can be explained by 

considering the molecule’s ability to orient itself in the right configuration to react with 

another molecule. The 10-azido-1-decanethiol molecules bound on surface have fewer 

degrees of freedom compared to molecules in solutions. The surface bound 

10-azido-1-decanethiols at the edge of the islands have more degrees of freedom than of 

those within the islands. This effect is essentially the steric hindrance of the surface, 

which is a surface blocking effect. The steric hindrance inhibits transition state from 

forming in interior of close packed 10-azido-1-decanethiol SAM region. This transition 

state with CuIMes still connected, span over the surface through several 

10-azido-1-decanethiol molecules blocking their interaction with the p-tolylacetylene 

making the transition state of the reaction in the interior of the islands less likely. Some 

of the azide-alkyne cycloadditon reactions which are prohibited by the steric hindrance 

effect has been reported in Tornøe et al.33 

 

 

Figure 5.8 Transition state of the 10-azido-1-decanethiol and p-tolylacetylene 
reaction.  
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5.4.3  Quantitative Analysis of Reaction Site Distribution  

To test the hypothesis that the reaction occurs fastest at the perimeter of the azide islands, 

we performed a quantitative analysis using the STM images of reacted monolayers. 

Reacted area versus total area as a function distance from the boundary was measured 

using a Matlab code specially developed for the analysis. STM images which were in 

RHK SPMPro “.SM3 or .SM4” formats were imported into Matlab using another Matlab 

code developed by our laboratory. Height thresholds were applied to pick out the C10 

matrix, 10-azido-1-decanethiol which have not reacted, and reacted 

10-azido-1-decanethiol. Then the 10-azido-1-decanethiol area was divided into bands 

(Figure 5.9 a) offset from the boundary and the number of pixels for the reacted sites and 

the total area were counted. 

 

Figure 5.9 A Diagram and an STM image which marks the bands for analyzing 
reaction sites: a) a schematic of the way of selecting bands within an island of 
10-azido-1-decanethiol, b) a STM image recreated in Matlab with the 
10-azido-1-decanethiol islands marked in red and reacted sites selected. The length of the 
blue line is the distance to the nearest boundary from the reaction site. 

10-azido-1-decanethiol 
island boundary

band offset from boundary with 
constant offset increment 
and constant width

a b
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Figure 5.10 Azide reaction sites analysis: a) a graph of differential total and reacted 
area of selected steps, b) a graph of the molecular fraction reacted in different steps 
compared to the total molecules available. 

 

The analysis showed that, the first two rows of molecules at the boundary react most 

rapidly, the rate decreases with distance toward the interior of the island (Figure 5.10). 

The reaction rate of the molecules near the island edge is 4–10 times faster than the 

molecules at the interior of the islands. 

5.4.4  Height Differences of Molecules in the SAM 

The chain length of 1-decanethiol, 10-azido-1-decanethiol and 10-azido-1-decanethiol 

reacted with p-tolylacetylene are 12.85 Å, 16.13 Å and 21.26 Å respectively. Therefore in 

an ideal situation i.e. all the molecules are stretched to their maximum length, expected 

height differences between 1-decanethiol or 10-azido-1-decanethiol and reacted molecule 

are 2.8 Å and 4.4 Å (Figure 5.11). But in our studies always the measured height 

differences were different than the calculated values. We measured a 2.4 Å height 

difference between the C10 and 10-azido-1-decanethiol SAM and 3 Å height difference 

between 10-azido-1-decanethiol SAM and reacted molecules (Figure 5.12). These 

1 2 3 4 51 2 3 4 5

a b
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differences of measured and calculated heights can be explained by assuming the reacted 

and non-reacted 10-azido-1-decanethiol molecules having different orientational 

configurations than the orientations in figure 5.11. Figure 5.3 has such two extreme 

possible orientations for a reacted 10-azido-1-decanethiol molecule. Part of the molecule 

which is above the rest of the monolayer cannot support itself and therefore may bend 

over on the surface with varying degrees. 

 

Figure 5.11 A schematic which shows the height differences of 1-decanethiol, 
10-azido-1-decanethiol and 10-azido-1-decanethiol reacted with p-tolylacetylene. 

2.8 Å

4.4 Å

N3C10C10 p-tolylacetylene 
+ N3C10

a b c
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Figure 5.12 Cross sections of STM images which show the height differences 
between a) 10-azido-1-decanethiol and C10, b) 10-azido-1-decanethiol and 
10-azido-1-decanethiol reacted with p-tolylacetylene. 

 

5.5  Conclusions  

We were able to obtain molecularly resolved STM images of reactive 

10-azido-1-decanethiol islands on Au(111) surface. The domain size of the 

10-azido-1-decanethiol is small compared to the regular 1-decanethiol domains and the 

10-azido-1-decanethiol molecular rows are slightly rotated with respect to the underlying 

Au <211> directions. Also we conclude that 10-azido-1-decanethiol molecules which are 

inside the islands are less likely to react and their rate is 4–10 times slower than the 

molecules at the periphery of the island. We obtained molecularly resolved images of 

10-azido-1-decanethiol SAMs reacted with p-tolylacetylene. 

20 × 20 nm, −1 Vsample, 1 pA

40 × 40 nm, −1 Vsample, 1 pA

2.4 Å
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Chapter 6 

Scanning Surface Photovoltage Microscopy (SSPVM) for Stress 
Characterization in CMOS Devices 

 

6.1  Abstract 

Mechanical stress is one of the major factors in current design and manufacture of very 

large scale integrated (VLSI) devices. Mechanical stress in deep sub-micron silicon 

technologies can drastically alter carrier mobility (approximately 25% dependent on 

device geometry). This affects the device performance. Current in-line production stress 

metrology is conducted only at a wafer monitor level.  For design purposes, the stress 

state in active device regions has been inferred from electrical data. The available stress 

measurement techniques such as micro-Raman spectroscopy, nano-beam diffraction 

(NBD), and converging electron beam diffraction (CEBD) either do not have adequate 

resolution or they require complex data interpretation. Therefore when devices are scaled 

down, these methods cannot be used for measuring local stress levels present in devices. 

In this chapter we present the proof of concept of instrument development and method for 

measuring mechanical stress in deep sub-micron silicon devices with high spatial 

resolution using scanning surface photovoltage microscopy. 
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6.2  Introduction 

Process-induced mechanical stress is an important parameter in engineering of 

performance of sub-micron size microelectronic devices such as complementary metal 

oxide field effect transistors (CMOS FETs) and bipolar junction transistors (BJTs). While 

uncontrolled stress can be parasitic and degrade device performance, it can act to enhance 

performance of some devices. For example, stress is currently used to enhance the 

performance of devices in strained Si/SiGe technologies.1-6 Thus it is vital to accurately 

monitor and control stress in these structures for correct engineering, so it can be used to 

advantage. The available methods for measuring stress either do not have adequate 

resolution, need complex data interpretation, or are not suitable for current in-line 

production stress metrology. Therefore the demand for a method of measuring and 

manipulating mechanical stress quantitatively with high spatial resolution exists in the 

semiconductor industry. 

Many of the processes involved in the silicon IC fabrication technology contribute 

to development of stress in the active area of silicon. The effect of mechanical stress in 

the active area of the devices become more prominent with the scaling down of size of 

devices.7 Stress may cause formation of dislocations and cracks inside devices.7 It can 

influence dopant diffusion, carrier degradation, and oxide reliability.7 

6.2.1  Sources of Mechanical Stress 

Mechanical stress is caused by certain processing steps in the device fabrication. Local 

oxidation of silicon (LOCOS) to isolate the active areas of silicon introduces a significant 

amount of local mechanical stress in the silicon substrate and within the active areas of 

silicon (Figure 6.1 a and b).7 After deposition of pad oxide, silicon nitride is deposited 
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and patterned to mask the silicon active areas. Further oxidation of the rest of the silicon 

creates high stress fields at and around the devices, because silicon dioxide is 2.2 times 

larger in volume than silicon itself.8 The area directly underneath the edge of the nitride 

mask, called the bird’s beak due to its shape (Figure 6.1 c), is a high stress region because 

of the mechanical restriction for expansion.7 

 

Figure 6.1 LOCOS isolation: Shift of the phonon frequency, Δω measured on three 
lines of an array of 3 μm wide a) PBLOCOS (poly buffered local oxidation of silicon), 
b) PELOX (polysilicon encapsulated local oxidation of silicon) isolation structures. A 
typical SEM picture of the corresponding structure is shown at the top, c) schematic of a 
LOCOS structure (Reprinted from Wolf et al).9 
 
 
 
 
 

a b c
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Figure 6.2 Diagram of STI isolation and sources of stress in it: Major sources of stress 
in STI fabrication include the following: (a) nitride film edge-induced, (b) insulator 
thermal expansion mismatch induced, and (c) sidewall oxidation volume expansion-
induced stress. (Figure c shows the uplift at the corner of STI where the Si3N4 puts 
backpressure on the liner oxide as it grows giving rise to high compressive stress at the 
upper corner of the adjacent silicon. The oxide fill in the STI is deposited. The distance 
between STI trenches is the silicon RX width (WRX), where RX is active silicon region 
bounded by STI isolation. Arrows indicate force vectors (Reprinted from Rueda et al.).8 

 

Shallow Trench Isolation (STI) (Figure 6.2) is another isolation technique which 

is widely used today in CMOS process technology. In this method the nitride patterning 

follows by creating a trench surrounding the active area of silicon by reactive ion etching. 

This follows sacrificial side wall oxidation, oxide deposition in the STI, and chemical 

mechanical polishing. Although the stress field produced in this process may not be large 

compared to that of LOCOS oxidation, it can significantly affect the device performance 

(Figure 6.3).10 Apart from those two causes of stress generation, other process steps such 

as thin film deposition and ion implantation can also contribute via differential thermal 

expansion and generation of dislocations. 

300 nm

80 nm
10 nm

10 nm

a b c
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Figure 6.3 Cross sectional TCAD simulation showing stress distribution in half of a 
device with STI, silicon active area, and with the gate region, where negative/positive 
values are compressive/tensile stress respectively. Dark blue regions have highest tensile 
stress. (Figure courtesy Dr. James Slinkman, IBM).  
 

6.2.2  Influence of Stress on Energy Bands and Band Gap 

Understanding how mechanical stress influences the mobility of carriers and energy 

bands of silicon requires a discussion of the piezoresistive effect of silicon. The 

relationship between the electric field vector (ε) and the current vector (i) can be 

expressed along with a resistivity tensor (ρ) as follows (Equation 6.1). 
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If the three major system axes are aligned with the <100> crystallographic directions of 

silicon, then the diagonal terms represent the electric fields and currents along the same 
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axes and the off diagonal elements represent that of perpendicular directions. In an 

isotropic condition all the diagonal terms reduces to a single component and the off 

diagonal elements are zero, which we can write as  

iρε =  (6.2) 

If the system is subjected to mechanical stress, then we can express the change of the 

resistivity components by adding a small perturbation to it (Equation 6.3). 
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The change in the resistivity can be related to the stress by which the change was initiated 

with piezoresistance coefficients πij. The 36 components of piezo coefficients reduce to 

three independent components due to the cubic crystal symmetries of silicon (Equation 

6.4). 
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Figure 6.4 Energy band distortion and change of band gap of silicon: a) conduction 
and valence bands for unstressed silicon, b) change of the curvature of bands, c) change 
of band gap and reduction of mobility which in return drive the threshold voltage higher. 
(Diagrams courtesy of Dr. James Slinkman, IBM) 
 

In the simple case of uniaxial stress, similar to the mechanical stress created by the STI 

process, magnitude of the distortion of the conduction bands are different for directions 

parallel and perpendicular to the axis of stress (Figure 6.4). The effective masses of the 

carriers are proportional to the curvature of bands and the mobility of carriers is a 

function of the effective masses. Therefore distortion of energy bands results in carrier 

mobilities and resistivities which are dependent on crystallographic directions of the 

semiconductor. This phenomenon affects devices such as p-n junctions and bipolar 

transistors where the operation is governed by the flow of minority carries. The reader is 

referred to Rueda et al. for a complete discussion.8 Typically devices are fabricated on 
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Si(100) wafers and are aligned parallel to Si <110> crystallographic directions. The 

perpendicular direction is also <110> due to 4-fold cubic symmetry of the Si(100) face. 

The differential surface photovoltage (DSPV) method makes use of this difference of the 

band distortion and the surface photovoltage in the parallel and perpendicular directions 

of the devices to measure stress. The method will be discussed in detail later in this 

chapter. 

6.2.3  Methods for Mechanical Stress Analysis 

There are several techniques used to measure mechanical stress. These include micro-

Raman spectroscopy, X-ray diffraction (XRD), nano-beam diffraction (NBD), and 

converging beam electron diffraction (CEBD) which will be discussed in the following 

sections in detail. Attempts have been made to measure stress in devices and in strained 

membranes by mapping surface potential with scanning Kelvin probe force microscopy 

(SKPFM).8,11 As VLSI device feature sizes shrinks, the importance of stress to the 

function of device increases. This trend severely challenges spatial resolution of available 

stress measurement techniques. 

6.2.3.1  Confocal Micro-Raman Spectroscopy 

Confocal micro-Raman spectroscopy has been extensively used to study stress in silicon 

devices and in silicon structures.9,12-16 This is a chemically and structurally sensitive 

analytical technique which combines Raman spectral imaging with high resolution 

confocal microscopy. It enables identification of chemical composition of the sample as 

well as imaging of spatial variations of those compositions. Mechanical stress in silicon 

changes lattice parameters of silicon and as a result changes the phonon frequency. By 
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comparing the Raman shift of the phonon frequency, quantitative measurement of stress 

and its spatial distribution (imaging) can be obtained. 

In confocal microscopy, light from a laser is focused to a spot on the sample 

surface and scattered light from the sample is brought to a focus at the image plane. A 

pinhole placed at the image plane and aligned with the laser spot image, only allows 

scattered light from the laser spot to pass through to the detector and rejects all other stray 

light. The sample is then scanned in x, y, and z and an image is built up from the resulting 

pixels. This provides a 3D resolved image and significantly reduces background signals. 

A complete Raman spectrum is recorded at every imaging point. In our study, only a 2D 

image was recorded. The Raman scattering is the inelastic scattering of light (photons) 

from the lattice vibrations (phonons). The frequency shift of the scattered light is the 

frequency of lattice vibrations, 520 cm-1 for unstressed silicon. Stress changes the lattice 

constant and thus the phonon frequency. Compressive stress causes an increase in the 

phonon frequency (positive shift) while tensile stress causes the phonon frequency to 

decrease (negative shift). By recording this shift in the phonon frequency, a stress image 

of the sample can be obtained. Spatial resolution of this technique is ultimately limited by 

diffraction, but typically to 400–1000 nm (0.61λ/2N.A.). By using shorter wavelength 

light sources resolutions down to 200 nm could be achieved.17 Spatial resolution limits 

the applicability of Raman spectroscopy for measuring the local stress present in devices 

of silicon CMOS technologies with size of device or the width of the RX region (WRX) 

less than 150 nm. 
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6.2.3.2  Nano-Beam Electron Diffraction (NBD) 

Nano-beam electron diffraction often referred to as simply nano-beam diffraction (NBD) 

is a TEM based method which can be used to measure stress with submicron spatial 

resolution (~10 nm) limited by the electron beam size.18-19 This method has been used 

extensively to characterize stress present in CMOS devices made with strained Si/SiGe 

technology.18-20 The method is most suitable for measuring stress in individual regions in 

the device. Because the diffraction pattern must be measured and calculated at each 

position, it is technologically challenging to map the stress profile of a sample. Other 

TEM based techniques such as high resolution transmission microscopy (HRTEM)21 and 

electron diffraction contrast imaging (EDCI)22 also have been used for stress profiling. 

Detrimental to accurate stress measurements is the issue that the energy of the electron 

beam can impart enough energy to heat the sample a few nanometers deep, relaxing the 

stress. Hence these methods are potentially destructive and limit the use in routine stress 

measurements. 

6.2.3.3  Converging Beam Electron Diffraction (CEBD) 

Other TEM based techniques such as converging beam electron diffraction (CBED) need 

complex data deconvolution and interpretation.23-25 Quantitative values for stress can be 

calculated by comparing the experimental data with simulated data.26 Higher-order Laue 

zone (HOLZ) lines are sensitive to lattice parameters. Lattice parameters are a function of 

stress present in the sample. Any shift of the shapes of the HOLZ lines from that of 

unstressed sample is a representation of the stress/strain condition of the sample. 
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6.2.4  Major Processing Steps Involved in Fabricating a CMOS Transistor 

Present CMOS technology requires fabrication of complimentary nMOS and pMOS 

transistor pairs on the same substrate. This requires creation of special regions (wells) on 

the substrate which are opposite to the substrate semiconductor type. For n-well 

fabrication technology, the nMOS transistor is fabricated on p-type substrate and a pMOS 

transistor is fabricated in the n-well, which is built into the p-type substrate. The 

industrial CMOS manufacturing process is complicated, but a description of the essential 

basic steps involved in the fabrication process follows.  

The starting substrate for CMOS fabrication process is a lightly doped p-type silicon 

substrate. The impurity concentration is typically less than 1015 cm−3. After growing the 

initial oxide layer on the surface which is about 1 μm thick, the processes of defining well 

regions starts. The various steps involved in the process are as follows (Figure 6.5). 

1. RX pattern definition 

2. Planarization  

3. n-well implant 

4. p-well implant 

5. Removal of PW mask (block mask) and sacrificial oxide  

6. Gate oxide deposition 

7. Gate poly silicon deposition 

8. Gate mask and poly silicon gate RIE etching 

9. Side wall oxidation 

10. NFET n “extension” and p-type (halo) implants 

11. PFET p “extension” and n-type (halo) implants 
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12. Final spacer nitride deposition 

13. Final spacer nitride RIE etch 

14. n+ source/drain mask and implant 

15. p+ source/drain mask and implant 

16. Silicide (ohmic refractory metal) deposition 

17. Ohmic contacts (silicide) formation anneal 

18. Metal contacts and wiring 

 

Note: Bare silicon exposed 

except over STI
Bare silicon Bare silicon

2

3 4

5 6

7 8

1
Pad oxide, pad nitride, RX mask and etch Planarization

(n-type)
NW implant

(p-type)
PW implant

Gate oxidation
(typically 10-35 Ǻ) for high 
performance

Gate polysilicon deposition
(typically 2000 Ǻ)

Gate mask and polysilicon gate RIE etch
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Figure 6.5 Main steps of the process flow for fabrication of CMOS nFETs and 
pFETs (diagram courtesy Dr. James Slinkman, IBM). 
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6.2.5  Photolithography 

Patterning of the silicon dioxide surface is achieved by a photolithographic process. The 

silicon dioxide surface is covered with a photoresist, which is a light sensitive organic 

polymer and a material insensitive to acids. If the photoresist is exposed to light, it 

becomes soluble in a developer solution (positive photoresist). The patterns are defined 

by shielding the areas of photoresist we want to keep with a mask and exposing the rest 

of the surface to UV light. The exposed areas then become soluble to the developer 

solution and are thus removed. Silicon dioxide in the exposed areas can be removed by 

using hydrofluoric acid or dry plasma etching. After the treatment of the exposed surface 

is finished, the photoresist is stripped off from the entire surface. 

There are two types of photoresists which are called positive and negative 

photoresist, used in silicon semiconductor technology. Positive photoresist is initially 

insoluble but becomes soluble after exposing to UV radiation. Negative photoresist has 

the opposite behavior. It is initially soluble but becomes insoluble after UV exposure. 

Therefore defining of the mask depends on the type of photoresist to use.  Positive 

photoresists are the most widely used in manufacture of high density integrated circuits. 

Although the solubility of positive photoresists is lower than that of their negative 

counterparts; positive resists have better photolithographic resolution. 

6.2.6  Surface Photovoltage (SPV) 

The periodic structure of an ideal crystalline semiconductor results in the appearance of 

energy bands separated by forbidden energy gaps. Symmetry breaking lattice termination 

at the surface, dangling bonds, reconstructions, steps, kinks, and impurity atoms at the 

surface result in formation of surface localized energy states at the surface.27-28 This 
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results in charge redistribution between the surface and the bulk of the semiconductor in 

order to maintain a thermal equilibrium and formation of a surface space-charge region. 

This region is not electrically neutral so there is an electric field between the surface and 

the bulk. Therefore the surface is at a different potential than the bulk of the 

semiconductor. 

The photovoltaic effect of a semiconductor is the illumination induced change of 

the equilibrium potential distribution of the semiconductor. The surface photovoltage is a 

specific variant of the more general photovoltaic effect and only occurs if the carrier 

generation due to the illumination followed by net charge distribution. The driving force 

for the redistribution of carriers is localized in the space charge region (SCR), while the 

rest of the bulk remains neutral. The charge neutrality condition 0scss =+ QQ  (Qss –

charge in the surface states, Qsc – charge in the space charge region) must hold in the 

absence of an external electric field even under illumination. The absorbed photons 

induce the formation of free carriers by creating electron-hole pairs via trap-to-band 

transitions and/or releasing captured carriers via trap-to-band transitions. Thus a 

considerable amount of charge is transferred from the surface to the bulk or bulk to the 

surface and redistributed in two regions. The charge distribution and the electric potential 

are interdependent. Therefore the potential drops across the SCR and also the surface 

potential. 

 SPV strongly depends on the incident photon energy i.e. whether it is a super-

band gap, where the photon has sufficient energy to initiate a band to band transition, or 

sub-band gap energy photon, where the photon can only initiate sub-band to band or band 

to sub-band transitions. Figure 6.6 illustrates various types of excitation mechanisms 
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which lead to the SPV for an n-type semiconductor. The electrons created by the photons 

are swept away from the surface by the electric field at the SCR and holes are attracted to 

the surface, thus reducing the charge at the surface (Figure 6.6a). This results in reducing 

the band bending at the surface. Figure 6.6b shows the situation where electrons or holes 

are preferentially trapped in defect states thus modifying the surface potential. In the case 

of sub-band gap illumination, the trapped carriers in surface states are excited and results 

in modification of surface charge. If the photon energy hν > Ec–Et where Et is the energy 

of the surface state, then those electrons get excited into the conduction band and are 

swept away by the electric field reducing the band bending as shown in Figure 6.6c(i). If 

the photon energy hν >Et–Ec then valence band electrons get excited into the surface 

states or similarly holes in the surface states get excited to the valence band, hence 

increasing the density of charge in surface states which results in increasing the band 

bending. In photon assisted tunneling (Franz-Keldysh effect), sub-bandgap photons 

whose energy is close to Eg excites band-to-band transitions in the presence of an external 

electric field. All the experiments we describe here fall into the category of super-

bandgap illumination. 
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Figure 6.6 Band diagrams of the surface space charge-region at a depleted n-type 
semiconductor surface under different conditions showing the energy levels as a 
functions of distance from the surface: (a) super-bandgap illumination with carrier 
separation under an electric field; (b) super-bandgap illumination with preferential 
trapping of electrons (i) and holes (ii); (c) sub-bandgap illumination with excitation of 
trapped electrons (i) and holes (ii); (d) sub-bandgap illumination with Franz-Keldysh 
absorption, where e and h denote electron and hole wave functions, respectively. In all 
diagrams, solid and dashed lines indicate band positions in the dark and under 
illumination, respectively. Straight arrows denote carrier generation and curved arrows 
denote carrier trapping. (Reprinted from Kronik et al.).27 

 

6.2.7  Kelvin Probe Method 

The Kelvin probe is a non-contact method to measure the contact potential difference 

between a reference material and a sample and is sensitive to changes in the work 

function. Its function can be understood by considering a parallel plate capacitor. The 

schematic band diagram of two metals in such arrangement is shown in Figure 6.7. The 

metals are electrically neutral and share a common vacuum level, Figure 6.7a. Now if the 

two plates are electrically connected, charge must flow from the metal with smaller work 

function to the other until equilibrium of the Fermi levels is achieved. The charge transfer 

a b

c d
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results in an electric field between the two plates shown by the slope of the local vacuum 

level within the gap (Figure 6.7b). This potential difference is equal to the difference of 

work functions also known as the contact potential difference (Equation 6.5). 

 

21 WWeVCPD −=  (6.5) 

 

Figure 6.7  Schematic band diagram of a parallel plate capacitor formed from two 
different metals, with the two plates: (a) isolated, (b) short-circuited, (c) connected 
through a DC bias equal and opposite to the contact potential difference (Reprinted from 
Kronik et al.).29 

 

Contact potential difference cannot be measured by conventional contact methods 

(e.g. voltmeter). This difficulty was overcome by using a noncontact technique to 

measure the CPD by a current null method. If an external voltage is applied between the 

plates of the capacitor (in this case, between the probe and the sample) until the electric 

field between the plates is zero, the applied voltage is then equal and opposite in sign to 

the CPD (Figure 6.7c). The null point is detected by changing the separation between the 

capacitor plates. If the electric field between the plates is not zero, charge still resides on 

a b

c
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the plates. Changing the separation between the plates changes the capacitance and 

causes a current to flow in the external circuit which can be easily detected. This current 

is zero if and only if the applied voltage exactly cancels the CPD. Thus the CPD can be 

easily found by determining the external bias for which no external currents are observed 

upon changing the spacing between the plates. This type of arrangement is known as a 

Kelvin probe. The Kelvin probe is commonly used to measure the changes of the work 

function and can also be used to measure SPV. Kelvin used an electrometer to manually 

check the capacitor discharge which took several minutes for each measurement. In 1932 

Zisman introduced a more convenient vibrating capacitor Kelvin probe technique which 

is used today.30 In this method, the capacitor plate separation is varied using a vibrating 

reference plate. The resulting ac voltage is nulled by an applied dc bias. 

6.2.7.1 Scanning Kelvin Probe Force Microscopy 

Invention of the scanning tunneling microscope by Gerd Binnig and Heinrich Rohrer in 

1981 followed by development of many other scanning probe techniques (SPM) 

enlightened the scientific community who study surfaces/interfaces of materials in atomic 

scale.31 SPM techniques are used to obtain high resolution images of surfaces and gives 

information on spatial structure and surface homogeneity. SPM is a family of imaging 

methods which create images using a contrast mechanism dependent on the “probe” 

technique. One such SPM technique is the atomic force microscope (AFM) which detects 

the short range van der Waals force between the tip and the sample. When combined with 

Kelvin probe technique this instrument is capable of probing the contact potential 

differences with higher spatial resolution than the normal scanning Kelvin probe. 

Wickramasinghe and co-workers pioneered the scanning Kelvin probe force microscope 
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(SKPFM) in 1988.32 After the initial report, there were many studies which used SKPFM 

to characterize semiconductors and devices.33-40 Figure 6.8 is a generic diagram of the 

scanning Kelvin probe force microscope (SKPFM) which operates in a non-contact 

mode. 

The AFM measures the deflection of the cantilever due to local forces exerted on 

the tip by the surface of the sample. The tip is vibrated at a frequency ω1. The amplitude 

of oscillation is altered by the tip sample interaction. This deflection is typically 

monitored by the optical deflection of a laser by the cantilever using a position sensitive 

detector or a laser interferometer. A feedback loop modifies the tip sample distance so as 

to keep the vibration amplitude constant while the tip scans across the sample. Therefore 

the tip follows the topography of the sample. This method which keeps the vibration 

amplitude constant is the amplitude modulation method. A force gradient between the tip 

and the sample shifts the resonance frequency of the cantilever as well. It is possible to 

measure this change of the resonance frequency and use a feedback loop to bring it to the 

original value. This type of feedback control is frequency modulation. For a conducting 

tip which is electrically connected to the sample, the electrical potential difference and 

the field between them are well defined. The Coulomb force F between them is defined 

as in equation 6.6. 

z
CVCV

z
Fe d

d

22

1

d

d 2
2 −=





−=  (6.6) 

 

where V  and C are voltage and capacitance between the tip and the sample, and the z is 

tip-sample distance. The applied voltage between the tip and the sample is sinusoidal

( )tωV 2acsin . The gradient of C or dC/dz is poorly known and is not a well controlled 
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experimental parameter. Therefore mapping of V as a measure of F is difficult and not 

very reliable. Instead of using only an ac voltage, if a combination of an ac and a dc 

voltage Vdc (equation 6.7) is used, a more accurate measurement of surface potential 

mapping can be achieved.36 

 

Figure 6.8 Block diagram of the scanning Kelvin probe force microscope 

 

( )tVVV acdc 2sin ω+=  (6.7) 

Here the dc part consists of the applied bias voltage and the surface potential. Hence,

q
ΦVV bdc

Δ−=
 

Therefore, the electrostatic force can be written as 
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(6.8) 

The force consists of three parts, dc component, an ac component at frequency ω2, and an 

ac component at frequency 2ω2. 
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Substituting for Vdc we can write the force as 
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The full force acting on the tip is, 
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In equation 6.10, the first term is the driving force applied to the cantilever. The second 

term is the attractive van der Waals force between the tip and the sample. The third term 

is the electrostatic force and has three different components: DC, ω2, and 2ω2. A mixed 

DC and AC bias is applied to measure the surface potential.29 If the DC bias is adjusted 

such that the force at the frequency ω2 is nulled through a feedback control system, then 

the potentials of the tip and the sample are equal and the electric field will be zero. 

Therefore the knowledge of the dC/dz is avoided and the measurement is insensitive to 

the variation of capacitance at different points.  

In the diagram shown in Figure 6.8, there are two feedback loops each operating at 

different frequencies. The topography feedback loop maintains constant amplitude of 

oscillation of the tip at the frequency ω1 by changing the tip sample separation. A second 

feedback loop maintains a null oscillation at the ac voltage frequency ω2 by changing the 

dc bias on the tip. In practical situation, the voltage feedback loop can be performed 
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simultaneously with the topography feedback loop. The SKPFM has been used to 

measure SPV of semiconductors and devices.41-42 

6.3  Materials and Methods 

6.3.1  CMOS Devices Used in the Study 

The structure consists of a silicon stripe which is used for the construction of active areas 

of the device surrounded by a shallow trench isolation which is again surrounded by a 

thin silicon stripe. A schematic of the cross section and plan views of the device is shown 

in Figure 6.9 a and b. Figure 6.9c is a SEM image of cross section of the array of devices 

while Figure 6.9d is an optical image of the plan view of the structure. We investigated 

similar type devices in five silicon wafers which were pulled at different stages of 

processing. The full details of the process parameters for wafers pulled at different 

processing stages of processing can be found in Appendix 2. 

 

Figure 6.9 Device structures (diode) used in the study: a) diagram of the cross section 
of one of the diode, b) plan view of the array of diode structures, c) SEM image of the 
cross section of the entire array, d) optical micrograph of the array of devices. 
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6.3.2  Calibration Structures 

We used arrays of indents on a silicon substrate as calibration structures to compare the 

data obtained from SSPVM to that from micro-Raman spectroscopy. One array consists 

of nine indents in a 3 × 3 matrix. The forces which were used to make the arrays are 

7.5 mN and 10 mN and the separations of indents in row and column directions were 

2 µm and 5 µm. We only discuss results for the 7.5 mN, 2 µm array of indents in this 

chapter. The indenter was a Hysitron Ubi1 nano-indenter with Berkovich tip.  

 

Figure 6.10 AFM image of an array of indents (7.5 mN force, 2 µm separations) 

 

6.3.3  Confocal Raman Imaging 

A WITec Confocal Raman microscope CRM 200 was used to obtain Raman 

spectroscopic data. The system combines a triple grating Raman spectrometer with a high 

resolution confocal optical microscope. Combination of these two systems provides sub-

micrometer lateral resolution Raman imaging. Using green excitation light, a resolution 

down to 220 nm is possible. The laser which is fitted with the microscope is 514.725 nm 

and the spectral center was at 499.21 nm. The integration time was 0.02 seconds. The 

grating is 1800 g/mm and the objective used is 100× with 0.9 numerical aperture. 

2µm 1.1µm

2.5 μm
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6.3.4  Differential Surface Photovoltage (DSPV) and Instrumentation 

6.3.4.1  Modification to the Scan Head of the Digital Instrument’s Multimode AFM 

The scan head assembly of the Digital Instruments Nanoscope III multimode AFM was 

modified to accommodate the two lasers. The lasers are aligned such that they are 

perpendicular to each other and make 45° with the axis of the cantilever. Both of the laser 

beams are p-polarized and incident on the surface of the sample at a Brewster’s angle to 

optimize the interaction of the silicon substrate. 

 

Figure 6.11 Photographs of mechanical modifications to the scanning head assembly 
of the Digital Instrument’s Nanoscope III AFM: a) scanning head in position above 
the stage in the instrument with optical fibers attached, top-down view of the scanning 
head and the mechanical guide of the optical fibers b) without the tip assembly c) with 
the tip assembly, d) side view of the same system, and e) laser light scattered from the 
AFM tip. 

a b

c d

e f
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6.3.4.2  Measurement of SPV and DSPV by Single Lock-in Method 

The Nanoscope III AFM is set to operate in Kelvin mode. It first obtains topographic data 

for a line scan. Then it disables the topography feedback loop and enables the Kelvin 

feedback loop for measuring the potential difference between the tip and the sample. The 

tip rescans the sample line using the topographic data just recorded allowing the tip to 

maintain a constant height from the surface during Kelvin data acquisition. For these 

SPV/DSPV measurements, we only wanted the lasers to be active during the Kelvin part 

of the scan. To achieve this we built interface electronics to provide a TTL signal that 

was +5 V during the Kelvin portion of the scan and 0V otherwise. 

 This signal was extracted from the amplitude of the cantilever oscillation for the 

topography image which is normally less than 2 V, and the amplitude of the ac signal 

applied to the tip during the Kelvin image which is set to 4 V. This signal was extracted 

from the instrument and conditioned using a low pass filter to remove high frequency 

oscillations and passed through two voltage inverters to provide the TTL laser control 

(enable) signal. The two lasers are switched on only during the Kelvin measurement 

using the enable signal 5 V. The lasers are modulated either in unison (SPV) or 

differentially (DSPV) depending on the type of the measurement required.   

 Modulation of the two lasers in unison makes the surface potential of the 

semiconductor change between the dark and illuminated potential values. If the two 

lasers have different intensities and they are modulated differentially then the surface 

potential will modulate between two values corresponding to the laser powers. Two 

lasers with perfectly balanced intensities will produce exactly the same SPV values 

unless the SPV depends on the direction of the laser with respect to the crystallographic 
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directions of silicon and the local properties of the semiconductor of those contribute to 

SPV. In fact it is this same principal as described in an earlier paragraph that we use to 

measure stress, i.e. DSPV.  The presence of anisotropic mechanical stress on the surface 

leads to a slightly different measured SPV each of the two lasers if the lasers are incident 

on the surface in correct directions (in our experiment both of them are in silicon <110> 

direction, one is parallel to the device and the other is perpendicular to it).  

  Modulation of the two lasers means modulation of surface potential and it will 

cause to modulate the Kelvin signal at a similar frequency as the laser modulation if the 

two SPV values are not the same. The Kelvin signal is coupled out from the breakout box 

which is connected between the scan electronic module (SEM) and the control electronic 

module and input to the lock-in amplifier. The amplitude of the low frequency 

modulation is detected with the lock-in amplifier, fed back into the system, and recorded 

as an image while the tip is rastered over the surface. 

6.3.4.3  Double Lock-in Method 

Although this method is more accurate and can overcome the problem of having beat 

frequencies, due to some other technical difficulties we could not do our experiments in 

this method. But it is open for further improvements. In this method the first lock-in 

amplifier is locked in to the cantilever driving frequency which is higher than the laser 

modulation frequency. This signal is input to the second lock-in amplifier and the second 

lockin amplifier detects the amplitude of modulation of the cantilever driving frequency 

due to the SPV and laser modulation. Any variation of the amplitude of this signal is a 

function of the difference of surface photovoltage for the two lasers.     
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6.4  Results and Discussion 

6.4.1  Testing of the Instrument and the Method 

To test the instrument and the concept, we used an SRAM which has both n and p type 

regions. Measured surface photovoltage should have opposite polarity for the different 

dopings and be propotional to the doping level because the direction of the band bending 

depends on the type of doping hence the sign of the measured surface photovoltage. As 

explained in the previous section, lasers modulating in unison produce a SPV 

measurement while the differentially modulating lasers produce a DSPV measurement 

which is the difference between SPVs from the two lasers. Figure 6.13 is such a set of 

images where Figure 6.13a is AFM topographic image of the two n and p FET devices, 

Figure 6.13b is an SPV image, Figure 6.13c is a surface potential image without light, 

and Figure 6.13d is a DSPV image. The two types of doping regions (n and p) have 

opposite polarity for SPV with respect to the charge neutral region (Figure 6.13b). This is 

a clear evidence for the proof of concept. The n and p regions of the two types of devices 

have different doping concentrations. The n region in the nFET is the source and the 

drain and is highly doped (1019/cm3). The n region in pFET is the channel and is lightly 

doped (1015/cm3). Therefore the contrast difference of n regions in the SPV image for the 

two types of devices is due to the differences of doping levels. There is a feature in the 

left side of the Kelvin image (Figure 6.13 c) which is not present in the topography. This 

can be attributed to a dislocation36 or  contamination within the silicon substrate.43 SPV 

measurements are sensitive to potential variations few tens of nano meters deep within 

the silicon substrate depending on the penetration depth. The DSPV image (Figure 6.13d) 

has a contrast difference for the two regions. This may be due to stress or to slightly 
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imbalanced laser intensities. Therefore balancing the two laser intensities such that the 

surface receives a same amount of light from both lasers is critical for accurate DSPV 

measurements. We will discuss the issues relating to the DSPV measurements in detail at 

the end of this chapter.  

 

 

Figure 6.13 Kelvin, SPV, and DSPV images of an SRAM: a) AFM image of the 
topography of the n and p-type FETs, b) SPV signal extracted from the lockin amplifier 
when the two lasers are modulating in unison between dark and illumination, c) a Kelvin 
image acquired without any light, d) a DSPV images with lasers modulating 
differentially. 
 

6.4.2  Analysis of Calibration Structures 

We used Raman spectral imaging as a second method for testing the SPV and the DSPV 

(stress) data obtained from our method. The test structures were 3 × 3 arrays of indents 

described earlier. A similar type of study has been conducted by Schmidt et al.44 on 

Vickers indents (creates square shape indents) produced at various load forces on a 

Si(111) surface. They have been able to obtain a stress resolution of 9 MPa for 70 ms 

integration period with standard deviation of the silicon peak position at unstressed 

regions of 0.02 cm. The type of stress present at the corners of the indents is tensile while 

a b

c d
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it is compressive at the edges and strongly depends on the geometry of the indents. 

Cracks in the silicon surface have been observed for higher loads such as 100 mN. 

It is reported in many theoretical as well as experimental studies that the stress has 

a linear relationship with the silicon phonon frequency shift although the constant 

coefficient between stress and Raman peak shift is different in magnitudes from group to 

group. Experimental values reported are Schmidt et al.44 −435 MPa cm and Wu et al.16 

−462 MPa cm. The theoretical value reported in Horsfall et al. is  −434 MPa cm.45 The 

disadvantage of using micro-Raman spectroscopy for measuring stress is that, the shift of 

the Raman peak position depends on all components of the stress tensor. Therefore data 

interpretation is difficult for complex stress patterns. 

ωΔ×−= cm MPa434    Stress  (6.11) 

6.4.3  Raman Spectroscopic Analysis of Stress in Indented Silicon Substrates 

A change of the frequency of the silicon phonon is used to calculate the stress 

using the equation 6.11. When the unit of the wave number is cm-1, the stress is in MPa. 

Raman signal intensity decreased with time as the sample was scanned from the top to 

bottom in Figure 6.15 a and b. This was attributed to either a decrease in laser power at 

the sample and/or a change in detector alignment. Because the scattered laser light is 

proportional to the laser power, we used these data as a pixel by pixel internal channel to 

correct the Raman images. A simple ratio of the Raman intensities to the scattered light 

intensity at the corresponding pixel corrects for this effect in Figure 6.15 c. Image c in the 

Figure 6.15 is a intensity sums for silicon after correction for the incident intensity 

gradient. 
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Figure 6.14 Raman spectrum of silicon which shows the silicon phonon peak for 
unstressed silicon at 520 cm-1. The peak near the zero is caused by the scattering of laser 
light from the surface. 

 

 

Figure 6.15 Micro-Raman images of an array of indents on silicon: a) micro-Raman 
intensity sum image, b) scattered light image (−13 – 187 cm−1), c) silicon phonon 
intensity (505 – 527 cm−1) corrected for intensity gradient. 
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6.4.3.1  Calculation of Stress from the Raman Image 

 

Figure 6.16 Stress image calculated from the silicon phonon frequency shift: 
a) topography image of the array of indents (7.5 mN, 2 µm separation), b) phonon 
frequency shift for silicon, c) calculated tensile and compressive stress map for the same 
indented array, d) image showing the position of the line cut of the stress image closer to 
the array of indents (note that the image was rotated 90° counter-clockwise to match the 
SPV images in Figure 6.17 from the instrument), e) stress along the line shown in “d”. 
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Calculation of stress from the Raman signal is performed in the following way. 

First, the shift of the frequency of the Raman signal for silicon was extracted from the 

Raman data (Figure 6.16b). Then stress is calculated using the Equation 6.11 (Figure 

6.16c). Note that the stress is tensile at the corners of the indents and compressive at the 

insides. The stress profile along a line cut 1 µm away from a row of indents shows the 

regions of neutral, tensile, and compressive stress (Figure 6.16e).  

6.4.4  Measured Surface Photovoltage from the SSPVM  

 

Figure 6.17 Direct SPV measurements on an indent on silicon substrate: a) AFM 
topography image of the upper left corner indent of the array of indent in Figure 6.16, 
b) SPV image of the same indent, c) SPV along the dotted line in “b”. 

 

One of the main advantages of the SSPVM method is the ability to measure SPV 
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potentials during dark and illumination and then subtracting the two to calculate SPV. 

The measured SPV of the indented samples are in millivolts (Figure 6.17b and c). 

According to the graph shown in the Figure 6.17c, the regions closer to the indented area 

have lower SPV values than that of the other regions. This is due to two reasons. The 

damaged area of the indent acts as an excellent source for carrier generation and 

recombination which in turn alters the magnitude of band bending. This is the largest 

contribution to the SPV. Differences in SPV produced by the stress fields present in and 

around the indent are expected to be considerably smaller. In addition, there are other 

contributions such as meta stable phases silicon formed by the high mechanical pressure 

exerted on the surface during indentation. Therefore modeling of SPV of indents is rather 

complicated, but a more simplified analytical model will be presented in the next section.  

6.4.5  An Analytical Model which Relates SPV and Mechanical Stress  

As discussed in the previous sections, stress levels can be calculated from Raman data 

easily. SSPVM can be used to obtain direct surface photovoltage measurements and a 

signal related to the stress in the sample depending on its mode of operation. As the SPV 

is itself a function of mechanical stress, the SPV measurements can be used to calculate 

the mechanical stress as well. Therefore it is important to develop a model which relates 

SPV and stress terms. The analytical model shown in equation 6.12 was developed by 

comparing the direct SPV measurements from the SSPVM to SPV calculated from the 

stress values from the Raman measurements using the model.  

The first term in Equation 6.12 calculates the SPV which depends on the local 

stress while the second term calculates the SPV due to indents acting as source points for 

carrier generation and recombination. For each source point (each indent), terms similar 
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to the second term should be added to the equation (i=1,2,…). For actual devices, the STI 

can be considered as the source. All nine indents on the calibration structure act as 

sources for minority carrier generation/recombination. 

    

 (6.12) 
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Where;  
i – number of source points (indents) 

r0i – positions of indents 

r - r0i – distance from the indent 

sr,g  – surface recombination, generation velocity (±10 – 1000 cm 
sec−1). High numeric value means more recombination or 
generation respectively. High positive (recombination) 
value is due to surface states suppressing the effective 
lifetime and therefore suppressing SPV. 

C – arbitrary constant 

Dn – local (position and stress dependent) minority carrier 
diffusion coefficient 

G – arbitrary constant 

K _ Boltzmann Constant 

Ln – diffusion length which depends on local stress 

L – diffusion length for silicon (~ 200nm) 

R – reflectivity 

T _ temperature 
α – absorption coefficient 

λ – wave length of the incident light 
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 – carrier mobility which is related to the carrier diffusion 
coefficient by the Einstein relation 

σ – local position dependent stress (~ 109 dynes cm−2) 

τn – carrier lifetime (~ 10−3 – 10−4 sec) 

Φ – light intensity 

Ω – activation volume for stress (~10−11 cm−3)  

 

6.4.6  Calculation of SPV from Stress using the Model and Fitting it to 
Experimental Data 

 

Figure 6.18 Calculated and fitted SPV for the cross section from the Raman stress 
and the calculated SPV for the entire image: a) calculated SPV from stress data, b) 
parts of the lines extracted from the calculated and the measured SPV, c) calculated and 
measured SPV after linear fit, d) calculated SPV for the entire array of indents using the 
fitted parameters.  

( ) ( ) Q+  calculated SPV ×P=  measured SPV   (6.17) 
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All of the calculations were performed using the MatLab program. The data used to 

calculate SPV from stress is from the same Raman image in section 6.4.3.1. It was a 

10 µm × 10 µm image with 256 × 256 data points. The experimental SPV image was 

obtained on the same array of indents for the upper left corner indent in Figure 6.16d and 

is a 3 µm × 3 µm image. The line cuts were obtained after careful overlaying of the two 

images with the topography image. The data points were interpolated so the SPV and the 

Raman data could be compared. The calculation was a two step process. First SPV was 

calculated for the line cut of the Raman stress image disregarding the second source 

terms. The calculated SPV values were fitted linearly to the experimental data to get a 

correct offset range for the two data sets. Then in the second calculation, all the source 

terms were included and the offset obtained from the first calculation was used as the 

value for “G”. Then again the same linear fit was performed to get more accurate results. 

As we mentioned in an earlier section, the contribution from the 

generation/recombination centers (source terms) is very large and dominates over the 

contribution from the stress (Figure 6.18a and b). After the second round of fitting, the 

two signals were matched very closely and the fitting constants P and Q have values of 

2.83 ×10−6 and 1.95 ×10−3 respectively. The calculated SPV for the entire image using 

the model and the fitting parameters is shown in Figure 6.18d. It should be noted here 

that the phenomenon inside the indent is complex and our model is not valid there. Our 

model is valid in the regions outside including the immediate surrounding area. From a 

practical standpoint, the indents are similar to STI in the diode structures and the region 

outside the indent is comparable to the active device region.  
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6.4.7  Diode Characteristic of Nano-Indents on Silicon 

Figure 6.19a is a graph of variation of SPV over an array of three indents of 

7.5 mN with 2 µm separation. Laser power increases from zero to the maximum when the 

potentiometer control setting varies from zero to 1000. Until the value on the 

potentiometer control reaches 350, the laser intensity is zero and therefore the measured 

SPV remains zero. Then, SPV on and closer to the indents increases while SPV for the 

rest of the silicon area decreases up to some laser power and then the SPV starts to 

decrease everywhere. This is similar to the electrical characteristics of a semiconductor p-

n junction. This can be explained by assuming a change of material characteristics at the 

indents during indentation. There are many studies which suggest that silicon undergoes 

many phase transformations when it is subjected to high pressure and we suggest that a 

similar phenomenon is responsible for the observed diode behavior of indents.46-49 High 

pressure indentation experimental studies have shown that the diamond cubic Si-I phase 

transforms to a metallic Si-II phase (β-Sn phase) at a pressure of ~11 GPa. Under slow 

decompression, Si-II retransforms to crystalline high pressure phase Si-XII, which then 

partly transforms to Si-III upon further pressure release, resulting in a mixture of 

crystalline high pressure phases Si-XII and Si-III following full pressure release.46-55 Our 

intention of using indented silicon is to calibrate the stress measured from DSPV method 

with the stress calculated from Raman spectroscopy. The phase change of silicon at the 

indents complicated this task and therefore it is open to further investigations.   
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Figure 6.19 SPV versus laser power graph for an area over three indents and 
scanning capacitance images of indents: a) SPV over a row of three indents with 
varying laser power, b) scanning capacitance microscopy (SCM) image of a section of a 
row of three indents, c) cross sections of topographic and SCM images, d) SCM image of 
the entire array of indents. 

 

6.4.8  SPV and DSPV Measurements of Devices (Diode Structures) 

As we showed in section 6.4.4, the SSPVM method is capable of measuring surface 

photovoltage of devices directly. We used SSPVM method to investigate device 

structures in different wafers which were removed at different processing steps. Although 

we present results from only one such device in Figure 6.20, the SPV and DSPV 

measurements obtained for other devices are consistent. Figure 6.20a is an AFM 
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topography image while the Figure 6.20b is the corresponding SPV image. The red and 

yellow regions are silicon and silicon dioxide respectively. The DSPV signal is weak and 

the contrast variation in the DSPV image is not conclusive evidence that we measure 

stress in the device. It can be due to stress and/or imbalanced laser intensities. The 

SSPVM method and the instrument setup require further improvements for accurate 

stress measurements.  

 

 

Figure 6.20 Topography, SPV, and DSPV images and cross sections of an array of 
devices (Note that the structures have only silicon and STI): a) topography image, b) 
SPV image, c) DSPV image, d) cross section of the SPV image (red line is topography 
and the green line is SPV), e) cross section of the DSPV image (red line is topography 
and the green line is DSPV), Note: the vertical scale is not calibrated to the sensitivity of 
the lockin amplifier. 
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6.4.9  Suggestions for improvements of the DSPV method 

The current SSPVM setup is capable of directly measuring SPV while results for DSPV 

stress measurements were not conclusive. The difference of the surface photovoltages 

due to the difference of the stress distribution in the two laser directions is very small and 

therefore the sensitivity of the instrument should be further improved. This can be 

achieved by modulating the two lasers at the cantilever resonance frequency (may be at a 

higher-order resonance). This idea was tried first but abandoned due to its interference 

with the scanning. But it will be worthwhile to reinvestigate and find a way to overcome 

the interference. The image contrast produced in the DSPV image due to imbalanced 

lasers is a major barrier for correct interpretation of stress. Therefore it would be 

advantageous to develop methodology to guarantee a similar laser intensity level at the 

surface directly underneath the tip for the two lasers. We have a large amount of Raman 

and SPV data collected on device structures. Therefore it will be advantageous to analyze 

those further.   

6.5  Conclusion 

The proof of concept for measuring mechanical stress present in CMOS devices was 

established. The instrument and the DSPV setup requires further improvements to 

increase the sensitivity for correct stress measurements. In addition, the instrument is 

capable of measuring surface photovoltage directly. A simple analytical model which 

relates the SPV and stress was developed.  
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Appendix 1 

Relationship between film thickness (h), molecular area (A), and molecular volume 
(V) 
 
The primary assumption is that the molecular volume is constant.  Molecular area, i.e. the 

molecular foot print, depends on the surface coverage. Calculation for the known 

structure of the (√3 × √3)R30° with a molecular tilt angle of θ = 30° from the surface 

normal is as follows; 

Molecular area ܣ = ܽଶsin߮; a=0.499 nm, A=0.217 nm2 

 

Length of alkanethiolate HS(CH2)nCH3 on Au surface is calculated with   

l = 0.4 nm + (0.127 nm/methylene carbon) × n (Bain et al)1 

and the thickness of (√3 × √3)R30° monolayer is   

h = l cosθ. 

Therefore for decanethiol, l = 0.4 + 0.127 × 9 = 1.543 nm;  h = 1.543 cos (30°) = 1.34 nm 

Molecular volume is 

V = Ah = (0.217 nm2) (1.34 nm) = 0.289 nm3 

 

 

 

 

a 

a a 
unit cell of  
(√3 × √3)R30° 
contains  
one molecule  
per unit cell 

60° 
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Determining the surface coverage (A′) of an unknown monolayer from the height 
difference Δh 
 ܸ = ℎܣ = ᇱℎᇱ ∆ℎܣ = ℎ − ℎᇱ ℎᇱ = ℎ − ∆ℎ ܣℎ = ᇱሺℎܣ − ∆ℎሻ 

ᇱܣ = ℎℎܣ − ∆ℎ = ܣ ቌ 11 − ∆ℎℎ ቍ 

Relative surface coverage (A′/A)  

ܸ = ܸᇱ, ′ܣܣ = ℎ − ∆ℎℎ = ൬1 − ∆ℎℎ ൰ 

Where 

V −  volume 
A −  area of (2√3 × 3)rect. SAM 
A' −  area of (√3 × 4√3)R30° striped-phase SAM 
h − height of (2√3 × 3)rect. SAM 
h' − height of (√3 × 4√3)R30° striped-phase SAM 
Δh −  difference of height of (2√3 × 3)rect. and (√3 × 4√3)R30° striped- 

phase SAM 
 

Procedure for calculating the coverage of the striped phase from STM images 
containing a reference structure 
   
The average ΔhSTM between the striped structures and the (2√3 × 3)rect. reference 

structure was measured as follows.  A cross section from an STM image of a surface that 

displays well defined (2√3 × 3)rect. and (√3 × 4√3)R30° striped structures was extracted.  

The cross section should run across a striped region and contain two well-defined and 

spatially separated (2√3 × 3)rect. regions.  Then cross-sectional data was graphed.  A line 

at the height defined by the (2√3 × 3)rect. regions was drawn.  Next average height 
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difference of the stripe unit cell (ΔhSTM) was calculated.  To do this, the cross-sectional 

area between the reference line and striped region between an integer number of stripes 

was calculate.  The ΔhSTM is then this area divided by the distance over which the cross 

sectional area is calculated.  For purpose of calculating the striped coverage, Δh equals 

2ΔhSTM.2 

 

Measured height difference (ΔhSTM)= 1.16 Å 

Therefore the physical height difference Δh = 2ΔhSTM = 2.33 Å 

Then the relative surface coverage, ܣܣ′ = ൬1 − ∆ℎℎ ൰ = ൬1 −  2.33

13.4
൰ = 0.8261 
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Solution onto Gold. J. Am. Chem. Soc. 1989, 111, 321. 

(2) Bumm, L. A.; Arnold, J. J.; Dunbar, T. D.; Allara, D. L.; Weiss, P. S. Electron 
Transfer Through Organic Molecules. J. Phys. Chem. B 1999, 103, 8122. 
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Appendix 2 

CMOS Process Flow and the Stages of the Samples Pulled Out 

 

 

Figure A2.1 CMOS and Bipolar process flow (Diagram courtesy, Dr. James Slinkman, 
IBM) 

  

Process Flow
Main CMOS 
processing

RF Option Bipolar Option
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Appendix 3 

Calibration of the Scale of the Potentiometer 

The output intensities of the two lasers are controlled by four potentiometers which have 

inputs of 0–5 V for a reading of 0–1000 in the scale. Laser was directly coupled through 

optical beam splitter fiber optic cables which have 0.01× and 0.1× attenuations to a 

Thorlabs DET36A Silicon based detector. The output voltage of the photo detector was 

measured by varying the dial reading of the potentiometer.  

 The purpose of calibration is to see how the laser power scales with the 

potentiometer control and how the intensities of both lasers are related. If we simply 

measure the current using the photo diode, we see a threshold (expected), linear rise, and 

then saturation.  Is the saturation a behavior of the laser or of the photodiode? To separate 

the two we repeat the measurement using progressively more attenuators.  The 

attenuators reduce the intensity at the photodiode.  If the intensity is always in the linear 

regime of the photodiode, we will see the true behavior of the lasers. We compare 50% 

duty cycle modulated at 1 kHz to see if the average laser power is roughly proportional to 

the duty cycle. We did not perform a dependence on duty cycle because 50% compared 

to 100% are the only duty cycles of interest to us. The graphs in the Figure 1 is  measured 

raw data and Figure 2 is photo diode current normalized for attenuation and duty cycle. 

The normalized graph shows that the laser power is in fact linear with the potentiometer 

control. The non linearity seen with less attenuation is due to saturation of the photodiode 

detector.  Correctly for duty cycle overlaps the lines to within experimental error. 
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Figure A3.1 Voltage from the photodiode for constant and 1Kz laser modulation 
versus potentiometer reading for lasers A and B with three different attenuations. 

 

 

Figure A3.2 Photo diode current normalized for attenuation and duty cycle. 
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Appendix 4 

List of Abbreviations 
AFM  — atomic force microscope 
C10  — 1-decanethiol 
C12  — 1-dodecanethiol 
C8 .  — octanethiol 
CEBD  — converging electron beam diffraction 
CMOS  — complimentary metal oxide semiconductor 
DFM  — dark field microscopy 
DSPV  — differential surface photovoltage 
FET  — field effect transistor 
FGNP  — flat gold nanoparticle 
Imes  — imidazoline(mesythyl) 
ITO   — indium tin oxide 
KP  — Kelvin probe 
KPFM  — Kelvin probe force microscopy 
LOCOS — local oxidation of silicon 
N3C10  — 10-azodo-1-decanethiol 
NBD  — nano-beam diffraction 
PVP  —  polyvinylpyrrolidone 
SAM  — self assembled monolayers 
SEM  — scanning electron microscopy 
SPV  — surface photovoltage 
SRAM  — static random access memory 
SSPVM — scanning surface photovoltage microscopy 
STM  — scanning tunneling microscopy 
TEM  — transmission electron microscopy 
UHV  — ultra high vacuum 
UV  — ultraviolet 
VI  — vacancy islands 
VLSI  — very-large-scale integration 
XPS  — X-ray photoelectron microscopy 
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