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C h a p t e r  1

I n t r o d u c t i o n

A recent advance in the fabrication of nanoscale coatings is the use of the so- 

called Self-Assembled Monolayers (SAMs) [4-7]. SAMs are two-dimensional 

organic assemblies th a t form by the spontaneous adsorption of molecules 

onto metal or m etal oxide supports. Alkanethiols, carbon chains w ith a  sul­

fur atom  at one end, are the most popular material to  produce SAMs. They 

form stable, flat monolayers on gold (Au) via a Au-S bond a t one end, and 

can have different surface properties via modification of functional groups at 

the other end. The organic and biological properties of these films are largely 

controlled by the end groups of the molecules and can be m anipulated by 

tailoring the end functional groups. A schematic of SAMs is shown in Figure 

1.1. SAMs are of technical interest for the fabrication of sensors, protective 

layers and patternable materials [8]. They provide a pathway for a better 

understanding of many technological systems where interfacial events play a 

dominant role. The history of SAMs can be traced to  the earlier papers of 

Zisman et al. [9], where glass surfaces were exposed to  dilute solutions of long-

1
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CHAPTER 1. INTRODUCTION 2

variable tail group functionality

variable th ickness of hydrocarbon

functional group for a ttach m en t to m etal su rface  
metal su rface

Figure 1.1: Schematic illustration of a self-assembled organic monolayer ad­
sorbed on a  m etal surface. The surface properties can be varied by changing 
the end functional group.

chained alcohols in hexadecane. Oriented monolayer films were then formed 

on the substrate th a t were not wetted by the solvent. Zisman et al. further 

studied various surfactant-like molecules including long-chained amines, car- 

boxylic acids and amides on metal and metal oxide surfaces [10, 11]. The 

systems considered by Zisman et al. exhibit only modest stabilities and 

were limited only to  low-energy hydrophobic surfaces. Nuzzo et al. [12] 

later extended Zisman’s approach by relying on a stronger and more specific 

interactions between S and Au for molecular self-assembly. The specific in­

teraction between Au and S allows adsorption of thiols not only onto Au, but 

also other surfaces such as silver, copper, mercury, GaAs and InP. The mech­

anism of such self-assembly originated from a large reduction of interfacial 

driving energy for the m etal substrates. This specific adsorption is stronger 

than  the physisorbed molecular films by the Langmuir-Blodgett technique 

which relies on physical packing of molecules and subsequently transfer to 

surfaces. Self-assembled monolayers (SAMs) derived from the adsorption of 

organothiols onto Au have been extensively investigated for studying their

ooooooooooooooooooooooooo

xxxxxxxxxxxxxxxxxxxxxxxxx
V / / / / / / / / / / / / / / / / Z
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CHAPTER 1. INTRODUCTION 3

potential uses as corrosion inhibitors, resist layers, components of chemical 

sensors, and models for organic and biological surfaces. Because of the level 

of adhesion between the deposited Au film and the Si substrate is weak, an 

adhesion promotion layer has always been used to  enhance Au adhesion on 

Si substrates. The ductile nature of Ti and Cr, together w ith the fact th a t 

both m aterials are carbide forming elements, makes them  promising candi­

dates for use as interlayer materials. In the literature, SAMs are always 

formed on A u /C r/S i [12-18] or A u /T i/S i [19-21] substrates. However, Cr 

diffuses more easily to  the Au surface, weakening the interactions between 

S and Au. Thus, SAMs’ stability on A u/C r/S i and A u /T i/S i can be very 

different.

As organic molecules from the environment are easily adsorbed onto the 

high energy Au surfaces, complete wetting on Au cannot be achieved under 

ambient conditions. The properties of Au surfaces have been the subject of 

considerable work [22-24]; and the importance of the cleanliness of Au surface 

has been recognized. Typically, one of the following surface pretreatm ent is 

used [21, 23, 25-27]: (1) evaporated Au (no treatm ent); (2) chemical etching; 

(3) oxygen plasma; (4) sonication. The quality of SAMs’ formation depends 

on the pretreatm ent method. On an evaporated Au surface, SAMs are rel­

atively less densely-packed due to  the contam inants previously adsorbed on 

the substrate. However, all the previously mentioned pretreatm ent processes 

result in a relatively rough surface. Specifically, chemical etching leaves an 

oxide on the Au surface, reducing SAMs’ stability on Au. In th is thesis, a
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CHAPTER 1. INTRODUCTION 4

flame annealing pretreatm ent m ethod was used to  clean the Au surface which 

also reduces the surface roughness. SAMs formed on annealed A u /T i/S i sur­

face are more crystalline and densely-packed than  on those evaporated and 

piranha-etched Au substrate.

The properties of n-alkanethiolate SAMs on Au have been extensively stud­

ied in recent years. They are largely motivated by the numerous potential 

applications of these easily prepared monolayers. Among these applications, 

stability becomes a limiting factor. For alkanethiol molecules formed on 

Au, its stability depends on the strength of the Au-S bond and the van 

der Waals force among thiol molecules. Stable SAMs can only be obtained 

by alkanethiol molecules self-assembly on smooth and clean Au. Moreover, 

SAMs’ structure and stability also depend on their surface preparation pro­

cedures. In the literature, no one has systematically studied the relationship 

between surface preparation, SAMs’ structure and stability. As sonication 

is typically one of the many cleaning procedures, we study SAMs’ stability 

under sonication conditions. During sonication, an upward periodic tensile 

load is applied to  SAMs because of cavitation [28]. This is an excellent way 

to  characterize the mechanical stability of SAMs. Results from this study 

will also benefit other interdisciplinary research in Micro Electro Mechanical 

Systems (MEMS) and ultrasonic microfluidics [29].

This thesis documents the structure and stability of alkanethiol SAMs formed 

on various Au substrates and reports the relation between surface prepara­

tion, SAMs’ structure and stability.
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C h a p t e r  2

L i t e r a t u r e  R e v i e w  o f  SAMs’ S t r u c t u r e  

a n d  S t a b i l i t y

2.1 SA M s’ Structure

2.1.1 The Structure of Alkanethiol

The most popular SAMs’ system is th a t of n-alkanethiol (HS(CH2)n-iC H 3) 

formed on A u ( l l l ) .  The structure of the molecular backbone is schematically 

showed in Figure 2 .1 . A tilt angle with respect to  the surface normal a  

and the angle of molecular twisting about the axis ip are typically used to 

describe the structure of the molecular backbone formed on Au. In principle, 

the molecular backbone is fully extended if the gauche-defects in the alkane 

chains are not considered [30].

2.1.2 SA M s’ Form ation Process

Self-assembled monolayers (SAMs) are formed spontaneously by immersion 

of metal substrate into organic molecular solution with concentrations in the 

micromolar to  millimolar range [30]. The A u ( l l l )  surface is the lowest en­

ergy surfaces, which is thus preferred for the growth of th in  films [6 , 30].

5
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CHAPTER 2. LITERATU RE REVIEW 6

-o-o -o

-o -o -o

-o - o -o

Figure 2.1: Schematic of self-assembled monolayer layout. Angle a  refers to 
tilt of molecular axis with respect to  substrate surface normal. Twist angle, 
-0 , describes rotation about axis of molecule.
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CHAPTER 2. LITERATU RE REVIEW 7

Thus, alkyl molecular chains th a t self assemble on A u ( l l l )  substrate is con­

sidered to be a  model system [30]. The kinetics and mechanism for the 

solution-phase adsorption of n-alkanethiols onto Au have been monitored in 

the literature using ex s itu  Quartz Crystal Microbalance (QCM), Scanning 

Tunneling Microscope (STM) [25] and an Atomic Force Microscopy (AFM) 

by Doudevski et al. [31]. The adsorption process of octadecanethiol onto Au 

has been confirmed to  consist of two steps: A fast but disordered adsorption 

as a first step and a thermodynamically controlled rearrangement as the final 

step for uniform packing of octadecanethiol [32]. During the first step, the 

octadecanethiol molecules immediately physisorb onto Au with the molecular 

axis of their hydrocarbon chains oriented parallel to  the surface. As the sur­

face coverage increases to  near saturation, a two-dimensional phase transition 

occurs and produces islands composed of molecules with their hydrocarbon 

axes oriented at ~  30° from the surface normal. Continued exposure to  the 

thiol solution results in a greater number of these islands and growth of these 

nuclei until SAM is formed with a commensurate structure. A schematic for 

SAMs’ formation process is shown in Figure 2 .2 .

It is also known th a t the adsorption rate of octadecanethiol onto Au 

surfaces increases as the solution concentration of octadecanethiol solution 

increases. In a 0.1 mM octadecanethiol solution, it takes approximately 800 

seconds for the monolayer to  completely form over the surface; while only 

560 and 120 seconds required for a 1 mM solution and 10 mM solution in 

hexane respectively [25]. Nevertheless, Karpovich and Blanchard observed
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Au substrate

Thiol solution

Adsorption

Organization

Au

Figure 2.2: Schematic mechanistic diagram for the self-assembly of SAM 
A u ( ll l )
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CHAPTER 2. LITERATU RE REVIEW 9

a monotonous increase of an initial growth rate w ith concentration and re­

ported th a t the adsorption rate of octadecanethiol becomes independent of 

concentration for a much higher concentration [33].

2.1.3 T he Structure of SAM s on A u ( l l l )

2.1.3.1 Basic Structure

For alkanethiols formed on A u ( l l l ) ,  the S atom  seats onto the  fee site, di­

rectly above a 3-fold hollow site without a Au atom  in the second layer 

beneath the S atom. This is the lowest energy adsorption site of thiol on 

A u ( l l l )  [34-36]. W ith the Au at their bulk value, the unit of nearest- 

neighbor spacing of substrate, a^u, is 2.88 A. Thus, these hollow sites are 

4.99 A apart. The final equilibrium full-coverage phase structure of SAMs on 

Au is when the molecules form a commensurate, triangular (\/3  x \/3)R30o 

over layer on A u ( l l l ) .  The distance between the thiol atoms is \/3  x clau- 

The molecules tilted  at 30° with respect to the surface normal (Figure 2.3) 

[37-40]. This structure corresponds to  an area per molecule of 21.6  A2. 
For the projection onto the 2D plane, one expects an area of 18.4 A2 for a 

straight hydrocarbon chain [41]. Assuming th a t molecules remain densely 

packed, this difference would suggest th a t the axis of the hydrocarbon chains 

is tilted away from the normal by about a  =  ~  arccos(18.4/21.6) =  ~  32°, 

consistent w ith earlier FTIR  studies [19, 39]. The basic structure of SAMs 

on Au is shown in the dashed line parallelogram in Figure 2.3.
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Thiol molecule 

Thiol molecule 

Au atom

Figure 2.3: Schematic of SAMs’ structure on A u ( l l l ) .  Basic structure 
(dashed line parallelogram): (\/3  x \/3)R30o; super lattice (solid line rect­
angular): c(4 x 2) or (2\/3  x 3) in units of a^u, as indicated in the figure
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CHAPTER 2. LITERATU RE REVIEW 11

2 .1.3.2 Super lattice

All experiments performed to  date suggest th a t monolayers consist of more 

than  one kind of orientations of the chain backbones. The structures of 

pure alkyl thiol SAMs are more complex than  the above (\/3  x v/3)R30° 

basic structure. A breakthrough concerning the structure of the above SAMs 

system was reported in 1994 by Camillone and co-workers [42]. Using He- 

diffraction, they found th a t the structure of carefully annealed alkyl thiol 

SAMs contains four chains per unit cell and is a commensurate c(4 x 2) 

overlayer (Figure 2.3). This finding has now been independently confirmed 

by the grazing-incidence X-ray diffraction studies by Fenter et al. [43, 44] and 

the STM experiments of Poirier et al. [45]. From the diffraction experiments, 

Fenter and coworkers were also able to shed light on the structure of the 

alkyl thiol SAMs near the Au surface. They reported th a t high quality 

diffraction da ta  can only be fitted by assuming the formation of disulfide 

bridges [44]. In addition, the STM measurements clearly show th a t the 

surface of these monolayers exhibit a repeating pattern  of bright and dark 

spots th a t correspond to  a c(4 x 2) super lattice of a basic (-\/3 x -\/3)R30o 

overlayer w ith four thiolate molecules in each unit cell. The experimental 

results [42-48] lead to  suggestion of a model with two (inequivalent) chains 

per unit cell (c.f. Figure 2.3). The solid line rectangular (2 \/3  x 3) pattern  

in units of nearest-neighbor spacing of Au, a^u, stands for the supperlattice 

c(4 x 2) based on a hexagonal coordinate system; the solid circles stand for 

the thiol molecules w ith different twisting angles.
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2.1.3.3 Odd and Even Effect

Hybridization is the mixing of “atomic orbitals” (i.e., s-, p-, d-) to  form new 

atomic orbitals. By quantum  calculations, Sellers et al. [36] found th a t there 

are two chemisorption modes for thiolates on A u ( l l l ) .  In the first modes, the 

surface-S-C bond angle is «  180° (sp hybridization); while the second is «  

104° (sp3 hybridization). The process of hybridization in which one s-orbital 

and three p-orbitals overlap to  produce four hybrid-orbital is known as sp3- 

hybridization. For sp hybridization, the bonds are directly along a linear 

chain. In the case of saturated  n-alkanethiol onto A u ( l l l ) ,  the trend in the 

odd-even effect observed in FTIR  [2, 49, 50] (reflecting different orientations 

of the term inal methyl group) clearly implies a preference of sp3 hybridization 

in the sulfur atom  (or a bended Au-S-C bond angle) and a trans-zig-zag ex­

tension of the alkyl chain [51]. Angelico et al. [20] measured SAMs’ structure 

of n-alkanethiol CH3(CH2)nSH (n =  14-17) on Au by FTIR, and confirmed 

the sp3-hybridization Au-S-C bond and a trans-zig-zag extension of the alkyl 

chain. The higher asymmetric methyl mode r/a(CH3) and lower symmetric 

methyl mode ia,(CH3) absorption arises for the odd number of chains than  

the even number [52]. The odd-even dependence of the m ethyl orientation 

at the chain term inus confirms an all trans conformational arrangem ent for 

the alkyl chains. A schematic illustration of odd and even alkanethiol on Au 

is shown in Figure 2.4.
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v s(CH3)

V a(CH3)

Va(CHi)

b -^ V ,(C H z)

Even

-o

- o

-o

Au

Ti/Cr

Odd

Figure 2.4: A schematic view of odd and even cases for a tilted  alkanethiol 
on Au. The odd alkyl chain length positions the term inal C-C bond more 
parallel to  the plane of the surface when compared to  the even alkyl chain 
length.
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2.1.3.4 Chain Length Effect

As indicated in Figure 2 .1, the molecules assemble in a slightly tilted, all-trans 

configuration in order to  optimize the lateral interactions between molecules 

within the monolayer. Different degrees of crystallinity (all-trans in na­

ture) are obtained, depending on the alkylic chain length [53]. The longer 

the chain, the more the all trans configuration becomes thermodynamically 

favourable. As a rule of thumb, alkanethiols with chains shorter than  10-12 

methylene units form rapidly increasing fractions of gauche conformers, lo­

cated at the outerm ost portion of the alkyl chain. Porter et al. [54] were 

the first to  study the effect of chain length on the properties of monolayers 

in a series of n-alkanethiols CH3(CH2)nSH (n =  1, 3, 5, 7, 9, 11, 15, 17, 21). 

The structure of the above monolayers were characterized by optical ellip- 

sometry, FT IR  and electrochemistry. These techniques show th a t there are 

distinct differences in structure between long- and short-chain thiol monolay­

ers. The FT IR  spectroscopic and ellipsometric da ta  indicate th a t long-chain 

thiols form a densely-packed, crystalline-like assembly w ith fully extended 

alkyl chains tilted  from the surface normal by 20 -  30°. As the chain length 

decreases, the structure becomes increasingly disordered w ith less packing 

density and surface coverage; as the to ta l attractive energy of chain-chain 

interactions decreases, the coverage and both  the intra- and interchain order 

decrease. As a result, shorter chain length thiol molecules on Au are more 

likely to  be therm ally desorbed [38]. Therefore, CH3(CH2) i7 SAM on Au is 

always used to  stand for typical SAMs’s structure.
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2.2 SA M ’s Stability

Various factors and conditions can degrade the quality of SAMs. The fol­

lowing sections summarize results from the literature where SAMs have pur­

posely been destroyed or tested for their limits of stability by exposure to 

various conditions. These data  provide limits on the useful operating ranges 

and lifetimes of these SAMs across a variety of conditions.

2.2.1 M echanical Stability

The mechanical stability of thiol-based SAMs on Au was examined by Crooks 

and coworkers [55, 56] using an interfacial-force microscope (IFM) and a 

sharpened tungsten tip  (tip radius «  500 nm and contact area diam eter ~  

10 nm). It was found tha t, in the force profile for the n-hexadecanethiol 

CH3(CH2)i5SH SAM, there exist three distinct regions. First, prior to  tip  

contact, there was no evidence of appreciate attractive forces. This is con­

sistent with the expected low surface energy for the m ethyl-term inated SAM 

surface. Second, after contact with the SAM surface, the force profile ini­

tially shows a  rather soft repulsive interaction up to  a force of ~  0.8 /xN which 

became considerably stiffer as the compression proceeded. Third, upon with­

drawal, the interfacial force drops to  zero at distances smaller than  the initial 

contact separation w ith no evidence of an attractive interaction. These com­

pressive loading-cycle da ta  are reducible to within the noise level, for cycle 

periods of several seconds. From the results [56], they also found no adhesive 

tip-substrate interaction between n-docosanethiol CH3(CH2)2iSH SAM on
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Au and the tip. Their results indicate th a t n-alkanethiolate SAMs can spon­

taneously rearrange themselves in the lowest-energy state upon film compres­

sion. In addition, SAMs under compressive load show a load-rate-dependent 

hysteresis in the compressive strain recovery, indicating th a t the mechanical 

properties of the SAM are best described by an anelastic model [55-58]. It is 

the monolayer film’s anelastic property th a t allows us to measure the struc­

tural changes of SAMs under compressive force. The mechanical response of 

SAMs under tension is still poorly understood because very few techniques 

can provide the in  s itu  investigation of the behavior. One of the objectives in 

this thesis is to  study SAMs’ behavior under a tensile force due to  sonication.

2.2.2 Therm al Stability

The therm al stability of SAMs has been investigated extensively. In general, 

thiol-based SAMs desorb quickly from surfaces when placed in a hot solvent 

than  in therm al annealing [1, 13, 17, 59-61]. Bain et al. [13] had examined 

the effect of chain length on therm al desorption of five m ethyl-term inated 

thiols (Cio, C12, C i6, Cig, and C22) in hexadecane a t 83°C. Upon heating, 

the monolayers desorbed and the extent of desorption was monitored by 

changes in ellipsometric thickness. Table 2.1 summarizes the rates of ex situ  

desorption for various thiol-based SAMs on Au.

Various studies have examined the therm al stability of SAMs in air or vacuum 

[1, 59, 60, 62]. Delamarche et al. [1] examined the stability of dodecanethiol 

SAMs on A u ( ll l ) .  Their XPS results of samples annealed a t 115°C for
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Table 2.1: Thermal stability of thiol-based SAMs on Au in hot solvents. Half-lifes 
were estimated ex situ  by changes in ellipsometric thickness (T: Temperature)
compound metal solvent* T (°C ) 1 /2  life (min.) ref.
CH3(CH2)9SH Au HD 83 <  5 [13]
CH3(CH2) 11SH Au HD 83 ~  5 [13]
CH3(CH2) 15SH Au HD 83 ~  18 [13]
CH3(CH2) 17SH Au HD 83 ~  70 [13]
CH3(CH2)21SH Au HD 83 ~  180 [13]

Au DHN 84 ~  160
Au DHN 103 ~  10 [17]

* HD: hexadecane; DHN: decahydronaphthalene

10 h suggested the formation of alkylsulfonates. For annealing times of 40 

h, the carbon signal suggested a loss of material. The produced sulfonates 

are unstable on Au and removed easily by rinsing with most solvents [63]. 

The change in surface coverage of SAMs was also evident by wetting. The 

advancing contact angles of water decreased from 108 ° to  92 ° upon heating 

for 10 h at tem peratures of 85 to  130 °C, while the receding angles decreased 

from 100 to  66 ° [1]. The wetting results suggest surface energy changes due 

to structural rearrangement and /or desorption of the thiols from the surface 

[Table 2.2]. STM experiments suggested th a t an annealing tem perature of 

100 °C constitutes a reasonable trade off between SAM’s reorganization and 

disruption [1, 59]. The ultra-high vacuum (UHV) desorption of alkanethiolate 

SAMs on Au has been the subject of several recent studies [64-68].
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Table 2.2: Advancing 9a and receding 9r contact angles (deg.) of water on 
CH3(CH2 )nSH  adsorbed onto A u ( l l l )  for various annealing procedures. Modi­
fied from [1] E. Delamarche, B. Michel, H. Kang and C. Gerber, Langmuir, 10, 
4103 (1994)__________________________________________________________________
sample ea 9r 9 a — 9r
annealed for 10 h at
85° C 108 100 8
100°C 109 99 10
115°C 104 88 16
130°C 92 66 26
annealed at 100 °C for
2 h 107 96 11
10 h 109 99 10
18 h 105 94 11
40 h 104 92 12

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



C h a p t e r  3

SAMs’ S u b s t r a t e  P r e p a r a t i o n

This chapter details the procedures for SAMs’ substrate preparation. Au is 

thermally evaporated onto Si wafer, with either Cr or Ti as an interlayer to 

enhance the adhesion. As organic contam inants are easily adsorbed on high 

energy Au surface, chemical etching and flame annealing are usually used to 

clean the Au substrate before SAMs’ adsorption.

3.1 M aterials

Si wafers of test grade were obtained from Wafer World (West Palm Beach, 

FL) in circular disks of about 10 cm diameter and were cut into rectangular 

shapes of about 2.5 cm x 5 cm. Au shot (99.999%), Cr shot (99.995%) and 

Ti shot (99.995%) were obtained from Kurt J. Lesker (Clairton, PA). Ethanol 

(100%) was obtained from the Chemistry Departm ent at the University of Al­

berta. CH3(CH2)i7SH (98%) was obtained from Aldrich Chemical Company 

and used as received. P iranha solution was made just before used (H2SO4 : 

H2O2 =  3 : 1, Caution: Piranha reacts violently with organic material!)

19
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3.2 Substrate Evaporation

The most commonly employed m ethod for preparing Au th in  film has been 

the evaporation of Au onto a  flat Si wafer. Since the level of adhesion between 

the deposited Au film and these supports is weak, an interlayer of chromium 

or titanium  of ~  10 nm is often used to  enhance the adhesion. A schematic 

illustration of the evaporation system is shown in Figure 3.1. A requirement 

for adhesion by these materials is th a t vacuum must be m aintained between 

the evaporations of the adhesion layer and the Au. A u /C r/S i substrates for 

this experiment were prepared by sequentially evaporating rsj 100 A Cr and 

~  1000 A Au onto small rectangular Si wafers in a diffusion-pumped vacuum 

chamber a t a ra te  of <  2 A/s under 2 x 10~6 Torr. A u /T i/S i substrates were 

prepared by sequentially evaporating ~  100 A Ti and ~  1000 A Au onto small 

pieces of Si wafers under the same condition. Au prepared by evaporation at 

room tem perature is typically poly crystalline and has a predominately (111) 

structure. A u ( l l l )  has a close-packed, 3-fold symmetric structure. Once 

A u ( l l l )  substrate is immersed into thiol solutions, the thiol atoms would 

adsorb directly on a 3-fold hollow site. This is the lowest energy adsorption 

site of thiol onto A u ( l l l )  [34-36].

3.3 Substrate Pretreatm ent

Organic contam inants are easily adsorbed onto high energy Au surfaces. 

Thus, complete wetting on these surfaces cannot be obtained in laboratory 

ambient. The contam inants can be removed by chemical etching or flame an-
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Chamber
Substrate Holder

Substrates (facing down)

Cr/Ti Source Au Source
N \ | /  \ | /

Diffusion Pump

L J

Figure 3.1: Schematic illustration of a typical evaporation system used for 
the preparation of Au substrates
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nealing. To compare the effects of various pretreatm ents on SAMs’ structure 

and stability, we restricted our study on both  the A u /C r/S i and A u /T i/S i 

substrates for three types of pretreatm ent procedures: (1) freshly evaporated 

surfaces (just left in the as-deposited condition); (2) piranha-etched surfaces; 

and (3) annealed surfaces. One group of A u/C r/S i substrates were immersed 

into piranha solution (H2SO4 : H2O2 =  3 : 1 ,  Caution: Piranha reacts vio­

lently with organic material!) for 5 minutes, and then  rinsed w ith ethanol; 

Another group of A u /C r/S i substrates were flame annealed over a Bunsen 

burner for ~  45 seconds at ~  1 Hz frequency; the remaining A u /C r/S i sub­

strates ju st left untreated (i.e. freshly evaporated). The A u /T i/S i substrates 

were prepared by the same evaporation and pretreatm ent procedures as the 

A u /C r/S i substrates. All experiments were conducted in laboratory ambi­

ent.

The piranha-etched and flame-annealed Au surfaces were not only identified 

by the lack of surface contaminations, but also by the difference in surface 

structure. Creager et al. [26] conducted Scanning Tunneling Microscopy 

(STM) measurement to  compare the difference between the evaporated and 

chemically etched Au surfaces. W hen the Au surface was chemically etched, 

part of the Au was removed. Thus, after chemical etching, the Au surface 

appears to  be macroscopically rough. Although the etched surface exhibited 

ridge-like and fairly large macroscopic features, it was microscopically much 

smoother than  the surface of the evaporated Au surface; hence, SAMs for­

m ation is anticipated to  have fewer defects [26]. In contrast, the evaporated
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Au surface is made up of smaller domains (~  50 nm) and has a “rolling hills” 

topology. The surface consists of crystallites of 40 nm x 80 nm and typical 

peak-to-valley heights of 3 nm between grains [26, 69, 70]. This feature re­

flects the nucleation-growth mechanism of film formation when Au condenses 

from the vapor phase onto a substrate at room tem perature. Annealing the 

Au substrate removes most organic contam inants and shaves the “rolling 

hills” on the evaporated Au surface. The high tem perature during annealing 

leads to  Au surface reconstructuring [71], and causes the fusion of small do­

mains into larger ones (~  200 nm). This result was confirmed by our Atomic 

Force Microscopy results (Figure 3.2). The Atomic Force Microscopy (AFM) 

measurements were performed using a Digital Instrum ents Nanoscope Ilia  

atomic force microscope (Digital Instruments, Santa Barbara, CA). Stan­

dard Si nitride cantilevered probes were used with a force/spring constant 

in the range between 0.06 -  0.58 N /m . The AFM images of annealed and 

evaporated Au surfaces were captured by using contact mode. The surfaces 

were cut into 1 cm x 1 cm samples to fit onto a 1.5 cm x 1.5 cm sample 

stage. AFM images shown in Figure 3.2 suggest th a t the annealed Au has 

larger terraces (as much as 200 nm); while th a t of the evaporated Au has 

much smaller steps (~  50 nm).
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Figure 3.2: AFM images of evaporated Au (a) and annealed Au (b) for a 
scan size of 1 jiva.
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SAMs’ S t r u c t u r e

This chapter details SAMs’ structure on evaporated, piranha-etched and an­

nealed A u /C r/S i and A u /T i/S i substrates. SAMs’ structure vary dram ati­

cally, depending on different substrate pretreatm ent methods.

4.1 Experim ental Section

SA M s’ Form ation SAMs were prepared by immersing all substrates into 

1 mM of CH3(CH2) i7SH in ethanol overnight. The CH3(CH2)i7SH molecules 

self-assemble on the substrates and form a typical SAM structure onto Au 

surface [54]. The resulting surfaces were rinsed with ethanol and blown dry by 

nitrogen before use. All experiments were conducted in laboratory condition.

Spectroscopic Ellipsom etry SAMs were first characterized by a Sopra 

GESP5 Variable Angle Spectroscopic Ellipsometer. The ellipsometry mea­

surements were performed using a rotating polarizer in the tracking analyzer 

mode. A broad band of light (300 to  850 nm) from a 75 W  Xe-arc lamp is 

linearly polarized and directed onto the film surface at an incident angle of

25
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75° from the surface normal. The tan  4/ and cos A for each bare Au substrate 

were measured as references immediately after evaporation. After immersion 

into 1 mM of octadecanethiol/ethanol solution overnight, a new set of tan  4/ 

and cos A for each substrate were measured again using an ambient-film- 

substrate model for regression with known refractive index (n  and k) for 

CH3(CH2)i7SH adsorbed onto Au. The refractive index for CH3(CH2)i7SH 

adsorbed onto Au as a function of wavelength was independently obtained 

from a Sopra GXR Grazing X-ray Reflectometer, rather than  assuming an 

index of refraction (e.g. n  =  1.46) at a given wavelength (e.g. A =  6328 A) 

as typically performed in the literature. Such spectroscopic measurements 

are expected to  provide more accurate results in ellipsometer thickness since 

the optical constants for a range of wavelengths were used simultaneously. 

The thickness was calculated according to  the following equation

(tan 4 / ) ^  = / ( « , ,  ^ ,1 ) )  (4.1)

where n  and k are the optical constants of the film and T  is its thickness; 

subscript i represents different wavelength. Ellipsometric measurements were 

conducted at three locations on each sample, and averaged for its thickness. 

At least five samples were used for each pretreatm ent process. The averages 

of thickness for each situation were used to  represent the thickness of SAMs 

on the A u /C r/S i and A u /T i/S i substrates under various tim e of sonication.
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Infrared M easurem ents Fourier Transform Infrared (FTIR) spectra of 

SAM of CH3(CH2) i7SH onto Au were obtained using a  ThermoNicolet Nexus 

670 spectrometer equipped with a VeeMax grazing angle accessory. A p- 

polarized light was incident a t 75° from the surface normal and the reflected 

light was detected by means of a MCT-A detector cooled w ith liquid nitro­

gen. The spectra resolution was 2 cm-1 . Spectra were referenced to  the 

corresponding bare Au substrates (freshly evaporated, piranha-etched and 

annealed) and 1024 scans were obtained for better signal-to-noise ratios. An 

infrared gain of 2 was selected for all FTIR  measurements to  ensure th a t 

the input FT IR  signals are constant. Samples were rinsed w ith ethanol and 

blown dry by N2 prior to  characterization. The d a ta  presented have not been 

manipulated except for baseline correction.

4.2 Structure of SA M s on A u /C r /S i Substrate

It is well-known th a t the peak positions of the symmetric as well as the an­

tisymmetric CH2 stretching vibrations can be used as a  sensitive indicator 

of the ordering of the alkyl chains [16]. Figure 4.1 displays FT IR  spectra for 

SAMs derived from CH3(CH2) i7SH on freshly evaporated, piranha-etched 

and annealed A u /C r/S i substrates (the surface preparation precedures have 

been discussed in Chapter 3). Table 4.1 shows the C-H stretching frequency 

for crystalline SAMs on Au. For all-trans zig-zag, highly-ordered conforma­

tions, the t'a(CH2) and za,(CH2) modes are typically observed below 2850 

and 2920 cm-1 , respectively. In Figure 4.1, the ^a(CH2) and zvs(CH2) peak
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Figure 4.1: FT IR  spectra of SAMs formed on A u /C r/S i surface by different 
pretreatm ent methods, (a) on evaporated surface; (b) on piranha-etched 
surface; (c) on annealed surface
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Table 4.1: Description of Vibrational Modes of C-H Stretching for Polycrystalline 
Alkyl-S Chains[2, 3]. (Abbreviations used: u = vibration mode, asym — asym­
metric, sym = symmetric, ip=in plane, op=out of plane, FR=Fermi resonance
splitting component, || =  parallel, _L =  perpendicular)_________________________
mode description peak frequency(cm_1) assigned direction of transition

dipole moment
^a(CH3)(ip)(ra ) 2964 ip CCC backbone, _L C-CH3 bond
^ (C H 3)(op)(r6 ) 2957 _L CCC backbone
^ (C H 3-FR)(r+) 2935 || C-CH3 bond
^«(CH2) (d - ) 2918 _L CCC backbone plane
z's(CH3)(r+ ) 2879 || C-CH3 bond
^ (C H 2)(d+) 2850 ip CCC backbone plane

positions for the SAMs formed on evaporated A u/C r/S i and piranha-etched 

A u/C r/S i surfaces are exactly a t 2918 and 2850 cm-1 , respectively. Ac­

cording to above guideline, SAMs formed on evaporated and piranha-etched 

A u/C r/S i substrates have highly crystalline structures while SAMs on an­

nealed A u /C r/S i substrate are in a liquid-like state  (Figure 4.1). SAMs 

formed on evaporated Au surface have pronounced intensities of the zva(CH2) 

and k.(CH 2). This feature indicates th a t SAMs are less densely-packed and 

have a relatively larger tilt angle from the surface normal [6 , 16]. The or­

ganic contam inants on the evaporated Au surface can be removed by chemical 

etching or annealing. Compared to  SAMs on freshly evaporated Au, the in­

tensity of ua(CH2) and i/s(CH2) of SAMs formed on piranha-etched Au were 

smaller than  on evaporated Au. These results suggest th a t SAMs formed on 

piranha-etched Au surface are more densely-packed w ith a relatively small 

tilt angle. Thus, there was not much methylene exposed to  the SAMs’ sur­
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face [16]. Scanning Tunneling Microscopy (STM) measurement conducted by 

Creager et al. suggested th a t chemically etched surfaces exhibit fairly large 

macroscopic features, bu t microscopically much smoother than  the surface 

of the evaporated Au, resulting in fewer SAMs’ defects.

Although annealing A u /C r/S i substrates also removed the organic contam­

inants, crystalline SAMs’ structure cannot be obtained as Cr easily diffuses 

to the Au film during annealing which reduces the Au-S affinity. Figure 4.1c 

shows the structure of SAMs formed on annealed A u /C r/S i surface. Not 

only the peak positions of ^ ( C t^ )  and z/s(CH2) increase, bu t also there is no 

methyl group peak can be observed, suggesting th a t the thiol molecules are 

in a liquid-like state  on the substrate. Following the annealing procedures 

as described in the experimental section, no peaks in the FT IR  spectra can 

be observed. While it is true th a t crystalline SAMs on annealed A u/C r/S i 

substrates can also be obtained by increasing the Au thickness to  2000 A and 

reducing the annealing tim e to 15 seconds (before Cr diffuses to  Au surface), 

significant trial and error is required.

4.3 Structure of SAM s on A u /T i/S i Substrate

Following the same pretreatm ent procedures as A u /C r/S i substrate, we con­

ducted experiment for SAMs formed on freshly evaporated, piranha-etched 

and annealed A u /T i/S i substrates. Figure 4.2 displays FT IR  spectra for 

SAMs derived from CH3(CH2)i7SH on the above substrates. The SAMs 

formed on all these three surfaces appear to  be crystalline. However, their
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Figure 4.2: FT IR  spectra of SAMs formed on A u /T i/S i surface by different 
pretreatm ent methods, (a) on evaporated surface; (b) on piranha-etched 
surface; (c) on annealed surface
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methylene intensities vary dramatically. The intensities of the methylene 

peaks are largest for the SAMs on freshly evaporated Au, least intense for 

SAMs on annealed Au, and intermediate on the piranha-etched Au. The 

differences in ua (CH2) intensity reflect different tilt angles for the poly­

methylene chains on these surfaces. These results suggest th a t the tilt angle 

of SAMs on evaporated Au is larger than  those on piranha-etched Au, which 

has a tilt angle larger than  th a t on annealed Au. The tilt of the hydrocar­

bon chain in SAMs is a result of the packing arrangement for the adsorbates 

on the m etal surface. The higher va (CH2) intensity reflects larger canted 

orientation and less densely-packed structure [6 , 16]. Thus, SAMs formed on 

evaporated A u /T i/S i substrate is not densely-packed. This is because organic 

contam inants in the ambient are adsorbed onto the hydrophilic Au surface. 

P iranha can remove organic contam inants from the Au surface and result 

in microscopically smooth domain surface. SAMs formed on piranha-etched 

surface are more densely packed than  those on the evaporated substrates. 

After evaporation, the Au surface is made up of many small domains (~  50 

nm), and the surface is relatively rough. Annealing the Au substrate removes 

most organic contam inants and shaves the “rolling hills” on evaporated Au 

surface. Ti diffuses through Au more slowly than  Cr, and hence annealing 

the A u /T i/S i substrate could produce a clean and smooth Au surface. The 

high tem perature during annealing leads to well-known reconstruction [71], 

and causes the fusion of small domains into larger ones (~  200 nm). This 

result is confirmed by the Atomic Force Microscopy images in Figure 3 .2 .
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SAMs formed on annealed surfaces are more densely-packed, w ith only a few 

methylene groups exposed on a well-ordered methyl surface. From the inter­

pretation of the above FT IR  and AFM results, we constructed a model in 

Figure 4.3 th a t illustrates a possible arrangement of CH3(CH2) i7SH adsorbed 

onto evaporated and annealed Au. From the schematic, it is expected th a t 

FTIR  would detect more methylenes per unit projected area on the evapo­

rated Au th an  th a t for the annealed Au. This is due to the polycrystalline 

nature of evaporated Au th a t causes variation of the methyl and methylene 

groups exposed to  surface. The schematic also supports the FT IR  results for 

the lower asymmetric methyl intensity and higher symmetric methyl inten­

sity for SAM on the annealed-Au, as the methyl groups are oriented more 

toward the surface normal than  those on the evaporated one.

4.4 Thickness M easurem ents

The theoretical thickness of CH3(CH2)i7SH monolayer on A u ( l l l )  surface, 

comprising of fully extended alkyl chains titled 30° from the surface normal, 

is 22 A [23]. Ellipsometric measurements were conducted a t three locations 

on each sample, and at least five samples were used for each substrate pre­

treatm ent. The average of the measurements confirmed th a t the thickness 

of CH3(CH2)17SH monolayer on freshly evaporated, piranha-etched and an­

nealed A u /T i/S i surfaces is 20 , 21 and 22 A, respectively. These results 

also agree w ith FT IR  findings shown in Figure 4.2. SAMs formed on an­

nealed Au surfaces are most densely-packed, and its thickness is higher than
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i-annealed Au

Figure 4.3: Schematic illustration of SAM assembly on two different Au 
substrates. The upper figure demonstrates SAM assembly of CH3(CH2)i7SH 
adsorbed onto non-annealed Au with smaller Au steps. The lower figure 
illustrates SAM assembly of CH3(CH2)17SH adsorbed onto annealed Au with 
larger terraces.

SAMs on piranha-etched and evaporated surfaces. For CH3(CH2) i7SH mono­

layer self-assembled onto evaporated and piranha-etched A u /C r/S i surface, 

the thickness is similar to  th a t on the A u /T i/S i substrate. The exact SAM 

thickness on annealed A u /C r/S i surface could not be obtained as Cr diffused 

extensively to  the Au surface in accordance w ith the FT IR  results (Figure 

4.2).
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SAMs’ M e c h a n i c a l  S t a b i l i t y

SAMs formed on evaporated, piranha-etched and annealed A u /C r/S i or 

A u /T i/S i substrates have different structures, and result in different sta­

bility. The mechanical stability of the above SAMs were investigated via 

ultrasonic vibration in ethanol.

5.1 Experim ent Setup

For this experiment, an aquasonic cleaner (75D VW R Scientific Product) was 

used to  sonicate the sample surface, which was placed in a 600 ml beaker with 

100 ml of ethanol. The beaker was suspended in water inside the sonicator 

to  perm it free access of sound waves to  the samples. This process is schemat­

ically illustrated in Figure 5.1.

During sonication, periodic load is exerted on the SAMs surface by the 

vibration of ethanol. W hen ultrasonic energy is introduced, alternating p a t­

terns of low and high pressure phases are generated [28]. Liquid is compressed 

during the high-pressure phase of the wave cycle and pulled apart during the 

low-pressure phase. Cavities will then grow from microscopic nuclei to a

35
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Figure 5.1: Schematic experimental setup for SAMs’ mechanical stability 
measurement by an aquasonic cleaner
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maximum critical diameter. During the subsequent high-pressure phase, the 

cavities are compressed and implode violently. This leads to  violent impact 

waves, whose pressure amplitude exceeds several hundred times th a t of the 

ultrasonic oscillation which causes the cavitation. This process results in a 

strong influence upon the m aterial surface layer. A schematic th a t describes 

this process is shown in Figure 5.2.

The samples are immersed into ethanol in the sonicator where the SAMs 

on the substrates are subjected to  an upward periodic load because of cavi­

tation. The force amplitude relates directly to  the cavitation intensity, liquid 

medium, sonication frequency and power. It is noted th a t liquid medium is 

an im portant factor. An ideal medium should have a low surface tension to 

allow formation of cavitation at low oscillation amplitudes, and good w etta­

bility to  ensure good contact w ith the sample [72]. Thus, ethanol was selected 

as the medium to  sonicate the SAMs sample during this experiment. Cav­

itation intensity is directly related to  the ultrasonic power, bu t is inversely 

related to  the ultrasonic frequency. As the ultrasonic frequency increases, 

cavitation intensity will reduce because of smaller cavitation bubbles causing 

less violent implosion. The sonicator has a frequency of 38.5 kHz where its 

power was set to  90 W  for SAMs’ stability measurements.

5.2 M echanical Stability o f SAM s on A u /C r /S i substrate

The mechanical response of Au substrates passivated by SAMs has been 

studied by a number of groups [55, 56]. SAMs under compressive load show
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Figure 5.2: Schematic figure on the cavitation and implosion during ultra­
sonic cleaning

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



CHAPTER 5. SA M S’ ST A B ILITY 39

a load-rate-dependent hysteresis in the compressive strain  recovery, indicat­

ing th a t the mechanical properties of the SAMs are best described by an 

anelastic model [55-58]. It is the monolayer film’s anelastic property th a t al­

lows us to  ex s itu  measure their structural change. The mechanical response 

of SAMs under tension is still poorly known because very few techniques 

can investigate such a behavior. Sonicating the SAMs sample provides an 

excellent approach to  measure its resistance of removal from the substrate.

5.2.1 SAM s on evaporated A u /C r /S i surface

Under sonication, the structure of SAMs formed on evaporated Au surface 

changes gradually. Figure 5.3 compares the FT IR  spectra before and after 

sonication for SAMs on evaporated A u/C r/S i surface. After sonicating for 

7 hours, the z/a(CH2) intensity increases, and its peak band broaden. This 

indicates th a t some molecules have been peeled off by the cavitation force, 

causing the tilt angle to  increase, and more methylene group to  expose.

5.2.2 SAM s on chem ically etched A u /C r /S i

Under sonication, the structure of SAMs on piranha-etched Au surface changes 

dramatically (Figure 5.4).

1. After sonication, the peak position of ^a(CH2) shifts from 2918 cm -1 

to  a higher wavenumber (~2926 cm-1), and i/s(CH2) shifts from 2849 

to  2854 cm-1 . From our previous discussion in Chapter 4, the higher 

wavenumber of methylene stretching mode, the more gauche defects
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Figure 5.3: FT IR  spectra of SAMs formed on freshly evaporated A u/C r/S i 
substrates (a) before sonication; (b) after sonicating for 7 hours
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Figure 5.4: FT IR  spectra of SAMs formed on piranha-etched A u /C r/S i sur­
face subjected to  ultrasonic vibration at various duration
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inside the monolayer on Au.

2. The peak of i^(CH 2) and z/a(CH2) broaden as the sonication time in­

creases. The z/a(CH2) shows a pronounced increase in broadness, par­

tially masking the Fermi resonance component of the CH3 stretching 

mode a t 2938 cm-1 . This is another indication about the crystallinity 

of SAMs. The broadness of these peaks indicates a higher density of 

gauche defects and less crystalline [16, 32].

3. As the sonication tim e increases, the peak of z/a(CH3) changes from 

2963 cm -1  (in CCC backbone plane) to  2957 cm -1 (out of CCC back­

bone plane), and both i/a(CH3) and za,(CH3) intensities decrease. The 

changes in intensity of CH3 are indicative of a larger tilt of the chain 

axis away from the surface normal, resulting in a decrease in the over­

all adsorbate density on the surface. The i/a(CH3) stretching vibration 

mode changing from in plane to  out of plane indicates th a t SAMs have 

become less crystalline w ith poor coverage on Au surface [73].

4. After sonication for 10 hours, the î s(CH3) peak at 2878 cm -1  is com­

pletely lost and only a small z/a(CH2) band remains. These results sug­

gest the  loss of a significant fraction of the m ethyl-term inated SAMs, 

not just orientation change [74].

The changes in the FTIR  spectra indicate th a t SAMs formed on piranha- 

etched A u /C r/S i surface are not stable. Possible reasons for its less stability 

are as follows:
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1. P iranha leaves a surface oxide which can affect the properties of SAMs 

deleteriously [22, 23].

2. W hen Au film is deeply etched by piranha, the Cr interlayer easily 

diffuses to  the Au surface. Consequently, the bond strength between 

molecule and substrate is reduced.

3. Piranha-etched Au surface is microscopically smooth and thiol molecules 

are densely-packed in a small domain; however, the surface is macro- 

scopically rough, resulting in the weak van der Waals forces among 

molecules.

A schematic model for SAMs’ structure on chemically etched A u/C r/S i 

substrates before and after sonication are shown in Figure 5.5.

5.3 M echanical Stability o f SAM s on A u /T i/S i substrate

5.3.1 SA M s on evaporated A u /T i/S i surface

Figure 5.6a shows the structure of SAMs formed on evaporated A u/T i/S i 

surface. The peak position of ẑ (C H 2) and ia,(CH2) are exactly on 2918 and 

2850 cm-1 , indicating th a t this structure is very crystalline. After sonicating 

for 7 hours, the intensities of r/a(CH2) and za,(CH2) increases slightly (Figure 

5.6b), suggesting th a t some molecules have been peeled off by the cavitation 

force. However, the spectrum  change is negligible. Thus, SAMs on evap­

orated A u /T i/S i substrate are relatively more stable under this sonication 

power level.
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Figure 5.5: Schematic illustration of an alkanethiolate adsorbed onto piranha- 
etched A u /C r/S i surface before and after sonication. The arrows indicate 
the transition dipole moments for the following stretching modes: z/a(CH3), 
z/s(CH3), ^a(CH2), z/s(CH2). The intensities of the infrared bands for these 
transition dipole moments depend on their projection along the surface nor­
mal.
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Figure 5.6: FT IR  spectra of SAMs formed on evaporated A u /T i/S i surface 
(a) before sonication; (b) after sonicating for 7 hours.
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5.3.2 SA M s on chem ically-etched A u /T i/S i surface

Although the piranha-etched surface is microscopically smooth and SAMs are 

densely-packed in a small domain, the surfaces are macroscopically rough. As 

a consequence, the van der Waals force among molecules are relatively weak. 

In addition, the bond strength between molecule and substrate is reduced as 

piranha is known to  leave a surface oxide on Au surface [22, 23]. Because 

of the above reasons, SAMs on piranha-etched A u /T i/S i substrate are not 

very stable. Figure 5.7 shows the structural change under sonication for 

SAMs formed on the piranha-etched A u/T i/S i surface. After sonicating for 

7 hours, the methyl group intensities decrease and the methylene intensities 

increase. The ^ (C h F ) and z/s(CH3) peaks broaden and result in a much 

broader band between the peaks. These information indicate th a t SAMs 

formed on piranha-etched A u /T i/S i substrate are not stable.

5.3.3 SA M s on annealed A u /T i/S i

SAMs formed on annealed A u/T i/S i surfaces have been found to  be very 

crystalline and densely-packed (Figure 4.2).

Annealing the Au substrate removes most organic contam inants and shaves 

the “rolling hills” on the evaporated Au surface. The high tem perature dur­

ing annealing leads to  the fusion of small domains into larger ones. The 

strong S-Au bond and additional lateral interaction among molecules in the 

monolayer lead to  sufficient stability under sonication. The associated spec­

tra  change is shown in Figure 5.8.
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Figure 5.7: FT IR  spectra of SAMs formed on chemically etched A u /T i/S i 
surface (a) before sonication, (b) after sonicating for 7 hours

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 5. SA M S’ ST A B ILITY  48
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Figure 5.8: FT IR  spectra of SAMs formed on annealed A u /T i/S i surface 
subjected to  ultrasonic vibration at various duration.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 5. SA M S’ ST A B ILITY 49

In FTIR  spectra, the intensities of the infrared bands for i/a(CH2), ^S(CH2), 

^a(CH3) and ia,(CH3) transition dipole moments depend on their projection 

along the surface normal direction [75]:

j S A M  ^  jbuik CQS2 a

where I SAM denotes the respective IR band intensity (absorbance) in the 

SAM spectrum; I bulk denotes the corresponding band intensity in the bulk 

spectrum; a  is the angle between the specific dipole moment and the surface 

normal. Before sonication, the ^a(CH3) is nearly perpendicular to  the surface 

normal, and cos a  is nearly zero. Thus, projection of ^a(CH3) bond on the 

surface normal, I sAM? is very small, resulting in a lower intensity in FTIR  

spectra (Figure 5.8). During sonication, the asymmetric m ethyl intensity 

va(CH3) a t 2963 cm -1  increases and the symmetric methyl intensity i^(CH3) 

at 2879 cm -1  decreases. The intensities of z/a(CH2) and ,̂S(CH2) remain the 

same (Figure 5.8), suggesting th a t the backbone chains are oriented more to­

ward the surface normal. These features in the spectra provide evidence tha t 

SAM of CH3(CH2) i7SH on the annealed A u /T i/S i has a  structural change 

during sonication. The SAMs’ structural change under sonication also are 

confirmed by its thickness measurements. Under sonication, the thickness 

of SAMs on annealed A u /T i/S i substrate increases gradually (Figure 5.10), 

which is consistent with the FT IR  result. The SAMs’ structure on annealed 

A u/T i/S i surface before and after sonication are schematically shown in Fig­

ure 5.9 [2, 3].
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Figure 5.9: Schematic illustration of an alkanethiolate adsorbed onto an­
nealed A u /T i/S i surface before (a) and after (b) sonication. The arrows 
indicate the transition dipole moments for the following stretching modes: 
i/a(CH3), i^(C H 3), z/a(CH2), z/s(CH2). The intensities of the  infrared bands 
for these transition dipole moments depend on their projection along the 
surface normal.
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0 — 0  on evaporated Au/Cr/Si 

□ — □  on evaporated Au/Ti/Si 

A — A  on piranha etched Au/Ti/Si 
O — ^  on piranha-etched Au/Cr/Si 

->  on annealed Au/Ti/Si

Sonication Time (hour)

Figure 5.10: SAMs’ thickness variation under sonication 

5.4 E llipsom etric M easurem ents

Following the thickness measurement procedures in Chapter 4, we character­

ized all SAMs’ structural change under sonication by ellipsometric measure­

ments.

Figure 5.10 shows the variation of SAMs’ thickness under sonication. For 

SAMs formed on piranha-etched A u/C r/S i surface, the thickness decreases
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dramatically under sonication. This is consistant with the spectra results 

in Figure 5.4. In contrast, for SAMs formed on the annealed A u /T i/S i sur­

face, the thickness increases gradually. We have also measured the change in 

thickness of SAMs formed on evaporated A u/C r/S i and A u /T i/S i substrate, 

as well as those on piranha-etched A u/T i/S i substrate. Under sonication, 

the thickness of the above SAMs all decrease gradually.

At the beginning of sonication, the exact thickness can be obtained by our 

spectroscopic ellipsometry measurements. The regressed tan  T  and cos A 

curves are both  in near-perfect agreement w ith the measured tan  T  and cos A 

curves. After a  certain time of sonication, neither of the above two curves 

matches well, especially the tan  T curve. The fit, while subjected to  signifi­

cant possible sources of error, shows a structure th a t is qualitatively different 

from the original SAM. As the sonication time increases, the density and op­

tical constant for SAMs consequently change. Thus, one could not regress to 

exact SAMs’ thickness via Equation 4.1.
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D i s c u s s i o n

In the literature, most self-assembled monolayers are formed on Au-coated 

Si substrates. The surface preparations are conducted within an ultrahigh 

vacuum chamber (less than  1CT6 torr), evaporated and deposited 100 to  200 

nm Au onto the Si substrate. Because of the level of adhesion between the 

deposited Au film and the Si substrate is weak, an adhesion prom otion layer, 

Cr or Ti, has always been used to  enhance Au adhesion on Si substrates. 

However, no one has systematically studied the relationship between sub­

layer, pretreatm ent, SAM’s structure, and its properties. The results re­

ported in Chapters 4 and 5 support a general understanding of the structure 

and stability of the alkanethiolate monolayers on A u /C r/S i and A u /T i/S i 

substrates.

6.1 SAM s on A u /C r /T i substrates

Following identical procedures, SAMs formed on annealed A u /C r/S i and 

A u/T i/S i substrates have totally different structures. SAMs on annealed 

A u/T i/S i substrates are very crystalline and densely-packed (Figure 4.2)

53
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while SAMs on annealed A u/C r/S i substrate are in a  chaotic state  (Figure 

4.1). After annealing the A u /C r/S i substrate, white spots on the Au surface 

can be seen even by naked eyes as the chromium has diffused to  the Au 

surface via grain boundaries and formed Cr20 3 . The Cr diffusion effect is 

also confirmed in the literature [18, 76, 77]. W ith increased annealing time 

and tem perature, there is an increase in surface chromium concentration and 

a corresponding decrease in surface Au concentration. The diffusion changes 

the composition and structure of the Au film, which have been confirmed by 

scanning tunneling microscopy (STM) and X-ray photoelectron spectroscopy 

measurements [76, 77]. These phenomena have caused significant concern 

regarding the long-term effects of chromium migration on film performance 

and durability and has motivated numerous studies on diffusion processes 

and their effects on film properties and performance [76, 77]. Zhao et al. [78] 

investigated the influence of Au thickness on the density of defects on SAMs. 

They found th a t the density of defects on SAMs increases as the thickness 

of Au decreases. A possible reason for this phenomenon is th a t Cr diffuses 

through the Au and acts as nucleation sites for defects; thinner Au films have 

a higher percentage of Cr than  thicker films, resulting in a  higher density of 

defects in thinner films than  thicker ones (since Cr diffuses a  shorter distance 

to  reach the surface in the thinner Au films). Fan et al. have investigated 

the adhesion behavior of diamond on pure Cr and Ti substrates. Under 

indentation, they found diamond adheres better to  T i than  it does to  Cr [79]. 

This can be another reason th a t SAMs formed on A u /C r/S i substrates are
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less stable th an  those formed on the A u/T i/S i substrates under sonication. 

For SAMs formed on A u /C r/S i substrates, Cr can migrate to  the Au surface 

slowly and reduce the strength of the S-Au bonds, which will affect SAMs 

long-term stability. Thus, A u /T i/S i is the preferred substrate to  form SAMs.

6.2 SAM s on A u /T i/S i substrates

SAMs formed on A u /T i/S i substrates are relatively more stable because Ti 

diffuses through Au more slowly than  chromium. However, SAMs stability 

under sonication also depend on the surface pretreatm ent procedures.

Au prepared by evaporation at room tem perature is typically polycrystalline 

and has a predominately (111) structure. The surface has a “rolling hills” 

topology and consists of crystallites of 40 nm x 80 nm and typical peak-to- 

valley heights of 3 nm between grains [18, 80]. Since organic contam inants 

from the ambient are easily adsorbed onto high energy Au surface, cleaning 

and etching steps are often part of the SAMs’ formation procedures. P iranha 

is often the choice for cleaning. SAMs formed on piranha-etched A u/T i/S i 

substrates are more crystalline and densely-packed than  SAMs formed on 

evaporated A u /T i/S i substrates (Figure 4.2). However, piranha etches the 

Au surface and leaves a surface oxide which can affect the properties of the 

SAMs deleteriously [22, 23]. SAMs formed on piranha-etched A u /T i/S i sub­

strates have a poor stability than  on evaporated A u /T i/S i substrates (Figures 

5.6 and 5.7).

Following the procedures in Chapter 3, heating the A u /T i/S i substrates in
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a gas flame results in a hydrophilic surface, indicating th a t all organics have 

been removed. The high tem perature during annealing also causes the fu­

sion of small domains into larger ones (~  200 nm). Figure 3.2 shows the 

Au surface structure before and after annealing, which is confirmed by our 

AFM results. SAMs formed on annealed A u /T i/S i substrates have a better 

structure than  those on evaporated and piranha-etched A u /T i/S i substrates 

(Figure 4.2). The intensities of the methylene peaks are largest for SAMs 

on freshly evaporated Au, least intense on annealed Au, and intermediate 

on piranha-etched Au. The differences in z/a(CH2) intensity reflect different 

tilt angles for the polymethylene chains on these surfaces. The tilt of the 

hydrocarbon chain in SAMs is a result of the packing arrangem ent of the 

adsorbates on the Au surface [16]. The film thickness results, as determined 

by ellipsometry, also suggest th a t densely-packed SAMs are thicker, which is 

consistent w ith the interpretation of the FTIR  spectrum.

SAMs formed on annealed A u/T i/S i substrates have stronger Au-S bonds, 

additional lateral interactions among molecules and a densely-packed ar­

rangement (Figure 4.2). These features result in sufficient stability under 

sonication (Figure 5.8).

6.3 Sim ulation

Apart from extensive experimental work [55, 56, 81], com puter simulation 

provides a complementary m ethod to  elucidate the structure-property rela­

tionships of SAMs [82-84]. Simulating the response of SAMs to  external
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loads can provide valuable hints to  their performance in service [57, 58]. 

SAMs under compressive load show a load-rate-dependent hysteresis in the 

compressive strain  recovery, indicating th a t the mechanical properties of the 

SAM are best described by an anelastic model [55-58]. The above results also 

show th a t the compressive stress performed on SAMs is roughly proportional 

to  the strain  (the decreased thickness versus the original SAM thickness). 

Deducing a conclusion from the above simulation results, we anticipate th a t 

SAMs’ thickness should increase under tensile stress.

Based on a simple model, Ulman et al. [84] provided a description of the 

relation between monolayer energy and the tilt angle a. At ambient equi­

librium state, the tilt angle is around 30°. As the energy (tem perature) 

increases, the tilt angle decreases, and the thickness of the monolayer will 

increase [82, 83, 85, 86]. During sonication, SAMs on the substrates absorb 

the impact energy [87]. As the sonication time increases, the energy inside 

the SAMs increases, resulting in th a t the tilt angle of SAMs decreases.

In Chapter 5, we sonicated SAMs formed on various substrates, bu t only 

SAMs formed on annealed A u /T i/S i substrates, as simulation predicts, in­

crease the thickness and reduce the tilt angle. This implies th a t only SAMs 

on annealed A u /T i/S i substrates have the ideal structure and stability. 

Theoretically, the thickness of CH3(CH2)i7SH SAM formed on evaporated 

Au is 22 ±  1 A [16]. Assuming th a t CH3(CH2) 17SH SAM is comprised of 

molecules w ith all-trans alkyl chains and with the chain axes normal to  the 

substrate surface at the final stage of sonication (Figure 5.9b), the simulated
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maximum thickness is 25 A (where all portions are considered to  be rigid 

rods and the molecule orientations have been restricted to  being in the plane 

of the page) [88].
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C o n c l u s i o n s  a n d  F u t u r e  W o r k

7.1 Conclusions

Applications of alkanethiol Self-Assembled Monolayers in many areas greatly 

depend on their structure and stability under various physical conditions. In 

the literature, SAMs are typically formed on A u /C r/S i or A u /T i/S i sub­

strates. However, no one has systematically studied their difference. In this 

thesis, we have compared the structure and stability of SAMs formed on 

A u/T i/S i and A u /C r/S i substrates using different pretreatm ent procedures. 

The results are listed below:

1. T itanium  is the preferred material as it diffuses through Au more slowly 

than  chromium. In order to  increase SAMs’ long-term stability, thinner 

interlayer ( 50 A Cr [13] or Ti [20]) and thicker Au layer (1500 ~  2000

A) should be used.

2. Although SAMs formed on piranha-etched Au substrates have a more 

densely-packed structure than  on evaporated Au (Figures 4.1 and 4.2), 

piranha-etching is not a good m ethod to  use for cleaning of substrate.

59
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Piranha etches Au surface and leaves a surface oxide which can affect 

the properties of SAMs deleteriously.

3. Annealing the Au substrate not only removes all organic contaminants, 

it also shaves the “rolling hills” on evaporated Au surface and provides 

an ideally smooth Au surface. SAMs formed on annealed A u/T i/S i 

surfaces are densely-packed and have the best stability.

4. The stability of SAMs depends on the force between Au-S bond and the 

van der Waals force between the thiol and its surrounding molecules. 

Stable SAMs can only be formed on smooth surfaces w ith completed 

wetting. The results define the relationship between substrate prepa­

ration, SAMs’ structure and properties.

7.2 Future W ork

Annealing A u /T i/S i and A u /C r/S i substrates above 5 min will cause Cr and 

Ti to m itigate to  the Au surface, reducing the Au-S affinity and decreasing 

SAMs’ stability. An increasingly popular substrate in self-assembled mono­

layers studies is an epitaxial Au layer supported on mica. Mica has a layered 

structures, and the act of simply peeling apart the mica sheets can produce 

atomically flat large surface areas. The crystallinity and morphology of the 

Au films th a t form on the mica are dependent on the tem perature of the 

mica during the deposition [89, 90]. Au evaporated onto mica held at high 

tem perature between 250 -  450°C contains A u ( l l l )  layer th a t consists of
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flat terraces of about 0.2 /zm in diameter [18, 90-93]. Another advantage 

for Au evaporated on high tem perature mica substrate is th a t there is no 

need to  have a promotion layer and no sublayer diffusion problem, while Au 

supported on Si requires T i or Cr as an adhesion sublayer. The procedures 

detailed in this thesis could be repeated for this substrate. We expect th a t 

SAMs formed on Au coated mica substrate should have a more crystalline 

structure and better stability.
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