
ABSTRACT 
 

FUIERER, RYAN RICHARD  Probing the Electronic Properties of Materials that Self-
Assemble (Under the directions of Drs. Christopher B. Gorman and Daniel L. Feldheim) 
 
Developing methods to control the chemistry of surfaces on the 1–100 nm length scale is 

a fundamental and exciting challenge in many disciplines of science today because it 

opens new possibilities in fields ranging from molecular electronics (ME) to biomedicine 

to catalysis. Scanning probe microscopy techniques have been a key goal in achieving 

this challenge. This work begins with an exhaustive review of scanning probe lithography 

techniques using self-assembled monolayer (SAM) systems reported in the literature to 

date. Experimental study describes the development of a scanning probe lithography 

technique (termed replacement lithography) in which a scanning tunneling microscopy 

(STM) tip selectively desorbs organothiolate SAMs in a predefined pattern, allowing a 

replacement thiol to adsorb onto the exposed gold in the patterned region. The 

replacement parameters were investigated using electroactive containing replacement 

thiol species because they displayed large apparent height contrasts in STM images, 

allowing the efficacy of the pattern to be easily ascertained. These data were 

subsequently employed to create mesoscale chemical gradients with replacement 

lithography. The electronic properties of redox active SAMs were also shown to display 

negative differential resistance in current-voltage measurements, a behavior that has 

possible utility in the development of ME devices. Temporal investigations monitoring 

the stochastic variation in apparent height contrasts in STM images of electroactive 

containing SAM guest species isolated within insulating host SAM matrices was also 

studied. The observations from these data may lend insight to how ME candidates might 

behave when sandwiched in a two-electrode configuration (metal-SAM-metal junction). 
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removal of the SAM in proximity of the probe by mechanical or electrical means (A). In 
addition lithography, a probe coated with a molecular ‘ink’ was brought into contact with a 
nominally ‘bare’ substrate. The ink got transferred from the probe to the surface (B). 
Substitution lithography could proceed by two different pathways. In the first substitution 
pathway, the tip removed the SAM while scanning and an in-situ addition of a different 
molecule into the ‘bare’ region occurred (C, substitution via elimination and in-situ addition). 
The alternative substitution via SAM terminus modification occurred by the probe modifying 
the head groups of the SAM through electrochemical or catalytic interaction (D).  
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STM images of four nominally (50 nm)2 patterns fabricated in a C18S-SAM in air. The 
tunneling currents were (A) 0.05 nA, (B) 0.15 nA, (C) 1.5 nA and (D) 6 nA, respectively. (z-
scale: 2 nm) Reprinted with permission from ref. 91. Copyright 1997 American Chemical 
Society. 
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SEM images showing a series of features in gold created through STM-based lithography on 
a MMEA/Au substrate (Iset

 = 50 pA, Vb = 10 V, 15 µm/s), immersing the sample into a 
solution of C16SH for 30 s, and subsequent etching of the gold. A (5 µm)2 square resulting 
from scanning consecutive 1024 lines (A). The lines seen in B, C resulted from 25 and one 
pass with the tip, respectively. The test grid (D) demonstrated single line patterns several 
microns in length. No proximity effect was seen at the crossing points. Reprinted with 
permission from ref. 93. Copyright 1997 American Chemical Society. 
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STM images showing (A) A circular pattern fabricated from voltage pulses of 2.7 V created 
11 holes and one protrusion. (B) One of the smallest intentionally created holes (100 ms 
pulse duration, Vb = 2.6 V). The SAM order in the periphery of the created pattern was 
disordered. Reprinted with permission from ref. 96. Copyright 1998 American Chemical 
Society. 

 
Figure 1.5           27 
Topography (A) and current (B) images of a nominally (50 nm)2 square in a C18S-SAM on 
gold (under water saturated toluene, lithographic conditions: ca. 3 nN force, 3 V bias; 
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imaging conditions: 4 nN force, 0.05 V bias). The corresponding cross-section is shown 
below each image. (C) I-V curves recorded (i) during the patterning inside the square, (ii) 
just after patterning inside the square and (iii) outside the square (e.g. on C18S-SAM). 
Reprinted with permission from ref. 102. Copyright 2001 American Chemical Society. 
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Schematic diagram of the anodic oxidation of a silane monolayer coated silicon oxide 
surface. (A) A conductive probe was scanned under an applied bias in a well-defined area on 
the sample surface. At ambient conditions, a water column formed between the tip and the 
surface and acted as an electrochemical cell. The pattern appeared as a protruded structure 
through the volume expansion of the SiOx. (B) The pattern could be transferred into the 
silicon substrate via a wet chemical etching treatment. 
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Scanning electron microscope image of fluorescent latex nanoparticles immobilized onto a 
pattern generated by STM (Vb = +5 V, 0.2 µm/s scan speed in N2 with 80% RH) after APS 
treatment and immersion in latex particle suspension. Reprinted with permission from ref. 
106. Copyright 1997 American Chemical Society. 
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AFM images showing the results of AFM anodic oxidation and wet etching of a pattern in an 
ODS-SAM on a multi-layer resist. Scan speed: 10 µm/s, probe current: 5 nA, etching steps 
with 0.5 wt % hydrofluoric acid (0.5 min) and 25 wt % tetraammonium hydroxide (3 min). 
Reprinted with permission from ref. 109. Copyright 1999 Society of the American Institute 
of Physics. 
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(A) Tapping mode AFM images of an oxide dot array fabricated by anodic oxidation of an 
OTS/SiOx sample after backfilling with aminopropyltrimethoxysilane (dot height ca. 2.5 nm, 
diameter 70 nm). (B) The same template after the adsorption of 15 nm gold nanoparticles. 
Single particles were adsorbed to the oxide patterns. The section analysis data for both 
images are given below the corresponding image. Reprinted with permission from ref. 112. 
Copyright 2003 American Chemical Society. 

 
Figure 1.10           37 
Schematic diagram of (A) selective anodization of the silicon regions not masked by 
nanoparticles. (B) The volume expansion of the silicon led to a decreased height contrast 
between the particles and the substrate. (C) After a wet etching step, silicon columns capped 
with a nanoparticle were formed. 
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Non-contact mode AFM image (7 µm)2 of a patterned square (ca. (5 µm)2) containing silicon 
columns. Reprinted with permission from ref. 113. Copyright 2000 American Chemical 
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AFM images showing a lithographically defined pattern in a palmitic acid LB layer adsorbed 
to a SiOx/Si substrate. Diamond pattern with protruding lines was written with –10 V (A), 
and with grooves written with +10 V applied tip bias (B). (z-scale: 6 nm) Reprinted with 
permission from ref. 121. Copyright 2002 American Institute of Physics. 
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lithography. (A) The topography image showed no contrast. (B) LFM image showed lines 
with a width of 50 ± 5 nm. (lithographic conditions: 0.2 µm/s writing speed, 60 mW laser 
power) (C) A LFM image of a 30 nm line of C12S- in a MUA-SAM (lithographic conditions: 
1 µm/s writing speed, 20 mW laser power) Reprinted with permission from ref. 125. 
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Schematic diagram illustrating dip-pen nanolithography (DPN). A tip coated with ‘ink’ 
molecules was brought into contact with the substrate. A water meniscus formed between the 
tip and the substrate, which facilitated the transport of the ink to the substrate.  
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LFM images of dots fabricated from (A) C18SH and (B) MHA on a gold substrate by DPN. 
The contact times were 2, 4 and 16 min, respectively. (45% RH, images recorded at 4 Hz 
scan rate) Reprinted with permission from ref. 141. Copyright 1999 American Association 
for the Advancement of Science. 
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AFM images showing polygon shapes written with MHA on an amorphous gold substrate. 
The writing times per side were 30 s for the triangle, 20 s for the square and 8 s for the 
pentagon (ca. 0.1 nN force, 4 Hz scan speed, 35% RH). The geometric patterns were 
overwritten with a (3 µm)2 square pattern with a C18SH coated tip (four scans, 0.1 nN, 5 Hz, 
ca. 35% RH). The polygons showed the highest lateral force contrast, while the C18S-SAM 
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permission from ref. 142. Copyright 1999 American Association for the Advancement of 
Science. 
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LFM images of ‘molecular corral’ patterns consisting of two different inks. (A) A cross-
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with MHA was then brought into contact in the middle of the pattern. The MHA diffused 
radially and the C18S-SAM lines confined the spreading of the MHA. (B) A cross shape 
pattern, where the horizontal lines were written with a MHA coated tip and the vertical lines 
were written with C18SH ink. (C) A tip inked with MHA was brought into contact with the 
substrate in the middle of the pattern. The MHA diffused radially and could diffuse across 
the horizontal lines, but not across the vertical lines (C18S-SAM). Reprinted with permission 
from ref. 143. Copyright 2002 American Association for the Advancement of Science. 
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diameter) to the same array structure. (C) The section analysis corresponding to both 
nanoparticle patterns (start and finish is indicated by arrows). Reprinted with permission 
from ref. 155. Copyright 2002 American Association for the Advancement of Science. 
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(500 ºC) under ethylene in argon for one hour. Reprinted with permission from ref. 190. 
Copyright 2001 American Chemical Society. 
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(A) AFM image of a SiOx line on the left and an EDOT polymer line created via E-DPN on 
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Reprinted with permission from ref. 162. Copyright 2002 American Chemical Society. 
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from ref. 176. Copyright 2002 Wiley-VCH. 
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Schematic diagram of the orthogonal assembly of DNA nanostructures. In a first step regions 
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complementary to a and the other side was complementary to b, was hybridized to the 
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STM images showing the bias dependent apparent height contrast of electroactive FcC11S-
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ca. 350 nm/s). 
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Schematic diagram for the fabrication of mesoscale chemical gradients. The diffuse (low) 
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(e.g. 12 nm) and low replacement voltage or fast lithographic scan speed. During the 
patterning of the gradient, the line spacing was incrementally decreased to overlap 
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either systematically varying the replacement voltage from 2.6 to 3.1 V (A) or the 
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Schematic and STM images illustrating multi-point complementary hydrogen bonding 
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electroactive functionality could be replaced with a non-electroactive dodecyl-uracil (C). 
STM images after each of these steps taken at 0.5 V imaging voltage showed the change in 
the apparent height contrast. The replacement region of DAP had a low contrast (D). After 
the addition of ferrocene-terminated uracil, the apparent height contrast increased due to the 
electroactive moiety (E). The apparent height contrast was decreased by adding the dodecyl 
uracil molecule that replaced the electroactive moiety (F). (Iset = 10 pA, z-scale: 3 nm) 
Reprinted with permission from ref. 193. Copyright 2002 American Chemical Society. 
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(A) Topographic AFM image of two squares fabricated from C18SH in a background C10S-
SAM (replacement parameters: 5.3 nN force, imaging conditions: 0.3 nN). The cross section 
showed that the C18S-SAM was ca. 8 Å higher than the background. The edge resolution was 
1 nm. Molecular resolution images of the C18S- region (C) and the C10S-SAM (D) revealed a 
two-dimensional close-packed structure. Reprinted with permission from ref. 195. Copyright 
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(A) Topographic AFM image of two rectangles fabricated from C22SH and C18SH in a 
C10S-SAM matrix (replacement parameters: 15 nN force, writing speed of 50 ms per line). 
The corresponding cursor profile is shown (B) and revealed a height difference of ca. 1.2 and 
0.85 nm for the two different replaced patterns, respectively. Reprinted with permission from 
ref. 196. Copyright 1999 American Chemical Society. 
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Time-dependent AFM images of a C10S-SAM with a nanografted square of hexanethiol-
modified oligonucliotide (12 base pairs). After the fabrication of the pattern, the sample was 
immersed in an enzyme to digest the DNA and imaged. The patterned square was clearly 
visible in the topography (A) and the friction image (B). The corresponding cross section 
analysis (C) revealed a height different of ca. 3 nm. After 4 h, the contrast in the topography 
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image was decreased (D), and the friction image showed the same contrast as before (E). The 
cross section (F) depicted a decreased height difference to ca. 1 nm. After 20 h, nearly no 
difference between the nanografted square and the background SAM was visible (G) & (I), 
while in the LFM image the square was still present (H). Reprinted with permission from ref. 
203. Copyright 2002 American Chemical Society. 
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(A) AFM topography images (12 µm)2 of a C8S-SAM with a square replaced with MUA 
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subsequent exposure to goat anti-rabbit IgG. The corresponding cross section analysis was an 
average of the lines inside the box. (Imaging conditions: 2 nN force, 6 Hz, z-scale: 30 nm). 
Reprinted with permission from ref. 209. Copyright 2001 American Chemical Society. 
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(A) In-situ AFM (z-scale: 10 nm) and (B) corresponding SEM images of lines written on 
silicon under the presence of CF3(CF2)7CH=CH2 with different applied forces (ranging from 
74 µN (left line) to 5 µN (right line)). (C) Profiles of three different lines (vertical axis was 
the gray scale value). Reprinted with permission from ref. 212. Copyright 2003 American 
Institute of Physics. 
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Schematic diagram of ligand based substitution lithography. (A) The functional head group 
of the SAM was altered with a STM. (B) A Pd catalyst reacted with the non-exposed area of 
the sample. (C) The electroless Ni plating procedure led to metal growth outside of the STM 
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Fluorescence micrographs of a SAM with terminal azide groups after patterning under 
different parameters. (A) A nominally (10 µm)2 square area was written with a Pt-coated tip 
in hydrogen-saturated isopropanol and subsequently modified with fluorescently modified 
latex beads. (B) A square fabricated as in (A) but modified with ATTO-TAG reagent. (C) A 
nominally (10 µm)2 area scanned and modified under the same conditions as (B) but with a 
unmodified silicon tip. Reprinted with permission from ref. 217. Copyright 1995 American 
Association for the Advancement of Science. 
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Schematic diagram of substitution lithography through the head group modification under an 
applied bias. (A) A conductive AFM tip scanned under an applied bias voltage across a SAM 
and modified the head group without changing the structural integrity of the SAM. (B) The 
altered functionality was used for the subsequent binding of a second self-assembly 
molecule.  
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Figure 1.38           123 
Schematic representation of constructive nanolithography as a generic approach to the 
planned surface self-assembly of diverse organic, metal, and semiconductor nanoentities. Six 
nanofabrication routes were indicated, starting with an ‘inert’ silane monolayer (OTS/silicon) 
that was non-destructively patterned by an electrically biased AFM tip to locally form 
electrooxidized OTS (OTSeo), followed by the selective self-assembly of a vinyl-terminated 
silane overlayer (NTS) at the OTSeo polar sites defined by the tip. Subsequently, the terminal 
ethylenic functions of NTS were photoreacted with H2S in the gas-phase or chemically 
oxidized with aqueous (KMnO2 + KIO4) to give the corresponding TFSM/OTSeo or 
NTSox/OTSeo bilayer template. Site-defined surface self-assembly of metallic silver, 
cadmium sulfide, or a third organic monolayer could be achieved using various template-
controlled processes. The possibilities depicted here were: (1, 4) binding of Ag+ ions to the 
thiol or the carboxylic acid surface functions of the TFSM (1) and NTSox (4) template, 
followed by reduction with aqueous NaBH4 or gaseous N2H4 and further development (if 
desired) of the silver nanoparticles obtained with a silver enhancer (SE) solution; (2) binding 
of gold species to the TFSM surface, followed by goal-catalyzed silver metal deposition from 
the SE solution; (3, 5) binding of Cd2+ ions to the TFMS (3) or the NTSox (5) surface, 
followed by the formation of CdS upon exposure of H2S; (6) exposure of NTSox to a 
solution of a self-assembling silane, resulting in the formation of an organic trilayer at the tip 
inscribed sites.  
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template produced by AFM lithography. Reprinted with permission from ref. 137. Copyright 
2002 Wiley-VCH. 
 
Figure 1.40           125 
AFM images of an array of four Au55/thiolated bilayer dots after annealing at 80 ºC for 12 h 
((A) topography, (B) phase image). Topography (C) and phase image (D) of a pattern 
combining dots, wires and contact pads. Reprinted with permission from ref. 228. Copyright 
2002 American Chemical Society. 
 
Figure 1.41           126 
(A) Schematic diagram of the DPN procedure for the Diels-Alder reaction on a SAM. The 
tip, inked with a reactive molecule (diene), was scanned over a vinyl terminated (alkene) 
SAM and a Diels-Alder reaction took place. (B) Sketch of the Diels-Alder reaction of 2-(13-
hydroxy-2-oxatridecanyl)furan on the alkene terminal headgroup of a silane SAM. 

 
Figure 2.1           158 
Typical STM images of dodecanethiol self-assembled monolayers (C12S-SAM) on Au(111). 
A) A (1.0 µm)2 area of C12S-SAM showing large atomically flat Au(111) areas produced 
with this annealing technique. (Imaging conditions: 1.0 V, 10 pA, 1 Hz, z-scale: 2 nm). B) 
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(50 nm)2 area showing molecular order of the film. (Imaging conditions: 1.0 V, 10 pA, 1 Hz, 
z-scale: 0.8 nm).  
 
 
Figure 2.2           161 
STM image of C16S-SAM patterned in C12S-SAM using replacement lithography. A) The 
(400 nm)2 area of C12S-SAM before patterning, and B) after patterning. (Imaging 
conditions: 1.0 V, 10 pA, 1 Hz, z-scale: 2 nm, Replacement conditions: 3.2 V, 10 pA, 1 Hz, 
RH: 53%).  
 
Figure 2.3           163 
A (400 nm)2 STM image of a quarterfoil pattern consisting of FcC11S- replaced into a C12S-
SAM. (Imaging conditions: 1.2 V, 8 pA, 1 Hz, z-scale: 3 nm, Replacement conditions: 3.1 V, 
8 pA, 40 nm/s, RH: 59%).  
 
Figure 2.4           165 
Three (500 nm)2 STM images demonstrating the apparent height contrast dependence of 
FcC11S- with imaging bias. A) Image bias 100 mV. B) Image bias 500 mV. C) Image bias 
1500 mV. D) Section analysis (depicted by dotted line) showing contrast between patterned 
FcC11S- SAM and C12S-SAM. (Imaging conditions: 10 pA, 1 Hz, z-scale: 3 nm; Replacement 
conditions: 3.0 V, 10 pA, 50 nm/s, RH: 57%).  
 
Figure 2.5           167 
Two (300 nm)2 STM images comparing the amount of adventitiously replaced FcC11S- guest 
species into a C12S-SAM after a 30 minute incubation. Below each image is a histogram 
representing the pixel colors contained within image. A) The SAM incubated FcC11SCOCH3 
(thioacetate species). B) The SAM incubated FcC11SH (thiol species). (Imaging conditions: 
1.0 V, 10 pA, 1 Hz, z-scale: 2 nm). 
 
 
Figure 2.6           169 
STM image (750 nm)2 demonstrating efficacy of thiol replacement with systematic variation 
of positive substrate replacement bias. (Imaging conditions: 1.0 V, 8 pA, 1 Hz, z-scale: 3 nm; 
Replacement conditions: 8 pA, 50 nm/s, RH: 57%, bias listed under each patterned line). 
 
Figure 2.7           171 
STM images (ca. 900 nm x 300 nm) of six replaced lines demonstrating efficacy of thiol 
replacement with systematic variation in negative substrate replacement bias. (Imaging 
conditions: -1.0 V, 8 pA, 1 Hz, z-scale: 3 nm; Replacement conditions: 8 pA, 40 nm/s, RH: 
53%, bias listed under each patterned line).  
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Figure 2.8           172 
Two STM images (ca. 950 nm x 300 nm) demonstrating efficacy of thiol replacement with 
systematic variation lithographic scan rate. A horizontal averaged line analysis below each 
image, whose area is indicated by dotted line in the STM image. (Imaging conditions: 1.0 V, 
8 pA, 1 Hz, z-scale: 5 nm; Replacement conditions: 3.2 V, 10 pA, RH: 58%, lithographic 
scan rate listed under each patterned line).  
 
Figure 2.9           174 
Schematic of the lithographic pattern indicating replacement bias for each line for relative 
humidity experiments. A series of six STM images (ca. 800 nm x 250 nm) demonstrating the 
efficacy of thiol replacement with a systematic variation in relative humidity ranging from 
38% to 79%. (Imaging conditions: 1.0 V, 10 pA, 1 Hz, z-scale: 3 nm; Replacement 
conditions: 2.7 to 3.2 V, 10 pA, relative humidity listed in each image).  
 
Figure 2.10           176 
Two (200 nm)2 STM images showing the imaging bias dependence of a (100 nm)2 pattern 
containing galvinol substituted hexanethiolate replaced into C12S-SAM. Averaged line 
analysis found below each image (Imaging conditions: 1.0 V, 10 pA, 1 Hz, z-scale: 4 nm; 
Replacement conditions: 2.8 V, 10 pA, 1 Hz, RH: 63%). 
 
Figure 2.11           177 
STM images (650 x 700 nm) demonstrating the process of patterning two electroactive inks 
in close proximity to each other. A) A galvinol thiol patterned first (in letters ‘Gal’), image 
bias 1000 mV, B) Image after ferrocenyl ink patterned (in letters ‘Fc’) in close proximity to 
the first. C) The apparent height contrast of differing inks at image bias 250 mV. (Imaging 
conditions: 8 pA, 1 Hz, z-scale: 5 nm; Replacement conditions: 3.0 V, 8 pA, 50 nm/s, RH: 
59%).  
 
Figure 3.1           180 
STM image (ca. 400 x 900 nm) of FcC11S- mesoscale chemical gradient in C12S-SAM 
fabricated by systematically varying the replacement bias from 2.6 V to 3.1 V while keeping 
the setpoint current (10 pA), scan rate (50 nm/s) and relative humidity (58%) constant. 
Averaged horizontal line section analysis immediately below the image demonstrating 
gradient nature of pattern. (Imaging conditions: 1.0 V, 10 pA, 1 Hz, z-scale: 5 nm)  
 
Figure 3.2           182 
STM image (ca. 400 x 900 nm) of FcC11S- mesoscale chemical gradient in C12S-SAM 
fabricated by systematically varying the lithographic scan rate from 160 nm/s to 20 nm/s 
while keeping the setpoint current (10 pA), replacement bias (2.8 V) and relative humidity 
(60%) constant. Averaged horizontal line section analysis immediately below the  image 
demonstrating gradient nature of pattern. (Imaging conditions: 1.0 V, 8 pA, 1 Hz, z-scale: 6 
nm)  
 



 

 xix

Figure 3.3           183 
STM image of a multi-directional gradient (“L” shape) of FcC11S-SAM in C12S-SAM. 
Structure was fabricated by systematically varying the replacement bias (from 2.95 V to 2.7 
V), the lithographic scan rate (from 50 nm/s to 60 nm/s), lithographic line width (150 nm to 
70 nm) and raster line spacing (4 nm to 11 nm), while maintaining constant setpoint current 
(10 pA) and relative humidity (58%) along each leg. (Imaging conditions: 1.0 V, 8 pA, 1 Hz, 
z-scale: 2 nm) 
 
Figure 3.4           184 
STM image of a three-legged gradient (“Y” shape) of FcC11S-SAM into C12S-SAM. 
Structure was fabricated by systematically varying the replacement bias, the lithographic 
scan rate, and raster line spacing as depicted in image, while maintaining constant setpoint 
current (10 pA) and relative humidity (55%) along each leg. Image is annotated to depict 
replacement conditions along the gradient legs, fabricated in sequential order from Leg 1 to 3 
following the direction of dashed arrows. (Imaging conditions: 1.0 V, 8 pA, 1 Hz, z-scale: 5 
nm) 
 
Figure 3.5           186 
STM image (ca. 400 x 900 nm) of 200 nm x 720 nm HOOC(CH2)10S- mesoscale chemical 
gradient in C12S-SAM fabricated by systematically varying the replacement bias (2.5 V to 
3.0 V denoted in image) while keeping setpoint current (10 pA), scan rate ( 50 nm/s) and 
relative humidity (51%) constant. Average vertical line section analysis immediately below 
the image demonstrating gradient nature of pattern. (Imaging conditions: 1.0 V, 10 pA, 1 Hz, 
z-scale: 2 nm) 
 
Figure 3.6           187 
STM Image set demonstrating the successive process fabricating a HOOC(CH2)10S- 
mesoscale chemical gradient, and installing amine terminated nanoparticles within. A) Area 
before gradient fabrication. B) Fabrication of an acid terminated gradient by systematically 
varying replacement bias and line spacing, while keeping setpoint, lithographic scan rate and 
relative humidity constant. C) Gradient mesostructure after aqueous incubation in 
H2N(CH2)7S- terminated 2 nm AuNPs. All imaging was carried out under dodecane. 
(Imaging conditions: 1.0 V, 10 pA, 1 Hz, z-scale: 2 nm) 
 
 
Figure 4.1           200 
A) Typical nonlinear I(V) curves from a FcC11S-SAM under dodecane displaying negative 
differential resistance. B) Histogram representing I-V curves that gave NDR responses in a 
data set of 938 curves. The histogram was fitted to a Guassian to give NDR peak potentials: 
negative region –1438 mV; positive region 1539 mV. (500 nm)2 scan area, Iset: 5 pA, 1000 
µs sample period (ca. 15.6 V/s). 
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Figure 4.2           203 
A (500 nm)2 STM image of a FcC11S-SAM on Au(111) in dodecane demonstrating the image 
resolution obtained from a quality tip used for I(V) experiments. Surface features such as 
substrate vacancy islands and terraces are distinguishable. Notably, the presence of domain 
boundaries was expectedly absent due to the bulky headgroup of the ferrocenyl terminus, 
preventing an ordered SAM. The white rectangles depict scanning artifacts in the image. 
(Imaging conditions: 1.0 V, 5 pA, 1 Hz, z-scale: 2 nm) 
 
Figure 4.3           204 
Schematic qualitatively illustrating tunneling current enhancement via molecular state and tip 
Fermi energy (EF) alignment (resonant tunneling) through a double tunnel junction 
containing electroactive ferrocenyl moiety. The result of changing tip-substrate bias (Panels 
A-E) is depicted on the generic I(V) trace (above). A) The double tunnel junction at 0 V with 
the HOMO of the ferrocenyl moiety much higher than EF of substrate and tip. B) An increase 
in substrate bias causes some overlap of the tip EF and ferrocenyl molecular state, resulting in 
an increase in tunneling current. C) Optimal substrate bias gives maximum alignment 
(resonance) of the tip EF and molecular state resulting in a peak maximum (NDR). D) A 
further increase in substrate bias moves the tip EF and molecular state out of alignment, 
decreasing tunneling bias. E) A significantly large enough substrate bias causes the tip EF to 
surpass the tunnel barrier height of substrate, allowing electrons to cascade over the barrier 
resulting in an exponential increase in tunneling current. 
 
Figure 4.4           206 
Selected I(V) curves obtained from a FcC11S-SAM at various sample periods depicted in 
legend. No trend regarding scan rate was observed suggesting the NDR response proceeds by 
a resonant process. 
 
Figure 4.5           207 
Histogram representing the number of curves containing nonlinear responses from a CITS 
data set of HOOC(CH2)10S-SAM on Au(111). This data set consisted of 945 of 1024 curves 
that weren’t rejected as aberrant. The histogram is set to same scale as Figure 4.2B. 
 
Figure 4.6           209 
Results of a CITS experiment on a FcC11S-SAM patterned in a C12S-SAM. A) (500 nm)2 
STM image of a (300 nm)2 FcC11S-SAM patterned into a C12S-SAM using replacement 
lithography (Imaging conditions: 1.0 V, 8 pA, 1 Hz, z-scale: 5 nm). B) Four I(V) curves from 
inside the FcC11S-SAM pattern displaying NDR (lines), and four I(V) curves obtained from 
the outside the ferrocenyl pattern displaying no NDR (open markers), CITS parameters: (600 
nm)2, Iset = 8 pA, 160 µs sample period. 
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Figure 5.1           227 
(250 nm)2 STM image of a C12S- host SAM containing adventitiously adsorbed FcC11S- 
guest species. The region marked with the square was tracked over time to generate the data 
seen in Figure 5.3. Imaging conditions: 1 V, 9 pA, 1 Hz, z-scale: 2 nm. 
 
Figure 5.2           236 
Analysis protocol used to determine apparent height contrast of guest species in host SAM. 
Section analysis of vertical, horizontal and diagonal section analysis were obtained and 
averaged to give an apparent height.  
 
Figure 5.3           237 
A) Time-lapse series of images of a collection of FcC11S-guests in C12S-SAM. Image size ca. 
(20 nm)2 . (Imaging conditions: 1.0 V, 9 pA, 1 Hz, z-scale: 2 nm). B) Apparent height 
contrast variation with frame number. Time between frames was 8.5 minutes.  
 
Figure 5.4           238 
A) Time-lapse series of images of FcC11S-SAM guest in C12S-SAM. Image size ca. (20 
nm)2.  (Imaging conditions: 1.0 V, 9 pA, 1 Hz, z-scale: 2 nm). B) Apparent height contrast 
variation with frame number. Time between frames was 8.5 minutes.  
 
Figure 5.5           239 
Schematic illustrating conformation changes (A & B) of a host electroactive containing SAM 
in an insulting guest SAM, resulting in different apparent height contrasts. 
 
Figure 5.6           241 
A) Time-lapse series of images of GalC6S-SAM guest in C12S-SAM. Image size (15.3 nm)2 
(Imaging conditions: 1.3 V, 10 pA, 1 Hz, z-scale: 1.5 nm). B) Apparent height contrast 
variation with frame number. Time between frames was 8.5 minutes.  
 
Figure 5.7           242 
A) Time-lapse series of images of Ru(bpy)3C6S-SAM guest in C12S-SAM. Image size (22.9 
nm)2.  (Imaging conditions: 1.0 V, 10 pA, 1 Hz, z-scale: 2 nm). B) Apparent height contrast 
variation with frame number. Time between frames was 8.5 minutes.  
 
Figure 5.8           243 
A) Time-lapse series of images of Ru(bpy)3C6S-SAM guest in C12S-SAM. Image size (24.1 
nm)2 . (Imaging conditions: 1.0 V, 10 pA, H1 z, z-scale: 2 nm). B) Apparent height contrast 
variation with frame number. Time between frames was 8.5 minutes.  
 
 
Figure A.1           251 
Schematic of a scanning tunneling microscope (STM). 
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Figure A.2           252 
Schematic illustrating the energy levels in the tip and substrate separated by a energy (tunnel) 
barrier with an applied bias. Energies of the electrons in the electrodes are indicated by the 
shaded regions. The applied bias is equal to the difference in the Fermi energies (EF) of the 
two electrodes. 
 
Figure A.3           253 
Exponential dependency of voltage and current (respectively) as a function of tip-substrate 
distance (z). 
 
Figure A.4           254 
Schematic illustrating the relation between the CITS parameters.  
Figure adaptation courtesy of Drs. S. Krämer & W.P. McConnell 
 
Figure A.5           256 
Peak width vs. cut-off frequency plot as a function of sample period of the CITS experiment. 
Curves below the cut-off frequency of 1.5 kHz fall within bandwidth of the low current 
electronics. 
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1. Introduction 

 

The ability to organize matter on the nanometer scale is one of the major enabling 

principles in the field of nanotechnology. Scanning probe microscopy (SPM) has been a 

key tool in achieving this goal. SPM serves two important purposes. The probe tip can 

visualize surfaces at the sub-molecular level. The ability to “see” molecules in this 

relatively straightforward way undoubtedly facilitated the emergence of molecular 

nanotechnology. Scanning probes have been employed to visualize many molecular 

phenomena. A few notable examples include the direct determination of the chirality of 

adsorbed molecules,1-10 observation of the conformation of polymers,11-18 dendrimers,19-22 

adsorbed supramolecular nanostructures,23-28 and conformational and orientational 

dynamics of small molecules.29-34 In addition, probe tips can be used to manipulate atoms 

and molecules on surfaces.35 In this mode, the technique is often referred to as scanning 

probe lithography (SPL). Such demonstrations as writing (of the letters “IBM”)36 with 

xenon atoms, moving molecules to and fro (the “molecular abacus”)37 and organization 

of atoms so as to illustrate the quantum nature of electrons (the “quantum corral”)38,39 

have, at a minimum, piqued our collective curiosity about how we might further expand 

these ideas to perform useful functions at the molecular scale. Several excellent, recent 

reviews have treated the basic visualization and manipulation functions of scanning 

probes in detail.40-44 
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As one contemplates more complex, molecular scale operations, the need for chemically 

well-defined surfaces becomes apparent. The term “chemically well-defined” denotes 

control of the placement, patterning, orientation, and packing of chemical functional 

groups on a surface. These functionalities will be sites for control of the physical 

properties of that surface region. Several of these include control of the relative wetting 

behavior, adhesion, friction and chemical interaction with the environment above the 

surface. Moreover, these functional groups can facilitate a wide variety of chemical 

binding and covalent bond formation reactions. 45 The range of functional, molecular 

scale elements to be attached in a well-defined way depends only on the imagination, but 

has already been illustrated (as will be described in detail herein) with such diverse 

structures as metallic lines, polymers, active biomolecules, and colloids. These 

functionalities can also facilitate transduction of such a chemical event into an optical or 

electrochemical signal. Undoubtedly, other functions will be illustrated beyond these. 

 

Self-assembled monolayers (SAMs) have emerged as a prominent, flexible, and 

convenient way to present functionality at a surface in a chemically well-defined way. 

The formation, characterization and the properties of SAMs have been described and 

reviewed extensively.46-50 Several features of SAMs are attractive. First, they provide a 

simple way to produce relatively ordered structures at the molecular scale. Second, they 

provide a way of presenting a wide variety of chemically well-defined terminal functional 

groups to a surface. The roles of these functional groups have been suggested above. 

Third, variation in the length of the chain between the head and tail groups offers some 
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control over the interaction between the underlying substrate and the chemical 

environment above the SAM. Thus, in applications from sensing to building with discrete 

numbers of molecules, the chemical and structural control offered by SAMs seems 

critical.  

 

In addition to the elements of SAMs highlighted above, the ability to pattern the chemical 

functionality presented by SAMs at various length scales has been important in extending 

their utility. A variety of “soft lithography” methods have been developed to pattern 

surfaces with SAM regions presenting different chemical functionalities.51,52 The most 

notable of these is the technique of microcontact printing (µCP). This technique is most 

easily employed to pattern SAMs at the micrometer scale, although several extensions of 

it have been described to extend its utility into the nanometer scale regime. The use of 

stamps to pattern at the nanometer scale has also been exploited in the technique of 

nanoimprint lithography.53,54 However, of the materials to be patterned at the nanometer 

scale, SAMs have the attractive feature that they present and hold chemical functionality 

(e.g. functional head groups) at the surface. To exploit this chemical definition afforded 

by SAMs at the nanometer scale, it is attractive to take advantage of methods that probe 

and pattern at this length scale. 

 

Thus, it is natural to marry the molecular scale visualization and manipulation 

capabilities of SPM/SPL with the chemical definition and opportunities for creating 

patterns afforded by SAMs. This combination is the subject of this introductory chapter. 
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From a fundamental manufacturing standpoint, simultaneous utilization of these two 

elements can also be considered as a hybridization of top-down (SPL) and bottom-up 

(self-assembly) approaches. The importance of self-assembly in nanometer-scale 

construction has been highlighted.55,56 Yet, as there are no general paradigms for the 

artificial construction of arbitrary objects exclusively via self-assembly, the use of SPL to 

direct the patterning of self-assembled structures has enabled their use in nano-synthesis. 

 

Indeed, it is attractive (at least to chemists) to view the creation of nanometer-scale 

constructs as an extension of molecular-scale chemical synthesis. In this vein, the efforts 

in this area have been categorized in a fashion analogous to the classification of chemical 

reactions. Nearly all chemical reactions can be divided into three major categories: 

eliminations, where a specific group is cleaved from a molecule (AB → A + B); 

additions, where functional groups are added to a present structure (A + B → AB); and 

substitutions, where one functional group is replaced by another (AB + C → AC + B). As 

lithography on SAMs ultimately is about transforming chemical functionality presented 

at a surface, the lithographic approaches can also be categorized in this way. Specifically, 

techniques grouped in ‘Elimination’ denote SAM patterns that were created by removing 

the film from the substrate. Figure 1.1A depicts this process. The probe images the 

surface first in order to find an area suitable for patterning under conditions that do not 

perturb the SAM. Elimination involves the removal of the SAM in proximity of the probe 

by mechanical or electrochemical means. Chronologically, this was the focus of much of 

the early SPL work done on SAMs. As will be described, material is often added in 
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subsequent, ex-situ treatments of the patterned substrate. ‘Addition’ of a SAM precursor 

to a substrate denotes delivery of molecular ‘inks’ that formed patterns on bare surfaces  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(Figure 1.1B). A probe coated with molecular ‘ink’ is brought into contact with a 

nominally ‘bare’ substrate. The ‘ink’ gets transferred from the probe to the surface. 

‘Substitution’ denotes in-situ mechanical or electrochemical pattern fabrication strategies. 

Substitution approaches are further subdivided into two categories: (1) initial elimination 

of the SAM film, followed by in-situ addition of self-assembly (SA) precursor to the 

Figure 1.1: Schematic diagram illustrating elimination, addition and substitution lithography with 
a scanning probe. In general, the probe imaged the surface first with non-destructive imaging 
parameters, in order to find an area suitable for patterning. Elimination was achieved by the 
removal of the SAM in proximity of the probe by mechanical or electrical means (A). In addition 
lithography, a probe coated with a molecular ‘ink’ was brought into contact with a nominally 
‘bare’ substrate. The ink got transferred from the probe to the surface (B). Substitution lithography 
could proceed by two different pathways. In the first substitution pathway, the tip removed the 
SAM while scanning and an in-situ addition of a different molecule into the ‘bare’ region occurred 
(C, substitution via elimination and in-situ addition). The alternative substitution via SAM 
terminus modification occurred by the probe modifying the head groups of the SAM through 
electrochemical or catalytic interaction (D).  

 



 

 

8

exposed substrate (Figure 1.1C) and (2) chemical change to the terminal functional group 

of the SAM, which can be used for further localized chemistry (Figure 1.1D). The use of 

scanning probes to perform lithography has been the subject of several prior reviews.42,57-

61 These include some discussion of lithography on SAMs. This review intends to provide 

a comprehensive description of all types of SPL on SAMs and covers the literature up to 

the first part of 2004. 

 

SAMs have also been used in other types of nanometer-scale patterning efforts that do 

not involve scanning probes. In addition to the microcontact printing and nano-printing 

applications mentioned above, SAMs have also been employed as electron-beam and UV 

patterning resists62 including examples where the chemical functionality presented by the 

SAM is modified upon this type of exposure.63 Other examples include the patterning of 

a substrate followed by monolayer formation,64 bottom-up patterning by using SAM-

based multi-layers to bridge gaps between previously defined elements.65 The 

conductivity of individual molecules has been probed by inserting them into defect sites 

in a SAM, 41,66-68 and polymer growth from adventitiously inserted initiator molecules 

into a SAM has been investigated.69  

 

2. Elimination Lithography 
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A natural idea for the creation of structures is the removal of material from a surface in a 

controlled manner. The carving of symbols and letters into stone or the scratching of wax 

with a quill are some early examples. The basis of these techniques can be categorized as 

elimination. A part of a canvas is removed and results in a pattern. This type of 

nanometer scale scraping or ploughing had previously been demonstrated on a variety of 

surfaces including polymers, liquid crystals, bilayers and other types of resists.70-79  

 

Elimination lithography on self-assembled monolayers has emerged from two different 

directions of research. One came from the investigation of resists for electron beam 

lithography. In pushing the resolution limit of electron beam lithography, thinner and 

thinner resist layers became important. This led to the investigation of thin polymer films 

and self-assembled monolayers as resist materials. The use of scanning tunneling 

microscopes (STM) emerged from these results, because STM produces a current of low 

energy electrons, and it thus can induce processes reminiscent of those induced by the 

electron beam. The second direction emerged shortly after the invention of scanning 

probe techniques. It was quickly noted that under certain conditions of imaging, the tip 

perturbed the sample. Thus, scanning probes act as some combination of probe and 

stylus. Determining the conditions under which the tip alternately acted as a non-

destructive probe, and as a stylus, initiated the field of scanning probe lithography. 

Scanning probe lithography has been explored on virtually every class of substrate. 

Excellent general overview reviews of these efforts have been published by Penner and 
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Quate.42,60 The research reviewed in this introductory chapter focuses specifically on the 

use of SAMs in scanning probe lithography. 

 

In this section, modification by STM under ambient conditions is described first. This is 

followed by a discussion of work performed in ultrahigh vacuum (UHV). Then 

elimination lithography using an atomic force microscope (AFM) is then reviewed. A 

few SPL examples with scanning electrochemical probe microscopy and near-field 

scanning probe microscopy have also emerged and will be described. The results of 

elimination lithography were often evaluated by some type of subsequent modification of 

the pattern.  

2.1.  STM Modification Under Ambient Conditions 

 

An early example of SPL was demonstrated by Kim and Bard who described the 

modification of n-octadecanethiolate-SAMs (C18S-SAM) on Au(111) with an STM 

operated in ambient conditions.80 The surface modifications were observed upon the 

repeated scanning of a specific area with a setpoint bias voltage of 1 V and a setpoint 

tunneling current of 1 nA. The surface pits (e.g. vacancy islands), typically observed in 

STM images of SAMs, were seen to expand laterally during this process. 50,81-84This 

observation was attributed to a strong interaction between the STM tip and the surface. 

Purposeful modification of the SAM occurred by increasing the set-point current and 

lowering the bias, which effectively brought the tip closer to the surface. The removal of 
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the SAM was termed ‘etching’, and was presumed to be physical removal of the thiolate 

molecules by the tip. This assumption was supported by STM images that revealed the 

formation of holes in the SAM with material accumulation at the periphery of the scan 

area. Control experiments described the repeated scanning of a bare (e.g. unmodified) 

gold substrate under “etching” conditions that did not change the Au(111) surface. SAM 

modification could also be accomplished by applying a voltage pulse of ±(3 to 5) V to the 

tip (termed ‘voltage excursions’). The pulses resulted in material transfer between the tip 

and the substrate or vice versa, depending on the polarity of the applied voltage.  

 

Crooks and co-workers established some of the early considerations in STM-based 

elimination lithography of SAMs under ambient conditions.73 Their first report 

demonstrated the fabrication of geometrically well-defined patterns through removal of a 

C18S-SAM from a Au(111) surface by applying a large substrate bias (+3 to +8 V) and 

repeated scanning. One experiment created 60 nm × 60 nm sized squares by scanning the 

area four successive times under an applied substrate bias of +3 V, 110 pA tunneling 

current and at 31.25 Hz scan frequency (1.875 µm/s). To ensure complete SAM removal, 

the bias was lowered to +300 mV for a series of four scans, while the other parameters 

were held constant. The decrease of the bias voltage resulted in a smaller tip-substrate 

distance to remove SAM material mechanically. Scan line analysis of the preferentially 

removed areas showed more shallow depths (ca. 0.7 nm) than the reported ellipsometric 

thickness of a C18S-SAM (2.2 to 2.8 nm). The authors attributed the finding to the fact 

that STM measures apparent height based on relative conductance of different regions of 



 

 

12

the surface. Thus, the apparent topography of a pattern imaged by STM differs from its 

real topography. The extent of SAM removal was characterized with cyclic voltammetry 

(CV) employing the patterns as ultramicroelectrodes. Using Ru(NH3)6
3+ as an 

electrochemical probe, one 5 µm × 5 µm pattern gave a current response in CVs 

corresponding to a round electrode with a radius of 3.6 µm. The current response scaled 

linearly when the number of similar sized patterns generated was increased. The authors 

concluded from these results that the removal of nearly all of the organic material in the 

patterned areas occurred.  

 

Lercel and co-workers used STM as a low-energy electron source for SPL of C18S-SAMs 

on gold and gallium-arsenide.85 The tip was biased negative with potentials between 1 

and 10 V over a range of tunneling currents of 10 nA to 110 pA. Square-shaped grating 

patterns (sizes between 2 and 140 µm) were formed by scanning the tip over an entire 

raster scan area. Non-contact mode AFM images of the resulting patterns on gold and on 

GaAs revealed the modifications resulted in raised features of ca. 2 to 4 nm in height. 

The mechanism for the fabrication of the raised features was not clear. The authors 

suggested that the electron beam was damaging the molecules, and parts of the molecules 

were drawn towards the tip by the electric field, creating bonds in the damaged layer that 

could combine with oxygen. Mechanical removal of the SAM and the substrate also 

occurred by bringing the tip in close contact with the sample using low bias and high 

tunneling current parameters. The smallest structures fabricated were 15 nm on GaAs and 

20 nm on gold. The line widths on gold were usually larger, which the authors attributed 
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to the higher density of states in gold dictating a larger tip-substrate gap. This resulted in 

a larger diameter of the electron beam from the tip. The lines on gold could be transferred 

into the underlying substrate with a wet etching step, while transfer results on GaAs were 

inconclusive.  

 

In a similar approach, Xu and Allee used C18S-SAMs on GaAs and Langmuir-Blodgett 

(LB) films of a polymer (PMMA) and octadecanol on various substrates for STM based 

lithography.86 A line pattern was written in the C18S-SAM on GaAs with a tunneling 

current of 0.5 nA and a bias voltage of 10 V. AFM images after the patterning process 

revealed ca. 15 nm wide protruding lines, which could not be dissolved in organic 

solvents. The patterns could be transferred into the GaAs substrate by a wet etching step 

with either aqueous ammonium hydroxide or a citric acid etch. The observed line width 

increased to 25 nm as the result of this etching procedure. The authors observed 

substantial surface roughening of the SAM after etching, which was attributed to defects 

in the monolayer. 

 

Lercel et al. compared the pattern transfer of various SAM systems modified with 

electron beams (e¯-beams) of various energies (10 eV to 50 keV).87 SAMs were prepared 

from octadecyltrichlorosilane (OTS, CH3(CH2)17SiCl3) on silicon dioxide and titanium 

dioxide, and octadecanethiol (C18SH) on gold and GaAs. Electron beam exposure of the 

SAMs was manifested with a high-energy electron beam lithography system (50 keV), 

scanning electron microscope e¯ beams with 1 keV to 25 keV exposures, and low energy 
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e¯ beams generated from an STM tip (up to 10 eV for the conducting substrates). The 

patterns were imaged by an AFM in contact and non-contact modes and were also 

visualized using various types of wet and dry etches. Patterns generated from high-energy 

e¯ beams yielded resolution of ca. 25 nm, while the minimum line size achieved with an 

STM was ca. 15 nm.  

 

Sugimura and Nakagiri patterned silane layers on silica substrates.88 Trimethylsilyl 

(TMS) monolayers were prepared by the vapor deposition of hexamethyldisilazane 

(HMDS, (CH3)3Si-NH-Si(CH3)3) onto a thin silicon oxide layer. The authors investigated 

the patterning of the TMS-layers under ambient conditions in air, oxygen or nitrogen 

atmospheres. Patterns were achieved by scanning an area at a sample bias of +5 V and a 

tunneling current of 200 pA. The structures were visualized by oxidation of the 

underlying substrate via a H2O2 treatment followed by the condensation of atmospheric 

water. Optical microscope images showed that the patterned area was hydrophilic, while 

AFM images revealed slight protrusions (ca. 0.5 nm) from the surrounding areas. Further 

proof for the degradation of the TMS-layer was obtained by immersing the samples in 

wet chemical etching solutions (NH4F/H2O2), and the resulting structures were 

investigated by optical microscopy and AFM. Both microscopy techniques revealed that 

the TMS-SAM effectively protected the unpatterned areas from the wet chemical etchant. 

AFM images of patterns after etching showed the lithographic regions appeared as 

depressions in the Si substrate, with the narrowest line resolution of ca. 80 nm. The 

chemistry of the surface reaction was concluded to be primarily an anodic oxidation of 
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the silicon induced by the STM. An adventitiously adsorbed water layer effectively 

facilitated this electrochemical event. The atmosphere itself did not alter the patterning 

result if the humidity was kept constant. Water electrolysis and related electrochemical 

reactions induced beneath the tip were reckoned to be responsible for the degradation 

mechanism of the organosilane layer under the atmospheric conditions in the experiment.  

 

Shortly after the first demonstrations of elimination lithography of SAMs on gold or 

silicon surfaces, the Crooks group described the use of these patterns in an ex-situ 

modification of the substrate. Schoer et al. reported the subsequent low temperature 

chemical vapor deposition (CVD) of copper into patterns generated by STM.89 The 

researchers removed the C18S-SAM as described above, and subsequently treated the 

sample with a copper CVD precursor (hexafluoroacetylacetonatocopper(I)-(1,5-

cyclooctadiene), (hfac)Cu-(1,5-COD)) which decomposed at temperatures between 120 - 

200˚C. This temperature range was found to be compatible with the thermal tolerances of 

the C18S-SAM resist (ca. 140˚C). It was observed that the copper grew selectively only 

in the exposed (patterned) areas. XPS measurements confirmed the high purity of the 

deposited copper, while areas outside of the pattern gave negligible signals for copper. A 

second demonstration of the selective CVD deposition connected two larger patterns with 

a single SPL scan line. Scanning electron micrographs after the CVD process showed a 

50 nm wide copper line between the larger pads. The authors observed that even patterns 

with incomplete removal of the SAM were sufficient to produce nucleation sites for the 

copper precursor, and enabled the separated copper grains to grow together. 
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Crooks and co-workers proposed that the patterning mechanism for the SPL induced 

removal (or deposition) of material from organic films in air was electrochemical in 

nature.90 The inherent, thin water layer that covers film surfaces in ambient conditions 

was suggested to act as a thin layer electrochemical cell, and that adventitious impurities 

served as an electrolyte for a low current electrochemical process. By fabricating patterns 

in nonanethiolate- (C9S-) and C18S-SAMs at various relative humidity (RH) and 

atmospheres (N2 and air), it was reasoned that the atmosphere played little role in the 

desorption event, but the relative humidity was a crucial factor. At RHs below ca. 25%, 

no thiolates were removed, while larger RHs induced desorption. At this time, Schoer et 

al. produced the smallest known, intentionally created features in a SAM with a diameter 

below 10 nm, and a volume of less than 100 nm3. The creation of the features on the 

surface was independent of the tunneling current, which led to the assumption that 

bombardment with high-energy electrons was not responsible for the patterns. The 

authors showed that the created patterns could be transferred into the underlying substrate 

by an etching step. The etched structures from patterns in a C9S-SAM were deeper and 

more irregularly shaped compared to the C18S-SAM, but showed the similar dependence 

on the relative humidity as the longer alkanethiolates. The effect on patterning of reverse 

bias polarity was also addressed, indicating ‘mounds’ of material were deposited on the 

SAM. Removal of this accumulated surface material could only be achieved when 

normal patterning conditions were applied. 
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Schoer and Crooks later showed that the created patterns were also dependent on the total 

amount of current (Coulomb dose), which again supported the hypothesis of an 

electrochemical process for the removal of the SAM.91 The authors investigated the shape 

of the created patterns’ dependence on the applied bias and the tunneling current used for 

the lithography. Figure 1.2 shows four patterns created with different biases (different 

coulomb doses). The depth of the patterned squares increased with larger applied bias,  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

depicted by incrementally darker patterned regions in the images. Studies with increased 

number of scans (equal to an increase in the coulomb dose) led to similar results.  

Figure 1.2: STM images of four nominally (50 nm)2 patterns fabricated in a C18S-SAM in air. The 
tunneling currents were (A) 0.05 nA, (B) 0.15 nA, (C) 1.5 nA and (D) 6 nA, respectively. (z-scale: 2 
nm) Reprinted with permission from ref. 91. Copyright 1997 American Chemical Society. 
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Additionally, the authors discussed the mechanical effect caused by the tip. The authors 

assumed that at the standard imaging conditions (SIC: Vb = +0.3 V; It = 150 pA; 0.4 to 5 

µm/s) the tip was already penetrating the surface of the SAM and impurities were 

inserted into the film. This assumption was consistent with later findings by the Weiss 

group on the relative height of the tip above SAMs of various thickness.92 STM images 

revealed distortions in the order of the SAM and some deposited material on the 

periphery of the scanned region in the fast scan direction. Patterns formed under standard 

patterning conditions (SPC: Vb = 3 V; It = 150 pA; 2.05 to 8.2 µm/s) created a disordered 

region surrounding the primary pattern. This effect resulted from long-range interactions 

between the tip and the surface, and was believed to be due to faradaic electrochemical 

processes. The size of this disordered region was dependent on the relative humidity and 

could reach as far as hundreds of nanometers around the primary pattern. Additionally, 

debris from the removed monolayer was deposited onto the tip, decreasing the resolution 

of the images after the patterning process.  

 

Delamarche et al. compared the results of patterning SAM resists with high and low 

energy e¯ beams.93 High-energy electrons were generated from a transmission electron 

microscope (TEM, 100 keV) or scanning electron microscope (SEM, 1, 10, or 35 keV) 

under a moderately high vacuum, while low energy e¯ beams patterns could be created 

with an STM. A self-assembled monolayer of mercaptomethylethaneamide (MMEA, 

HSCH2CONHCH2CH3), known to produce homogeneous, dense and stable monolayers 
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were formed on gold substrates. The molecule protected the gold from further thiol 

adsorption, but did not function as a protective layer against cyanide etch (post 

treatment). After patterning, the substrate was washed in different solvents (water, 

ethanol, heptane) and exposed to hexadecanethiol (C16SH) solution to create C16S-SAMs 

in the patterned areas. These regions were resilient to a post treatment etch solution of 

aqueous KOH/HCN. Empirically, the authors determined that an electron dose from 

high-energy electron beams of three electrons per MMEA molecule was sufficient for the 

patterning. The MMEA-SAM could also be chemically converted to an effective etch 

stop without C16SH treatment with larger electron doses. Two possible explanations for 

the phenomena were discussed. One suggestion was that at high doses, the MMEA  

 

 

 

 

 

 

 

 

 

 

 

Figure 1.3: SEM images showing a series of features in gold created through STM-based 
lithography on a MMEA/Au substrate (Iset = 50 pA, Vb = 10 V, 15 mm/s), immersing the sample 
into a solution of C16SH for 30 s, and subsequent etching of the gold. A (5 µm)2 square resulting 
from scanning consecutive 1024 lines (A). The lines seen in B, C resulted from 25 and one pass 
with the tip, respectively. The test grid (D) demonstrated single line patterns several microns in 
length. No proximity effect was seen at the crossing points. Reprinted with permission from ref. 93.
Copyright 1997 American Chemical Society. 
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monolayer itself was converted into a form that was resistant to the etching solution. A 

second possibility suggested that “contaminants” accumulated on top of the SAM 

functioned as a resist layer. The authors observed the high-energy electron beam 

irradiated MMEA resists required much larger doses than the exposure of a 50 nm thick 

PMMA resist, presumably due to the thinness (transparency) of the MMEA-SAMs. 

Therefore, the authors changed their focus to the lower electron energy regime created by 

STM. The researchers determined the non-perturbative parameters for scanning the 

monolayer in ambient conditions to be 1 V bias and 50 pA tunneling current. The 

threshold voltage for patterning of the MMEA resist was determined to be 4 V, with the 

most reproducible structures achieved at 10 V bias, 50 pA tunneling current and a scan 

speed of 15 µm/s in an argon atmosphere. Gold patterns up to 5 µm long and 40 nm wide 

were created over large areas. Figure 1.3 shows a series of SEM images of features in 

gold created using the lithography process described above, followed by transfer into the 

substrate. Figure 1.3A displays a square resulting from scanning 1024 lines 

consecutively. The line pattern seen in Figure 1.3B was created by scanning 25 lines, 

while Figure 1.3C resulted from only one pass of the tip. The test grid (Figure 1.3D) 

demonstrates single line patterns several microns in length. The exact mechanism for the 

patterning scheme was not known and why 50000 electrons per molecule were required 

to pattern with a STM also remained unclear. Regardless, compared to the results 

achieved with the high-energy e¯ beam experiments, this STM based lithography proved 

to be easier because it could be operated at ambient conditions. The higher energies of 
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standard electron beam lithography, which allowed much faster movement of the probe, 

proved to be non-advantageous for the use of SAM-resists. 

 

Self-assembled layers of chemically bound nanoparticles were mechanically patterned by 

Yang et al. via STM.94 Hexanedithiolate/decanethiolate-capped gold clusters were 

deposited onto gold on mica. Lithography was performed at greater than 2.55 V bias and 

15.6 µm/s scan speed to locally remove the gold particles in squares corresponding to the 

scan dimensions. A complete removal of all particles within the pattern usually required 

four consecutive scans. No effect of humidity was reported, but the tunneling current 

played an important role. Tunneling currents of 0.5 nA and a 10 mV bias removed 

surface bound particles. The authors assumed that this was a clear indication that the 

removal was not due to an electrochemical effect and was based on mechanical 

scratching. 

 

2.2. STM modification in UHV 

 

Müller et al. investigated the patterning of C16S-SAMs and n-docosanethiolate (C22S-) 

SAMs on gold with an STM operated in field emission mode in ultrahigh vacuum 

(UHV).95 In this technique, high bias voltages (greater than 30 V) created tip-sample 

distances that were much larger (10 to 100 nm) than in normal STM imaging modes. The 

ultra-sharp field emission tips were electrochemically etched single crystalline tungsten 
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wires that yielded a line resolution of 20 nm at 10 µm/s scan speeds. The resulting 

patterns were transferred into the substrate by wet etching treatments. The researchers 

found no significant difference in the performance between the different chain-lengths 

used.  

 

Mizutani et al. investigated molecular scale patterning and the subsequent ‘healing’ of 

C9S-SAMs on gold (created by gas-phase deposition in UHV), and reported some of the 

smallest SPL generated features to date.96 The researchers worked under UHV conditions 

to avoid possible ‘uncharacterized’ electrochemical processes that might occur due to the 

surface water layer in ambient conditions. Patterns were created through voltages pulses 

(between +2.6 to +3 V, 70 to 200 ms in duration). The smallest created feature of ca. 2 

nm was achieved with a pulse of +2.6 V of 100 ms duration. Figure 1.4A shows an 

example of a circular pattern of these pulsed SAMs with a magnified image of one pulse 

region in Figure 1.4B. The most important observation in this paper was that the 

monolayer underwent changes after the applied pulse. Under continuous scanning, a self-

healing process was observed in less than five minutes. The authors suggested that the 

molecules may adsorb at the tip during the voltage pulses, and were ‘re-supplied’ during  

the imaging process. This assumption was supported by the fact that the self-healing 

process did not occur when the tip was retracted from the surface. Nevertheless, some of 

the created structures did not recover completely. 
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Keel et al. described the removal of the top gold layers from Au(111) surfaces modified 

with C12S-SAMs.97 Using an UHV-STM with tunneling parameters of 0.1 V and 1 nA 

(etching conditions), the surface was modified in a manner that coalesced the 

characteristic surface vacancy islands after one patterning scan. Irregularly shaped 

deposition of debris (the height of one layer of gold atoms) outside the scanned region 

was observed. Temperatures above 320 K showed more drastic changes in the surface 

morphology during the ‘etching’ process, which were attributed to the higher mobility of 

the surface molecules and the surface gold atoms at elevated temperatures. Experiments 

performed under ambient conditions with a tunneling current of 1.2 nA required voltages 

between 0.1 to 0.4 V, and altered the surface more than observed in vacuum. It was 

concluded that the SAM played an important role. The binding of thiol molecules to the 

gold surface altered the bond strength between the top two gold layers significantly. No 

Figure 1.4: STM images showing (A) A circular pattern fabricated from voltage pulses of 2.7 V 
created 11 holes and one protrusion. (B) One of the smallest intentionally created holes (100 ms pulse 
duration, Vb = 2.6 V). The SAM order in the periphery of the created pattern was disordered. 
Reprinted with permission from ref. 96. Copyright 1998 American Chemical Society. 
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alteration in the morphology of a bare gold surface was observed under the same etching 

conditions. 

  

2.3. Modification with AFM (mechanical and electrical) 

 

During an investigation of the structure and stability of decanethiolate (C10S-) and C18S-

SAMs on gold, Liu and Salmeron observed that molecules could be displaced on the 

surface when the sample was scanned with an AFM tip under a high applied load (up to 

100 nN).98 After this displacement was observed, the molecules near these “defect” sites 

appeared to diffuse laterally back and subsequently ‘repaired’ the initial SAM. Later, a 

similar study for alkylsilanes on mica was reported.99 The force needed to displace 

silanes was higher than for the alkylthiolates of the same carbon chain length, but the 

actual value was dependent on the radius of the tip. Sharper tips decreased the required 

load by a factor of ten. This work illustrates the first step in the nanografting and 

nanoshaving processes discussed below in the section describing substitution lithography. 

 

Kelley et al. described the mechanical removal of thiol modified double stranded DNA 

(dsDNA) by an AFM.100 The DNA on a Au(111) substrate was imaged under a very low 

force (smaller than 200 pN). To remove the dsDNA, both the force applied to the AFM 

tip and the scan speed was increased. This resulted in the formation of squares exposing 

the underlying gold. The depth of these depressions was measured and taken to be the 
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film thickness. By performing this process in an electrochemical cell, subsequent 

variation in the potential applied to the surface caused changes in thickness of the dsDNA 

layer, attributed to the orientation of the dsDNA molecules with applied bias.  

 

Zhou et al.101 investigated changes in the surface morphology of thiol functionalized 

DNA SAMs upon exposure to complementary single-stranded DNA (ssDNA) or 

mercaptohexanol (HOC6SH). The modified ssDNA was self-assembled to a flat gold 

surface and imaged with an AFM. By increasing the force applied to the tip (30 to 50 nN) 

the DNA was mechanically scraped away in square shaped patterns. In this way, the 

researchers measured the thickness of the organic layer. When the patterned SAMs of 

ssDNA were immersed into complementary ssDNA, an increase in the thickness of the 

SAM was observed. The authors attributed this result to the formation of dsDNA, which 

had a more vertical conformation than the ssDNA. The same method was used to alter the 

height differences of patterned regions. After the writing of square patterns into a SAM 

composed of dsDNA, a second oligonucleotide with more bases (longer molecule) was 

assembled into the holes. Initially the AFM images showed that the height of the squares 

decreased, but was still below the film thickness of the dsDNA background. When this 

sample was reacted with complementary DNA, the depressions changed to protruding 

squares.  

 

Uosaki and Zhao employed a current sensing AFM (CSAFM) for localized removal of a 

SAM.  This instrument consisted of a conductive cantilever that could collect surface 
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information/morphology the same way as a traditional AFM. This instrument had the 

added ability to monitor current in a two-electrode configuration (similar to STM) to 

selectively remove C18S-SAMs from Au(111). The researchers investigated the 

patterning dependence on applied bias, applied force and the effect of water on patterning 

efficacy in an inert solvent (toluene).102 The CSAFM enabled the authors to 

simultaneously compare topography and current images of the resulting pattern. The 

removal of SAM in patterned regions was supported by the appearance of ca. 1 nm 

(measured) depressions in the topography image, while the current sensing image showed 

high apparent height contrast between the ‘bare’ substrate and the background SAM. This 

result suggested that the resist layer was no longer present, resulting in higher currents 

passing through the patterned regions. Figure 1.5 shows the topography (Figure 1.5A) 

and current images (Figure 1.5B) of a C18S-SAM pattern generated by 3 nN applied 

force and 3 V substrate bias. Figure 1.5C shows I-V curves during patterning (i), after 

patterning (ii) and outside the pattern (iii). Current voltage measurements revealed that 

the patterned areas gave resistance values of 1.7 × 109 Ω; much lower than an unmodified 

substrate (metal), but higher than a C18S-SAM resist (insulator). From these data, the 

authors concluded that the desorbed material or contaminants from solution most likely 

re-adsorbed to the gold substrate. A series of experiments was conducted to investigate 

the patterning parameters for the CSAFM based negative lithography. A systematic 

variation in applied bias under constant force yielded a critical threshold voltage of 2.0 V 

to remove the C18S-SAMs. Application of the opposite bias (substrate negative) showed 

that a larger magnitude (–2.6 V) was required for the removal of the SAM. The applied 
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force needed for elimination was observed to decrease with increasing bias. At biases 

larger than 2.9 V, no force dependence with applied bias was found. The authors 

suggested that the process was  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.5: Topography (A) and current (B) images of a nominally (50 nm)2 square in a C18S-SAM on 
gold (under water saturated toluene, lithographic conditions: ca. 3 nN force, 3 V bias; imaging 
conditions: 4 nN force, 0.05 V bias). The corresponding cross-section is shown below each image. (C) 
I-V curves recorded (i) during the patterning inside the square, (ii) just after patterning inside the 
square and (iii) outside the square (e.g. on C18S-SAM). Reprinted with permission from ref. 102. 
Copyright 2001 American Chemical Society. 
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dominated by an electrochemical event at higher applied bias. Studies on the influence of 

water also revealed that lower bias was required to pattern under water-saturated toluene, 

whereas patterning performed under dry toluene required larger biases. This result 

supported that trace amounts of water facilitated the electrochemistry at the tip - substrate 

interface. The researchers concluded that the mechanism for the removal of 

organothiolate from the gold surface was electrochemical in nature, similar to the 

mechanism proposed by Crooks et al. for elimination lithography with a STM (vide 

supra). 

 

A large body of work has described and exploited probe-based lithography to produce 

patterns involving the anodic oxidation of silicon. These experiments all employ silicon 

or a silica layer on silicon covered with a SAM as a resist. As will be illustrated below, 

the type of SAM has a large effect on the threshold bias and resolution of this process. 

Oxidation could be viewed as “adding” to the surface due to the silicon expansion. 

However, since the SAM is likely locally removed or “eliminated”, these techniques are 

discussed in this section. 

 

Similar to previous (anodic oxidation) patterning demonstrations with an STM,88 

Sugimura et al. employed a conducting AFM for the nano-oxidative patterning of TMS-

SAMs on silica that was based on tip-induced electrochemistry.103 As illustrated in Figure 

1.6, the conductive probe was connected to the substrate by a water meniscus (termed a 

‘water column’) that was attributed to capillary condensation in ambient conditions. The 



 

 

29

silane-based monolayer was degraded and the native oxide silica surface once again 

became hydrophilic, (e.g. hydroxyl terminated). In a similar approach, the authors 

showed with optical microscopy that the anodized patterns were hydrophilic from the 

condensation of water on chilled substrates.104 The patterned regions protruded slightly 

above the surrounding SAMs. This protrusion was believed to be a volume expansion 

from the anodization of the (SiO2) substrate by the incorporation of oxygen. After 

patterning, the structure was transferred into the substrate by a wet etching process with 

NH4F/H2O2/H2O. The narrowest line width obtained was 30 nm,  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.6: Schematic diagram of the anodic oxidation of a silane monolayer coated silicon oxide 
surface. (A) A conductive probe was scanned under an applied bias in a well-defined area on the 
sample surface. At ambient conditions, a water column formed between the tip and the surface and 
acted as an electrochemical cell. The pattern appeared as a protruded structure through the volume 
expansion of the SiOx. (B) The pattern could be transferred into the silicon substrate via a wet 
chemical etching treatment. 
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but the isotropic etching process resulted in a widening of the lines. Patterning with 

positive biases required more than +3 V for complete patterning, while negative voltages 

needed was at least –5 V. Larger biases led to more complete degradation of the TMS-

SAMs and therefore, a more effective etching procedure. The researchers observed a 

difference in the onset of the degradation threshold voltage in the positive and negative 

polarities that was believed to be due to the asymmetric nature of the tip-sample junction.  

 

The exact mechanism of the degradation of the silane-based layer was unknown and the 

number of electrons needed to remove a molecule was calculated to be several hundred. 

The authors assumed that not all of these electrons were necessary for an electrochemical 

process associated with the degradation of the TMS layer. The authors speculated that 

tunneling or field emission currents passing through the molecule were responsible for 

these results. Leakage current through the water column by lateral electron hopping or 

electrons contributed to/from other reactions not related to the degradation of the organic 

monolayer also could cause these results. The amount of current injected per unit area 

was also observed to decrease as the patterning scan speed increased. To further 

understand the role electrons played in the degradation of organic monolayers, Sugimura 

et al. performed AFM lithography in constant current mode and observed that an injected 

electron density of several pC/µm fabricated clear etched features in the SAMs.105 When 

this current density was applied, scan speeds up to 5000 µm/s could be used. However, 

the limits of the mechanical stability of the AFM system were reached and created 

irregular patterns. At injections of 1000 pC/µm, the area surrounding the scanned region 
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was altered, and LFM images suggested contaminants could be present due to different 

friction contrasts than previously obtained of silicon oxide. Relative humidity studies 

strongly suggested that the degradation rate was also accelerated with increased humidity. 

Scan rate studies revealed that the depth and width of the line transferred into the 

substrate by etching increased with decreased scan rate. The researchers explanation was 

that the amount of injected current per unit time was changing.  

 

In an ex-situ approach to generate chemically heterogeneous patterns, Sugimura et al. 

lithographically prepared a TMS-SAM as described above, but added a second silane (3-

aminopropyltriethoxysilane (APS, H2N(CH2)3Si(OCH2CH3)3)) that reacted to the surface 

hydroxyl groups generated in the anodic oxidized patterns.106 To confirm the selective 

growth of the APS layer, aldehyde-modified, fluorescently-tagged, latex nanoparticles 

were reacted with amine functionalities in the patterns. Fluorescence optical micrographs 

(Figure 1.7) confirmed that the latex nanoparticles were bound only in the patterned 

areas. Further experiments revealed that the amine groups of the confined APS areas 

could be reacted with the amine groups of proteins (e.g. horse radish peroxidase) with the 

help of a glutaraldehyde cross linker. Tapping mode (non-contact mode AFM) and phase 

contrast AFM images revealed the adsorption of protein to the APS confined regions with 

no apparent non-specific binding to the TMS regions of the SAM. Another ex-situ 

addition approach reacted heptadecafluoro-1,1,2,2-tetrahydro-decyl-1-trimethoxysilane 

(FAS) by chemical vapor deposition (CVD) to the SiO2 structures created from anodic 

oxidation in an OTS-SAM.107  
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The samples were monitored before and after with topographic AFM images and Kelvin 

probe force microscopy (KFM). The large molecular dipole of FAS contributed to  

 

 

 

 

 

 

 

 

 

 

 

 

surface potentials that were 50 mV higher in the patterned lines than in the surrounding 

OTS-SAM, which showed up clearly in KFM images. Patterns generated by anodic 

oxidation transferred into the oxide layer by a wet chemical process served as a template 

for the electroless plating of Au.108 Here, the plating proceeded selectively on the Si 

surface due to the galvanic displacement between Si and Au ions, while the OTS-SAM 

surface remained free of deposits. The line resolution of the electroless plating achieved 

was 200 nm, confirmed with SEM and Auger spectroscopy. 

Figure 1.7: Scanning electron microscope image of fluorescent latex nanoparticles immobilized onto a 
pattern generated by STM (Vb = +5 V, 0.2 mm/s scan speed in N2 with 80% RH) after APS treatment and 
immersion in latex particle suspension. Reprinted with permission from ref. 106. Copyright 1997 American 
Chemical Society. 
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Sugimura et al. also used localized current injection (from a conducting AFM tip) to 

pattern insulating SiO2 substrates by utilizing a multi-layered resist containing a 

conductive layer.109 An amorphous silicon resist was thermally grown on SiO2 and 

cleaned by ultraviolet light-generated ozone, which created a thin silicon oxide layer. 

This layered structure was then coated with an octadecylsilyl SAM (ODS-SAM). The 

SPL patterning parameters were similar to those described previously by this group. A 

two-step wet chemical development process transferred the structures to the underlying 

thermal oxide film. First, etching in dilute hydrofluoric acid led to the removal of the 

exposed photochemical oxide. A second wet etch step with tetramethylammonium 

hydroxide (TMAH, 25 wt %) was performed and the pattern mask for the further etching 

of the thermal oxide was achieved. By immersion of the substrate into hydrofluoric (HF)  

 

 

 

 

 

 

 

 

 

 

Figure 1.8: AFM images showing the results of AFM anodic oxidation and wet etching of a pattern 
in an ODS-SAM on a multi-layer resist. Scan speed: 10 µm/s, probe current: 5 nA, etching steps 
with 0.5 wt % hydrofluoric acid (0.5 min) and 25 wt % tetraammonium hydroxide (3 min). 
Reprinted with permission from ref. 109. Copyright 1999 Society of the American Institute of 
Physics. 
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acid, the oxide was structured with the same patterns written with the AFM probe. An 

example of Si structures created with this process is shown in Figure 1.8.  

 

Sugimura et al. also described the influence of SPL parameters on the patterning of 

organosilane SAMs on silicon substrates.110 The effect of the pulse duration on the size, 

height of patterns created in SAMs composed from octadecyltrimethoxysilane (ODS-

SAMs) was investigated by lateral force contrast. By comparing the results from the 

different measured parameters, the authors concluded that the surface modification was a 

multiple step process and electrochemical reactions between the tip and the sample in the 

water column took place. The line width was dependent on the writing speed with a lower 

width limit of 20 nm, but the authors believed this value to be convoluted with the shape 

and size of the probe. 

 

Zheng and co-workers chemically positioned Au nanoparticles on a silicon surface using 

a nano-oxidation technique for the preparation of quasi-one-dimensional lines.111 After 

SPL patterning (ca. 8 V, 4 µm/s) of a SAM prepared from octadecyltrichlorosilane on 

silica (OTS-SAM), amine-terminated silanes were self-assembled into the oxidized, 

patterned areas. Then, 12 nm diameter gold nanoparticles were electrostatically bound to 

these amine-terminated SAM regions. SEM images showed the particles were 

exclusively immobilized on the predefined patterns.  
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Using a similar methodology as described above, Li et al. presented the fabrication of 

lithographic patterns that could trap single gold colloids.112 The researchers investigated 

the role of the humidity, pulse duration and pulse voltage on the diameter of the oxidized 

(patterned) spots. Prior to patterning, OTS-SAMs were incubated in the presence of small 

silane molecules (phenyltrichlorosilane or 3-chloropropyltrichlorosilane) to avoid 

colloidal binding in the defect sites of the SAM when exposed to the gold nanoparticle 

(AuNP) solution. By controlling the size of the SPL pattern, the number of particles 

adsorbed could be controlled. With a spot diameter of 100 nm, the efficiency for binding 

15 nm particles was determined to be 100%. As the diameter was decreased to 28 nm, 

only 30% of the oxidized/functionalized spots on the surface were found to bind a 

colloid. The authors believed that the effective area where the adsorption took place was 

smaller than the measured diameter of the oxidized area due to an inhomogeneous 

degradation of the OTS layer. As the spot diameters became smaller, the number of OTS 

molecules remaining in the patterned region increased, effectively decreasing the number 

of binding possibilities for the gold nanoparticles. The non-planar shapes of the oxidized 

silicon patterns were also believed to contribute to the lower efficiency for binding. 

Nevertheless, the authors demonstrated the ability to control the number of particles 

down to the binding of a single Au particle in a single oxidized dot. Figure 1.9A shows 

an AFM image of the original oxide patterns, and Figure 1.9B depicts 15 nm diameter 

AuNPs absorbed onto this structure. 
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Nanoparticles patterned on a silica surfaces have also been used by Zheng et al. as masks 

in the anodization of a silica substrate. This strategy facilitated the fabrication of silicon 

nanopillars under ambient conditions (Figure 1.10).113 Gold colloids (18 nm) were 

initially anchored to the surface with a mercaptopropyltriethoxysilane SAM (MPTS- 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

SAM) as illustrated schematically in Figure 1.10A. An area was scanned with an applied 

bias of +9 V to oxidize the silicon in this region (Figure 1.10B). By comparing the height 

of the nanoparticles before and after the anodization, the measured height of the 

Figure 1.9: (A) Tapping mode AFM images of an oxide dot array fabricated by anodic oxidation of 
an OTS/SiOx sample after backfilling with aminopropyltrimethoxysilane (dot height ca. 2.5 nm, 
diameter 70 nm). (B) The same template after the adsorption of 15 nm gold nanoparticles. Single 
particles were adsorbed to the oxide patterns. The section analysis data for both images are given 
below the corresponding image. Reprinted with permission from ref. 112. Copyright 2003 American
Chemical Society.  
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nanoparticles decreased slightly from 18 nm to 15 nm, which supported the assumption 

that the silicon around the nanoparticles oxidized and slightly expanded (Figure 1.10B). 

After wet etching of the sample, columns remained under the nanoparticles (Figure 

1.10C). The measured  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

diameter of these columns (in the lithographically patterned area) was 71 nm with a 

height (including the AuNP) of 30 nm (Figure 1.11). The real lateral dimension of the 

Figure 1.10: Schematic diagram of (A) selective anodization of the silicon regions not masked by 
nanoparticles. (B) The volume expansion of the silicon led to a decreased height contrast between the 
particles and the substrate. (C) After a wet etching step, silicon columns capped with a nanoparticle 
were formed. 
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features could be smaller due to the convolution of the tip shape and the columns. This 

experiment showed that nanoparticles could be used as masks for the electrochemical 

modification of a silicon surface.  

 

Kim et al. followed the same silicon anodization approach as Sugimura et al. reporting 

the use of octadecyldimethylmethoxysilane (ODMS) as an organic resist for lithography 

with a conductive AFM (cAFM).114-116 The organic monolayer was degraded under a 

constant force  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.11: Non-contact mode AFM image (7 µm)2 of a patterned square (ca. (5 µm)2) containing 
silicon columns. Reprinted with permission from ref. 113. Copyright 2000 American Chemical Society. 
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and an applied negative voltage of –10 to –30 V. The authors assumed that the voltages 

used resulted in field emission from the tip. This patterning resulted in protruded features 

caused by the volume expansion of the silicon during the anodization. It was shown that 

the patterns could be transferred into the substrate by a wet etching step with buffered 

oxide etch (BOE). This etching process was selective and the organic layer was nearly 

unaffected, while the oxide layer was removed. The smallest reported line width was ca. 

70 nm written at a scan speed of 120 µm/s. 

 

Several efforts studied the effect of various types of surface monolayers and multi-layers 

with this type of patterning via anodic oxidation of silicon. Kim et al. anodized silicon 

terminated with multi-layered structures based on zirconium phosphonate chemistry.117 

During the course of multi-layer formation, it was observed that lines patterned on a Zr4+ 

terminated surface were smaller than lines patterned on a phosphonate terminated 

surface. The researchers concluded that the surface charge of the Zr4+ was enhancing the 

effect of the anodization. This group extended their efforts by later investigatingthe effect 

of surface charge on the efficacy of patterning.118 The films were fabricated by the 

sequential adsorption of phosphoric acid and metal ions (Zr4+ or Ca2+), in which the 

adsorption of Zr4+ resulted in a net positive charge, while Ca2+ led to neutral surfaces. 

Film preparation was confirmed by ellipsometry and AFM. The authors reported the 

effect of systematically changing the applied bias voltages and scan speeds during 

patterning, and compared the resulting line widths and heights of the silicon protrusions. 

It was observed that the positively charged film could be patterned at lower applied 
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voltages and higher scan speeds than the neutral surface. The authors concluded that the 

positive charge (on Zr4+ films) led to an enhancement of the lithographic process by 

altering the electron transfer process, causing the Zr4+ films to be patterned at lower 

voltages.  

 

In a similar vein, Lee et al. investigated the silicon protrusions generated on charged 

amphiphilic layers physisorbed on silicon surfaces.119 The bipolar amphiphiles, 1,12-

diaminododecane (DAD-2HCl) and n-tridecylamine (TDA-HCl), were adsorbed onto a 

negatively charged silicon wafer creating ammonium chloride modified and methyl-

terminated films, respectively. Various AFM anodizations were performed at a relative 

humidity of 50% with different scan speeds (30 to 480 µm/s), applied voltages (10 to 25 

V), and currents (13 to 14 nA). The ammonium chloride modified surface led to broader 

and higher protruding lines than the surface terminated with methyl groups. The authors 

attributed this to an enhancement effect by the charged ammonium ions.  

 

Mixed monolayers of the above mentioned amphiphiles were used to investigate terminal 

surface group effects on the efficacy of anodic patterning of silicon wafers with this AFM 

lithography.120 It was shown that the mixing ratio on the surface was strictly related to the 

ratio of the molecules in solution and played an important role for the threshold voltage 

necessary to produce lines of a predetermined height. Under fixed anodization 

parameters, as the amount of DAD-2HCl in solution was increased, the voltage for 

creating a line of 10 nm in width decreased.  However, it was observed that the current 
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during the patterning process was nearly constant for the different mixtures, which 

supported a faradaic process for the anodic oxidation. Increased ratios of DAD-2HCl 

resulted in increased line widths. The amount of ammonium chloride groups present on 

the surface was believed to be responsible for this phenomenon. The authors argued that 

when the surface was more hydrophilic, the water meniscus present was larger, leading to 

wider lines.  

 

The effect of polarity change applied to the AFM cantilever was the focus of a report by 

Lee et al. who patterned Langmuir Blodgett (LB) resists / films prepared from palmitic 

acid (C15COOH) physisorbed on a silicon oxide surface.121 Under positive substrate 

biases, protruding lines in silicon were generated. Under reverse biases, grooves with a 

smaller width were found. The depth of the groove correlated with the thickness of the 

LB layer. The authors supplied two possible explanations for the selective removal of the 

molecules from the surface under reverse bias. The first hypothesis was based on the 

dissociation reaction of the palmitic acid. The second hypothesis described the 

degradation of the resist under a strong electric field, which was concluded to be the 

dominant process based on the increase in groove depth with increasing bias. At –5 V, 

the negative-tone pattern was just half the depth of the film thickness, and increased with 

increasing bias. This work was the first example for the creation of protruding lines or 

grooves by merely changing the polarity of the applied bias. Figure 1.12 shows an 

example of a diamond pattern generated with a –10 V bias to create a protrusion (Figure 
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1.12A), and a similar pattern created with a bias of +10 V resulted in a groove (Figure 

1.12B). 

 

 

 

 

 

 

 

 

 

 

 

 

 

She et al. described the effect of applied force on the groove formation in LB films of 

OTS on freshly cleaved mica substrates.122 All measurements and mechanical 

modifications were done in 40% to 70% relative humidity at room temperature. The OTS 

monolayer was removed between applied forces of 400 nN to 800 nN. Forces above 800 

nN formed deeper holes, which indicated that the mica substrate was affected. The 

narrowest lines (50 nm) could be written with a large applied force of 700 nN.  

 

Figure 1.12: AFM images showing a lithographically defined pattern in a palmitic acid LB layer adsorbed 
to a SiOx/Si substrate. Diamond pattern with protruding lines was written with –10 V (A), and with grooves
written with +10 V applied tip bias (B). (z-scale: 6 nm) Reprinted with permission from ref. 121. Copyright 
2002 American Institute of Physics. 
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Ara and co-workers used alkyl monolayers covalently bound to silicon as resists for 

nanolithography.123 Again, this process was proposed to oxidize the underlying silicon as 

described above. Alkyl monolayers were created by the reaction of 1-alkenes with 

hydrogen-terminated silicon. The authors showed that these layers could be anodized 

with an applied bias of +5V. It was pointed out that the voltage necessary for pattern 

formation was roughly half of that needed for the patterning of alkylsiloxane (alkylsilane) 

monolayers on silica. The researchers showed that the anodized lines could either be 

etched away or modified with another alkyl silane. With this technique, letters with a line 

width of 40 nm were produced. 

 

2.4. Scanning probe lithography with NSOM 

 

Sun et al. employed near field optical microscopy (NSOM) to pattern C12S-, 

mercaptoundecanoic acid (MUA) and mercaptoundecanol SAMs on gold substrates.124,125 

The light from a frequency-doubled argon ion laser (λ = 244 nm) was coupled into a 

fused silica fiber, which had an Al-coated tip with an aperture of ca. 50 nm. The fiber 

was scanned at a distance of 5 to 10 nm above the surface. The UV-light photooxidized 

the surface bound thiolate molecules to sulfonate species, which were much more weakly 

bound to the substrate. The patterned surface could either be dipped into a solution with a 

different thiol, replacing the weakly bound sulfonate from the surface, or dipped into an 

etching solution for structuring the gold. In one example, the patterned substrate was 
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immersed into mercaptoundecanioc acid. As can be observed in Figure 1.13, the 

topography image (Figure 1.13A) showed no difference between the two SAM regions, 

while the friction image (Figure 1.13B) clearly showed the patterned lines. The line width 

was 50 nm, corresponding to the size of the probe aperture, which seemed to be the 

limiting factor for scanning near-field photolithography (SNP). However the size of the 

gold grains from the substrate also played an important role. Nevertheless, a feature size 

of 30 nm corresponded to a resolution of ca. λ/9. It was also shown that it was possible to 

use the patterned SAMs as an etch mask for the  

 

 

 

 

 

 

 

 

 

 

 

 

gold substrates. A ferri/ferrocyanide etch solution was used to etch exclusively the part of 

the SAM that had previously been illuminated. The unexposed regions were resistant to 

Figure 1.13: AFM images of parallel lines of MUA in a C12S-SAM on gold created by NSOM lithography. 
(A) A (1400 nm)2 topography image showed no contrast. (B) A (1400 nm)2 LFM image showed lines with 
a width of 50 ± 5 nm. (lithographic conditions: 0.2 mm/s writing speed, 60 mW laser power) (C) A (1450 
nm)2 LFM image of a 30 nm line of C12S- in a MUA-SAM (lithographic conditions: 1 µm/s writing speed, 
20 mW laser power) Reprinted with permission from ref. 125. Copyright 2002 American Chemical Society.
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the etchant. The reaction time for creating structures in the gold substrate was longer than 

in the case of bare gold suggesting that the oxidized SAM was not immediately 

collapsing in the etch solution. This optical lithographic technique required the same time 

frame (scan speed of 200 nm/s) as the AFM and STM type approaches discussed 

previously. However, it was observed that the scan speed could be increased if an acid 

terminated self-assembled monolayer was used. It was suggested that the oxidation 

occurred much faster with this SAM. A disadvantage of the acid terminated SAM was 

that it had less resistance to etching solutions compared to the methyl terminated SAMs. 

This behavior was possibly due to less order within the MUA-SAM. 

 

3. Addition Lithography 

 

3.1.  Historical Precedent for Addition Lithography 

 

The most natural idea about writing is the application of ink to paper. The class of 

lithographic methods that are termed addition lithography resembles this process. Prior to 

the use of SAMs in this scanning probe-based lithography category, various other types 

of materials were applied to a substrate under the action of a scanning probe. An example 

is the deposition of copper clusters onto gold from an atomic force microscope (AFM) 

tip.124,125 Moreover, several efforts have focused on the patterning of SAMs via addition 

using techniques other than scanning probes. These approaches include µCP,51,52,126 
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micropens and nanopipettes. In an early example, Lopez et al. demonstrated the use of a 

micropen to create 50 µm wide lines of a C16S-SAM on gold.127 More recently, these 

approaches have been expanded to deposit a wider range of materials. For example, 

materials deposited with nanopipettes include DNA, proteins, enzymes, reactive gases, 

etchants and photoresists.128-134  

 

The fundamental scheme behind this type of lithography is diagrammed in Figure 1.1B. 

To a (nominally) bare substrate, a reactive molecule is applied via some type of pen. In 

the case of SPL-based lithography, the pen is the sharp tip of an atomic force microscope 

cantilever. The ink is composed of molecules and a metal or semiconductor surface is the 

paper. In reviewing this strategy, early papers are described first, and later the types of 

inks and substrates are treated in kind. 

 

In 1995, Jaschke and Butt reported the creation of aggregates of octadecanethiol on mica 

by the transfer of these molecules from an AFM tip to the surface.135 The authors noted 

that the deposits displayed a relatively homogeneous height of 1.2 ± 0.3 nm in ambient 

conditions. However, little control was illustrated in fabricating patterns – irregularly 

shaped islands were typically deposited. Moreover, the apparent heights measured were 

too short to attribute them to a well-ordered crystalline SAM. The authors rationalized 

this appearance by suggesting that these molecules were physisorbed to the substrate 

resulting in disorder in the observed domains and/or a large molecular tilt with respect to 

the substrate. Nevertheless, the first lithographically defined pattern (a star shaped 
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structure) was formed. Notably, these patterns were only obtained on the high energy 

surface of mica and the authors stated, “...we do not find any deposits on glass or gold.” 

This early report can be seen as the first example of transfer of molecules from a tip to a 

substrate.  

 

Two years later, Piner and Mirkin published a paper on transport of water to and from 

polymer and mica substrates as effected and observed by lateral force microscopy 

(LFM).136 The authors concluded that this transport occurred via the meniscus formed 

between the AFM tip and the sample. At low humidity, water was transported from the 

tip to the substrate. Under high humidity (95%), water was transported from the surface 

to the tip. This effect was based on capillary condensation. Although the principal goal of 

this work was to characterize the effects of water on LFM measurements, the authors 

recognized that this effect could be used for lithography. Patterns of letters composed of 

water were written onto a mica substrate under low humidity conditions. After a detailed 

discussion of the phenomena, it was concluded that the transport of water was a dynamic 

phenomena and was dependent on humidity, hydrophobicity of the substrate and the 

dynamics of the tip motion. This work set the stage for the subsequent development of 

the dip-pen nanolithography technique. 

 

3.2.  The Fundamentals of DPN 
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Dip-Pen Nanolithography (DPN) is illustrated in Figure 1.14 and is performed as follows. 

AFM tips are ‘inked’ with a material known to self-assemble on a solid substrate. The tip 

is then contacted to the surface. A water meniscus is formed and the ink, which is 

adsorbed on the tip, is transferred to the substrate when the probe is held in contact or 

moved along the surface below a certain linear velocity. The material immobilizes on the 

surface in a subsequent chemical or electrochemical event. DPN can often use 

commercially available tips, which are not modified prior to the adsorption of the ink. 

This technique has been highlighted in several overview articles.137-140 Here, the different 

types of ink, substrate and method are discussed in detail. 

 

 

 

 

 

 

 

 

 

 

The first report of DPN demonstrated fabrication of organic patterns of dot arrays or lines 

with thiol-based molecular inks on polycrystalline gold and Au(111).141 Both 

octadecanethiol (CH3(CH2)17SH, abbreviated C18SH) and mercaptohexadecanoic acid 

Figure 1.14: Schematic diagram illustrating dip-pen nanolithography (DPN). A tip coated with 
‘ink’ molecules was brought into contact with the substrate. A water meniscus formed between the 
tip and the substrate, which facilitated the transport of the ink to the substrate.  

 



 

 

49

(HO2C(CH2)15SH, abbreviated MHA) were chosen because they were known to create 

stable SAMs. Patterned features were routinely produced with widths that were less than 

100 nm and as narrow as 30 nm. Circular patterns of C18S- and MHA-SAMs on 

polycrystalline gold were made by bringing the tip into contact with the substrate, the 

resulting pattern can beseen in Figure 1.15. The size of the dots was dependent on the 

contact time. Molecular resolution LFM images indicated that the C18S-SAM on Au(111) 

was densely packed. The use of Au(111) deposited onto mica did suffer some 

disadvantage. Specifically, it was not possible to draw long (ca. micrometer-scale), 

continuous lines. This problem was attributed to the deep valleys surrounding the small 

Au(111) facets. On the much rougher polycrystalline gold, contiguous lines could be  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.15: LFM images of dots fabricated from (A) C18SH and (B) MHA on a gold substrate by 
DPN. The contact times were 2, 4 and 16 min, respectively. (45% RH, images recorded at 4 Hz scan 
rate) Reprinted with permission from ref. 141. Copyright 1999 American Association for the 
Advancement of Science. 
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written with micrometer length and 30 nm in width. The line width was dependent on the 

average size of the grains much as the resolution of an ink pen is dependent on the grain 

size of the paper.  

 

Humidity plays an important role in DPN. Optimal results were obtained at 30 to 50% 

RH with a scan rate of 1 Hz. This rate allowed sufficient transport time for the ink to 

reach the surface. With increasing humidity, the feature size also increased, which was 

attributed to the change in the size of the water meniscus. A second important parameter 

was the contact time between the tip and the substrate. Longer contact times (e.g. slow 

scan speeds) led to larger feature sizes.  

 

An attractive feature of DPN was that the structures could be imaged in-situ immediately 

after the lithography operation to assess the quality of the pattern. The same modified tip 

was scanned at higher rates (greater than 4 Hz) in LFM mode to provide images showing 

generally high contrast between the SAM and the Au substrate. Notably, neither different 

SAMs nor unfunctionalized gold regions can typically be distinguished by contact mode 

(e.g. normal force) AFM. Thus, friction (e.g. lateral) force is typically used to 

characterize DPN-fashioned patterns. It was hypothesized that imaging can be achieved 

without further functionalization of the surface because, during imaging, the tip moves at 

rates greater than the time required for ink transport from the tip to the substrate. Later, a 

water meniscus was argued to be responsible for ink transport. This meniscus was 
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disrupted at a sufficiently high rate of tip travel. A more detailed discussion about this 

process will follow later in this section.  

 

The second paper on DPN demonstrated the fabrication of nanostructures with multiple 

organothiol inks and spatial separation of 5 nm.142 To achieve these results, registry 

marks were employed so that when the tip was retracted and re-inked, it could be 

repositioned close to the previously established pattern. Thus, two molecular inks were 

lithographically patterned in an area that was defined within these registry marks. 

Specifically, a second pattern of dots was written in between a pattern of dots with a 

spatial resolution of ca. 15 nm. Another novel demonstration in this paper was the ability 

to ‘overwrite’ a nanostructure by scanning a tip modified with a second ink over the 

initial pattern. This procedure had the effect of creating a second SAM around the first 

with no apparent exchange between molecules in the respective SAMs (as detected by 

LFM, Figure 1.16) shows the result of this process. Three geometric structures were 

written using MHA. To backfill around this set of patterns, a tip inked with C18SH was 

raster scanned four times at ca. 12 µm/s (4 Hz) over a scan area encompassing these three 

structures. The image illustrates the dependence of writing the rate upon the width of the 

line. By writing each side of the triangle, square, and pentagon at 30 s, 20 s, and 8 s 

respectively, line widths varying from 80 nm to 30 nm were observed. The image in 

Figure 1.16 was collected with an unmodified tip to prevent further thiol exchange. The 

MHA functionalized regions appeared bright (indicating higher tip friction), the ODT 
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backfill region appeared dark (indicating lower tip friction) and the surrounding 

‘unmodified’ gold substrate appeared intermediate in friction.  

 

It has been recognized that the inherent serial nature of SPL results in undesirably slow 

writing. In an effort to demonstrate a more parallel approach to DPN writing, a linear 

array of AFM tips (up to eight) were employed.143 Two types of writing were  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.16: AFM images showing polygon shapes written with MHA on an amorphous gold 
substrate. The writing times per side were 30 s for the triangle, 20 s for the square and 8 s for the 
pentagon (ca. 0.1 nN force, 4 Hz scan speed, 35% RH). The geometric patterns were overwritten 
with a (3 mm)2 square pattern with a C18SH coated tip (four scans, 0.1 nN, 5 Hz, ca. 35% RH). 
The polygons showed the highest lateral force contrast, while the C18S-SAM showed the lowest. 
The bare gold outside had an intermediate contrast. Reprinted with permission from ref. 142. 
Copyright 1999 American Association for the Advancement of Science. 
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demonstrated. A set of AFM tips was inked with thiol and simultaneously engaged onto 

the surface. Using this cantilever array, a set of patterned SAMs was drawn. Each tip 

drew the same pattern in a region separated, in this case, by several hundred microns 

from the others. In a second demonstration, each tip was inked with a different molecule. 

To produce a multiple ink pattern, each tip was used individually in series positioning 

each subsequent tip in the same region as the first. In both of these demonstrations, 

multiple cantilevers were obtained by removing several contiguous cantilever-containing 

segments from a commercially available wafer block. Only the lead tip was monitored 

with the feedback system to position it, while the others in the array followed in a passive 

manner. Feedback systems were not found to be necessary for each individual tip because 

line width and required scan rate for patterning were found to be independent of the tip 

contact force.  

 

The next advancement in the area of multiple pen DPN was the development of a MEMS 

nanoplotter with a high density of probes.144 In this work, linear arrays of tips (up to 32) 

were fabricated via photolithography. These patterns generated from these linaer arrays 

were nearly identical. The resolution achieved was not quite as high as that observed 

previously with commercially available single tips. Recently, Zou et al. developed a 

conductivity based sensing technique to control the contact between the tips of a multiple 

tip array and the substrate. This method used the change in the conductivity between the 

sample and a metal-coated tip, when the tip contacted the sample surface.145 More 

recently, Belaubre, et al. developed a technique based on electrostatics to increase the 
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overall ink loading of biological solutions onto arrays of passivated aluminum 

cantilevers. The structure sizes generated with these arrays were reported to be on the 

micrometer scale.146 

 

DPN has also proved to be an interesting tool for the investigation of monolayer growth 

and interfacial diffusion using multiple thiol inks.143 In one example, the ability of a 

patterned SAM to corral a second molecular ink was investigated. The fabrication and 

behavior of the ‘molecular corral’ is illustrated in Figure 1.17. A cross structure  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.17: LFM images of ‘molecular corral’ patterns consisting of two different inks. (A) A 
cross-shaped structure where the horizontal and vertical lines were written with C18SH. A tip inked 
with MHA was then brought into contact in the middle of the pattern. The MHA diffused radially 
and the C18S-SAM lines confined the spreading of the MHA. (B) A cross shape pattern, where the 
horizontal lines were written with a MHA coated tip and the vertical lines were written with C18SH 
ink. (C) A tip inked with MHA was brought into contact with the substrate in the middle of the 
pattern. The MHA diffused radially and could diffuse across the horizontal lines, but not across the 
vertical lines (C18S-SAM). Reprinted with permission from ref. 143. Copyright 2002 American 
Association for the Advancement of Science. 
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consisting of 80 nm wide lines composed of C18S-SAM was fabricated on unmodified 

gold and a second tip coated with MHA was brought into contact inside the corral, 

allowing radial delivery of the MHA at the point of contact on the substrate. Figure 

1.17A shows that the MHA-SAM was contained inside the barrier created by the C18S-

SAM. In a second experiment, a similar pattern was drawn except two inks were used. 

The horizontal lines of the cross were composed of MHA-SAM while the vertical lines 

were composed of C18S-SAM (Figure 1.17B). Again, a tip delivered MHA to the center 

of the pattern, but in this case, the MHA could be observed to diffuse across the MHA-

SAM but not across the C18S-SAM (Figure 1.17C). This behavior could be explained in 

two ways. The C18S-SAM could have hindered the diffusion of the ink, or it could have 

confined the water meniscus delivering the molecules. 

 

In a second investigation of SAM growth using DPN,147 a series of LFM images was 

obtained using an inked tip. By monitoring the change in lateral force over time, the 

authors were able to make statements about the growth mechanism. The growth of C18S-

SAM and MHA-SAM had two distinctly different characteristics. During the growth of a 

C18S-SAM, small nucleation sites appeared first, grew larger over time and subsequently 

coalesced. In contrast, during the growth of MHA-SAM, the friction of the scanned 

region changed nearly linearly as a function of time – no nucleation phenomenon was 

observed. Molecular resolution images of the resulting monolayers indicated that they 

were highly ordered and did not show a difference compared to SAMs prepared by 

solution or gas-phase deposition.  
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Ivanisevic et al. studied the exchange processes between four different molecules/SAMs 

– MHA-SAM, C18S-SAM, 11-mercaptoundecylferrocenyl SAM (FcC11S-SAM), and 11-

mercapto-1-oxoundecylferrocenyl SAM (FcCOC10S-SAM).148 First, DPN-derived 

patterns of each SAM were created on polycrystalline gold and exposed to a solution of 

C18SH. This molecule was observed to exchange both FcC11S-SAM and FcCOC10S-

SAM within a matter of seconds to minutes, respectively. This result could be 

rationalized based on the lower packing density of these two SAMs as the result of the 

bulky ferrocenyl head groups. 

 

To get a better insight, the exchange process was also performed under continous 

scanning with a thiol ink coated AFM tip. The chemical structure of the molecules 

influenced the rate of exchange, but the size of the structure was also found to be 

important. Larger regions exchanged more slowly than smaller regions. This result was 

interpreted to suggest that exchange took place mainly in defect sites of the SAM (i.e. 

boundaries). A smaller region had a greater percentage of the SAM at boundary sites. 

Because exchange was observed mainly at the set boundaries, they were presumably less 

ordered than the center of the region. If the experiment was carried out with a tip coated 

with MHA, similar results were observed. Based on the relative ability to exchange one 

thiol for another, it was concluded that the overall relative stability of the SAMs could be 

ranked as MHA-SAM > C18S-SAM > FcCOC10S-SAM > FcC11S-SAM. If the substrate 

was changed to Au(111), the exchange process was found to be much slower and could 
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be nearly neglected. Even after nine hours of continuous scanning over a C18S-SAM with 

a MHA coated tip, the dot diameter was reduced only by 12%. Thus, the stability of a 

SAM was strongly dependent on the quality of the substrate.  

 

Partial electrochemical desorption at the edge of DPN-generated SAM patterns was used 

to reduce the dimensions of DPN patterned features.149 In this case, a pattern of MHA-

SAM was written, the substrate was mounted in an electrochemical cell, and the gold 

surface was used as the working electrode. By applying a potential of –750 mV vs. 

Ag/AgCl, the structures decreased in size. The potential was an important factor for the 

control of this process. The regime between –750 mV and –800 mV was found to be 

optimal and the rate of shrinking was very controllable and linear with time. With a less 

negative potential, no change in the size was observed. The electrochemical desorption 

process started on the outside of the features, considered to be defect sites (due to lower 

order). The smallest feature size fabricated on polycrystalline gold reported was 30 nm. 

Such feature sizes were otherwise difficult to achieve (without desorption). This 

electrochemical shrinking method did not appear to alter the structural integrity of the 

SAM.  Upon exposure to a gold etchant, the shrunken and unmodified SAM features 

resisted etching. 

 

Additional papers have reported the use of DPN to create etch masks with SAMs. 

Weinberger et al. patterned C18SH on gold evaporated onto silicon (e.g, 

Au/Ti/SiO2/Si(100)).150 The pattern was used as a resist against gold etching for a 
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subsequent anisotropic HF etch that patterned the underlying silicon. Mirkin and co-

workers showed that it is possible to create large, nearly homogeneous arrays of dots.151 

DPN patterns were written on Au/Ti/SiOx/Si using MHA ink and the unprotected gold 

was etched away using ferri/ferrocyanide etchant. An array of 40,000 dots with a 

diameter of 50 nm and a spacing of 100 nm was produced. In addition, nanogaps between 

12 and 100 nm wide were also fabricated. Because of diffusion of ink on the surface, 

these gaps were smaller than would be accounted for by the positioning of the tip. 

Recently, Zhang and Mirkin extened this etching process to Ag and Pd surfaces, 

observing that ODT was the superior resist for Pd substrates.152 

 

3.3.  Variation of the Ink and Substrate 

 

The first DPN investigations employed thiol-based inks and gold substrates. However, 

the technique is not limited to this system. DPN has been employed with other ink and 

substrate combinations. Ivanisevic and Mirkin reported the use of DPN to write lines on 

semiconductor (silicon and gallium arsenide) substrates using disilazane molecules as 

inks.153 Two potentially important features of disilazane inks were highlighted compared 

to trichloro- or trialkoxysilanes. First, they did not polymerize appreciably in the water 

meniscus. Second, the secondary amine base functionality within them catalyzed the 

chemisorption of the molecules to the substrate. The authors observed that patterning on 

these semiconductor surfaces required much longer time periods to produce similar sized 
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structures than the thiol/gold systems under similar conditions. However, a slight 

temperature increase, generated from a fiber optic light, was observed to increase the rate. 

The authors attributed this faster patterning rate to contributions from increased ink 

diffusion or the increased reaction kinetics of disilazanes at elevated temperatures. 

Pattern features as small as 50 nm in width were obtained. Silane structures on Si/SiOx 

were purportedly resilient to three successive acetonitrile washes, suggesting that they 

were irreversibly chemisorbed to the substrate. 

 

Since this aforementioned report, researchers have demonstrated the ability to reduce the 

degree of silane polymerization in order to pattern these precursors on silica substrates. 

Collier and co-workers were able immobilize fluorescently labeled Cy3-strepavid via 

covalent attachment of biotin on glass substrates.154 To do this, they patterned a silane 

with a pendant thiol group (3’-mercaptopropyltrimethyloxysilane (MPTMS)) that would 

not interfere with the silane anchoring group, yet could be used to conjugated a biotin-

maleimide group for further surface chemistry. To decrease the degree of silane 

polymerization during patterning, silane inks were vapor deposited onto the tip under 

anhydrous conditions, while patterning occurred at a carefully controlled relative 

humidity (22%), and temperatire (22 –23 ºC), and negative cantilever force constants (-

0.04nN). Under these conditions, line widths of 110 nm were achieved. Notably, larger 

relative humidity (25 –30%) gave much poorer results, presumably due to the formation 

of disordered polymeric films. Above 30%, adhesive forces between tip and substrates 

made silane patterning impossible. When patterning dots, it was observed that there was 
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no dependence of dot size with contact time at RH of 22%, presumably due to cross 

linking of the silane ink that occured in the inherent thin water film on the surface which 

limited the isotropic diffusion of the pattern.  However, at ca. 0% RH, dot size increased 

with contact time, but cause irregular dot patterns. The reserachers also showed that 

fluorescently tagged strepavidin could be immobilized to biotin conjugated through 

maleimide groups to the surface in fluorescent images. 

 

A number of inks that represent increasing chemical diversity have subsequently been 

employed with the DPN technique. The direct writing of modified oligonucleotides has 

been illustrated with a pattern resolution of 50 nm on Au and silicon substrates.155 On 

gold, various oligonucleotides functionalized with a hexanethiol linker were employed as 

inks. Writing of oligonucleotides on silica was accomplished by first preparing a thiol-

terminated surface by reacting the silica with mercaptopropyltrimethoxysilane. Then, 

oligonucleotides functionalized with acrylamide moieties were applied to the surface as 

ink. The acrylamide underwent Michael addition with the thiol-terminated surface to 

covalently attach the oligonucleotides. It was also noted that in order to achieve the 

physisorption of the oligonucleotide inks to the tip, it first had to be coated with a 

hydrophilic silane. 

 

After writing patterns of oligonucleotides, the non-patterned area of the array was 

passivated with C18SH (for gold) or buffered acrylic acid monomer (for silica) to hinder 

nonspecific binding. The biological activity was confirmed by exposure of the structures 
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to a solution of complementary and non-complementary fluorophore labeled DNA. Only 

the fluorescent signal of the complementary DNA was observed via fluorescence 

microscopy after washing. The hybridization was also performed with complementary 

oligonucleotides attached to gold nanoparticles. In this way, the authors fabricated arrays 

of dots that were 1.6 × 105 times smaller than conventional micro arrays. In an area of 

100 µm × 100 µm, ca. 1.0 × 105 nucleotide spots could be formed on a timescale 

comparable with known micro-robotic spotting procedures.  

 

This work also demonstrated a multiple ink experiment. Two oligonucleotide inks were 

patterned on silica as described above. This surface was then exposed to DNA-

conjugated gold nanoparticles that contained two labels. Each type of DNA was labeled  

 

 

 

 

 

 

 

 

 

 

 

Figure 1.18: Direct patterning of two different acrylamide-modified oligonucleotide inks by DPN. The 
DNA was hybridized with their complementary ssDNA, which had different fluorescent labels (Oregon 
Green 488-X and Texas Red-X). (A) A combined green-red epifluorescence image. (B) Tapping mode 
images of hybridized ssDNA attached to a AuNP (5 and 13 nm diameter) to the same array structure. 
(C) The section analysis corresponding to both nanoparticle patterns (start and finish is indicated by 
arrows). Reprinted with permission from ref. 155. Copyright 2002 American Association for the 
Advancement of Science. 
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with a fluorophore. Moreover, the nanoparticles to which each type of DNA was attached 

were of different sizes. The particles assembled in the expected locations with little 

nonspecific binding outside the pattern. Fluorescence microscopy showed the expected 

colors of the complementary fluorophore-labeled DNA (Figure 1.18A). In addition, 

tapping mode AFM was used to image the array and displayed the two different sizes of 

nanoparticles in their expected positions (Figure 1.18B & C).  

 

Wilson et al. showed that collagen and a model peptide-like collagen could be written on 

gold surfaces via DPN.156 The binding of these molecules to gold was facilitated by 

native cysteine (e.g. thiol-containing) units in the protein/peptide. The feature sizes 

observed ranged from 30 nm in width to hundreds of micrometers in length. The writing 

was performed in tapping mode (e.g. non-contact AFM with a resonating cantilever) and 

not in contact mode as in prior DPN work. This imaging mode was employed nominally 

because of the soft character of the biopolymer. Closer investigation with tapping mode 

AFM revealed a helical structure of the patterned molecules on the surface consistent 

with the structure of collagen. Notably, collagen deposited onto gold from solution did 

not show this order. The authors suggested that the tip was important in inducing order to 

the collagen patterns. Moreover, collagen written onto a gold surface displayed biological 

activity as evidenced by the binding of primary and secondary antibodies.  

 

Stone and co-workers also reported DPN using tapping mode to write patterns of short, 

cysteine-containing peptides on gold.157 Interestingly, the drive amplitude of the 
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resonating cantilever played an important role and had to be increased during the course 

of writing. This behavior was attributed to depletion of the peptide ink at the terminus of 

the cantilever – presumably, the increase in drive amplitude facilitated continued transfer 

of the ink to the probe apex. The peptide employed contained a histidine tag on the C-

terminus, and these authors originally attempted to write this peptide onto a commercially 

obtained nickel nitrilotriacetic acid (Ni-NTA) functionalized slide. However, despite the 

known propensity of binding histidine tags to Ni-NTA, no deposition was found.  

 

The papers about DPN discussed so far rely on chemical interaction for the binding of the 

ink to the substrate, but DPN can also be used to apply other inks that do not chemisorb 

to the surface. This extension has expanded the range of materials that can be patterned. 

Most of the efforts described below do not employ SAMs. However, as they represent 

evolution of the DPN technique and as they represent efforts to create chemically well-

defined patterns, they are treated here. Noy et al. showed that a luminescent dye, 

fluorescently-labeled proteins and luminescent polymer nanowires could be written onto 

modified glass surfaces.158 With a home-built instrument combining AFM and scanning 

confocal microscopy, the luminescence of the patterns was observed. The line width 

observed (600 nm) by confocal microscopy was attributed to the limit of the resolution of 

the instrument. It was suggested that the true line width of the patterns was smaller.  

 

Su and Dravid followed a similar approach employing four different organic dyes (two 

anionic, cationic and neutral) as DPN writing inks.159 The idea of using dyes stemmed 
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from their binding to ionic groups contained within biological materials commonly ised 

in many industrial /clinical applications. All the dyes (rhodamine 6G (R6G), coumarin 6 

(C6), acid red 8 (AR8) and fluorescein (FITC)) adsorbed on Si/SiOx surfaces. This result 

indicated that a variety of non-covalent interactions played a role in the process. Because 

the resulting features could be imaged by contact-mode AFM, it was concluded that the 

dye was bound strongly to the substrate. The neutral organic C6 dye was observed to 

have the highest rate of diffusion on the surface creating the largest features in the 

shortest time. The topographic height of these features was larger than the size of the 

molecules, suggesting that aggregates had formed on the surface. The fluorescence 

emission was uniform over the pattern indicating that the dye molecules were uniformly 

distributed. Dot patterns were also formed with C6 and R6G that followed the t1/2 

dependence with dot diameter, consistence with results previous reported. 

 

McKendry et al. used dendrimer inks in DPN for writing on silica.160 The influence of the 

molecular weight (e.g. dendrimer generation) and type of functional group within the 

dendrimer (which interact with the substrate) were varied. The authors showed that with 

increasing generation the delivery rate to the surface slowed. The number of functional 

head groups did not appear to influence the results. However, if the functionality of these 

groups was changed from amine to hydroxyl, the delivery rate was much faster. Lines as 

narrow as 100 nm were written, corresponding to approximately 20 dendrimer molecules.  
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Lim and Mirkin also investigated fabrication of patterns of polymers by DPN.161 

Negatively charged, self-doped polyaniline and positively charged, doped polypyrrole 

were patterned on silica substrates that were functionalized to present a complementary 

charge to that of the polymer. It was also shown that no writing was observed when the 

surface and the polymer had the same charge. Differential pulse voltammetry confirmed 

that the patterns imaged by LFM were electroactive polymers. The cathodic peaks 

matched with the values tabulated in the literature. The kinetics of the writing process 

was found to be similar for these high molecular weight polymers as for small 

alkanethiols. The transport rate was proportional to the square root of time (t1/2), 

consistent with a radial diffusion process previously reported. 

 

More recently, proteins have been directly written to various substrates with DPN. 

Utilizing electrostatic interactions between the positively charged parts of proteins and 

negatively charged SiOx, or through the covalent bonding between aldehyde modified 

SiOx and amine groups on proteins, Lim et al. patterned nanostructures of 

immunoglobin-gamma (IgG). In this approach, the cantilevers were first modified with a 

silane-PEG to inhibit non-specific binding of the protein to the tip.162 In a similar 

approach, Lee, et al. patterned nanostructure dots arrays consisting of two different 

proteins (rabbit IgG and lysozyme) proteins to gold surfaces.163 

 

The DPN technique has been further extended to involve the deposition of materials 

concomitant with electrochemical oxidation or reduction. The first example of 
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electrochemical DPN (or E-DPN) was reported by Li, Maynor and Liu to directly 

fabricate several types of metal nanostructures on silicon-based surfaces.164,165 Patterned 

materials included gold, germanium, silver, copper, and palladium. In this method, the tip 

was “inked” with a metal salt and the meniscus at the tip-substrate interface served as an 

electrochemical ‘reaction vessel’ that limited the area where deposition could occur. By 

applying an appropriate bias to the substrate, the metal ions dissolved within the 

meniscus were reduced in the proximity of the tip, creating metallic structures. It was 

suggested that the native surface oxide present on the silicon wafers was conductive 

enough to facilitate the completion of the electrochemical circuit required to reduce the 

precursor ion ink to allow the deposition of the metal. As in all DPN experiments 

reported so far, the control of relative humidity was essential to maintain the meniscus,  

 

 

 

 

 

 

 

 

 

 

 

Figure 1.19: (A) AFM image of a ‘V’ shaped structure. The line on the left was drawn by E-DPN of 
platinum (Vb = 4 V, 10 nm/s) and the line on the right was created by anodic oxidation of the silicon 
substrate (Vb = –10 V, 50 nm/s, 58% RH). (B) The same structure after the heating (500 ºC) under 
ethylene in argon for one hour. Reprinted with permission from ref. 164. Copyright 2001 American 
Chemical Society. 
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and was kept between 35 and 60% in these experiments. Likewise, the lithographic 

dimensions were found to be dependent on scan rate and applied bias. To confirm that the 

lines are composed of metal, the following experiment was performed. The letter “V” 

was fabricated with a Pt line on the left (Vb = 4 V, 10 nm/s) and SiO2 line on the right (Vb  

= –10 V, 50 nm/s), shown in Figure 1.19A. After elevating the substrate temperature to  

500 ºC in an ethylene/argon atmosphere, the Pt line showed a large amount of deposited 

material and the authors suggested that this material was carbon from the Pt-catalyzed 

thermal decomposition of ethylene. It was further observed that as the metal line melted, 

it reconstructed into metal spheres (nominally) confined along the original line, while the 

SiO2 line was unaffected (Figure 1.19B). 

 

E-DPN was also used to fabricate nanostructures composed of a conducting polymer on 

silicon substrates.166 The conductive AFM tip was coated with a monomer reactant (3,4-

ethylenedioxythiophene, EDOT) that was soluble in the water meniscus. By applying a 

cathodic voltage, patterns of conducting polymer immobilized on the substrate were 

created. In an experiment to confirm that the lines were composed of organic material, a 

SiO2 line was drawn (left line) adjacent to a poly EDOT line (Vb = –12 V, 10 nm/s, 48% 

RH; right line), shown in Figure 1.20A. After the patterned lines were treated with 2:1 

H2SO4/H2O2, the polymer line was removed through oxidation, while the SiO2 line was 

unaffected (Figure 1.20B). Polymerization on thick (ca. 500 nm) thermally grown oxide 

on silicon was also reported by applying high negative substrate biases (e.g. –130 V). It 

was hypothesized that the mechanism of polymer synthesis and deposition was caused by 
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an electric-field-induced polymerization under the high electric field found at the apex of 

the sharp tip.  

 

 

 

 

 

 

 

 

 

 

 

 

 

More recently, Agarwal et al. created patterns on nickel surfaces with histidine-tagged 

proteins and free-base porphyrins via E-DPN in tapping mode. Under a negative tip bias, 

the nickel surface was ionized and the His-tagged peptide (or porphyrin) ink was 

subsequently attached to the surface. Optimum delivery was found to occur between –2 

and –3 V. Interestingly, it was reported that upon static tip-substrate contact, no radial 

delivery (i.e. dots structures) of peptide occurred. The researchers found that only a 

Figure 1.20: (A) AFM image of a SiOx line on the left and an EDOT polymer line created via E-DPN on 
the right side. (B) The same patterns after the treatment with a 2:1 H2SO4:H2O2 solution. The polymer 
line was removed by chemical oxidation, while the SiOx line was not altered. Reprinted with permission 
from ref. 166. Copyright 2002 American Chemical Society. 
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scanning, negatively biased tip ionized an area in order for the deposition of peptide to 

occur via histidine binding to ionized Ni.167 

 

Chilkoti and co-workers have recently developed  ‘enzyme DPN’ that directly patterned 

enzymes to oligonucleotide SAMs and subsequently locally cleaved the SAM by 

activating the enzyme with a Mg2+ buffer.168  In a proof of concept report, DNase I (an 

enzyme that digests double or single stranded DNA into nucleotide fragments) was 

patterned onto 5’-GGTATACC-(CH2)3-SH-3’ on evaporated  gold surfaces under the 

relative humidities of 35% to 55% and writing speeds of up to 0.2 µm/s. Line widths of 

116 nm (fwhm) were obtained, with pattern heights consistent for one layer of the DNase 

I molecules (3.6 nm). After incubation in a Mg2+ buffer solution, the activated enzyme 

locally digested the oligonucleotide SAM, decreasing the patterned line features by 3 nm 

(as measured with TMAFM) relative to the background SAM, which was consistent with 

near-complete digestion of the SAM. It was also observed that the line width of the 

patterned features increased to more than 100 nm of the originally predigested pattern, 

indicative of lateral diffusion of the enzyme. Control experiments were performed to 

confirm the validity of these patterning experiments.  

 

In another report by Liu and co-workers, it was demonstrated that the Au(III) ink could 

undergo a surface induced reduction on n-type Si(100) without an applied potential.169 

The tips were inked from a dilute HAuCl4 aqueous solution, and translated along the 

surface in a predefined pattern. Unlike previously reported DPN of organic materials, the 
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same tip was not used to probe the structures immediately after the lithographic 

operation. The nanostructures were subsequently imaged with a different tip using 

tapping mode AFM. A line resolution of ca. 100 nm was illustrated and found to be 

dependent on the geometry of the tip, the scan rate, and the relative humidity. A series of 

experiments were performed to explore the stability of the nanostructures written, and to 

support that these structures were fabricated of gold. Among these, repeated washing and 

heating to 300 °C did not degrade the written structures, suggesting that they were not 

composed of adventitious organics. Heating to 500 °C resulted in the metal structures 

melting and reconstructing to form spherical shapes confined to the pattern. Resistance to 

HF etching suggested that the structures were not composed of silicon oxide. In a similar 

approach by Buriak and co-workers, the same type of writing with HAuCl4 solution (or a 

palladium containing salt) was employed to prepare patterns on a Ge(100) surface coated 

with native oxide.170 Recently, Fu et al. reported patterning a BaFe precursor with DPN 

on Si/SiOx substrates, with subsequent post treatment at elevated temperatures, which 

created ‘hard’ magnetic nanostructures consisting of barium hexaferrite (BaFe12O19). The 

precursor ink consisted of a mixture of iron nitrate, and barium carbonate in ethylene 

glycol; the latter solvated and stabilized the inorganic reagents and aided wetting of the 

hydroxylated SiOx substrate. The structures were characterized with AFM, magnetic 

force microscopy (MFM) and XPS.171 

 

Another patterning method that relied on chemical reaction within the meniscus was 

reported by Su and Dravid in which the direct patterning of organic/inorganic, composite 
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solid-state nanostructures (SiOx, Al2O3, SnO2) was achieved on silicon and silicon oxide 

substrates.172 The ink consisted of a metal precursor (M = Si, Al, Sn) salt and a 

commercial block copolymer surfactant. The hydrolysis of metal precursors occurred in 

the tip – substrate interface meniscus. The amphiphilic block copolymer surfactant was 

employed to disperse the ink (solution) and increase its fluidity, but also contributed to 

the mesoporosity of the final nanostructure. The latter mentioned organic moiety could be 

combusted to create metal oxide mesoporous nanostructures. The metal oxide structures 

were stable to repeated scanning and remained intact even one month after fabrication. 

This process was different from the ones described previously because it could be 

employed on an insulating surface and patterned non-organic surfaces. The speed of the 

deposition was comparable with the writing of alkanethiols on gold. The nanostructures 

created have potential applications in the field of catalysis and waveguides due to their 

large surface areas. 

 

Nanoparticles have also been an alternate ink used in conjunction with DPN has been 

nanoparticles. Liao et al. fabricated patterns of gold nanoparticles on a surface using a 

nanoparticle solution as the ink.173 Specifically, DPN was performed on a silicon surface 

modified with (3-mercaptopropyl)-triethoxysilane. The ink consisted of citrate capped 

gold nanoparticles (10 nm diameter) in an aqueous solution. By scanning a predefined 

area, it was observed that the particles could be immobilized only in the scanned area. A 

high-resolution AFM image showed that the patterns were composed of loosely packed 

particles. In a separate effort, Ben Ali et al. used an AFM modified with a second 
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independently controllable tip on a separate nanopositioning stage for the deposition of 

gold nanoparticles on an insulator surface.174 One tip controlled by a nanopositioning 

system was used as the pen, while a second tip controlled by an AFM imaged the 

structures. By inking the tip with an evaporated nanoparticle solution, the authors showed 

that they could create small dots (diameters ranging from ca. 70 to 200 nm) on the 

surface with a height comparable to the diameter of the nanoparticles. TEM images were 

obtained that resolved individual clusters within an island. The solvent and the chain 

length of the capping ligand on the particles were also found to play an important role for 

the successful deposition. 

 

3.4.  DPN Structures as Templates 

 

An alternative to direct deposition of a material was to employ a DPN-derived pattern as 

a template. In this way, SAM precursors whose patterning properties were well 

understood could be used as thethers for more complex materials could be reacted with 

the pattern in a second, often ex-situ step. The first reports using DPN to pattern complex 

structures such as those consisting of nanoparticles, DNA or proteins often employed this 

strategy. 

 

Lee et al. created protein nanoarrays by DPN.175 Dot array patterns of -COOH terminated 

thiol (MHA) were fashioned on gold. The acid sites were designed to be the connection 
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points for protein and cellular adhesion. The area between the dots was passivated with 

triethyleneglycol-terminated thiol, known to hinder nonspecific adsorption of proteins on 

surfaces. In a first step lysozyme, an ellipsoidal shaped protein, was assembled on the 

dots of the array. No binding was observed in passivated areas on the array, as evidenced 

in a series of AFM micrographs. In a similar fashion, rabbit immunoglogin G (IgG) was 

attached to the array. To demonstrate the selectivity of the binding, this array was 

incubated in a mixture of proteins that were not expected to bind to IgG. AFM detected 

no changes in appearance of the array. However, when a similar rabbit IgG array was 

exposed to a mixture of proteins containing rabbit anti-IgG, the AFM measured a 

doubling in height (ca. 5.5 nm) of the dots in the array, consistent with specific 

antigen/antibody binding. In another experiment, the adhesion of cells patterned on 

features was investigated. An array contained dots of MHA with a diameter of 200 nm 

and spaced by 700 nm. This reduced array size was novel. Prior reports employing 

patterned surfaces for cell binding were limited to feature sizes larger than 1 µm. This 

pattern was exposed to a solution containing fibroblast cells and the resulting slides were 

investigated by optical microscopy. It was observed that the cells only attached to the 

patterned areas and did not spread. This result showed that sub-micron surface features 

could promote cell adhesion. 

 

A similar approach pursued by Hyun et al. also fabricated patterns of 

mercaptohexadecanoic acid SAMs (MHA-SAMs) and backfilled around the features with 

triethylene glycol terminated thiol to hinder non-specific binding.176 The carboxylic acid 
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head groups were converted into N-hydroxysuccinimide esters (NHS) (with the aid of the 

coupling agent 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride, (EDAC)), 

which were active for further binding events. The NHS groups were then reacted with 

NH2-terminated biotin or biotin conjugated bovine serum albumin. Fluorescently-labeled 

streptavidin was subsequently bound to the biotin moieties. All steps were characterized 

by AFM and fluorescence microscopy. The authors performed control experiments, 

where it was shown that the binding was specific to the patterned features. No non-

specific binding occurred on the NHS-ester patterns or on the passivated background. 

The reason for choosing the biotin-streptavidin binding strategies was that this was a 

nearly universal, flexible method and many biotin-linked reagents were commercially 

available.  

 

Multiple groups have reported attaching cysteine labeled cowpea mosaic virus (cys-

CPMV) to surfaces using the highly selective thiol-maleimide reactions. DeYoreo and 

coworkers demonstrated patterning gold surfaces with an amine terminated, PEG 

containing SAM precursor employing DPN and nanografting techniques, and 

subsequently linking/tethering the CPMV viron with 3-maleimidopropionate N-

hydroxysuccinimade (MPS) linker177. Smith et al. patterned a mixture of two dialkyl PEG 

containing disulfides inks in arrays of 150 nm dots on gold with DPN. The pattern inks 

used were a symmetric 11-mercaptoundecyl-penta(ethylene glycol) disulfide (98%) and 

mixed disulfide substituted with one maleimide group (2%), and the remaining surface 

was subsequently passivated with 11-mercaptoundecyl-(triethyleneglycol).The 
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researchers then attached cys-CPMV icosaheral structures and observed height 

measurement increases in the patterned areas with TMAFM that were consistent with the 

virus diameter (ca. 27 nm).178 

 

One major effort that has been demonstrated with DPN experiments has been the ability 

to fabricate patterns of dots or grids to serve as templates for the organization of various 

types of particles. DPN with functionalized thiol inks was used to generate a pattern with 

some ‘sticky ink’ on a substrate, which afforded particle binding in a subsequent step. 

This step was typically followed by passivation of the non-patterned areas with a ‘non-

sticky ink’ (generally C18S-SAM) to inhibit non-specific binding of nanoparticle 

assemblies. Subsequent incubation in a functionalized nanoparticle assembly solution 

resulted in chemical or physical immobilization of these assemblies on the patterned 

areas of interest. These architectures have potential applications in the development and 

study of molecular electronic devices, photonic band gap arrays, biosensors and protein 

arrays for proteomics research.  

 

In one report, MHA was patterned on gold into dot arrays of varying diameters, the 

unpatterned areas were passivated, and the sample was exposed to charged polymer 

beads. 179 The polymer beads were exclusively immobilized on the patterned areas of the 

substrate. This combinatorial approach enabled the researchers to find the optimum dot 

diameter that effectively immobilized the particles without significant desorption during 

rinsing. In another report, magnetic nanoparticles (Fe3O4) were attached to templates in a 
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similar manner.180 In this paper, the size of the nanoparticle dots could be controlled by 

changing the contact time of the modified tip with the substrate or by changing the 

writing speed for the creation of lines. Figure 1.21 shows the change in dot size over the  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

tip-substrate contact time and the decrease in the line width with increasing writing speed 

after the adsorption of the iron oxide nanoparticles.  

Figure 1.21: AFM topography images of magnetic nanoparticles adsorbed onto MHA patterns 
formed by DPN and backfilled with C18SH. (A) A dot array fabricated by varying the contact time 
from 0.05 s (45 nm diameter) to 12.8 s (920 nm diameter). (B) Lines generated with different writing 
speeds (A: 0.1 µm/s (120 nm) to F: 1.6 µm/s (45 nm)). The images were recorded with a scan rate of 
1 Hz. (C) Plot of the MHA dot diameter versus the tip-substrate contact time. (D) Plot of the 
linewidth of MHA versus the writing speed. Reprinted with permission from ref. 180. Copyright 
2002 Wiley-VCH. 
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Orthogonal approaches have also been studied in which multicomponent nanoparticle 

assemblies were guided to their intended positions with the help of DPN patterned 

features.181 The procedure (Figure 1.22) began with the writing of an MHA-SAM array 

on a gold surface. The pattern was backfilled with C18S-SAM in order to prevent non- 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.22: Schematic diagram of the orthogonal assembly of DNA nanostructures. In a first step 
regions containing two different types of ssDNA (strand a and b) were assembled on DPN patterned 
regions created from MHA (white ellipsoid). A ssDNA (a’b’), where one side was complementary to a 
and the other side was complementary to b, was hybridized to the surface. Two different sized 
nanoparticles (either functionalized with ssDNA a or b) were bound to this pattern, resulting in regions 
containing nanoparticles with different sizes. 
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specific binding. The carboxylic head group was activated with a coupling agent EDAC. 

A first alkylamine modified DNA was then reacted with the surface (ink a). Taking 

advantage of the fact, that C18S-SAM regions could be over-written (replaced) with 

MHA, a second set of dots was patterned, activated, and reacted with a different DNA-

based ink (b). This process created two arrays comprising two distinct oligonucleotide 

sequences. The surface was then incubated with a linker (a’-b’) that was partly 

complementary to strand a and b. The next step exposed the surface to a solution 

containing two different sizes of particles (13 and 30 nm), each modified with a DNA (a 

or b) structured to bind only to one of the two complimentary oligonucleotide patterns. 

The results could be visualized using AFM (Figure 1.23). In this way, arrays of two 

different particles and oligonucleotides were produced.  

 

 

 

 

 

 

 

 

 

 

Figure 1.23: Noncontact AFM image of a nanoparticle array assembled by orthogonal SA as 
described in Figure 1.22. (z-scale: ca. 40 nm) Reprinted with permission from ref. 181. Copyright 
2001 Wiley-VCH. 
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Another strategy for the orthogonal assembly of oligonucleotide-modified gold 

nanoparticles on a template surface was performed on gold substrates patterned with ω-

functionalized ferrocene (Fc) tagged alkyl and acylthiol inks.182 These electrochemically 

active materials had a redox potential difference of 255 mV, allowing for non-

overlapping redox processes between the two molecular inks. Appropriate changes in 

applied substrate potential resulted in oxidation of one or both of the patterned regions. 

This oxidation (to ferrocinium) made the region positively charged. Subsequent assembly 

of oppositely charged, polyanionic oligonucleotide coated gold colloids of two different 

sizes occurred onto the region of interest depending on the applied potential. 

Oligonucleotide modified gold nanoparticles did not display non-specific binding on the 

neutral Fc species, suggesting they did not readily adsorb to non-ionic patterned regions. 

 

Zhang et al. described a different approach for the preparation of colloid-functionalized 

oligonucleotide nanostructures.183 DPN was used to generate dot arrays and lines of 

MHA-SAM on gold evaporated on top of the thermally grown oxide of a silicon wafer. 

After the patterning with DPN, the unmodified gold was etched away. The bare silica was 

coated afterwards with n-octadecyltrimethoxysilane (OTS) and the MHA was removed 

by illumination with UV-light. The now bare gold nanostructures were reacted with 

disulfide-functionalized oligonucleotides. A passivation step with a C18SH solution 

enhanced the hybridization efficiency and removed non-specifically bound DNA. 
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3.5.  Mechanistic Aspects Underlying DPN 

 

The mechanism governing dip-pen nanolithography is still not fully understood. The 

importance of water (via humidity in the air) has been cited in most DPN-based 

demonstrations. Several mechanistic investigations are based on the presence of a water 

meniscus between the AFM tip and the substrate, and it has been suggested that the water 

mediates the transport of the ink to the substrate. As there is no obvious way to 

characterize the size and shape of the water meniscus, its exact role in the mechanism is 

not specifically determined. The transport of the ink to the substrate is only one part of 

the DPN process. Assuming a water meniscus is important in the mechanism, the 

complete mechanistic description must involve desorption of ink molecules from the tip 

into the water, diffusion through the water, desolvation of the molecules onto the 

substrate and their simultaneous or subsequent ordering to form a SAM.  As will be 

discussed below, the importance of a meniscus in facilitating ink transport has been 

debated. In any event, the role of water is likely complex. For example, the way in which 

hydrophobic hydrocarbons are transferred through the water meniscus and if/how the 

presence of water on the surface affects the transfer and diffusion of the ink molecules 

are issues of current investigation.  

 

Theoretical efforts by Ratner and co-workers modeled two important features of the DPN 

model. The study of the dynamics of ink self-assembly on the surface in DPN was 

performed through a diffusion model of the molecular ink on the surface. The role of the 
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tip was described as an infinite source of ink, which avoided the discussion whether a 

water meniscus is important for the ink transport to the surface.184 An important issue in 

this paper was the relative rates of ‘ink’ diffusion from the source versus diffusion along 

the surface to an open binding site. Dot patterns were modeled showing that the radii 

grew proportionate to the square root of tip-substrate contact time (t1/2), in agreement 

with the experimental results. When the tip was moved for the creation of lines, the 

patterns were dependent on the translation speed of the tip and the deposition rate.  

 

Ratner and co-workers subsequently described a theoretical investigation of the 

condensation of the water meniscus between the tip and the substrate.185 A grand 

canonical Monte Carlo simulation of a two dimensional lattice gas model described the 

meniscus condensation within the context of tip shape, tip-substrate distance, and tip 

wettability. A smaller tip radius and a larger tip-substrate distance led to a smaller 

meniscus diameter, and the instability of the meniscus increased. The smallest meniscus 

diameter found was 2.3 nm, which may suggest the limit of resolution of DPN. The real 

resolution limit was suggested to be larger because the effect of surface diffusion during 

deposition and after tip retraction was not considered. Similarily this group recently 

expanded their theoretical investigations of DPN to a description of the capillary force 

cause by the inherent water meniscus between the tip and a flat substrate.186The 

qualitative behaviour was in accordance with experimental data found, but the force was 

at least one order of magnitude to low, which the researchers explained through the two-

dimensional approach. The force was increasing if a three dimensional meniscus was 
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assumed. Other theoretical efforts by this group determined that the limit of line width 

formation in DPN could be 5 molecular widths (1.9 nm, one ink molecule wide) with the 

sharpest tip possible, which was determined by a subtle interplay between vapor 

saturation and tip substrate distance.187 More recently, Jang and coworkers used a lattice 

gas constant model to calculate the capillary force due to the water meniscus for both 

hydrophobic and hydrophilic tips at various relative humidities.188 Using a well defined 

geometry to emulate the AFM, the effects of tip hydrophilicity on the pull off force were 

simulated. 

 

De Yoreo and co-workers described the effect of dissolution kinetics on feature size with 

DPN assuming a liquid meniscus was necessary.189 They proposed a three-step process 

where thiol molecules dissolve from the tip into the meniscus, diffuse through the 

meniscus and attach to the surface. Their model predicted the dependency of feature size 

on dwell (contact) time and tip speed that were in agreement with the measured 

dependencies. At short contact times, the concentration of thiol in the meniscus was 

nearly zero and the deposition was dominated by the dissolution kinetics for the 

detachment of the ink from the tip. For longer contact times, the transfer process of the 

ink (diffusion) to the surface was the dominating factor.  

 

In contrast, Sheehan et al. argued that a meniscus is not important in the DPN writing 

process by experimentally and theoretically investigating the role of humidity upon 

surface diffusion of thiol. DPN was conducted at 0% RH and C18S-SAM pattern was 
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formed under these conditions. It was argued that, in the absence of any humidity in the 

environment, no meniscus was present.190 For the theoretical description of the empirical 

data, a two-dimensional diffusion equation was used. This equation was solved using an 

analytical approach including a parameter for the kinetics of molecular transport from the 

tip to the surface. The surface diffusion coefficient for C18SH was determined to be 8400 

± 2300 nm2/s. This value was claimed to be independent of humidity. 

 

In another investigation, Schwartz also concluded from successful DPN patterning 

experiments at 0% RH, using both C18SH and MHA inks, that a meniscus was not 

responsible for the ink transport to the surface.191 The modeled molecular diffusion rate 

was found to be independent of humidity, but the deposition depended on the write speed 

and the temperature. The author proposed two different diffusion models for the nonpolar 

C18SH and polar MHA molecular inks. 

 

Mirkin et al. most recently investigated the role of humidity in dip-pen nanolithography 

and presented new experimental evidence for the importance of a meniscus.192 Two 

elementary processes were identified: molecular transport from the tip to the substrate via 

a menicus (e.g. dissolution of ink and transport through the meniscus to the substrate), 

and adsorption of the ink on the substrate. These processes were dependent on 

temperature, humidity, the physicochemical properties of ink and surface, writing speed 

and the tip-substrate contact force. It was observed that the deposition was still possible if 

the sample and the tip where kept in 0% humidity for 24 h. To support that a meniscus 
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was still present under these conditions, two experiments were performed. The first held 

a tip in contact with a sodium chloride (NaCl) crystal for a certain period of time. The 

images then obtained on the crystal showed wells whose size was dependent on the 

contact time and the humidity. Even at 0% RH, a depression was observed. The authors 

suggested that at 0% RH, residual water on the surface formed the meniscus. If the same 

experiments were performed under UHV conditions, no changes on the surface of the 

NaCl crystal were observed. In their discussion the authors assumed that the transport 

was occurring from the tip to the substrate in the presence of water. Higher temperatures 

raised the number of solvated molecules, and the diffusion rate in the meniscus and on 

the surface increased. The patterning process was described as a competition between 

surface diffusion and solvation of the ink in the meniscus. The adsorption of the ink onto 

the substrate required displacement of water. At higher humidity, more molecules were 

solvated because a larger meniscus was formed, however a thicker water layer on the 

surface was also present that was proposed to impede ink deposition. 

 

4. Substitution Lithography 

 

Substitution lithography involves a process whereby a SAM covers the entire surface 

both before and after the patterning step. This type of approach has the advantages that all 

regions retain chemical definition during the entire procedure, and that the behavior of 

any patterned region installed can be directly compared to that of a “background” SAM 



 

 

85

that was not intended to display this behavior. From a semantic viewpoint, several of the 

papers already discussed could be grouped into this category. In particular, lithographic 

processes classified as elimination followed by ex-situ addition do result in net 

substitution. However, here, we restrict our discussion to processes that effect 

substitution in “one pot” without multiple formal steps. Two distinct types of substitution 

lithography processes on SAMs can be identified. In the first, localized elimination of the 

SAM occurs by physical or electrochemical means followed by subsequent in-situ 

addition of a different molecule into the exposed surface. In the second, a functional head 

group is chemically transformed into a different functionality under the action of a probe 

tip. Each of these types of lithographic processes is treated below in turn.  

 

4.1. Substitution Initiated by Removal of SAM Under Elevated Bias 

 

In the section of this review on elimination, work by the Crooks group was discussed in 

which a SAM was locally removed under the influence of a biased STM tip. These 

authors extended this to originate an in-situ approach for the formation of metal 

structures. This procedure involved initial SAM removal followed by electrochemical 

deposition of a metal from a Pt/Ir STM tip.193 Prior to the patterning, the tip was coated 

with a thin layer of electrodeposited silver metal. The surface of a C16S-SAM on gold 

was scanned at an applied bias of +400 mV (substrate) without apparent destruction of 

the monolayer. When the bias was elevated to ca. 3 V, the monolayer and some gold 



 

 

86

layers were removed in the scanned area. Subsequent scanning of a larger area around the 

pattern at a negative bias (–600 to –1000 mV) oxidized the silver at the tip, which was 

redeposited only in the exposed gold regions. No silver deposition was found outside the 

patterned region, and the researchers believed that the highly ordered and unperturbed 

SAM hindered the electrochemical (metalization) process. If the silver patterns were 

scanned again with a high positive bias, a partial removal of the previously deposited 

silver occurred. The authors suggested the lithographic scheme was electrochemical 

because it was dependent on relative humidity. Control experiments with bare Pt/Ir tips at 

high humidity or Ag-coated tips at low humidity resulted in no significant deposition of 

silver onto the surface. 

 

An in-situ replacement in a SAM of one organic component by another was reported by 

Chen et al. who used STM to replace conjugated molecules into a C12S-SAM on a gold 

surface.194 Initial experiments reported creation of pits in a C12S-SAM by moving the tip 

close to the surface (Vb = 0.1 V; It = 0.5 nA), and applying voltage pulses between 1.8 to 

3.6 V. This experiment was performed with a coated tip and the substrate immersed in 

1,4-dioxane. The probability for the creation of pits was shown to depend on the 

amplitude of the pulse and the distance between the tip and the substrate as controlled by 

the set-point current. The researchers observed that positive voltage pulses had to be 

used; otherwise mounds of material were created on the surface. They next added a 

conjugated molecule (2’-ethyl-4:1’-ethylphenyl-4”: 1’-ethylphenyl-1,4’-

thioacetylbenzene) and deprotecting agent (NH4OH) to the solution. STM images showed 
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that areas originally displaying a depression in the SAM from the elimination step 

subsequently showed a larger apparent height than the background SAM. This result was 

rationalized by pointing out that, although the thickness of the SAM composed of the 

conjugated molecule and the C12S-SAM were nearly the same, the conductivity through 

the SAM composed of the conjugated molecule should be higher. This two-step 

patterning could also be done in-situ with similar results when the replacement molecule 

and deprotecting agent were present in solution during the pit formation. The smallest 

created dots had a diameter of around 10 nm, which was equivalent to the replacement of 

ca. 400 molecules.  

 

The Gorman group has reported a similar approach to a chemically well-defined, 

scanning tunneling microscope based-lithography.195 SAMs composed of n-alkanethiol 

on Au(111) were locally removed under the action of a biased STM tip. The mechanism 

of this removal was argued to be similar to that reported by Crooks et al. (as described in 

the section on elimination lithography73). A low current STM (ca. 10 pA set-point 

current) was employed to minimize the mechanical interaction between the tip and the 

SAM and replacement was effected under the application of an increased set-point bias 

(ca. 3 V). The removal was performed in a fluid solvating a second ‘replacement’ thiol, 

which presumably adsorbed to the freshly exposed gold. This approach employed a low 

dielectric, nonpolar solvent (dodecane, mesitylene) to avoid the use of coated tips that 

would normally have to be employed to avoid a high leak current (greater than 1 pA) 

from the tip into the surrounding solution. Avoiding a coated tip eliminated concerns 
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about the reproducibility of tip coating and potential problems with contaminations from 

the organic tip coating material. Figure 1.24 illustrates this replacement lithography  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.24: Schematic diagram of substitution lithography by elimination and in-situ addition. (A) The 
self-assembled monolayer was imaged with non-pertubative tunneling parameters to locate an area suitable
for patterning. (B) Upon change of the tunneling parameters (Iset, Vb), the thiolates of the SAM desorbed in
proximity of the tip, resulting in removal of the SAM. The replacement molecules in solution assembled 
into the ‘bare’ regions. (C) The patterns could be assessed by changing the tunneling parameters to their 
initial, non-perturbative values. 
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approach. Under standard imaging conditions (SIC: Vb = 1 V, It = 5 to 10 pA), an 

appropriate region of the SAM on Au(111) was identified for patterning that was free of 

terraces or defects (Figure 1.24A). Desorption in the proximity of the tip was effected by 

elevating the applied bias (positive substrate) to the replacement conditions (RC: Vb = 3 

to 4 V, It = 5 to 10 pA, Figure 1.24B). In the presence of a replacement thiol in solution, 

this region was observed to fill in promptly. After returning to SIC, the pattern could be 

subsequently imaged (Figure 24C). This technique resulted in patterns with line widths of 

ca. 10 nm.  

 

In a first demonstration of thiol replacement, n-alkanethiolate SAM patterns were created 

composed of regions of different chain lengths. A C10S-SAM pattern was written into a 

C12S-SAM matrix. The apparent height of the shorter C10S-SAM pattern appeared taller 

than the background C12S-SAM matrix in the STM images. When C12SH was patterned 

into a C10S-SAM matrix, the patterned C12S-SAM had a lower apparent height in the 

STM images. Here, the tunneling gap in fluid solution had a higher transconductance 

than that of the SAM itself, resulting in a reversal of the apparent heights of these regions 

compared to those anticipated. This apparent height contrast reversal had been predicted 

previously by Weiss et al.92 Relative humidity also was found to play a role in the 

relative ability to effect replacement. When the humidity of the surrounding atmosphere 

was below approximately 40%, the set-point voltage required for the replacement 

increased and the formation of pits in the gold substrate was observed. In the range of 60 

to 80% RH the replacement occurred at lower voltages and the pit formation was nearly 
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completely suppressed. The effect of humidity suggested that the removal of the SAM 

was electrochemical in nature. A similar conclusion was drawn earlier by Crooks et al.73 

It was argued that mechanical effects in this process should be negligible because the tip 

was further away (e.g. higher voltage) from the SAM during replacement than under the 

standard imaging conditions. The line width of the replaced SAM region was ca. 7 nm at 

full width half maximum, and a spatial line resolution of ca. 15 nm was observed.  

 

Replacement lithography was subsequently employed to create SAM regions composed 

of electroactive headgroups within insulating C12S-SAMs. Investigation of these patterns 

showed bias dependent image contrasts, and allowed the current-voltage (I-V) behavior 

of electroactive tip/SAM/substrate junctions to be directly compared against an 

electroinactive SAM background. Replacement lithography was used to create (400 nm)2 

patterns of ferrocenylundecanethiolate SAM (FcC11S-SAM) and 

galvinolphenoxyhexanethiolate SAM (GalC6S-SAM) within a C12S-SAM background. 

Notably, the SAM precursor inks employed were ferrocenylundecanthioacetate 

(FcC11SAc) and phenoxygalvinol-substituted hexanethioacetate (GalC6SAc) instead of 

the thiol derivatives. It has been observed that when thiols were used in replacement 

lithography, a larger amount of adventitious replacement (that is, replacement not 

stimulated by the action of the tip) occurred at defect sites in the SAM. The mechanistic 

differences between the use of thiols and thioacetates remain unclear. It is speculated that 

either a small amount of the thioacetate molecules were adventitiously deprotected 
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resulting in a low concentration of free thiol, or somehow the elevated bias of the STM 

tip promoted the deprotection reaction. This work will be discussed in detail in Chapter 2. 

 

Using the STM tip, current vs. voltage (I-V) curves were collected over different regions 

(e.g. C12S-SAM versus FcC11S-SAM). Within the regions containing a SAM with 

electroactive headgroups, non-linear I-V curves displaying negative differential 

resistance (NDR) were measured, while in the regions of C12S-SAM no NDR was 

observed. This experiment facilitated a direct comparison of the electronic behavior 

between two different types of molecules (electroactive, non-electroactive) and was, in 

this regard, an ideal way to investigate molecular structure-property relationships relevant 

to molecular electronics. The relative transconductance of the electroactive SAM regions 

increased (compared to the insulating C12S-SAM background) with increased imaging 

bias. As observed in Figure 1.25, at low bias (Vb = 150 mV), the relative 

transconductance between the FcC11S-SAM and C12S-SAM regions was similar, and the 

pattern of the electroactive molecules (the letters ‘Fc’) was almost indistinguishable from 

the C12S-SAM. At higher applied bias (Vb = 1000 mV), the electroactive thiolate pattern 

had a much higher relative transconductance compared to the C12S-SAM background. It 

was hypothesized that both the nonlinear I-V behavior and bias-dependent difference in 

relative transconductance occurred via resonant tunneling through the electroactive 

ferrocenyl moiety. This work also illustrated sequential replacement with two different  
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thiol inks to compare simultaneously two SAM regions with different electroactive 

headgroups against a C12S-SAM background. This work will be discussed in more detail 

in Chapter 4. SAMs constructed from these electroactive thiols provided excellent image 

contrast against a C12S-SAM background, and this contrast was employed to correlate 

various experimental parameters (applied bias, scan rate, and RH) with the efficacy of 

replacement.196 It was observed that there was a window of optimal replacement bias for 

a constant set point current and RH. There was a threshold bias that afforded complete 

replacement (3.2 to 3.4 V). Below that bias, incomplete or no replacement occurred, 

while a larger applied bias produced replacement with inconsistent line widths, damage 

to the surrounding C12S-SAM regions and/or etching of the Au(111) substrate beneath 

the tip. There also was found to be an optimal lithographic scan rate (30 to 50 nm/s) 

under constant bias (3.2 V) and constant RH (58%). Very slow scan rates (10 to 20 nm/s) 

Figure 1.25: STM images showing the bias dependent apparent height contrast of electroactive 
FcC11S-SAM patterned into a non-electroactive C12S-SAM. At a low bias of 150 mV, the letters 
‘Fc’ were nearly invisible because the two molecules were similar in length. At higher imaging bias 
(1000 mV), the patterned FcC11S-SAM showed a large apparent height contrast compared to the 
background SAM. (Imaging conditions: Iset = 10 pA, z-scale: 2 nm, scan speed ca. 350 nm/s). 
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produced inconsistent line widths, and very fast scan rates resulted in incomplete and 

diffuse replacement.  

 

Using the findings that the manipulation of replacement parameters could affect the 

degree of replacement, mesoscale chemical gradient structures were fabricated. These 

structures were created via a systematic variation in scan rate, bias and line spacing 

(Figure 1.26). The high replacement coverage at one end of the gradient was achieved by 

a close spacing (e.g. 5 nm) between the scan lines (to overlap replaced lines), a slow scan 

rate (broad replacement lines) and/or a higher replacement bias (broader lines). The 

variation in the coverage resulted from the change of one of more of these parameters.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.26: Schematic diagram for the fabrication of mesoscale chemical gradients. The diffuse (low) 
coverage end of the gradient was achieved by a non-overlapping lithographic line spacing (e.g, 12 nm) and
low replacement voltage or fast lithographic scan speed. During the patterning of the gradient, the line 
spacing was incrementally decreased to overlap lithographic lines (e.g, 5 nm), while the replacement 
voltage was increased or the scan speed was decreased, resulting in high replacement coverage.  
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The diffuse end of the gradient was created by a combination of increased line spacing 

faster scan rate and/or lower replacement bias. The chemical gradient structures shown in 

Figure 1.27 were fabricated by systematically varying the replacement bias (from Vb = 

3.1 V to 2.6 V, line spacing 4 nm to 12 nm, Figure 1.27A) or the lithographic scan rate 

(from 20 to 160 nm/s, line spacing 4 nm to 12 nm, Figure 1.27B). Figure 1.27C shows a 

chemical gradient consisting of mercaptoundecanoic acid-SAM (from Vb = 3.0 V to 2.5 

V, line spacing 4 nm to 12 nm) and illustrates that gradients could be written with other 

inks than FcC11-SAc. This work will be discussed in more detail in Chapter 3. 

 

Figure 1.27: STM images of mesoscale chemical gradient fabricated from FcC11SH into a C12S-
SAM, either systematically varying the replacement voltage from 2.6 to 3.1 V (A) or the lithographic
scan speed from 160 to 20 nm/s (B) (z-scale: 6 nm). (C) A chemical gradient of MUA in a C12S-
SAM. The replacement bias was changed from 2.5 to 3 V (z-scale: 2 nm).  
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Another report utilizing replacement lithography demonstrated the novel use of hydrogen 

bonding to add and remove electroactive functionality from a mesoscale molecular 

assembly in a reversible fashion.197 Multi-point, complementary hydrogen bonding 

recognition elements mediated the assembly steps depicted in Figure 1.28. The host thiol, 

diacyl 2,6-diaminopyridine decanethiol (DAP), was patterned via replacement 

lithography into a C12S-SAM matrix on Au(111) from a mesitylene solution (Figure 

1.28A). Addition of an electroactive functional moiety through a non-covalent binding 

event was subsequently achieved by incubation of the DAP-SAM pattern in a solution 

containing the complementary ferrocene-terminated uracil (Fc-uracil, Figure 1.28B). 

Subsequent replacement of the electroactive Fc-uracil by a non-electroactive dodecyl 

uracil “eraser” (C12-uracil) was effected by exposure of the replacement region to a 

solution of C12-uracil (Figure 1.28C). STM images taken after each step are shown in 

Figure 1.28D-F. Under an imaging bias of 0.5 V, the DAP replacement region within the 

canvas C12S-SAM had low apparent contrast (Figure 1.28D). When the DAP-SAM 

region of the surface was functionalized with the electroactive Fc-uracil, the apparent 

height of this region increased (Figure 1.28E). This contrast change was decreased with 

the in-situ addition of the C12-uracil ‘eraser’ molecule (Figure 1.28F). The non-covalent 

host-guest binding events observed in STM images were further characterized on 

monocomponent SAMs via cyclic voltammetry and XPS.  
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A replacement lithography technique employing a current sensing AFM (CSAFM) was 

demonstrated. The strategy of effecting local removal of a SAM under elevated tip-

substrate bias followed by replacement was similar to that described above. The authors 

reported the replacement of a series of shorter chain alkylthiolate (C6S-, C8S- and C10S-) 

into C18S-SAMs.198 When the tip was scanned over the canvas SAM with an applied 

voltage of 4 to 5 V, the replacement occurred. The scanning parameters used were similar 

Figure 1.28: Schematic and STM images illustrating multi-point complementary hydrogen bonding 
recognition elements for the addition and removal of electroactive functionalities. (A) The host thiol 
molecule (diacyl 2,6-diaminopyridine decanethiol (DAP)) was patterned via replacement lithography 
into a C12S-SAM. An electroactive functionality was added in-situ to this structure through non-
covalent binding of a ferrocene-terminated uracil (B). The electroactive functionality could be replaced 
with a non-electroactive dodecyl-uracil (C). STM images after each of these steps taken at 0.5 V 
imaging voltage showed the change in the apparent height contrast. The replacement region of DAP 
had a low contrast (D). After the addition of ferrocene-terminated uracil, the apparent height contrast 
increased due to the electroactive moiety (E). The apparent height contrast was decreased by adding 
the dodecyl uracil molecule that replaced the electroactive moiety (F). (Iset = 10 pA, z-scale: 3 nm) 
Reprinted with permission from ref. 197. Copyright 2002 American Chemical Society. 
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to those employed for the preparation of structures in which the SAM was locally 

removed without the addition of a second thiol.102 Topographic images showed height 

changes smaller than expected theoretically, but the authors speculated this behavior was 

due to the applied load of the cantilever during imaging. Current images captured at 0.5 

V showed the reverse contrast in fluids compared to those in air (similar to that 

previously observed by our group195). The edge resolution of the structures was observed 

to be higher in current mode images than in the topography images. The authors 

rationalized this result by indicating that the apparent height in the current mode images 

arose from the exponential behavior of the tunneling current with height.  In contrast, a 

more linear relationship between force and height would be found in topography images. 

The linear portion of the I-V curves yielded resistance measurements of each patterned 

area as (1.8 ± 1.2) × 1010 Ω, (2.5 ± 1.0) × 109 Ω and (2.5 ± 1.5) × 108 Ω for C10S-, C8S- 

and C6S-SAMs, respectively. These values corresponded well with those predicted from 

a tunneling model (e.g. exponential increase in resistance with chain length). The 

exponential distance decay parameter for tunneling (β) calculated based on these data 

agreed well with previously published values. A final experiment in which C18SH was 

patterned into a C10S-SAM matrix was demonstrated with a reported topography height 

difference of ca. 1 nm between SAM regions. Current images indicated that the patterned 

area appeared as a depression, which was expected because the C18S-SAM had a lower 

transconductance than the C10S-SAM.  
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4.2.  Substitution initiated by removal of SAM via mechanical desorption 

 

The substitution lithography techniques described thus far have relied on the removal of 

the SAM under an applied voltage. Alternatively, SAMs can be removed by mechanical 

means followed by in-situ replacement with a second component. Mechanical 

displacement of SAMs with an AFM tip under a solution containing a replacement thiol 

was developed by Liu and co-workers.199 Typically, the SAM was first imaged with a 

low force (smaller than 0.5 nN) in order to find an area suitable for the surface 

modification, as is depicted in Figure 1.29. Early experiments demonstrated the localized 

elimination of the molecules of the SAM in solution (2-butanol). This approach was later 

termed ‘nanoshaving’. When a similar experiment was performed under a solution of a 

replacement thiol, the blank sites reacted with the thiol in solution and formed a region of  

 

 

 

 

 

 

 

 

 

 

Figure 1.29: Schematic diagram of nanografting. A SAM was imaged with an AFM tip under a 
non-destructive imaging force to locate an area suitable for patterning (A). With an increased, 
applied force the monolayer was removed under the tip and the replacement molecules in solution 
assembled into the ‘bare’ regions (B).  
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replacement (Figure 1.29B). After patterning, the force was reduced to the initial imaging 

force, and the structure could be directly imaged with the same tip used for the surface 

modification. The authors named this replacement procedure ‘nanografting’.  

 

The first nanografting experiments were performed on a C10S-SAM, and patterns 

consisting of C18S-SAMs were generated (Figure 1.30A & B) with corresponding section 

analysis (Figure 1.30C). High-resolution images of the canvas (Figure 1.30D) and the 

replaced region (Figure 1.30E) revealed a very high order with a two-dimensional close-

packed structure. This structure was consistent with the well-known structure of 

monocomponent SAMs formed from solution self-assembly. A multiple thiol ink 

experiment was also demonstrated in which the solution was exchanged after each 

fabrication step. In this way, a C18S-SAM line structure was created, subsequently erased 

by nanografting with the same thiol precursor as the matrix (C10S-SAM), and a third line 

consisting of C18S-SAM in close proximity to the original nanostructure was written. 

This experiment illustrated both the fabrication and alteration of structures on the 

nanoscale.  

 

The rate of replacement and degree of order in the replaced regions was, under some 

circumstances, observed to be different from self-assembly onto a bare surface. This 

point was addressed by Xu et al. in a comparison of the self-assembly process onto a bare  
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surface with that into nanografted regions using time resolved AFM measurements.200 

Here, it was speculated that replacement molecules were spatially confined, having 

limited area to insert into the exposed gold surface region. The researchers found that the 

assembly time for the nanografted patterns was at least one order of magnitude faster than 

the film formation from solution that showed higher order with less defect sites. It was 

suggested that the more rapid assembly into nanografted regions occurred because a 

lying-down to standing-up transition found in the reaction on a bare gold surface was 

avoided. During the first step of thiol self-assembly on gold, a phase was initially 

Figure 1.30: (A) Topographic AFM image of two squares fabricated from C18SH in a background 
C10S-SAM (replacement parameters: 5.3 nN force, imaging conditions: 0.3 nN). The cross section 
showed that the C18S-SAM was ca. 8 Å higher than the background. The edge resolution was 1 nm. 
Molecular resolution images of the C18S- region (C) and the C10S-SAM (D) revealed a two-dimensional
close-packed structure. Reprinted with permission from ref. 199. Copyright 1997 American Chemical 
Society. 
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observed where the molecules lie flat on the surface.47 At a higher surface coverage 

(above the saturation coverage of this first phase), a solid-solid phase transition occurred 

resulting in domains of molecules standing up. Consistent with this observation, 

nanografted structures formed slowly when their dimensions were larger than the size of 

the molecules and when nanografting occurred at a rate of scanning that was faster than 

that of assembly. Conversely, when the dimensions of the nanografted structure were 

smaller than the size of the molecules and when nanografting occurred at a rate of 

scanning that was slower than that of assembly, the rate of structure formation was much 

faster. 

 

Several additional interesting demonstrations have been described to illustrate the range 

of possible nanostructures that can be created using nanografting. Xu et al. used a wide 

variety of inks with various chain lengths and functional head groups, and showed 

topography and LFM images of MHA grafted into a C18S-SAM, C18SH grafted into 2-

mercaptoethanol-based SAM (HOC2S-SAM), and HO2CC2SH grafted into a C10S-

SAM.201-204 Another example in which two different inks were sequentially employed can 

be observed in Figure 1.31. Two rectangular nanoislands patterned from C22SH and 

C18SH, respectively, were created in a C10S-SAM background matrix. In another report, 

complex patterns and complete sentences were fabricated. These structures were made 

possible through the combination of vector-scanning probe lithography combined with 

computer-assisted design.205  
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Another application of nanografting reported was the characterization of the shape of 

AFM tips.206 Due to the previous mentioned spatial confinement effect of self-assembly 

in nanografting, the edges of patterned lines were sharp and straight. The observed line 

profile width was in direct correlation with the shape of the top portion of the tip, and the 

sides of the line profile represented the shape of the tip. 

 

The nanografting of thiol modified single stranded DNA (ssDNA) has been illustrated by 

Liu et al.207 An 18 or 12 base oligomer with hexanethiol linker was grafted into a 

hexanethiolate-(C6S-) matrix under a force of 20 nN and a scan speed of 800 nm/s. The 

patterns showed a height that correlated with the theoretical height (84 Å for the 18 base 

and 59 Å for the 12 base oligomer). This observation led the authors to conclude that the 

DNA SAM region adopted a nearly standing up configuration. The periodicity of SAMs 

Figure 1.31: (A) Topographic AFM image of two rectangles fabricated from C22SH and C18SH in a 
C10S-SAM matrix (replacement parameters: 15 nN force, writing speed of 50 ms per line). The 
corresponding cursor profile is shown (B) and revealed a height difference of ca. 1.2 and 0.85 nm 
for the two different replaced patterns, respectively. Reprinted with permission from ref. 204. 
Copyright 1999 American Chemical Society. 
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routinely observed under AFM was not obtained for the ssDNA patterns, leading to the 

conclusion that the DNA molecules did not form an ordered and close-packed structure 

on the gold surface. To confirm that the structures were made out of DNA, the authors 

used an enzyme that cleaved the ssDNA to leave a terminal hydroxyl group. In a time  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.32: Time-dependent AFM images of a C10S-SAM with a nanografted square of 
hexanethiol-modified oligonucliotide (12 base pairs). After the fabrication of the pattern, the sample 
was immersed in an enzyme to digest the DNA and imaged. The patterned square was clearly visible 
in the topography (A) and the friction image (B). The corresponding cross section analysis (C) 
revealed a height different of ca. 3 nm. After 4 h, the contrast in the topography image was 
decreased (D), and the friction image showed the same contrast as before (E). The cross section (F) 
depicted a decreased height difference to ca. 1 nm. After 20 h, nearly no difference between the 
nanografted square and the background SAM was visible (G) & (I), while in the LFM image the 
square was still present (H). Reprinted with permission from ref. 207. Copyright 2002 American 
Chemical Society. 
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resolved AFM experiment, the change in the topographic images was easily seen as 

shown in Figure 1.32A, D and G (corresponding cursor profiles shown in Figure 1.32C, F 

and I), while friction images (Figure 1.32B, E and H) showed little difference in 

appearance (the 3’ end of the original oligomer was also terminated in a hydroxyl group). 

After 4 hours, the initial height was decreased and the density of the ssDNA was lower, 

which was due to the enzyme cleaving the patterned DNA randomly. After twenty 

hours, the pattern was nearly invisible in the topography image. The enzyme digested 

only the DNA, but did not cleave the C–C bond of the linker. The region where the 

ssDNA had been was still visible in the friction mode because the surface was terminated 

with a hydroxyl groups, compared to the methyl groups of the background SAM. These 

experiments showed that the structures were indeed composed of DNA and were 

accessible to enzymatic reactions.  

 

Case et al. designed a protein to bind to a gold surface and employed it in nanografting 

experiments.208 A tertiary parallel three-helix bundle complexed to iron (on one end) with 

a D-cysteine residue (on the other) provided a thiol for chemisorption on the gold 

substrate. By choosing the appropriate buffer, the helicity in the protein was enhanced, 

resulting in the average height of the protein structures that compared well with the 

height predicted from molecular models. The authors observed forces applied to the tip 

that exceeded 40 nN disrupted the grafted proteins and showed a decrease in the 

measured height. The grafting had to be done under a very slow scan speed, presumably 

due to the slow diffusion coefficient of the large protein in solution. If the scan speed was 
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too large, bare gold areas were observed that were slowly filled by the protein, resulting 

in lower coverage in the nanografted regions.  

 

Amro et al. developed an ambient condition technique that combined nanografting and 

DPN, termed “nanopen reader and writer” (NPRW).209 As an AFM tip coated with a thiol 

ink (e.g. DPN) scanned the thiolate matrix under an elevated force, it removed the SAM 

molecules (e.g. nanoshaving), while the molecules from the tip were subsequently 

transferred into the vacant areas. The factors governing the resolution were the same as 

those reported for nanografting, and the patterning was independent of the humidity and 

the texture of the substrate. In a proof-of-concept experiment, a C10S-SAM was used as 

the matrix and the tip was coated with C18SH. The rectangular pattern of the longer alkyl 

chain thiolate was created and found to be ca. 8 Å higher than the background thiolates. 

Other thiols with different chain lengths and functional groups were also described, 

including CF3(CF2)11(CH2)2SH, as well as thiols with terminal aldehyde, carboxylic acid, 

thiol and hydroxyl groups.  

 

Garno et al. presented the precise positioning of nanoparticles by nanoshaving with 

subsequent nanoparticle adsorption.210A second approach with the aforementioned 

NPRW technique was also employed. During nanoshaving, gold nanoclusters with mixed 

thiolate shells (dithiol and thiol) were present in solution to fill in the bare gold region 

exposed as the AFM tip locally removed a C10S-SAM. In contrast to nanografting of 

thiolate SAMs, the adsorption process of the nanoparticles was much slower. The authors 
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attributed the slow speed of replacement to the low concentration of the gold particles 

(AuNPs) in solution (1013 /mL AuNPs compared to ca. 1018 /mL for thiols) and the size of 

particles, which decreased the rate of colloid diffusion. An AFM image showed a 150 × 

300 nm2 area where 51 nanoparticles with an average diameter of 3.8 nm had adsorbed. 

In the NPRW approach, colloids were physisorbed to the tip prior to patterning. The 

high-applied force during the writing process resulted in the removal of the thiolate SAM 

from the substrate and the transfer of the nanoparticles to the substrate. The authors 

claimed that the writing process was highly selective because the transfer of the particles 

to the substrate required the removal of the underlying SAM and therefore, required a 

high-applied load. The reported coverage of nanoparticles in the patterned regions was 

lower than for a densely packed layer. 

 

Schwartz reported an approach for creating structures of a thiol-modified molecule in a 

preformed matrix that was termed “meniscus force nanografting”.211 Thiol-modified 

DNA was patterned onto a gold surface that was covered with shorter, thiol modified 

DNA strands. A drop of the patterning solution served to simultaneously wet the 

hydrophilic resist on the gold as well as the AFM tip. It was argued that the surface 

tension of this drop supplied enough force for the tip to locally remove the resist allowing 

the DNA to attach to the gold surface. Narrow line widths (ca. 15 nm) and very high 

linear writing speeds (ca. 320 µm/s) were featured. These DNA-based nanostructures 

were then hybridized to a complementary strand that had been grafted to metal 

nanoparticles, illustrating a complementary self-assembly process.  
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4.3. Substitution Followed by ex-situ Addition to Patterns 

 

The examples discussed to this point involve substitution in which a monolayer-based 

pattern is the object of interest. Opportunities have been illustrated to exploit the 

monolayer pattern as a template for the growth or immobilization of another material. 

Often, this templated growth or deposition is performed in a second, ex-situ step. These 

types of investigations are treated in this section. 

 

Wadu-Mesthrige et al. bound the protein lysozyme to nanografted squares of 

mercaptopropionic acid-based SAM (HO2C(CH2)2S-SAM) patterns surrounded by a 

C12S-SAM matrix.212 This binding was from electrostatic interaction between the 

carboxylate head groups of the SAM region and the protein. The authors noted that in 

order to prevent non-specific binding of the protein to the C12S-SAM matrix, very 

specific concentrations and incubation times had to be employed. More stable protein 

patterns could be realized if covalent binding schemes or specific chemical interactions 

were used. Aldehyde functional groups were suitable for binding of proteins containing 

amino groups through the formation of imide bonds. Patterns of aldehyde-terminated, 

OHC(CH2)2S-SAM were created in a C10S-SAM background, and the protein 

immunoglobulin G (IgG) was adsorbed selectively in these patterned regions. The 

researchers showed that at least 50% of the protein remained biologically active as 



 

 

108

evidenced by their ability to bind antibodies. By using different molecules for 

nanografting, the creation of multi-ink patterns expanded the use of this method. 

 

Protein patterns fabricated with various SPL strategies were reported by Kenseth et al.213 

In the first example, 5 µm MUA-SAM square patterns were nanografted into a C8S-SAM 

on gold. Notably, the threshold force for nanografting of this pattern was higher than that 

reported by Liu and co-workers. The authors attributed this fact to the larger feature size 

and the faster scan speeds (reater than 20 µm/s). Rabbit IgG antibody was bound to the 

MUA patterns by a reaction via carbodiimide coupling. The results of this binding was 

observed in the topography image and cross / line section analysis (Figure 1.33A). Non-  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.33: (A) AFM topography images (12 µm)2 of a C8S-SAM with a square replaced with 
MUA after the binding of rabbit IgG through a coupling agent (EDC). (B) The same square after 
subsequent exposure to goat anti-rabbit IgG. The corresponding cross section analysis was an 
average of the lines inside the box. (Imaging conditions: 2 nN force, 6 Hz, z-scale: 30 nm). 
Reprinted with permission from ref. 213. Copyright 2001 American Chemical Society. 
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specific protein binding to the C8S-matrix was very low and was removed by scanning 

the surface with a force of 15 nN, which did not alter the covalently bound structures on 

the surface. The pattern could be further exposed to the complimentary Rabbit IgG 

antigen (Figure 1.33B). In both cases, measured topography heights corresponded to the 

expected size of the molecules. 

 

The second technique demonstrated was based on nanoshaving a pattern into a (undec-

11-mercapto-1-yl) triethylene glycol methyl ether (EG3-OMe) SAM. The resist layer was 

scraped away from the gold surface by applying a high force, and indirect (adsorption of 

coupling agent and subsequent binding of a protein) and direct (adsorption of thiol 

modified protein) procedures for the attachment of proteins to the gold surface were 

demonstrated.  

 

Liu’s group fabricated three-dimensional nanostructures through nanografting, pursuing 

two different schemes.214 In the first scheme, mercaptoundecanol (MUD) was patterned 

in a C18S-SAM. The hydroxyl-groups were reacted with the trichlorosilane head group of 

octadecyltrichlorosilane (OTS) to form a Si-O network. This structure had a larger height 

than the surrounding MUD-SAM. This type of pattern transfer was termed ‘positive’. 

Conversely, a negative pattern transfer was based on nanografting a C18SH into a MUD 

monolayer. The sample was then exposed to OTS which self-assembled on the 

background SAM. In both experiments, the silane layer had a smaller height than it 

would be expected from the size of the molecule. The authors concluded that the packing 
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density was not as good as a thiolate SAM, and therefore the bilayer structure was more 

susceptible to compression from the tip.  

 

Jang et al. created small patterns of enzymes by subsequent adsorption of 

acetylcholinesterase (AChE) to a nanografted poly(ethylene glycol)-containing SAM 

pattern composed from HS(CH2)11(OCH2CH2)6OCH2CO2H within a 

HO(OCH2CH2)3(CH2)11S-SAM background.215 The triethylene glycol groups within each 

SAM region were present to resist non-specific protein adsorption. Small, bare Au 

patches (termed ‘trapping sites’) were then created by removal of the background SAM 

via nanoshaving. Acetylthiocholine (ATCh) was added with the intention that the trapped 

enzymes would cleave this molecule to form thiocholine, which contains a free thiol 

group. Indeed, after the addition of ATCh, bright spots on the trapping sites were 

apparent in AFM images consistent with the binding of the thiocholine to these bare gold 

regions. In a control experiment, it was shown that, if only the trap was created and the 

surface was brought into contact with ATCh, no change in the surface morphology 

occurred. These experiments led to the conclusion that the change in the pattern was due 

to the enzyme. 

 

Wacaser et al. used a chemomechanical approach, similar to ‘nanografting’, to 

simultaneously pattern and functionalize a silicon surface.216 A hydrogen terminated 

silicon surface was immersed into one of three reactive compounds (heptadecafluoro-1-

decene, 1-hexadecene or 1-octanol). The mechanical action of the AFM tip was proposed 
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to facilitate chemical reaction of these compounds with the surface. Figure 1.34 shows 

SEM and AFM images as well as an AFM section analysis of the same area that had been 

patterned with heptadecafluoro-1-decene using this technique. The line width achieved 

depended on the applied force (e.g. a force of 5 µN produced 30 nm wide lines). It was 

observed from SEM images that a force of 0.25 µN (i.e. AFM imaging force) was 

nondestructive to the hydrogen-termination layer. Besides lines and squares, the  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.34: (A) In-situ AFM (z-scale: 10 nm) and (B) corresponding SEM images of lines written 
on silicon under the presence of CF3(CF2)7CH=CH2 with different applied forces (ranging from 74 
µN (left line) to 5 µN (right line)). (C) Profiles of three different lines (vertical axis was the gray 
scale value). Reprinted with permission from ref. 216. Copyright 2003 American Institute of 
Physics. 
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researchers also showed that they could write letters. Further characterization of the 

structures was performed with TOF-SIMS showing higher fluorine content and lower 

signals from Si-H+ and Si+ in the patterned areas. Thus, by using the AFM probe to break 

Si-H and Si-Si bonds in the presence of reactive molecules chemical patterns could be 

created. 

 

4.4. Substitution via Tip-Induced Terminal Group Modification  

 

A second classification of substitutive lithography involves the chemical modification of 

the terminal functional headgroup of the SAM. This type of modification has been 

stimulated by both mechanical and electrochemical means. In these approaches, it was 

intended to maintain the structural integrity of the SAM throughout the process. This 

approach has allowed the fabrication of multi-layers through subsequent iterative addition 

processes, or the immobilization of functionalized particles to the locally modified SAM. 

 

Marrian, Calvert and Perkins employed an STM tip in UHV (10–7 to 10–8 Torr) as a low 

energy e¯-beam lithography source to chemically modify amine terminated organosilane 

resists on silicon covered with native oxide.217 Unlike conventional e¯-beam lithography, 

the STM was an attractive alternative because it could generate low energy electrons 

(smaller than 50 eV) with a beam diameter on the order of 10 nm. After the high-
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resolution e¯-beam lithography (Figure 1.35A), the samples were treated with an aqueous 

Pd2+ catalyst solution (Figure 1.35B), followed by ex-situ incubation in an electroless Ni 

plating bath (Figure 1.35C). The Pd2+ catalyst bound only to the non-exposed areas and 

the Ni was selectively deposited in these regions. The authors assumed that the amino 

groups were locally deactivated, eliminating their affinity for the Pd2+ complex catalyst 

that promoted electroless plating of Ni films. Two different organosilane resist layers 

were patterned by applied tip biases of –4 to –35 V (scan rates of 0.2 to 2 µm/s). One  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.35: Schematic diagram of ligand based substitution lithography. (A) The functional head 
group of the SAM was altered with a STM. (B) A Pd catalyst reacted with the non-exposed area of 
the sample. (C) The electroless Ni plating procedure led to metal growth outside of the STM pattern.
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resist terminated with a functional amine head group, aminoethylaminomethyl- 

phenethyltrimethoxysilane (NH2-(CH2)2-NH-CH2-C6H4-(CH2)2-Si(OCH3)3, PEDA), was 

reported to have a patterning threshold voltage of –8 V. The second resist, 4-

chloromethylphenyltrichlorosilane (Cl-CH2-C6H4-SiCl3, CMPTS), was reported to have a 

threshold bias of –4 V. CMPTS contained no ligating amino group and had to be treated 

after patterning with a grafting agent (lithium ethylenediamine, Li-EDA) to install an 

amine functionality. For both silanes, larger exposure voltages were explored (more 

negative than –35 V), but were observed to increase feature sizes. The smallest created 

metal features were ca. 30 nm wide. The resolution of the metal pattern was not limited 

by the lithographic step itself. Electroless plating of Ni caused the growth of grains with 

diameters of ca. 30 nm. A later report extended the work to octadecyltrichlorosilane 

(OTS) as a resist.218 The patterning threshold using OTS was –10 V, and patterns could 

also be transferred into the underlying substrate by wet etching techniques. The PEDA 

resist was later used on hydrogen passivated silicon and improved the resolution to 15 

nm.219  

 

Clausen-Schaumann et al. functionalized an AFM tip with an enzyme and used this to 

locally hydrolyze a phospholipid in a bilayer. The AFM tip was functionalized with the 

enzyme phospholipase A2 and was used to create patterns in a 

dipalmitylphosphatidylcholine (DPPC) bilayer supported on a gel. A line resolution of 

ca. 100 nm was achieved. It was suggested that the mechanical pressure of the AFM tip 

induced defects in the bilayer to allow entry of the enzyme molecules.220 
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An AFM tip coated with a catalyst can also be employed to induce a localized chemical 

reaction at the terminal functional groups of a SAM. Müller et al. illustrated how the azide-

terminal groups of a monolayer (N=N=N-R-Si-O-) on glass could be locally reduced to 

amino groups using a Pt coated AFM tip as a catalyst.221 This reaction occurred without any 

applied potential between the tip and substrate. To facilitate the hydrogenation of the azide 

groups, the lithographic pattern was performed in hydrogen-saturated isopropanol, and 

patterning was performed under a force of ca. 400 nN with a scan speed of 1 µm/s. By 

exploiting the reactivity between amino groups and aldehydes, fluorescently-labeled latex 

microspheres functionalized with aldehydes were immobilized in the patterned areas of the  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.36: Fluorescence micrographs of a SAM with terminal azide groups after patterning under 
different parameters. (A) A nominally (10 µm)2 square area was written with a Pt-coated tip in 
hydrogen-saturated isopropanol and subsequently modified with fluorescently modified latex beads. 
(B) A square fabricated as in (A) but modified with ATTO-TAG reagent. (C) A nominally (10 µm)2 
area scanned and modified under the same conditions as (B) but with a unmodified silicon tip. 
Reprinted with permission from ref. 221. Copyright 1995 American Association for the Advancement 
of Science. 
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of the amide groups with 3-(2-furoyl)quinoline-2- carboxaldehyde (ATTO-TAG) was 

SAM with little non-specific binding (Figure 1.36A). In a second example, the 

modification illustrated. This compound was not fluorescent by itself, but after the 

binding to primary amines, the highly fluorescent isoindiol was formed (Figure 1.36B). 

This demonstration also illustrated that the surface was modified through the Pt coated 

AFM tip. When the scanning was done with uncoated or Au coated tips, no subsequent 

binding of the fluorescent labels occurred (Figure 1.36C).  

 

 

Blasdel et al. reported the use of an AFM tip coated with a hydride reducing agent to 

selectively reduce in-situ a spatial region in a monolayer of imines (Table IA).222 A 

cystamine SAM (e.g. H2N-CH2CH2S-SAM) was reacted with cyclopentanone to form 

terminal imine. Micrometer-sized ‘chunks’ of the reducing agent sodium 

triacetoxyborohydride (Na(OAc)3BH4) were attached to a gold coated tip using a thin 

film of UV-curable glue. The tip was then scanned over the SAM to locally reduce the 

imine terminal groups to secondary amines. The scans were run in intermittent contact 

(tapping) mode in anhydrous methanol (under vigorous water exclusion) to avoid 

degradation of the reducing agent and the hydrolysis of the imine groups. After scanning, 

the wafers were washed with water and placed into a NaOH solution to hydrolyze the 

remaining imine terminal groups back to primary amines. A chloranil test was used to 

detect the secondary amines in the scanned region; this region appeared as a blue-colored 

area in bright field optical micrographs. The authors claimed that a (50 µm)2 area had to 
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be scanned for 1.5 h with a speed of 60.4 µm/s to achieve complete reduction. Thus, 

while this technique was slow and the spatial resolution was low, it did serve to illustrate 

how a tip could be used to selectively induce a chemical reaction. 

 

Untreated AFM probes can also assist in the reaction of a functional head group. Porter 

and co-workers reported the tip-assisted base hydrolysis of an ester-terminated 

alkanethiol monolayer on gold (Table IB).223 The researchers self-assembled 

dithiobis(succinimido undecanoate) (DSU) on Au(111), and scanned the sample in 10 

mM KOH solution with a force of 25 nN. The scanned area exhibited a higher friction 

than the surrounding regime, as observed in LFM images. The authors suggested that the 

tip induced a local disorder in the outer regime of the self-assembled layer, permitting 

better access of hydroxide ions to the acyl carbon of the DSU-SAM. A control 

experiment performed in deionized water showed no modification, but after the addition 

of alkaline solution, the scanned area showed the expected contrast in friction mode 

images.  

 

Blackledge and co-workers pursued a similar approach to that reported by Müller in 

which a Pd-coated AFM tip was used to alter the chemical functionality of the head 

groups of self-assembled monolayers.224 The Pd-tip-catalyzed hydrogenation was 

illustrated in which azide terminal groups of a SAM were reduced to form amines (Table 

IC). The Pd-tip-catalyzed hydrogenation of n-benzyloxycarbonyl (CBZ) protected amino-

terminal groups to free amines was also illustrated (Table ID). The third approach 



 

 

118

showed the localized, tip-induced hydrosilation of aminobutyldimethylsilane (ASiH) 

from solution to the alkene head groups of a SAM (Table IE). This process resulted in a 

pattern terminated with amino groups. These amino groups were labeled by reaction with 

fluorescence probes (5- and 6-carboxytetramethyl-rhodamine succinimidyl ester or 6-

((biotinoyl)amino)hexanoic acid succinimidyl ester). For the detection of the patterns on 

the substrate, the authors used confocal microscopy and various AFM techniques. The 

forces needed for these conversions were higher than the ones reported by Müller et al.221 

The authors concluded that the best results were obtained with the reduction of azide 

terminated SAMs. The conversion of the azide groups into amines was specific and 

nearly no nonspecific binding of the fluorescence labels occurred. The other two 

approaches were more problematic. The terminal CBZ groups appeared to spontaneously 

hydrolyze, and this process may have been enhanced by the deposition of palladium from 

the tip. The use of ASiH suffered from partial decomposition of this reaction in solution. 

The resulting species were postulated to chemisorb to the silanol groups present on the 

substrates.  

 

Sagiv and co-workers developed a different type of substitution lithography, which they 

termed ‘constructive lithography’. In this method, a conducting AFM tip was utilized to 

selectively induce nanoscale electrochemical oxidation to the terminal functional groups 

(methyl, (-CH3) or vinyl, (-CH=CH2)) of SAMs on silicon. Figure 1.37 illustrates the 

steps involved to fabricate a structure. The headgroup of a silane-based SAM is subject to 

a localized redox event initiated by a conducting AFM tip (Figure 1.37A). Subsequent in-
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situ chemistry was used to form organic bi- and multi-layers or inorganic nanostructures 

(Figure 1.37B). The patterned nanostructures could be observed with AFM height and 

friction imaging modes. Linewidths as low as 10 nm were illustrated; although the 

surface roughness of the silicon dictated that most clear demonstrations occur at larger 

length scales. Locally modified surfaces could then be used to induce site selective self-

assembly of a number of different materials (organic, metal, semiconducting). 

 

The selective oxidation of terminal vinyl groups in a nonadecenyltrichlorosilane (NTS) 

SAM yielded patterns of terminal hydroxyl groups.225 The modification occurred under  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.37: Schematic diagram of substitution lithography through the head group modification 
under an applied bias. (A) A conductive AFM tip scanned under an applied bias voltage across a SAM
and modified the head group without changing the structural integrity of the SAM. (B) The altered 
functionality was used for the subsequent binding of a second self-assembly molecule.  
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an applied tip bias ca. 9 V with no measurable current (smaller than 0.5 nA) flowing in 

ambient conditions. Topography images showed no change in height, however the 

friction images suggested a different functionality in the patterned area relative to 

surrounding unmodified NTS SAM. After in-situ addition of OTS, which reacted with the 

hydroxyl groups of the oxidized NTS, the topography data showed an area of higher 

apparent height relative to the surrounding SAM, consistent with the expected height of 

the bilayer structure fabricated. The friction data suggested that the patterned area and 

surrounding SAM were composed of similar low friction surfaces (hydrophobic 

functionality). The authors noted that disordered monolayers seemed to contribute to a 

lack of oxidation control, creating patches of SiO2 in the defects of the SAM. To 

unambiguously correlate microscopic features, macroscopic structures were created 

through dipping procedures whose chemical identity and structural integrity was 

confirmed by IR spectroscopy.  

 

Starting with OTS-SAMs, the authors showed that it was possible to oxidize the -CH3 

terminal group with an AFM tip in a specific regime of applied bias. The researchers 

observed that between 8.5 to 10 V, three different regimes were observed. Below a 

certain threshold voltage nearly no conversion occurred, while above a certain value, the 

underlying silicon surface was oxidized. The optimal values were dependent on the 

relative humidity and the required patterning bias increased with decreasing humidity. 

Using SAMs prepared by exposure of 1-octadecene to hydrogenated silicon surfaces, 

Pignataro et al. studied a similar, tip-induced nanoelectrochemical modification by TOF-
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SIMS and LFM.226 The authors observed two different regimes depenent on the absolute 

value of the applied bias. It was suggested that, at low bias, a redox event at the head 

group occurred, while at higher bias, the underlying silicon substrate was affected.  

 

Recently, Pavlovic et al. described the local oxidation of thiol-derivatized SAMs (3-

mercaptopropyltrimethoxysilanes (3-MPTMS) on p-doped silica) to thiolsulfinates or 

thiolsufonates with a cAFM tip. The patterns were used to (covalently) immobilize a thiol 

rich protein (β-galactosidase) through disulfide bonds. Optimal potentials for patterning 

were reported to be between 2 and 4V; higher voltages compromised the SAM.227  

 

The next demonstration of constructive lithography involved the site selective reduction 

of chemisorbed silver ions generating surface-bound elemental silver nanoparticles atop a 

thiol terminated SAM.228 The vinyl headgroups of an NTS-SAM were photochemically 

converted by radical addition of H2S to form thiol and/or disulfide functionalities. The 

addition of a silver acetate solution terminated the SAM with silver thiolate groups, 

which could be converted to metallic silver if the surface was scanned under a reductive 

applied bias. Upon the addition of a silver enhancer solution, silver nano-islands were 

further developed. A negative tip bias formed no site selective Ag islands, nor did a 

positive tip bias followed by rewriting with a negative tip bias. Constructive 

nanolithography did not modify local surface sites at 0% RH regardless of tip bias, 

suggesting the water condensing from the atmosphere was essential in the faradic process 

occurring at the tip. These observations were all consistent with the authors’ proposal of a 
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reduction process in which the sulfur-silver headgroup was converted into a thiol and 

silver under the influence of water. By applying locally well-defined drops of a NaBH4 

solution to a silver-thiolate terminated SAM, macroscopic sized areas were converted 

into metallic silver as confirmed by AFM imaging, UV-Vis spectroscopy and XPS.  

 

The novelty of constructive nanolithography is based upon the ability of the technique to 

create templating patterns atop inert, stable monolayers. Many different chemical 

strategies with the reactive sites could be employed.229 This technique had the advantage  

that the surrounding non-patterned SAMs were not reactive to many in-situ wet chemical 

treatments. From these templates, organic (insulator), metal and semiconducting 

architectures could be created on highly ordered, inert monolayer scaffolds. An example 

of the schematic steps is shown in Figure 1.38.229 CdS nanoparticles were fabricated on 

top of organic bi-layer architectures, realized by two different chemical paths. Elemental 

silver structures were constructed by four different chemical pathways, while organic tri-

layers were fabricated with iterations (layer-by-layer hierarchical treatment) of NTS and 

subsequent oxidation treatments, followed by a final ‘capping’ with OTS.  

 

Constructive nanolithography was also employed to connect macroscopic with 

nanoscopic patterns.230 Macroscopic electrodes were generated with a multi-step process 

that involved the masking of headgroups with gallium metal, subsequent conversion of 

adjacent unmasked headgroups by UV irradiation followed by the guided self-assembly 
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of new organic layers and ions. Between the millimeter sized contact pads created, 

nanometer wide connecting lines were drawn using constructive nanolithography that  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.38: Schematic representation of constructive nanolithography as a generic approach to the 
planned surface self-assembly of diverse organic, metal, and semiconductor nanoentities. Six 
nanofabrication routes were indicated, starting with an ‘inert’ silane monolayer (OTS/silicon) that was 
non-destructively patterned by an electrically biased AFM tip to locally form electrooxidized OTS 
(OTSeo), followed by the selective self-assembly of a vinyl-terminated silane overlayer (NTS) at the 
OTSeo polar sites defined by the tip. Subsequently, the terminal ethylenic functions of NTS were 
photoreacted with H2S in the gas-phase or chemically oxidized with aqueous (KMnO2 + KIO4) to give 
the corresponding TFSM/OTSeo or NTSox/OTSeo bilayer template. Site-defined surface self-assembly 
of metallic silver, cadmium sulfide, or a third organic monolayer could be achieved using various 
template-controlled processes. The possibilities depicted here were: (1, 4) binding of Ag+ ions to the 
thiol or the carboxylic acid surface functions of the TFSM (1) and NTSox (4) template, followed by 
reduction with aqueous NaBH4 or gaseous N2H4 and further development (if desired) of the silver 
nanoparticles obtained with a silver enhancer (SE) solution; (2) binding of gold species to the TFSM 
surface, followed by goal-catalyzed silver metal deposition from the SE solution; (3, 5) binding of Cd2+ 
ions to the TFMS (3) or the NTSox (5) surface, followed by the formation of CdS upon exposure of H2S;
(6) exposure of NTSox to a solution of a self-assembling silane, resulting in the formation of an organic 
trilayer at the tip inscribed sites. 
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defined the sites for the silver ion reduction procedure described above. An AFM phase 

image (Figure 1.39) of a structure, created by this combined effort, revealed the 

successful combination of micro- and nanoscale patterns. 

 

 

 

 

 

 

 

 

 

 

 

 

Recently, this group expanded constructive lithography to the micro- and millimeter 

range employing TEM grids as a rigid stamp. The conductive grids were used as anodes 

to oxidize the SAM headgroups under the stamp, provided there was a sufficient water 

bridge between stamp and SAM to facilate the electrochemical transformation. This new 

approach may be a practical means to parallel patterning at much larger length scales than 

the limited range inherent to SPL.231Constructive nanolithography was also employed to 

fabricate an organic bilayer terminated with top thiol functionality to immobilize 

Figure 1.39: AFM phase image of controlled self-assembly of silver nano- and macrostructures on 
a template produced by AFM lithography. Reprinted with permission from ref. 230. Copyright 
2002 Wiley-VCH.  
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selectively triphenyl phosphine ligand-stabilized Au55 nanoparticles (1.4 nm core 

diameter) through a ligand exchange process.232 The initial procedure was identical to the 

one described previously. After the fabrication of a thiol-terminated bilayer, the Au 

nanoparticles were adsorbed. The authors prepared metal-organic hybrid architectures 

with feature sizes from ca. 10 nm to 2000 nm, which were stable even after heating at 

120 ºC for an hour in vacuum. Figure 1.40A& B presents the topography and phase 

images of the patterned nanoparticle islands, while Figure 40C& D shows Au particle 

wires connecting larger Au pads. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.40: AFM images of an array of four Au55/thiolated bilayer dots after annealing at 80 ºC 
for 12 h ((A) topography, (B) phase image). Topography (C) and phase image (D) of a pattern 
combining dots, wires and contact pads. Reprinted with permission from ref. 232. Copyright 2002 
American Chemical Society. 

 



 

 

126

Matsubara et al. combined DPN with the type of substitution lithography approach 

discussed here to perform a Diels-Alder reaction at a vinyl terminated SAM.233 

Triethoxy(10-undecenyl)silane was self-assembled onto thermally oxidized silicon, and 

the AFM tip was coated with a diene reactant (2-(13-hydroxy-2-oxatridecanyl)furan) 

(Figure 1.41A). As the tip was brought into contact with the surface, the 1-undecene 

underwent a reaction with the furan derivative (Figure 1.41B). The authors observed that 

initial contact of the tip with the surface produced larger structures than the following 

patterning attempts, and this result was ascribed to an initial excess of diene molecules on 

the coated tip. Once the excess was removed, the writing process was dependent on the 

applied pressure to the tip. With a force of 32 nN, the expected height (2.5 nm) was  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.41: (A) Schematic diagram of the DPN procedure for the Diels-Alder reaction on a SAM. The 
tip, inked with a reactive molecule (diene), was scanned over a vinyl terminated (alkene) SAM and a 
Diels-Alder reaction took place. (B) Sketch of the Diels-Alder reaction of 2-(13-hydroxy-2-
oxatridecanyl)furan on the alkene terminal headgroup of a silane SAM. 
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achieved. Higher forces resulted in very large structures, assumed to be oligomerized 

furan. Control experiments on methyl terminated SAMs created no structures.  

 

5. Conclusions and Outlook 

 

This review has shown that there is a diverse array of approaches to scanning probe 

lithography on SAMs. Scanning probe lithography emerges as one of the most expedient 

methods for making nanometer-scale patterns, at least in a laboratory setting. Other 

techniques do exist – for example, microcontact printing of SAMs has been extended to 

the ca. 50 nm scale.126 Arguably, however, generation of stamps with features in this size 

regime requires some skill and has not been employed as routinely in the published 

literature. 

 

SAMs are perhaps the ideal patterning elements as they offer the most convenient means 

to define the chemical functionality presented at a surface. Chemical definition is 

particularly important when the patterned regions have size features in the nanometer 

range, as these features display “countable” numbers of chemical functional groups. A 

wide variety of different chemical structures have been patterned. The range of materials 

described here includes silicon, coinage metals, thiols, silanes, proteins, DNA, 

nanoparticles and others.  
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Several basic issues are still unresolved with respect to these techniques. Mechanistically, 

many questions remain as to how these lithographic processes occur. For example, some 

of the details of the mechanism of ink transport and SAM formation in dip-pen 

nanolithography are still unclear. The ultimate resolution of these techniques is still 

ambiguous. Can other, sharper probes (e.g. carbon nanotubes) make smaller structures? 

Other issues that require clarification are reproducibility and the stability of the patterned 

nanostructures over time and in various environments.  

 

There are opportunities in the further study and application of scanning probe lithography 

techniques. From an applications perspective, scanning probe lithography will always 

suffer from the problem that it is a serial and thus slow technique. Efforts have been 

made204,234,235 to make parallel arrays of tips. These may obviate this concern. In any 

event, these techniques may serve to create functional patterns to make, for example, 

sensor element arrays and interconnects of macroscopic contact pads with nanoscopic 

metal lines. From the perspective of advancing basic scientific investigations, scanning 

probe lithography has much promise. Nanometer-scale patterns can facilitate the study of 

molecular recognition processes, electronic behaviors in small collections of molecules, 

and the manipulation and organization of biomolecules. Arguably, we have just begun to 

use this technique to prepare and to explore new functional architectures. 
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6. Glossary 

AChE acetylcholinesterase 

AFM atomic force microscope 

APS aminopropyltriethoxysilane 

AR8 acid red 8 

ASiH aminobutyldimethylsilane 

ATCh acetylthiocholine 

ATTO-TAG 3-(2-furoyl)quinoline-2-carboxaldehyde 

Au(111) crystal phase of gold with Miller indices 1,1,1 

AuNP gold nanoparticles 

BOE buffered oxide etch 

C6SH hexanethiol (CH3(CH2)5SH) 

C6S-SAM hexanethiolate (CH3(CH2)5S-) self-assembled monolayer 

C9SH nonanethiol (CH3(CH2)8SH) 

C9S-SAM nonanethiolate (CH3(CH2)8S-) self-assembled monolayer 

C10SH decanethiol (CH3(CH2)9SH) 

C10S-SAM decanethiolate (CH3(CH2)9S-) self-assembled monolayer 

C12SH dodecanethiol (CH3(CH2)11SH) 

C12S-SAM dodecanethiolate (CH3(CH2)11S-) self-assembled monolayer 

C12-uracil dodecyl uracil 
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C16SH hexadecanethiol (CH3(CH2)15SH) 

C16S-SAM hexadecanethiolate (CH3(CH2)15S-) self-assembled 

monolayer 

C18SH octadecanethiol (CH3(CH2)17SH) 

C18S-SAM octadecanethiolate (CH3(CH2)17S-) self-assembled 

monolayer 

C6 coumarin 6 

CAFM conductive AFM 

CBZ n-benzyloxycarbonyl 

CMPTS 4-chloromethylphenyltrichlorosilane (Cl-CH2-C6H4-SiCl3) 

CSAFM current sensing AFM 

CV cyclic voltammetry 

CVD chemical vapor deposition 

DAD-2HCl 1,12-diaminododecane 

DAP diacyl 2,6-diaminopyridine decanethiol 

DPN dip-pen nanolithography 

dsDNA double stranded deoxyribonucleic acid 

DSU dithiobis(succinimido undecanoate) 

EDC 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide 

hydrochloride 

EDOT 3,4-ethylenedioxythiophene 
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E-DPN electrochemical dip-pen nanolithography 

FAS heptadecafluoro-1,1,2,2-tetrahydro-decyl-1-trimethoxysilane 

Fc ferrocene 

FcC11SAc ferrocenylundecanthioacetate 

Fc-C11SH 11-mercapto-1-undecylferrocene 

Fc-C11S-SAM 11-mercapto-1-undecylferrocenyl self-assembled monolayer 

FcCOC10SH 11-mercapto-1-oxoundecylferrocene 

Fc-uracil ferrocene-terminated uracil 

FITC fluorescein 

GaAs gallium arsenide 

GalC6SAc galvinolphenoxyhexanethiolacetate 

GalC6SH galvinolphenoxyhexanethiol 

GalC6S-SAM galvinolphenoxyhexanethiolate self-assembled monolayer 

HMDS hexamethyldisilazane 

HOC6SH mercaptohexanol 

IgG immunoglobulin gamma 

It tunneling current set point 

KFM Kelvin probe force microscopy 

LB Langmuir Blodgett 

LFM lateral force microscopy 

Li-EDA lithium ethylenediamine 
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MHA mercaptohexadecanoic acid (HS(CH2)15COOH) 

MMEA mercaptomethylethaneamide 

MPTS mercaptopropyltriethoxysilane 

3-MPTMS 3-mercaptopropyltrimethoxysilane 

MUA mercaptoundecanoic acid (HS(CH2)10COOH) 

NADH reduced nicotinamide adenine dinucleotide 

NHS N-hydroxysuccinimide ester 

Ni-NTA nickel nitrilotriacetic acid 

NPRW nanopen reader and writer 

NSOM near-field scanning optical microscope 

NTS nonadecenyltrichlorosilane 

ODS octadecyltrimethoxysilane (CH3(CH2)17Si(CH3)3) 

ODS-SAM octadecyltrimethoxysilane (CH3(CH2)17Si(CH3)3) based 

self-assembled monolayer 

OTS octadecyltrichlorosilane (CH3(CH2)17SiCl3) 

OTS-SAM octadecyltrichlorosilane (CH3(CH2)17SiCl3) based self-

assembled monolayer 

PEDA aminoethylaminomethyl-phenethyltrimethoxysilane (NH2-

(CH2)2-NH-CH2-C6H4-(CH2)2-Si(OCH3)3) 

PMMA polymethylmethacrylade 

R6G rhodamine 6G 
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RH relative humidity 

SAM self-assembled monolayer 

SECM scanning electrochemical microscope 

SEM scanning electron microscope 

SIC standard imaging conditions 

SPC standard patterning conditions 

SPL scanning probe lithography 

SPM scanning probe microscope 

ssDNA single stranded deoxyribonucleic acid 

STM scanning tunneling microscope 

TDA-HCl n-tridecylamine 

TEM transmission electron microscope 

TFSM thiol functionalized NTS 

TMAH  tetramethylammonium hydroxide 

TMS-SAM trimethylsilyl ((CH3)3Si-) self-assembled monolayer 

TOF-SIMS time-of-flight secondary ion mass spectrometry 

UHV ultra high vacuum 

Vb bias voltage 

XPS x-ray photoelectron spectroscopy 
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 Table I “Surface Chemistry Reaction Schemes” 
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2.1 Introduction: 

 

The requirement to fabricate at the meso- and nanometer (10-7 to 10-9 m) length scales will be 

essential for the future miniaturization of electronic and sensing devices. The spatial 

arrangement of functional materials on solid surfaces with artificial control has attracted 

attention for the construction of novel, surface-bound chemical systems. Potential 

applications range from fundamental scientific research in micro- and nanoscale surface 

chemistry, to practical applications such as chemical sensors and electronic or optical 

devices.  

 

One promising candidate for the further miniaturization of electronics are materials that self-

assemble. One particular type of molecular self-assembly involves a chemical process in 

which amphiphilic precursor molecules chemisorb to surfaces, producing films that are 

chemically bonded to that surface and are of monomolecular thickness. These materials are 

often organic in nature and are frequently termed soft materials.1-4 

 

Self-assembled monolayers (SAMs) have attracted considerable attention as patterning 

materials because of their spontaneous adsorption on certain surfaces, their excellent 

uniformity in molecular order, and their resistivity to various types of chemical etchants. 

SAM precursors can be considered bi-functional molecules that can bind to the substrate at 

one end (head), and an organic group that imparts a desired chemical functionality to the 

modified surface at the other end (tail).1,4 The surface reactions are thermodynamically 
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driven to completion, lowering the free energy of the system when chemisorbed to the 

surface creating stable two-dimensional films of high order. The amphiphilic nature of these 

precursors has allowed them to be chemically tailored to perform specific functions on a 

variety of substrates.5 Organothiol molecules (R-SH) are one such family of materials that 

self-assembles to coinage metals (Au, Ag, Cu, Pt, Pd) through the formation of covalent 

bonds.4,6,7   

 

Self-assembled monolayers are excellent candidates for preparing template architectures at 

the molecular scale or as resist layers, however spatial resolution and rational placement at 

the molecular scale is often considered challenging. SAMs have been used with longer length 

scale lithography techniques (> 1µm), however there are some limitations with these more 

traditional techniques. Speculation exists that photolithography will not be able to create 

patterned features at the nanoscale (1 – 100 nm) cost effectively.8-10 Electron beam 

lithography is an alternative but does not permit definition of chemistry without subsequent 

processing steps.11-13 Micro-contact printing offers a promising alternative to parallel 

lithography of self-assembling materials, however, has only begun to reach the sub-100 nm 

length scales at the present day.14-17 These methods are unable to replace one type of SAM 

system for a differing SAM at the molecular length scale. Scanning probe microscopy 

techniques appear particularly well suited for surface nanopatterning.18-23 

 

Scanning probe microscopy (SPM) is a family of surface based interface techniques that have 

been employed for investigating and manipulating materials from the molecular to 
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micrometer length scales. SPM techniques have emerged as a premier surface analysis 

methodology. Surface science on the sub-micro to atomic scale has certainly been advanced 

because of these tools. It was not long after the initial SPM development that the probe tips 

were used for lithographic applications on the atomic scale18,24-26 becoming some of the 

earliest demonstrations of scanning probe lithography (SPL).  It was quickly observed during 

the characterization of SAMs that under certain instrument parameters the tip could modify 

the films, and thus the probe could additionally act as a stylus. Determining parameters in 

which the tip could image the film non-destructively, and alternatively act as a stylus to 

pattern the film, initiated the nanoscale probe lithography of SAM systems.  For the work 

presented within, scanning tunneling microscopy (STM) has been the instrument employed 

for the patterning described. A basic description of STM operation, as well as more detailed 

information about the specific instrument used, can be found in Appendix A.1.  

 

An early demonstration described by Bard and Kim consisted of the degradation of 

organothiolate resists (C18S-SAMs) on polycrystalline gold at ambient conditions under 

repeated scanning in the same area of the resist film, or through ‘voltage excursions’ by 

varying STM substrate bias and set point current parameters.27 In the aforementioned 

experiment, a specific region of the SAM was scanned with the STM tip at constant bias and 

setpoint current (1.0 V and 1 nA, respectively), and the researchers observed a temporal 

modification in the appearance of the SAM. In another demonstration the tip was rastered 

close to the surface through decreasing the substrate bias, mechanically desorbing the SAM. 

This observation was supported by an apparent accumulation of material at the periphery of 
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the patterned area. Voltage pulses of 3 to 5 V were also observed to modify the SAMs. 

Crooks and co-workers produced patterns in C18S-SAMs on gold by selectively removing the 

alkanethiolates with a large bias (ca. 3 V) and large tunneling currents (ca. 10 nA) applied to 

a STM tip with repeated scanning, creating patterns within resist layers. Their work clearly 

demonstrated how to controllably remove the resist layer, and supported the localized SAM 

removal by using exposed patterns as ultramicroelectrodes to detect an electrochemical probe 

(Ru(NH3)6) using cyclic voltammetry.28 Later reports by the group provided experimental 

evidence which suggested a desorption process that was electrochemical in nature by varying 

the relative humidity in the patterning environment.  Other groups have reported 

organosilane resist layers patterned with STM,19,29-31 and atomic force microscopy.19,32-35 

Subsequent ex-situ treatments to patterned substrates such as metallization, wet chemical 

etching or the addition of a second self-assembly material to prepare nano- and 

mesostructures have also been reported.36-38  

 

2.2 Results and Discussion: 

 

The patterning described within involves an STM based replacement lithography technique 

in which SAM thiolates are selectively desorbed from a gold substrate and replaced with a 

second alkanethiol contained in the surrounding solution. The impetus of this patterning was 

to investigate the current vs. voltage (I-V) properties of electroactive moieties installed into 

alkylthiolate SAMs, the results of which will be discussed with more detail in Chapter 4. 

Electroactive species are interesting because of their potential to exhibit non-linear current 
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flow with applied voltage, which can provide potential bi-stability in a material for possible 

device applications. It was recognized that there was a need to perform measurements in a 

system that allows direct comparison to some other non-electroactive species. This required 

the ability to routinely pattern different thiol species at the nanometer length-scale. Once this 

was achieved, many other interesting film property investigations including I-V 

measurements, diffusion of thiolate species in or around the nanostructure (both laterally and 

with solution), and the stability of structures fabricated could be performed. This chapter 

focuses on the development of the optimal conditions needed to produce well-defined regions 

of the replaced thiol into dodecanethiolate SAMs (C12S-SAMs), which will often be referred 

to as the ‘canvas’ SAM.  

 

A schematic of the replacement lithography methodology used to pattern SAMs is illustrated 

in Scheme 2.1 and has been described in detail elsewhere.39-42 The process was performed in 

dodecane (C12H26), a non-polar low dielectric fluid (є = 2.002)43 which served as a solvent 

for the replacement thiol of interest, and also facilitated imaging with negligible leak currents 

(typically ca. –0.003 nA at 1.0 V bias) into the solvent. The latter avoided the coating of the 

STM tip to limit leak currents, a task that proves difficult to reproduce with the concomitant 

possibility of the organic tip coating material contaminating the imaging fluid and surface. 

Prior to replacement (Scheme 2.1, Panel A), the substrate was imaged in order to locate an 

area free of defects and substrate terraces that were suitable in size for the desired pattern. 

Thiolate desorption from the Au (111) substrate was induced by elevating the substrate bias 

to ca. +3 V (Scheme 2.1, Panel B). This localized desorption in proximity of the tip allowed 
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the replacement SAM precursor molecules in solution to adsorb into the freshly exposed gold 

regions, creating a new monolayer within the patterned region.  Generally, the lithographic 

pattern (lateral excursion) was produced under computer software control with no user 

interference, however square patterns could also be produced by simply desorbing the 

monolayer within a specific sized scan area under replacement conditions.  Once the desired  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Scheme 2.1: Schematic of replacement lithography. A) SAM imaged at non-perturbative imaging bias to locate 
an area free from defects and substrate facet terraces suitable for patterning. B) Upon an increase in substrate bias,
the SAM thiolates are desorbed in proximity of the tip, resulting in the removal of the SAM. The replacement 
molecules in solution assemble in to the freshly exposed regions of the gold. C) The pattern is assessed under 
imaging bias.  
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lithographic pattern was complete, the STM parameters were returned to the lower imaging 

bias parameters to ascertain the nanostructure (Scheme 2.1, Panel C). 

The ‘canvas’ monolayer in this work was typically a dodecanethiolate SAM (C12S-SAM) 

assembled on a Au (111) substrate. Atomically flat surfaces of Au (111) were prepared by 

melting the end of a 0.5 mm diameter of Au wire in a H2 flame, forming a Au bead that was 

subsequently zone refined to yield facets along its equatorial region, a process previously 

described in the literature.28,42,44,45 The C12S-SAMs were typically produced by incubating 

the Au substrate in refluxing 1mM dodecanethiol ethanolic solutions for approximately 1 

hour, allowed to cool to room temperature, rinsed with absolute EtOH (AAPER Alcohol and 

Chemical Co.), and dried in a stream of N2. The advantage of using a C12S-SAM was that the 

alkyl chain is long enough to promote stable, well ordered monolayers, but short enough to 

employ low current STM imaging parameters (1.0 V, 10 pA). These parameters permitted the 

tip to reside just outside the monolayer during imaging, as suggested by  

Weiss and co-workers.46,47 The advantages of using this particular Au(111) surface was in its 

ease of preparation, and large areas of atomically flat terraces on the order of (1.0 µm)2 could 

be routinely obtained (Figure 2.1A). Areas of this size were more than sufficient for 

patterning on the length scales described below. A typical high resolution STM image 

illustrating the molecular order of these films can be seen in Figure 2.1B. Long-range 

molecular order is visible in the corrugation /packing of the C12S- molecules within the 

domains. The film also possesses defects such as domain boundaries, surface vacancy 

islands,1,4,45,46,48-52and even individual thiolates missing within the ordered domain regions.  

 



 158

 

 

 

 

 

 

 

 

 

 

 

These defects were typically on a length scale much smaller than that of the intended pattern, 

and were not considered to inhibit the overall lithography quality.  

 

2.3 Replacement Lithography with n-Alkylthiolates: 

 

Scanning tunneling microscopy images are inherently a convolution of the topography and 

the electronic properties of the surface.  The setpoint current and voltage used to establish the 

tunneling gap in STM images (obtained in constant current mode) are directly influenced by 

the surface properties. It is also known that the electron tunneling current through vacuum or 

air decreases exponentially with distance.53 When imaging n-alkylthiolate films with STM, 

there exists a double tunnel junction that consists of the resistance of the gap between the tip 

Figure 2.1: Typical STM images of dodecanethiol self-assembled monolayers (C12S-SAM) on Au(111). 
A) (1.0 µm)2 area of C12S-SAM showing large atomically flat Au(111) areas produced with this 
annealing technique. (Imaging conditions: 1.0 V, 10 pA, 1 Hz, z-scale: 2 nm). B) (50 nm)2 area showing 
molecular order of the film. (Imaging conditions: 1.0 V, 10 pA, 1 Hz, z-scale: 0.8 nm).  
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and film (Rgap, established by the imaging parameters), and that of the monomolecular film 

(Rfilm) which is an intrinsic property of that material.46 These combined resistances give the 

total resistance (Rtotal) of the double tunnel junction. Weiss and coworkers demonstrated that 

when imaging SAM systems that were composed of n-alkylthiolates of differing chain 

lengths (C10S- & C12S-) in vacuum at 1.0 V and 10 pA, changes in the apparent height 

between the different chain lengths did not yield accurate height differentials due to the two 

film resistance components.46,47 They contended that this result occurred because the Rfilm 

was lower than that of Rgap. This observation was supported by a film height differential 

between C10S- and C12S- of 1.1 Å, however the calculated difference between these two films 

is 2.2 Å.  

 

In contrast to the previously described system, imaging in dodecane produced an apparent 

height contrast reversal in STM images of SAMs containing differing n-alkylchain lengths. 

The phenomena was also anticipated by Weiss,46,54and experimentally shown by Gorman.40,42 

Weiss hypothesized that when the two films are immersed in a medium that has a Rgap lower 

than the films (Rfilm), the apparent height would be inverted. Empirically, this would imply 

that as the tip passes over a film of higher conductance to lower conductance (i.e. shorter to 

longer alkyl chain length), the tip must approach the surface to maintain the setpoint current 

due to the higher resistance of the film.  

 

In the first replacement lithography report by our group, this contrast reversal was 

demonstrated in a series of eloquent experiments.40 In one demonstration, mixed monolayer 
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systems of n-alkylthiols were employed with 10:1 molar ratios to unambiguously assign the 

minority species in STM images. A mixed monolayer containing a 10:1 ratio of C12SH to 

decanethiol (C10SH) showed the minority species displayed a higher apparent height relative 

to the majority C12S-SAM when imaged under dodecane. The higher conductance of C10S- 

alkylthiolate caused the STM feedback to retract from the surface to maintain the setpoint 

current, depicting a larger apparent height (brighter) in the STM images collected under 

dodecane. A control experiment of the same mixed monolayer system imaged in air showed 

the (expected) opposite result. When the ratios of the mixed monolayer were reversed (10:1 

C10SH to C12SH), the C12S- minority species displayed a lower apparent height relative to the 

majority C10S- species, as expected. A second experiment demonstrated the contrast reversal 

by patterning two alkylthiols of differing chain lengths in a canvas SAM of medium length. 

Within a C12S-SAM, C10SH was patterned in the form of the letters ‘NCSU’, which 

displayed a larger apparent height relative to the ‘canvas’ C12S-SAM. Above this, C16SH was 

patterned in the same letter pattern, and appeared to have a lower apparent height relative to 

the canvas SAM. This experiment demonstrated the apparent height contrast reversal of the 

short (C10S-) and longer (C16S-) alkylthiols side by side within the medium length canvas 

C12S-SAM. This report empirically supported the hypothesis of contrast reversal in STM 

images, 55 and also demonstrated the ability to pattern with multiple alkylthiolate ‘inks’ using 

this lithography technique. A depiction of contrast reversal can be seen in Figure 2.2. Starting 

with a C12S-SAM (Figure 2.2A), a 200 nm x 200 nm hexadecanethiol (C16S-SAM) square 

mesostructure was installed into the canvas SAM (Figure 2.2B) by attenuating the scan area 
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and operating under replacement conditions of 3.2 V, 10 pA and a relative humidity of 53%. 

The longer C16S- molecule (20.1 Å) has a lower conductance than the C12S-SAM (15.1 Å), 

 

 

 

 

 

 

 

 

 

 

 

 

 

attenuating the tunneling current through the longer alkyl chain in the replaced region. This 

in turn caused the microscope feedback loop to decrease the tip-substrate distance to 

maintain the low set point current resulting in an appearance of depth (smaller z-scale value) 

in the topographic image. As seen in the averaged section analysis below Panel B, a height 

differential of -2.42 Å was measured between the two SAMs. From Table A.1, the calculated 

film thickness difference is +5.0 Å. This gives a film height difference of 7.42 Å, which is a 

result of the convolution of electronic properties and topography in STM images. This large 

Figure 2.2: STM image of C16S-SAM patterned in C12S-SAM using replacement lithography.  A) The 
(400 nm)2 area of C12S-SAM before patterning, and B) after patterning. (Imaging conditions: 1.0 V, 10 
pA, 1 Hz, z-scale: 2 nm, Replacement conditions: 3.2 V, 10 pA, 1 Hz, RH: 53%).  
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film height differential at these imaging conditions (1.0 V, 10 pA) may be a result of the tip 

being buried within the C16S- monolayer as suggested by Weiss,55 further convoluting the 

current measurement. Also noted in this image was the vacancy islands did not seem to be 

affected during the desorption process, suggesting that only the SAM thiolates were desorbed 

during patterning and no damage to the underlying gold occurred. Table A.1 shows the 

molecular structures and calculated length of the organothiol species used in the work 

presented.4,6 

 

2.4 Replacement Lithography of SAMs with Electroactive Moieties: 

 

Other two component SAM systems have been studied in which the different organothiolates 

are of similar film thickness gave different apparent height contrasts because one of the SAM 

molecules contained a terminal electroactive moiety. In my own contribution to the 

development of the replacement lithography patterning technique described within, the 

electroactive replacement species most often used was ferrocenyl-undecanethioacetate 

(FcC11SAc). The synthetic details of this molecule can be found in Appendix A.4. The use of 

this replacement molecule has many advantages, one of which included large apparent height 

contrasts relative to the canvas SAM. If the replacement molecule did not contain an 

electroactive moiety, it would not have been expected to display such height contrast due to 

the similar lengths of the two molecules (Table A.1). An example of the large apparent 

height contrast can be seen in Figure 2.3, which shows a 400 nm x 400 nm image of a 

quarter-foil pattern,A.2.1 fabricated under the replacement conditions of 3.1 V, 8 pA, 40 nm/s 
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and relative humidity (RH) of 59% (the importance of the replacement parameters will be 

discussed in detail below). Typical concentrations of the ferrocenyl species within the fluid 

cell containing the substrate was on the order of 10 µM. Under the imaging conditions of 1.2 

V and 8 pA, the apparent height contrast was large relative to the C12S-SAM, allowing the  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

efficacy of the replacement process to be easily ascertained. This finding was believed to be 

from the enhanced tunneling currents through the terminal electroactive ferrocenyl moiety.  

 

Figure 2.3: A (400 nm)2 STM image of a quarterfoil pattern consisting of FcC11S- replaced into a C12S-
SAM. (Imaging conditions: 1.2 V, 8 pA, 1 Hz, z-scale: 3 nm, Replacement conditions: 3.1 V, 8 pA, 40 
nm/s, RH: 59%).  
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It has been demonstrated that molecules containing redox active moieties display apparent 

height contrast with STM imaging bias, allowing electroactive molecules to be distinguished 

from non-electroactive molecules.56-58 The electroactive moiety of the ferrocenyl SAM 

patterns used here also demonstrated this property, observed in Figure 2.4 showing three 

(500 nm)2 STM images of the same pattern obtained at three different imaging biases. Their 

respective averaged line analyses shown in Panel D (the apparent height measurements were 

an average of three separate height measurements using the microscope image analysis 

software). An NC State logoA.2.2 was patterned under the replacement conditions of 3.0 V, 50 

nm/s, 10 pA and RH of 57 %. In this patterning system, the C12S-SAM (15.1 Å) and 

ferrocenylundecane thiol (16.8 Å) have similar film thicknesses (Table A.1). The canvas 

C12S-SAM has been reported to have insulating properties in current-voltage 

measurements40,54,58-63 and does not display the imaging dependent contrast behavior, making 

it an excellent reference material to demonstrate this phenomena in a two SAM system. At 

the low image bias (upper Panel A, 100 mV imaging bias), the pattern is difficult to discern 

relative to the background C12S-SAM, resulting in the monolayer appearing to have the same 

uniform height (0.007 nm ± 0.007 nm between C12S-SAM and FcC11S- pattern). Presumably, 

these two SAMs had comparable conductances at this imaging bias. At an intermediate bias 

(Panel B, 500 mV), the ferrocenyl ‘ink’ has a larger height contrast relative to the canvas 

C12S-SAM (0.289 nm ± 0.014 nm). The highest bias (Panel C, 1500 mV imaging bias) 

clearly demonstrates the chemical definition of the pattern through a large apparent height 

contrast (0.352 nm ± 0.007 nm). The ability to vary the apparent height contrast of the 

ferrocenyl pattern with applied bias in STM images was a completely reversible process. At 
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higher bias (1500 mV), the electroactive moiety had a higher conductance allowing larger 

tunneling currents to pass between the tip and substrate over the patterned regions.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.4: Three (500 nm)2 STM images demonstrating the apparent height contrast dependence of 
FcC11S- with imaging bias. A) Image bias 100 mV. B) Image bias 500 mV. C) Image bias 1500 mV. D) 
Section analysis (depicted by dotted line) showing contrast between patterned FcC11S- SAM and C12S-
SAM. (Imaging conditions: 10 pA, 1 Hz, z-scale: 3 nm; Replacement conditions: 3.0 V, 10 pA, 50 nm/s, 
RH: 57%).  
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We hypothesized this phenomena occurred via resonant tunneling through the electroactive 

ferrocenyl moiety, discussed in more detail in Chapter 4. It is believed that the ferrocenyl 

moiety possesses an accessible molecular orbital that allows larger currents to pass through 

the metal-SAM-metal junction at higher image biases.41 This experiment provides an  

excellent example that STM images are a convolution of topography and electronic 

properties of a surface. 

 

One concern when patterning systems with self-assembly components is preserving a 

chemical definition between the patterns. The acetyl protected ferrocenyl SAM precursor was 

preferentially used compared with the thiol counterpart to reduce the amount of adventitious 

replacement (that is, replacement not stimulated by the action of the tip) into the defect sites 

intrinsic to the C12S-SAM. The ability to pattern the replacement thio- species into the canvas 

monolayer while maintaining chemical definition could occur for longer time durations. This 

effect can be seen qualitatively in Figure 2.5, which compares the thiol and thioacetyl 

terminated ferrocenyl SAM precursors adventitously adsorbed as guests in host C12S-SAMs. 

Panel A shows a (300 nm)2 STM image of a C12S-SAM that was incubated for 30 minutes in 

a 1 mM ethanolic solution of ferrocenyl-undecanethioacetate (Fc(CH2)11SCOCH3), whereas 

Panel B shows a  (300 nm)2 STM image of a C12S-SAM incubated in a 1 mM ethanolic 

solution of ferrocenylundecanethiol (Fc(CH2)11SH) for the  

same incubation period. The adventitious deposition procedure of the ferrocenyl species was 

adapted from previous literature reports of similar systems.54,62 The C12S-SAM incubated in  
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the acetyl protected thiol showed very little guest ferrocenyl species adventitiously adsorbed 

into the host monolayer. In contrast, the SAM incubated in the thiol solution showed a 

pronounced amount of adventitiously adsorbed guest molecules, denoted as the bright spots 

in the images. 

 

The mechanistic difference between the two thio-species remains unclear. Although there 

was never a deprotecting agent incorporated in the liquid STM cell during patterning, 

deprotection of the thioacetate occurred allowing for the chemisorption process to occur in 

the patterned regions in a timely fashion. Whether a small amount of thioacetate was 

Figure 2.5: Two (300 nm)2 STM images comparing the amount of adventitiously replaced FcC11S- guest 
species into a C12S-SAM after a 30 minute incubation. Below each image is a histogram representing the 
pixel colors contained within image. A) The SAM incubated FcC11SCOCH3 (thioacetate species). B) The 
SAM incubated FcC11SH (thiol species). (Imaging conditions: 1.0 V, 10 pA, 1 Hz, z-scale: 2 nm). 
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deprotected adventitiously in solution, or if the elevated substrate bias during the desorption 

event promotes deprotection has yet to be determined.  

 

2.5 Investigation of Replacement Efficacy: 

 

As reviewed in Chapter 1, many other SPL techniques have a lithography parameter 

influence on the resulting pattern features / structures. Extending an initial investigation from 

our group,40 replacement lithography was observed to be dependent on three parameters: (1) 

the bias needed to desorb the SAM thiolates, called the ‘replacement bias’, (2) the 

lithographic scan rate, and (3) the relative humidity present in the atmospheric chamber 

surrounding the STM head. A series of experiments was performed to investigate each of 

these parameters and will be discussed in detail below. 

 

 

Replacement Bias: 

 

The first lithographic parameter investigated was the bias required to desorb the SAM 

thiolate from the substrate, which was undoubtedly one of the key events for subsequent 

replacement thiol adsorption to occur.39 Figure 2.6 shows the resulting nanostructures 

obtained when systematically varying the replacement bias. The lithographic pattern shown 

contained two rows of six parallel lines, each 200 nm in length and separated by 100 nm.A.2.3 

In this experiment, lithographic scan rate (50 nm/s), tunneling set point current (8 pA), and 
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relative humidity (57%) were kept constant, while the replacement bias was incrementally 

increased by 100 mV as each sequential line was drawn. At low replacement bias (2.6 to 2.8 

V), no replacement of the FcC11S- into the C12S-SAM occurred, supported by no observable 

modification of the C12S-SAM in those regions of the pattern. As the replacement bias was 

increased, the extent of replacement increased. A bias range of 3.2 to 3.4 V gave optimal 

replacement of the FcC11S- into the background SAM, demonstrated by consistent line 

widths and replacement of the ferrocenyl species throughout the patterned lines. As the 

replacement bias was further increased, the efficacy of replacement was less controllable. At 

higher bias, inconsistent line widths and etching of the Au substrate beneath the monolayer 

occurred. The latter was suggested by the dark line parallel through the middle of the line 

patterned at 3.7 V. 

 

 

 

 

 

 

 

 Figure 2.6: STM image (750 nm)2 demonstrating efficacy of thiol replacement with systematic variation of 
positive substrate replacement bias. (Imaging conditions: 1.0 V, 8 pA, 1 Hz, z-scale: 3 nm; Replacement 
conditions: 8 pA, 50 nm/s, RH: 57%, bias listed under each patterned line). 
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Crooks and coworkers suggested that the thiolate monolayer desorption under elevated 

substrate biases (> 3V) was electrochemical in nature. To support that the desorption event in 

replacement lithography was an oxidative process, it was hypothesized that patterning with 

negative substrate bias would not produce the same pattern efficacy as seen with positive 

substrate bias. A similar lithographic pattern was used as in the experiments with the positive 

substrate bias (six lines ca. 200 nm in length separated by ca. 100 nm). The results of 

replacement lithography under negative substrate bias can be seen in Figure 2.7.A.2.4 The 

upper panel shows an initial patterning bias (leftmost line) of –2.5 V, incrementally 

increasing the negative bias to an ultimate bias of –3.0 V (rightmost line), under a constant 

set point current (8 pA), lithographic scan rate (40 nm/s) and relative humidity (53%). The 

lines have poor resolution, larger widths, and low apparent height contrasts relative to the 

C12S-SAM. The lower panel in Figure 2.7 shows six lines written with a slightly more 

negative potential range (-2.8 V to –3.3 V) under the same experimental conditions. At more 

negative potentials, the lines became inconsistently wider (ca. 35 nm) and had much lower 

apparent height contrasts relative to patterns produced under positive substrate bias. It was 

also observed that the stability of the patterned lines in this experiment with subsequent 

scanning was diminished substantially. The desorption of the monolayer under negative 

polarity and subsequent replacement of the ferrocenyl ink was incomplete along the length of 

the pattern. These observations suggest that the process is not the same as under of positive 

substrate bias conditions, and support desorption in replacement lithography was an oxidative 

process. 
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Lithographic Scan Rate: 

 

The lithographic scan rate was also observed to affect the degree of replacement within a 

pattern. Two STM images (ca. 950 nm x 300 nm) of a lithographic pattern that contained 

seven parallel lines, each 200 nm in length, spaced 100 nm apart,A.2.5 with the averaged 

horizontal line section analysis below (the averaged area is contained by the dotted line in the  

 

Figure 2.7: STM images (ca. 900 nm x 300 nm) of six replaced lines demonstrating efficacy of thiol 
replacement with systematic variation in negative substrate replacement bias. (Imaging conditions: -1.0 V, 8 
pA, 1 Hz, z-scale: 3 nm; Replacement conditions: 8 pA, 40 nm/s, RH: 53%, bias listed under each patterned 
line).  
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image) are displayed in Figure 2.8. In this set of experiments, the replacement bias (3.2 V), 

tunneling set point current (10 pA), and relative humidity (58%) were kept constant, while 

the lithographic scan rate was  

 

incrementally increased by 10 nm/s for each sequential line patterned. At a low scan rate (10 

nm/s), complete replacement of the FcC11S- occurred, however the lines widths were larger 

and more inconsistent than those obtained using a slightly faster scan rate. As the scan rate 

was increased, 20 nm/s and 30 nm/s yielded optimal replacement with 10 to 15 nm line 

widths. Further increases in the  

Figure 2.8: Two STM images (ca. 950 nm x 300 nm) demonstrating efficacy of thiol replacement with 
systematic variation lithographic scan rate. A horizontal averaged line analysis below each image, whose 
area is indicated by dotted line in the STM image. (Imaging conditions: 1.0 V, 8 pA, 1 Hz, z-scale: 5 nm; 
Replacement conditions: 3.2 V, 10 pA, RH: 58%, lithographic scan rate listed under each patterned line). 
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scan rate diminished the relative amount of replacement, causing the patterned lines to 

become blotchy. At very high scan rates (> 130 nm/s), the replacement of FcC11S- within the 

patterned line appeared diffuse, presumably because the tip moved at a sufficiently high scan 

rate that did not promote complete desorption of the C12S-SAM, and hence the ultimate 

replacement of the FcC11S- species. 

 

Effect of Relative Humidity: 

 

The relative humidity present in the patterning environment had a pronounced effect on the 

degree of thiolate desorption. Other groups have observed this dependency in SPM 

lithography strategies involving SAM desorption, suggesting the desorption process was 

electrochemical in nature. Crooks et al. initially observed that relative humidity played a 

crucial role in desorption of C18S-SAMs on gold. Sugimura and coworkers have reported the 

atmospheric moisture that condenses between SPM tip and silane SAMs created an 

electrochemical reaction vessel that facilitated the anodic oxidation of silicon substrates.29-

33,37 It was hypothesized that even though our patterning technique was performed under 

dodecane (a non-polar hydrophobic solvent), a sufficient amount of water was somehow 

absorbed /adsorbed to aid in an electrochemical thiolate desorption event. To support the 

validity of this hypothesis, a series of lithographic experiments were performed at various 

relative humidities consisting of patterning of a series of lines of incrementally increasing 

bias while maintaining a constant setpoint current and scan rate. The upper schematic in 

Figure 2.9 shows the lithographic patternA.2.6 used in each of the relative humidity 
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experiments (six parallel lines 200 nm long separated by 100 nm), starting at a replacement 

bias of 2.7 V and incrementally increasing by 100 mV per line to a final patterning bias of 

3.2 V. The series of STM images shows that as the relative humidity incrementally increased 

from 38% to 79%, the degree of replacement in the lines over the range of replacement 

biases increased. At a relative humidity of 79%, there was less control over the replacement 

Figure 2.9: Schematic of the lithographic pattern indicating replacement bias for each line for relative 
humidity experiments. A series of six STM images (ca. 800 nm x 250 nm) demonstrating the efficacy of thiol 
replacement with a systematic variation in relative humidity ranging from 38% to 79%. (Imaging conditions: 
1.0 V, 10 pA, 1 Hz, z-scale: 3 nm; Replacement conditions: 2.7 to 3.2 V, 10 pA, relative humidity listed in 
each image).  
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of the pattern, resulting in inconsistent line widths. Through empirical experience, it has been 

observed that relative humidity ranges of 55% to 60% resulted in optimal lithographic results 

for these monolayer systems.  

 

2.6 Patterning with Other Electroactive SAMs: 

 

To further test our hypothesis that electroactive tethered thiols display imaging bias 

dependent height contrasts, another electroactive thiol species (phenoxy galvinol-substituted 

hexanethiol (GalC6S-, 19.9 Å,Table A.1) was investigated. Electrochemical results have been 

reported with this molecule previously.64-66 A (100 nm)2 square pattern was fabricated by 

decreasing the scan area, and the SAM thiolate was desorbed with a bias of 2.8 V and 10 pA, 

under a relative humidity of 63% (Figure 2.10). Two (200 nm)2 STM images display the 

resulting pattern imaged at 100 mV (Figure 2.10A) and 1800 mV (Figure 2.10B) bias, with 

the respective average section analysis line trace below each image. The large, bulky 

headgroup of the galvinol terminus prevented packing of a well-ordered monolayer, as can be 

observed in the replaced patterned region of the low bias image (Figure 2.11A). Notably, the 

surface vacancy islands didn’t appear to have been altered during the canvas SAM 

desorption, which supports that only the canvas thiolates were desorbed at this bias and 

replacement of the GalC6S- species did indeed occur. The averaged line section analysis 

shows virtually no difference in apparent height between the replaced region and the canvas 

SAM at the low imaging bias. However, the apparent height contrast was so large due to the 
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higher conductance at a higher image bias, the substrate vacancy islands cannot be discerned 

within the patterned region.  

 

 

 

 

 

 

 

 

 

 

 

 

 

The section analysis shows an apparent height contrast differential of ca. 4.5 Å between the 

pattern and canvas C12S-SAM. This experiment suggests that other SAMs containing 

electroactive moieties could show an apparent height contrast dependence on STM imaging 

bias.  

 

A multiple ink patterning experiment was performed using the two electroactive inks 

(described above) to observe any similar apparent height contrasts at specific imaging biases 

Figure 2.10: Two (200 nm)2 STM images showing the imaging bias dependence of a (100 nm)2 pattern 
containing galvinol substituted hexanethiolate replaced into C12S-SAM. Averaged line analysis found 
below each image (Imaging conditions: 1.0 V, 10 pA, 1 Hz, z-scale: 4 nm; Replacement conditions: 2.8 V, 
10 pA, 1 Hz, RH: 63%). 
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(Figure 2.11). Under a solution of ca. 10 µM galvinol substituted hexanethiol in dodecane, 

the galvinol tethered thiol was first installed into a C12S-SAM in the letter pattern ‘Gal’A.2.7 

under the replacement conditions of 3.0 V, 8 pA, 50 nm/s, RH: 59% (Figure 2.11A). The tip 

was retracted, the solution was removed with a syringe, the Au(111) facet rinsed twice with 

120 µL aliquots of fresh dodecane, and finally exchanged with a solution of ca. 10 µM 

Fc(CH2)11SAc in dodecane. The tip was reengaged, and the position of the ‘Gal’ pattern was 

found under normal imaging conditions. The letters ‘Fc’A.2.8 were patterned in close 

proximity under the same replacement conditions as the Gal pattern. The resulting two-ink 

pattern can be seen in Figure 2.12B. Although these two ‘electroactive inks’ shared similar 

current response at 1000 mV, the image at 250mV (Figure 2.11C) supported there were 

indeed two different inks replaced into the C12S-SAM because of the slightly higher apparent  

 

 

 

 

 

 

 

 

Figure 2.11: STM images (650 x 700 nm) demonstrating the process of patterning two electroactive inks in 
close proximity to each other. A) A galvinol thiol patterned first (in letters ‘Gal’), image bias 1000 mV, B) 
Image after ferrocenyl ink patterned (in letters ‘Fc’) in close proximity to the first. C) The apparent height 
contrast of differing inks at image bias 250 mV. (Imaging conditions: 8 pA, 1 Hz, z-scale: 5 nm; 
Replacement conditions: 3.0 V, 8 pA, 50 nm/s, RH: 59%).  
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height contrast of the galvinol termini. It was believed that the similar redox potentials of the  

two electroactive thiols (FcC11S-, E½ =  +362 mV vs. Ag/AgCl; GalC6S-, E½ = +381 mV vs. 

Ag/AgCl)41 accounted for the similar apparent height contrasts at the various image biases 

investigated. Despite this, the experiment demonstrated the ability to pattern multiple inks in 

close proximity to each other with this lithographic technique.  

 

2.7 Conclusion: 

 

In conclusion, the replacement lithography technique described above selectively desorbs 

organothiolate SAMs in a predefined pattern, allowing a replacement thiol to adsorb onto the 

exposed gold in the patterned region. It has been demonstrated that determining the pattern 

efficacy could be aided using electroactive terminated thio- species due to their high apparent 

height contrasts relative to the background insulating SAMs at specific imaging biases. Using 

the ferrocenylthio-species, the replacement parameters were found to be dependent on 

replacement bias, lithographic rate of scan, and relative humidity. These results described 

above unambiguously demonstrate that the desorption event in replacement lithography was 

electrochemical in nature. By optimizing the parameters, typical line widths of ca. 10 nm can 

be achieved with this technique. In addition, this technique can pattern multiple organothiol 

inks in close proximity to each other.  
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2.8 Experimental: 

 

Dodecane, dodecanethiol and hexadecanethiol were commercially obtained (Aldrich) and 

used without further purification. SAMs were formed by placing the freshly annealed Au 

substrates in a 1 mM C12H25SH ethanolic solution, refluxed for 1 hr, and allowed to cool to 

room temperature. The faceted ball was removed, rinsed with copious amounts of absolute 

ethanol and dried in a stream of N2. Imaging and lithography was performed at room 

temperature with a Digital Instruments (Santa Barbara, CA) NanoScope IIIa (with low 

current adapter) in dodecane with mechanically cut Pt/Ir tips (90:10, 0.25 mm, Alfa Aesar). 

Relative humidity was introduced by bubbling N2 through a gas dispersion tube into a closed 

vessel containing milliQ water (18 MΩ cm2), which fed the moist outlet gas into the 

atmospheric chamber containing the STM. The humidity was monitored with a hygrometer 

(Dickson, 0 to 95% relative humidity range). 
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Chapter 3 
 

Patterning Mesoscale Gradient Structures with Replacement 
Lithography 
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3.1 Introduction: 

 

Chemical gradients are systems that possess a concentration differential of chemical 

functionality in one or more dimensions. They can transport materials in a directional 

manner, and are responsible for driving many important biological and physical processes. 

The growth of axons from ganglions to target tissues and the directed movement of certain 

bacteria toward nutrients occur in response to concentration gradients of molecules 

emanating from axon target or food source (chemotaxis).1 Concentration gradients of 

molecules in fluids or on surfaces also affect phenomena such as osmotic swelling, surface 

pressure, and surface wettability. By learning to establish and manipulate these parameters, 

new methods of transporting fluids in microchannels are emerging which offer new transport 

paradigms for the fabrication of chip-based chemical devices.2  

 
Surface-bound chemical gradients have previously been produced on millimeter to micron 

length scales.1-11 In some cases, these gradients have been used in directional transport. For 

example, Chaudhury and Whitesides fabricated self-assembled monolayer (SAM) gradients 

composed of decyltrichlorosilane on silicon substrates using a diffusion controlled vapor 

deposition technique. Water droplets were observed to travel uphill (15°) under the influence 

of the resulting spatial gradient in the surface free energy.3 Liedberg and co-workers prepared 

millimeter scale SAM gradients on gold surfaces by cross diffusing two different alkanethiols 

from opposite ends of a polysaccharide matrix.6,7,11 Efimenko and Genzer demonstrated the 

ability to tailor surface-bound gradients by fine-tuning the molecular grafting density of 

mechanically assembled monolayers on hydroxyl terminated silicon based substrates. They 
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used these gradients to demonstrate systematic control over the wettability of the resulting 

surfaces.9 Dertinger and Whitesides generated steady state solution gradients using laminar 

flow within microfluidic devices.12 Krämer and Feldheim have recently demonstrated the 

ability to fabricate a variety of different surface bound protein gradients capable of 

supporting cell growth.13 Our approach to preparing chemical gradients was to use 

replacement lithography to fabricate mesoscale chemical gradients. By using the information 

about optimizing replacement lithography parameters needed to install one thiol into a canvas 

SAM, we hypothesized that we could fabricate the diffuse coverage end of a chemical 

gradient using sub-optimal replacement parameters, and systematically advancing them to 

optimal parameters in the high coverage end. With this approach, surface bound chemical 

gradients could be fabricated with scanning probe lithography at length scales never before 

demonstrated. 

 

Using replacement lithography, surface bound chemical gradients were fabricated in which 

ω-substituted alkanethiolates patterned into C12S-SAMs varying from diffuse coverage to 

more concentrated coverage over the length of the pattern. Due to the large apparent height 

contrast between the two SAMs, ferrocenyl-undecanethiol (FcC11SAc) inserted into a 

dodecanethiolate C12S-SAM on Au(111) was used to develop the optimal conditions needed 

to fabricate chemical gradients. By adjusting specific instrument parameters during 

replacement discussed in Chapter 2, the relative concentration of FcC11S- inserted into the 

monolayer could be systematically varied along the pattern. These structures could be 

fabricated by systemically varying the replacement bias or the lithographic scan rate (or 
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both), while simultaneously varying the spacing between the patterned lines that constitute 

the overall gradient pattern. A typical approach to the line raster pattern used to fabricate the 

gradients is illustrated in Scheme 3.1. A line spacing of 12 nm was used in the diffuse 

coverage end, which was incrementally decreased to 5 nm in the high coverage end. The 

rationale behind this approach was based on the average line resolution of the replacement 

lithography technique. Line resolutions of 10 to 15 nm resulted in very little overlap of 

replacement lines in the diffuse coverage end, while complete overlap in the concentrated 

coverage end. This line spacing approach was employed for all gradient patterns described 

within.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 3.1: Gradient tip raster pattern. In diffuse coverage region, spacing between pattern lines was 
ca. 12 nm and either low replacement bias, fast lithographic scan rate, or both, were employed. These 
patterning parameters were incrementally varied across the length of the gradient to reach the high 
coverage region where spacing between pattern lines was ca. 4 nm and either higher replacement bias, 
slow lithographic scan rate, or both were employed. The set point current and relative humidity were 
kept constant.  
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3.2 Effect of Replacement Parameter on Gradient Fabrication: 

 

The first approach for gradient fabrication varied the replacement bias along the length of the 

gradient pattern with a concomitant variation in the raster line spacing. A 200 nm x 720 nm 

mesoscale chemical gradient is shown in Figure 3.118 In this experiment, the setpoint current 

(10 pA), lithographic scan rate (50 nm/s), and relative humidity (58%) were held constant. 

The structure was fabricated by beginning the lithographic pattern at a replacement bias that 

promoted diffuse coverage (2.6 V).  The replacement bias was then incrementally increased  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1; STM image (ca. 400 x 900 nm) of FcC11S- mesoscale chemical gradient in C12S-SAM 
fabricated by systematically varying the replacement bias from 2.6 V to 3.1 V while keeping the setpoint 
current (10 pA), scan rate (50 nm/s) and relative humidity (58%) constant. Averaged horizontal line 
section analysis immediately below the image demonstrating gradient nature of pattern. (Imaging 
conditions: 1.0 V, 10 pA, 1 Hz, z-scale: 5 nm)  
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by 20 mV every 3 to 5 lines drawn, arriving at the opposite end of the pattern at a bias (3.1 

V) that promoted maximum degree of replacement. An average section analysis is shown 

below the image.  This section analysis was obtained by averaging the height values of the 

data within a given horizontal scan line in the replaced region. It indicates an apparent height 

contrast differential of approximately 8.7 Å (measured between arrows) between the C12S-

SAM and the high coverage end of the gradient at an imaging bias of 1.0 V.  As discussed 

previously (Chapter 2), although the two SAM molecules employed were similar in length 

(Table A.1), there was a distinct difference in apparent height between the FcC11S-SAM and 

C12S-SAM observed due to increased conductance at this imaging bias through the ferrocenyl 

headgroup.14 These systematic variations in replacement conditions promoted a gradual 

change in chemical heterogeneity between the FcC11S- and C12S-SAM along the pattern. It 

was also observed that the gradient mesostructure did not appreciably change in appearance 

over periods greater than twenty hours of continuous scanning under imaging conditions. 

 

Alternatively, gradient structures could be constructed by systematically varying the 

lithographic scan rate, while maintaining all other STM parameters constant. Figure 3.2 

shows a 200 nm x 600 nm gradient mesostructure fabricated by holding the replacement bias 

(2.8 V), set point current (10 pA) and relative humidity (60%) constant.19 Initially, a scan rate 

of 160 nm/s was employed to yield diffuse replacement. The scan rate was decreased 

incrementally by 10 nm/s every 3 to 5 raster lines in the pattern, until reaching at a final scan 

rate of 20 nm/s, creating a highly concentrated coverage pattern.  The averaged section 

analysis for Figure 3.2 displayed an apparent height differential of approximately 9.9 Å 
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(measured between arrows) at an imaging bias of 1.0 V between the C12S-SAM and the 

concentrated (brighter) replacement side of the FcC11S-SAM gradient.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.3 Multidirectional Gradients: 

 

The next progression of mesoscale gradient production occurred by varying both the 

lithographic scan rate and replacement bias, while maintaining constant setpoint current and 

relative humidity. A multidirectional gradient structure (Figure 3.3) was fabricated 

Figure 3.2: STM image (ca. 400 x 900 nm) of FcC11S- mesoscale chemical gradient in C12S-SAM 
fabricated by systematically varying the lithographic scan rate from 160 nm/s to 20 nm/s while keeping 
the setpoint current (10 pA), replacement bias (2.8 V) and relative humidity (60%) constant. Averaged 
horizontal line section analysis immediately below the  image demonstrating gradient nature of pattern. 
(Imaging conditions: 1.0 V, 8 pA, 1 Hz, z-scale: 6 nm)  
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containing high replacement coverage at the ends of the “L” shape, and diffuse coverage in 

the elbow region.20 This nanostructure was drawn with a constant setpoint current (10 pA) 

and relative humidity (58%), while systematically varying the replacement bias, lithographic 

scan rate, length of the pattern lines and the line spacing within the pattern.  As the first 

(vertical) leg of the “L” was drawn, the replacement bias was decreased from 2.9  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3: STM image of a multi-directional gradient (“L” shape) of FcC11S-SAM in C12S-SAM. 
Structure was fabricated by systematically varying the replacement bias (from 2.95 V to 2.7 V), the 
lithographic scan rate (from 50 nm/s to 60 nm/s), lithographic line width (150 nm to 70 nm) and 
raster line spacing (4 nm to 11 nm), while maintaining constant setpoint current (10 pA) and relative 
humidity (58%) along each leg. (Imaging conditions: 1.0 V, 8 pA, 1 Hz, z-scale: 2 nm) 
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V to 2.7 V, the scan rate was increased from 50 nm/s to 60 nm/s, the line length was 

decreased from 150 nm to 70 nm and the raster line spacing was increased from 4 nm to 11 

nm.  The scan angle was then rotated 90 degrees and this process was repeated in reverse to 

draw the horizontal leg of the “L”.   

 

A more complex, three-legged “Y” gradient structure was fabricated in a similar fashion to 

the “L” shaped gradient described above.  This pattern consisted of the “L” shaped gradient 

described above, with an additional leg fashioned to extend from the elbow.21 A (900 nm)2  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4: STM image of a three-legged gradient (“Y” shape) of FcC11S-SAM into C12S-SAM. Structure was 
fabricated by systematically varying the replacement bias, the lithographic scan rate, and raster line spacing as 
depicted in image, while maintaining constant setpoint current (10 pA) and relative humidity (55%) along each 
leg. Image is annotated to depict replacement conditions along the gradient legs, fabricated in sequential order 
from Leg 1 to 3 following the direction of dashed arrows. (Imaging conditions: 1.0 V, 8 pA, 1 Hz, z-scale: 5 
nm) 
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STM image is shown in Figure 3.4, which is annotated to depict how the structure was 

fabricated. Leg 1 of the gradient was created by decreasing the replacement bias from 2.8 V 

to 2.6 V, increasing the lithographic scan rate from 50 nm/s to 55 nm/s, and increasing the 

line spacing from 4 nm to 12 nm under a constant setpoint current of 10 pA and 55% relative 

humidity. Leg 2 was created perpendicular to Leg 1. The replacement commenced from a 

diffuse to more concentrated coverage by essentially reversing the replacement parameters 

found in Leg 1. Once Leg 2 was completed, Leg 3 was fashioned by moving the tip to the 

elbow of the “L” shape, and patterning approximately 130° with respect to leg 1 and 2. This 

gradient was fabricated from diffuse coverage to high coverage by increasing the bias from 

2.5 to 2.7 V, decreasing the lithographic scan rate from 55 nm/s to 50 nm/s and decreasing 

the line spacing from 8.5 nm to 3 nm under constant setpoint current and relative humidity. It 

should be noted that determining the parameters for patterning was a trial and error process, 

consisting of many lithographic program adjustments before the finished product could be 

obtained. Finding the delicate interplay between replacement parameters was challenging, 

but once achieved, complex gradient mesostructures were fabricated.  

 

3.4 Ex-Situ Treatment of Functionalized Gradients: 

 

Mesostructure gradients fabricated with other ω-substituted SAM precursors were 

investigated to demonstrate the techniques’ potential utility. A gradient structure consisting 

of mercaptoundecanoic acid (HS(CH2)10COOH, Table A.1) was fabricated using the 

lithographic macro used to create the replacement bias variation gradient described above.18 
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This structure required a diffuse coverage end created from a replacement voltage of 2.5 V 

that was incrementally increased to 3.0 V in the high coverage end under a constant setpoint 

current (10 pA), scan rate (50 nm/s) and relative humidity (51%). The resulting pattern is 

shown in Figure 3.5, with the averaged line section analysis depicting the gradient (sloping) 

nature of the pattern immediately below the image. Notably, the acid headgroups in the 

replaced region appear ‘darker’ than the surrounding C12S-SAM. The section analysis 

showed an apparent height differential of –2.32 Å from the top of the C12S-SAM to the  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.5: STM image (ca. 400 x 900 nm) of 200 nm x 720 nm HOOC(CH2)10S- mesoscale chemical 
gradient in C12S-SAM fabricated by systematically varying the replacement bias (2.5 V to 3.0 V denoted 
in image) while keeping setpoint current (10 pA), scan rate ( 50 nm/s) and relative humidity (51%) 
constant. Average vertical line section analysis immediately below the image demonstrating gradient 
nature of pattern. (Imaging conditions: 1.0 V, 10 pA, 1 Hz, z-scale: 2nm) 
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lowest region of the replaced mesostructure. Padowitz and coworkers have suggested that a 

high oxygen content of the ω-termini alkylthiolate results in low z-scale values in the 

topography.15 Once again, this further demonstrates that STM images are a convolution of 

electronic and topographical properties. 

 

The impetus behind construction of these mesoscale structures was to fabricate gradients 

consisting of a chemical terminus that could be further functionalized with other materials. 

By using a carboxylic acid terminus, it was hypothesized that gold nanoparticles (AuNPs) 

functionalized with amine terminated thiols could be introduced to the gradient in an ex situ 

step. Such an experiment would result in the amine coated particle immobilization on the 

gradient, the concentration of which should be proportional to the coverage of the carboxylic 

headgroup concentration in the gradient. Figure 3.6 demonstrates the experimental 

progression of this experiment.  The first step was to locate an area of the C12S-SAM free of 

terraces and defects large enough to fabricate a gradient  (Figure 3.6A). An equilateral 

triangle shaped topographical marker (a natural result from the Au(111) surface) in the upper 

left hand corner of the image was used to confirm the structure’s location throughout the 

experiment. A carboxylic acid terminated SAM gradient was fabricated18 as described above 

(Figure 3.6B). Notably, the structure did not show a gradient from diffuse to complete 

coverage over the length of the pattern, but rather a diffuse to more concentrated, then a 

decrease in coverage towards the more concentrated part of the gradient. Although 

speculative, this may have been the result of lower replacement thiol concentrations after 

patterning multiple –COOH terminated gradients on the substrate (prior to this one) to ensure  
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that one could be found after the post ex-situ treatment, a strategy employed for experimental 

efficiency. The tip was retracted and the structure (Au(111) facet) was then incubated in an 

aqueous solution of 2 nm AuNPs capped with –S(CH2)7NH2  for 20 minutes. The 

nanoparticle solution was withdrawn from the fluid cell with a syringe, the substrate was 

rinsed two times with dodecane, and finally submerged in dodecane to be imaged. Figure 

3.6C shows the results after nanoparticle incubation. From this image it can be seen that the 

AuNPs are preferentially confined to the original pattern, however, there was some non-

specific binding present throughout the scan area. It was speculated this may be a result of 

the sweeping motion the rastering tip in the low current STM configuration imparts upon the 

SAM, pushing the immobilized particles from their original location. Regardless, this was a 

novel example of using the replacement lithography technique to fabricate a chemical 

Figure 3.6: STM Image set demonstrating the successive process fabricating a HOOC(CH2)10S- mesoscale 
chemical gradient, and installing amine terminated nanoparticles within. A) Area before gradient fabrication. 
B) Fabrication of an acid terminated gradient by systematically varying replacement bias and line spacing, 
while keeping setpoint, lithographic scan rate and relative humidity constant. C) Gradient mesostructure after 
aqueous incubation in H2N(CH2)7S- terminated 2 nm AuNPs. All imaging was carried out under dodecane. 
(Imaging conditions: 1.0 V, 10 pA, 1 Hz, z-scale: 2nm) 
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gradient on the sub-micron scale, which was subsequently used as a template to immobilize 

gold nanoparticles on a functionalized pattern via electrostatic interactions.  

 

3.5 Conclusion: 

 

In conclusion, it has been shown that replacement lithography could produce complex 

chemical gradient mesostructures by systematically varying the replacement bias, 

lithographic scan rate (either individually or in combination) and raster line spacing. The 

chemical gradients exhibited diffuse coverage of a ω-substituted alkanethiol into the C12S-

SAM on one end of the structure, intermediate coverage through the middle, and high 

coverage on the opposing end of the pattern. These experiments utilized SPL parameters 

from sub-optimal to optimal desorption conditions generating novel structures on sub-micron 

length scales. Gradients could be fabricated in multiple directions and/or with different 

terminal chemical functionality. As a result, this SPL approach enabled a variety of template 

patterns to be fabricated. 

 

3.6 Experimental: 

 

Dodecanethiol and dodecane were commercially obtained from Aldrich and used without 

further purification. FcC11SAc was prepared in our lab from previous studies.16 Au(111) 

facets were annealed in a H2 flame prior to monolayer deposition. Briefly the end of a Au 

wire (0.5 mm, 99.9985%, Alfa Aesar) was melted using a H2 flame to create a small faceted 
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ball, and subsequently zone refined to yield Au(111) facets along the equatorial region of the 

ball. The freshly annealed ball was placed in a 1 mM C12H25SH ethanolic solution, refluxed 

for 1 hr,17 and allowed to cool to room temperature. The faceted ball was removed, rinsed 

with copious amounts of absolute ethanol (AAPER Alcohol and Chemical Co.) and dried in a 

stream of N2. Imaging and lithography was performed at room temperature with a Digital 

Instruments NanoScope IIIa (with low current adapter) in dodecane (Aldrich) with 

mechanically cut Pt/Ir tips (90:10, 0.25 mm, Alfa Aesar). Relative humidity was introduced 

by bubbling N2 through a gas dispersion tube into a closed vessel containing milli-Q water 

(18 MΩ cm2), which fed the moist outlet gas into the atmospheric chamber containing the 

STM. The humidity was monitored with a hygrometer (Dickson, 0 to 95% relative humidity 

range). 
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Chapter 4 

Tunneling Spectroscopy Measurements of Electroactive Self-Assembled 

Monolayers via Scanning Tunneling Microscopy 
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4.1 Introduction: 

 

One common projection regarding the future of the semiconductor industry is the inability to 

maintain the exponential device density growth of transistors packed on a silicon chip with time, 

a trend which has been enjoyed over the last thirty years.1 This expectation is inherent due to the 

technological limitations in reducing the size of conventional metal/oxide/semiconductor (MOS) 

transistors, and the substantial concomitant increase in the costs required for manufacturing very 

large scale integration (VLSI) circuits. The continual demand for smaller components requires 

that alternative approaches to device fabrication be found, and hence the field of molecular 

electronics has emerged. The vision of molecular electronics is that single or small groups of 

molecules mounted in addressable architectures will be able to conduct and switch electrical 

currents in order to retain electrical bits of information for computing purposes.2 The very notion 

implies that wires, transistors and other solid-state elements will be replaced with one or a few 

molecules.3 Since a molecular entity is several orders of magnitude smaller than the present-day 

microelectronics counterpart, it is believed that these nanoscale molecular interconnects may 

help minimize computer circuit dimensions and enhance performance. The main challenge is to 

establish that single molecules (or a finite ensemble of molecules) can perform all the basic 

functions of conventional electronic components. 

 

The inevitable roadblocks for the future miniaturization of silicon microelectronics components 

involve physical and monetary constraints that have been projected to be deleterious to the 
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industry in the coming decades.1,2,4 From a physical standpoint, as the dimensions of the 

transistors reach the nanometer regime, issues like electron leakage through ultra thin oxides 

separating transistor gate electrodes will result in device cross talk or failure. Moreover, silicon 

will no longer possess its fundamental (bulk) band structure at these very small scales. 

Monetarily, the top-down fabrication process of the photolithographic techniques used to 

produce silicon devices have ever increasing costs associated with it. There are also tremendous 

amounts of waste generated with the iterative etching and washing procedures involved in the 

technique. In contrast, one popular projected approach to molecular electronic device fabrication 

involves the bottom-up fabrication technology employing molecular self-assembly5-8 to give rise 

to an efficient, cost effective prospect for construction of electronic circuits in a flow through 

manner.  

 

There are numerous challenges that need to be solved before molecular electronics would be 

realized as a profitable strategy for the next generation of computing. Though molecules can be 

synthesized in large quantities, they are very difficult to install into an architecture that allows 

them to be macroscopically addressable and connected to a power supply. Other concerns 

involve keeping the molecular components in a static position within the architecture, and the 

heat dissipation necessary for the projected increased device densities. New paradigms will be 

essential for molecular computing to be realized. It will take an interdisciplinary effort by many 

scientific communities to meet these challenges. Naturally, as with any field in its infancy, 

fundamental research must be accomplished to learn how to address proposed molecular 
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electronic candidates, how they behave in an architecture and how stable they are to iterative 

testing.2,9-11 

 

Molecular electronics-based solid-state switches have been proposed as the active components in 

either nonvolatile random access memory circuits or as the configurable bits for a custom 

configurable logic-based computing machine.4,12 The basis of such devices is a two-terminal 

molecular tunnel junction that can be electrically switched between high- and low-conductivity 

states. To date, there have been numerous strategies proposed on how to address the electronic 

properties of molecular assemblies. A preferred approach for the assembly of molecules into 

devices and their connection to the macroscopic world relies on molecular self-assembly, such as 

the formation of self-assembled monolayers (SAMs). This strategy is favorable because substrate 

anchoring entities can be synthetically installed into the molecular candidate’s architecture to 

serve as small ‘alligator clips’.3,13 From the standpoint of molecular-device construction, wiring a 

molecule to two terminals appears technically more feasible than wiring to three-terminals (MOS 

transistors are three terminal electronic devices). This avenue of molecular electronics research 

has been pursued extensively because there are many approaches to measure the electronic 

properties of a molecular candidate in a two terminal configuration.9-11 Unfortunately, it is not 

clear that such devices can be integrated as they do not, by themselves, offer the opportunity to 

introduce gain into a circuit.4 Thus, two-terminal devices represent a tradeoff between what is 

currently feasible and what offers real utility in circuit construction.  
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Metal-molecule-metal junctions exhibiting nonlinear current-voltage properties are currently 

the subject of several research efforts due to their proposed use as elements in molecule-scale 

electronic components. Junctions exhibiting nonlinear current-voltage properties such as 

negative differential resistance are desirable because they could serve as nanoscale analogs of 

multi-state electronic switches.14-16 A negative differential resistance (NDR) is characterized 

by a discontinuity in the monotonic increase of current as the voltage is increased. Stated 

otherwise, as the bias polarity increases, the current reaches a maximum, then decreases 

before eventually rising again. Macroscopic patriarchs to these devices are the Esaki diode15 

and the resonant tunneling diode (RTD).15,17,18 A RTD consists of two tunnel barriers spacing 

a quantum well from two electrical contacts. In semiconductor devices, the quantum well is 

composed of a narrow layer of material characterized by accessible quantized states (as in the 

well/barrier system GaAs/AlGaAs).19 Upon a specific applied bias, one of the metal contact’s 

Fermi energy (EF) aligns with an accessible state of the quantum well material, and a 

phenomena known as resonant tunneling occurs, allowing an enhanced current flow across 

the device, creating a switching character. In resonant tunneling devices, the tunnel barriers 

control the probability of electrons moving from one electrode to the other through the 

quantum well.  It was proposed that electroactive molecules could serve a similar role 

accessing molecular energy levels (which may be correlated with the reduction and/or 

oxidation potentials of the molecule) for electron tunneling. Molecules exhibiting NDR could 

potentially provide the electrically active components required for information processing, 

memory, and other electronic applications at the nanoscale. 
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One extensively studied candidate molecular system has been the family of conjugated 

phenylene ethylylene oligomers (OPEs), frequently termed ‘molecular wires’.2,13,20 An early 

investigation of OPEs containing a redox center (2’-amino-4-ethynylphenyl-4’-

ethynylphenyl-5’-nitro-1-benzenethiol) demonstrated NDR with a peak-to-valley ratio of 

1030:1 at 60 K.16 The peak-to-valley ratio (PVR) is defined as the difference between the 

current at the peak maximum and the minima (valley) at higher bias polarity. Between these 

two points is the region that defines NDR.  The peak position off NDR was temperature 

dependent. It was reported that control experiments using OPEs not containing amine or nitro 

moieties displayed no NDR responses. Later, this group showed that the system displayed 

NDR at room temperature, however with a considerably lower PVR that was not 

quantitatively given.21 Since this report, OPEs have been expansively studied empirically,22-

26 and theoretically.27-31 Other molecular systems that have displayed NDR have included 

molybdophosphates,32,33 cobalt pthalocyanines,34 piperdine derivatives on Si(100),35 

terphenyl-thiols and -isonitriles,36,37 nitrobiphenyl molecules on graphitic carbon,38 and xylyl 

dithiols,39 to name a few. 

 

In an early example, Han and co-workers showed that NDR correlated with redox potential 

in a series of metalated porphyrins.40 They also demonstrated that electroactive porphryins 

could be distinguished from non-electroactive porphyrins with STM. These observations 

influenced our group to hypothesize that SAMs of simple, well-studied redox active moieties 

(i.e. ferrocenyl) would be ideal candidates to display NDR. Moreover, we put forth the notion 

that we could employ replacement lithography to pattern electroactive thiols in non-
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electroactive SAM matrices, allowing I(V) curves from both regions to be directly compared 

under the same experimental conditions. 

 

4.2 Results and Discussion: 

 

To test this hypothesis, our group used 11-ferrocenylundecanethiolate (FcC11S-) SAMs 

prepared on Au(111) substrates, as previously discussed in Chapters 2 and 3. Current vs. 

voltage (I(V)) measurements were obtained from this SAM system at room temperature 

under dodecane with a STM in a low current configuration using the tunneling  

spectroscopy mode termed continuous imaging tunneling spectroscopy (CITS). During the 

course of imaging in this mode, the tip is periodically stopped and an I(V) curve captured 

under a given set of user defined  CITS parameters. This process is systematically iterated 

over the scan area creating an array of I(V) curves. There are many parameters that are user 

defined including the bias window, setpoint current and the sample period. This latter 

parameter is the amount of time it takes between voltage steps during the potential ramp to 

acquire the I(V) curve multiplied times the number of points (steps) in an I(V) curve. The 

scan rate of the entire I(V) curve can be calculated by dividing the sample period by bias 

range of the I(V) curve, which is also user defined. In this mode, large data sets of I(V) 

curves can be obtained in a specified voltage window and sample period under a constant set 

point current. Typically, data sets of 1024 curves (a 512 x 512 array) were obtained in our 

experiments such that a statistical representation could be generated, the advantages of which 
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will be discussed in more detail below. A more detailed description of this tunneling 

spectroscopy technique can be seen in Appendix A.1. 

 

Typical examples of I(V) curves from a FcC11S-SAM CITS data set displaying room 

temperature NDR can be seen in Figure 4.1A. We, and others16,21,40,41 have observed a 

variation in the peak potential of the NDR across a CITS data set. Many possible reasons for 

this behavior may exist, most notably the chemical environment of the molecules at each 

I(V) sampling point. The terminal ferrocenyl moiety was not expected to form well-ordered 

SAMs because of the large bulky headgroup, preventing packing of the alkylchains. This in  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1: A) Typical nonlinear I(V) curves from a FcC11S-SAM under dodecane displaying negative 
differential resistance. B) Histogram representing I-V curves that gave NDR responses in a data set of 
938 curves. The histogram was fitted to a Guassian to give NDR peak potentials: negative region –1438 
mV; positive region 1539 mV. (500 nm)2 scan area, Iset: 5 pA, 1000 µs sample period (ca. 15.6 V/s). 
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turn creates more possible degrees of freedom of the electroactive SAM species, giving non-

uniformity to the SAM surface. When obtaining an I(V) curve, a variation in conformations 

of the electroactive headgroups in proximity of the tip can effect the sampling current, 

resulting in a variation of peak potential and current magnitudes. Scanning artifacts, such as 

current saturation (see Figure 4.2) or debris on the surface interacting with the tip, may also 

contribute to a peak voltage variation. Tip shape or scan rate of the voltage sweep could also 

be responsible for this variation. For these reasons, we developed a protocol to provide a 

statistical representation of the CITS data set, described in more detail in Section 4.6 

(experimental). In brief, the analysis protocol rejects curves that show saturation (off-scale) 

or negligible currents (flat-liners) as aberrant data. Non-rejected curves are subsequently 

subjected to a series of algorithms to give the statistical representation. Figure 4.1B shows a 

histogram from a typical data set consisting of 938 curves (86 of 1024 were rejected as 

aberrant) using this analysis protocol. These histograms depicting the occurrences of NDR 

versus peak potentials suggests the observed behavior is an intrinsic electronic property of 

the electroactive SAM species and was reproducible from sample to sample. Fitting the 

histogram to a Guassian determined an average position of NDR, resulting in a negative peak 

maximum at –1439 (±10) mV and positive peak maximum at 1515 (±7) mV. To further 

survey the NDR peak potentials in this electroactive system, peak positions from sixteen 

separate FcC11S-SAM CITS data sets were averaged to give a negative peak position at -

1464 ±21 mV, and a positive peak position at 1527 ±33 mV. From the standard deviation of 

this averaging, it can be seen that the peak potentials shift across a data set, for possible 

reasons discussed above. 
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It was generally observed that the NDR response of FcC11S- at the positive bias was typically 

larger than the response at the negative bias. The reason for this behavior is unclear, however 

in other surface bound systems,21,38,42 it has been suggested the difference in conductance 

between the tip film junction and the thiol gold interface can result in an asymmetry in NDR 

responses.43,44 

 

The relationship between NDR response and tip shape variation was investigated to 

determine the reproducibility in I(V) measurements. To do this, seven mechanically cut Pt/Ir 

(90:10) STM tips were used to obtain CITS data sets of a mono-component FcC11S-SAM. 

The use of mechanically cut STM tips ensured that no tip shape would be identical, yet could 

provide atomically sharp tips. Since it is difficult to observe the apex shape of an STM tip 

optically, tip quality was determined by the STM image resolution of FcC11S-SAMs features 

such as substrate vacancy islands26,45,46 and substrate terraces. Figure 4.2 shows an STM 

image of the FcC11S-SAM imaged with one of these sharp tips. Notably, no domain 

boundaries can be seen, however, substrate vacancy islands and substrate terraces were well  

defined. This was expected due to the bulky ferrocenyl headgroup preventing the formation 

of a highly ordered SAM. Some scanning artifacts, which are generally inherent in STM 

images, have been highlighted in the upper portion of the image. In this experiment, six of 

the seven tips resolved surface features well, and also displayed NDR responses similar in 

peak voltage and magnitude as demonstrated in Figure 4.1A.  The tip that gave poor surface 

feature resolution was believed to be was the result of a blunt tip, although surface or tip  
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contamination cannot unambiguously ruled out. I(V) curves with NDR responses were not 

displayed with this blunt tip on a FcC11S-SAM that had previously displayed NDR responses 

with a sharper tip. This result supports a previous hypothesis that a narrow local density of 

states (LDOS) found in a sharp tip is necessary for the observation of NDR in metal-SAM-

metal systems, in which the SAM was composed of 4-p-terphenylthiol in Au(111).36 The 

report further suggested that such behavior can be displayed routinely as long as a narrow 

LDOS is present.  

 

It was hypothesized that the mechanism for NDR in this system may occur by an alignment 

of a accessible molecular energy state in the electroactive moiety and tip EF, resulting in a 

Figure 4.2: A (500 nm)2 STM image of a FcC11S-SAM on Au(111) in dodecane demonstrating the 
image resolution obtained from a quality tip used for I(V) experiments. Surface features such as 
substrate vacancy islands and terraces are distinguishable. Notably, the presence of domain 
boundaries was expectedly absent due to the bulky headgroup of the ferrocenyl terminus, preventing 
an ordered SAM. The white rectangles depict scanning artifacts in the image. (Imaging conditions: 1.0
V, 5 pA, 1 Hz, z-scale: 2 nm) 
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tunneling enhancement through the double tunnel junction (metal-SAM-metal). This is 

qualitatively illustrated in Figure 4.3. The mechanism is similar to one that has been 

previously defined by physicists as a resonant tunneling process in RTDs. Here, a generic 

I(V) trace has positions marked corresponding to the effect of increasing substrate bias on the 

double tunnel junction represented in Panels A-E. The double tunnel junction contains a  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3: Schematic qualitatively illustrating tunneling current enhancement via molecular state and 
tip Fermi energy (EF) alignment (resonant tunneling) through a double tunnel junction containing 
electroactive ferrocenyl moiety. The result of changing tip-substrate bias (Panels A-E) is depicted on 
the generic I(V) trace (above). A) The double tunnel junction at 0 V with the HOMO of the ferrocenyl 
moiety much higher than EF of substrate and tip. B) An increase in substrate bias causes some overlap 
of the tip EF and ferrocenyl molecular state, resulting in an increase in tunneling current. C) Optimal 
substrate bias gives maximum alignment (resonance) of the tip EF and molecular state resulting in a 
peak maximum (NDR). D) A further increase in substrate bias moves the tip EF and molecular state out 
of alignment, decreasing tunneling bias. E) A significantly large enough substrate bias causes the tip EF
to surpass the tunnel barrier height of substrate, allowing electrons to cascade over the barrier resulting 
in an exponential increase in tunneling current. 
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tunneling barrier (potential well) at the tip-SAM gap and another at the alkylchain between 

the ferrocenyl moiety and the sulfur – gold bond at the substrate. The relative height and 

width of the tunnel barriers are unlikely to be equal, and are difficult to know quantitatively. 

The panels in Figure 4.3 can be interpreted as follows: Panel A represents the system at 0 V, 

where an accessible molecular orbital energy level of the ferrocenyl headgroup lies well  

above the EF of the Pt/Ir tip and Au substrate.  Upon a positive increase in the Au substrate 

bias, the molecular energy level approaches alignment with the EF of the tip, allowing some 

overlap resulting in an increase in tunneling current (Panel B). As the substrate voltage is 

increased, there exists an optimal alignment between the EF and molecular energy level 

allowing a maximum tunneling current flow to occur (resonance, Panel C). Further increase 

in substrate bias moves the energy levels out of alignment, decreasing the current (Panel D). 

Notably, the difference in current magnitude between points C and D is defined as the peak-

to-valley ratio (PVR). In Panel E, the EF of the tip is shifted sufficiently, causing a cascade of 

electrons from the tip over the substrate barrier, resulting in an exponential increase in 

current in the I(V) plot. This latter enhanced current flow may be what is often termed by 

physicists as thermionic emission. Considering this qualitative model, we expect that the 

tunnel barrier heights and position of the molecular states should influence the position of 

NDR in electroactive SAM systems. 

 

To this end, experiments were performed to differentiate our hypothesized mechanism of 

enhanced tunneling current via molecular energy level alignment (resonant tunneling) from 

an adventitious electrochemical oxidation / reduction of the electroactive moiety in the tunnel 
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junction. To rule out an electrochemical mechanism, I(V) curves were collected at different 

voltage sweep rates (sample periods) varying over a decade (2.3 V/s to 60 V/s, Figure 4.4). In 

all cases, the position and magnitudes of the NDR response was similar to the data shown in  

Figure 4.1. If an electrochemical mechanism was operative, it would be expected that a shift 

in NDR peak position would occur with increasing scan rate. This was not observed. From 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

these experiments, it was concluded that the position of NDR was not effected by the 

variation in sample period. 

 

Figure 4.4: Selected I(V) curves obtained from a FcC11S-SAM at various sample periods depicted in 
legend. No trend regarding scan rate was observed suggesting the NDR response proceeds by a 
resonant process. 
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CITS data sets obtained on non-electroactive thiols that do not form well-ordered SAMs 

(under dodecane) were performed as control experiments. Mercapto-undecanoic acid 

(HS(CH2)10COOH) prepared as single component SAMs displayed few nonlinear I(V) 

responses. Figure 4.5 shows a typical histogram from a CITS data set from these control 

experiments that contained 945 of 1024 curves that were not rejected from the algorithm 

procedure. The histogram data from Figure 4.1B is also displayed to directly compare this 

non-electroactive SAM to the electroactive ferrocenyl terminated SAM. The occasional non- 

linear I(V) response was attributed to signal / scanning artifacts. Due to the larger dipole 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5: Histogram representing the number of curves containing nonlinear responses from a 
CITS data set of HOOC(CH2)10S-SAM on Au(111) (red). This data set consisted of 945 of 1024 
curves that weren’t rejected from the analysis protocol as aberrant. The histogram is compared to 
that of the FcC11S-SAM seen in Figure 4.1B. 
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moment associated with this SAM termini, relative to a methyl terminated SAM, it may have 

been more likely that contaminants could adhere to this SAM, causing these signal artifacts. 

This control experiment suggests that a data set of electroactive SAM is clearly different than 

that of a non-electroactive SAM. 

 

4.3 Current – Voltage Measurements on Patterned FcC11S-SAMs in C12S-SAMs 

 

It was hypothesized that the I(V) response of a non-electroactive SAM would not display the 

same behavior as the electroactive FcC11S-SAM within the potential sweep window 

investigated. A patterned SAM system would allow the direct comparison of the two species 

under the same conditions. Moreover, a patterning experiment would allow the verification 

that the electronic properties of the patterned FcC11S-SAM region are the same as 

monocomponent FcC11S-SAMs. To this end, replacement lithography was employed to 

pattern FcC11S-SAM within a non-electroactive C12S-SAM. A description of this technique is 

discussed in detail in Chapter 2 (Scheme 2.1).  

 

To obtain a significant number of curves of electroactive SAM species, it was decided that a 

square pattern of the electroactive SAM be fabricated with replacement lithography. A (300 

nm)2 square pattern of FcC11S- was fabricated in a C12S-SAM under a ca. 1 µM 

Fc(CH2)11SAc / dodecane solution using the replacement conditions of 3.3 V, 8 pA and 0.5 

Hz (400 nm/s) in the normal imaging / raster manner at a relative humidity of 54 to 57%. The 

tip was retracted, the patterning solution withdrawn with a syringe from the fluid cell, the 
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substrate rinsed with dodecane, and finally replaced with clean dodecane to perform the 

CITS collection. The results of the patterning experiment can be seen in Figure 4.6A, which 

shows a (500 nm)2 STM image of the two component SAM system. CITS was subsequently 

performed on a (600 nm)2 area at a sample period of 160 µs and Iset of 8 pA. An advantage of 

this approach was that I(V) curves within the patterned region could be separated from the 

I(V) curves that lie outside the replaced region depending on where they occurred within the 

CITS data set. Figure 4.6B shows four representative I(V) curves obtained from each of the 

two regions. Open markers represent I(V) curves of the non-electroactive C12S-SAM from 

reported in the literature.47,48 The dashed lines represent the electroactive FcC11S-SAM from 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.6: Results of a CITS experiment on a FcC11S-SAM patterned in a C12S-SAM. A) (500 
nm)2 STM image of a (300 nm)2 FcC11S-SAM  patterned into a C12S-SAM using replacement 
lithography (Imaging conditions: 1.0 V, 8 pA, 1 Hz, z-scale: 5 nm). B) Four I(V) curves from inside 
the FcC11S-SAM pattern displaying NDR (lines), and four I(V) curves obtained from the outside the 
ferrocenyl pattern displaying no NDR (open markers), CITS parameters: (600 nm)2, Iset = 8 pA, 160 
µs sample period. 
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outside the replaced region, and did not display NDR responses. These curves were very 

similar to curves obtained from monocomponent C12S-SAMs obtained as control 

experiments to compare to the monocomponent ferrocenyl SAMs, and similar to that  

within the pattern and did display NDR responses. As with the monocomponent FcC11S-

SAMs (Figure 4.1), an expected variation in peak potential and magnitude of the NDR 

response was observed. 

 

4.4 Further Tunneling Spectroscopy Studies of Electroactive SAMs: 

 

To support that other SAMs containing electroactive moieties would display NDR, I(V) 

spectroscopy data was obtained from galvinol terminated SAMs (phenoxy-galvinol-

hexanethiolate, GalC6S-SAM, Table A.1). Interestingly, when I(V) curves were obtained in 

dodecane, very low occurrences of non-linear curves displaying NDR were observed, and a 

large variation in NDR peak position was apparent. In contrast, when I(V) curves were 

obtained in air, much larger occurrences of curves displayed NDR showing a narrower 

distribution in peak potentials. This suggested that this electroactive SAM was sensitive to 

the environment in order to display NDR. It is noted that GalC6S-SAMs shows a proton 

coupled redox wave in electrochemistry.49,50 It was speculated that the availability of water to 

aid in protonation of the galvinol headgroup may be the cause of the increased occurrence of 

NDR across a CITS data set.   
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The behavior of NDR in conventional semiconductor-based resonant tunneling diodes 

(RTDs) has been tuned by modifying the materials, dopant concentration, and the physical 

configuration of the device.19,51-53 The tunability for conventional RTDs suggests that NDR 

behavior in molecular-scale analogs should also exhibit predictable changes based on tunnel 

barrier modifications. Recent studies suggest that molecular based tunnel barriers can be 

rationally constructed.48,54-57 It was hypothesized that the NDR response in this molecular 

system could be attenuated by modifying the barrier height and width, analogous to tuning 

conventional RTDs. Recently, our group demonstrated the ability to attenuate the NDR 

response in FcC11S-SAMs at room temperature by either coating the tip with n-alkylthiols, or 

by capping the FcC11S-SAM with the bowl-shaped sugar, β–cyclodextrin.58 In the former 

experiment, the double tunnel junction was modified by functionalizing the tip with n-

alkanethiols of various chainlengths. It was observed that the peak-to-valley ratio in NDR 

responses decreased with increasing alkanethiol chain length. The latter set of experiments 

demonstrated that the double tunnel junction could also be altered by capping the ferrocenyl 

headgroups with β–cyclodextrin (β-CD). Electrochemical studies of Fc- β–CD complexes in 

solution have exhibited slowed electron-transfer kinetics following exposure of the Fc to β–

CD as a result of the formation of a 1:1 host-guest inclusion complex. 59,60Here, it was 

observed that PVR ratios decreased in the β-CD/FcC11S-SAM system relative to the 

monocomponent FcC11S-SAM. Control experiments of the FcC11S-SAM washed with α–CD, 

a sugar too small to bind to ferrocenyl headgroups, displayed NDR responses similar to that 

of FcC11S-SAM. From these experiments, room temperature, molecular-based NDR of an 

electroactive SAM system was obtained in two complementary ways: one in which the tip 
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was functionalized with n-alkylthiols of various lengths, and through non-covalent 

encapsulation of ferrocenyl headgroups using β–cyclodextrin. 

 

Concomitant experiments to support that the tunneling barriers affect the probability of 

tunneling through the double junction were performed employing current-distance tunneling 

spectroscopy (I-s).23,61-63 With this experiment, the current is measured as the STM tip 

retracts from the surface, enabling an apparent tunneling barrier (φ) to be approximated from 

the slope of the exponential decay in the tunneling current. It is important to note that since 

the exact location of the tip was not known during this experiment, an accurate tunneling 

barrier could not be calculated. However, a comparison could be made when performing I-s 

experiments between the different SAMs systems investigated (FcC11S-, β-CD/FcC11S-, α–

CD/FcC11S- and C12S-SAMs) . To provide a statistical representation, 50 curves of each 

SAM system were obtained. The FcC11S-SAM system displayed I-s curves representing a 

lower φ, suggesting a higher conductance through the film. The β-CD/FcC11S-SAM system 

displayed a broader range of φ, which suggests that many of the ferrocenyl headgroups were 

capped to give higher φ, while lower φ may have been the result of incomplete capping from 

the sugar. Control experiments on the α–CD/FcC11S-SAM systems showed similar results as 

the mono-component FcC11S-SAM as expected. C12S-SAMs showed higher φ, indicative of a 

more resistive film. From these experiments, the modification of the tunneling barrier was 

demonstrated as a potential means to tune molecular based tunnel barriers. 
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4.5 Conclusion: 

 

In conclusion, negative differential resistance has been displayed in current-voltage curves 

obtained with STM over SAMs containing electroactive moieties (ferrocene and galvinol) as 

measured in a tip-SAM-substrate junction. Large data sets of I(V) curves were generated 

using CITS, and these data treated with an analysis protocol to statistically demonstrate the 

reproducibility of such a measurement. Variation in peak position and current magnitude 

were observed, believed to be caused by the different conformations of the bulky ferrocenyl 

headgroup in the local environment of the tip during I(V) sampling. A mechanism describing 

a tunneling current enhancement through an accessible molecular energy level of the 

electroactive group and tip EF has been hypothesized to explain this electronic behavior. 

Studies to rule out an electrochemical mechanism were performed by varying the scan rate of 

the potential window. From these results, it was clear that further work must be done before 

the phenomena of NDR can be fully understood. Control experiments consisting of I(V) 

curves obtained over non-electroactive acid terminated SAM systems did not show 

appreciable NDR responses across large CITS data sets. Moreover, patterned ferrocenyl 

SAMs systems fabricated via replacement lithography also displayed reproducible NDR 

responses, similar to those obtained with the mono-component ferrocenyl terminated SAMs. 

Other SAMs containing electroactive moieties (GalC6S-) were observed to display NDR 

responses, further supporting that electroactivity and NDR may be correlated. It was also 

observed that the double tunneling junction could be modified to attenuate NDR response in 

ferrocenyl SAMs in two complementary ways. One approach involved coating the STM tip 
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with alkanethiols of various lengths, and the other involved capping the ferrocenyl termini 

with β–cyclodextrin. 

 

4.6 Experimental: 

 

11-Ferroceneundecanethiol was prepared as previously described in the literature. The 

synthesis of which can be seen in Appendix 4. Dodecanethiol and dodecane were purchased 

from Aldrich and used as received. Absolute ethanol was purchased from AAPER Alcohol 

and Chemical Co. and used without further purification. Au(111) substrates were prepared by 

melting the end of a gold wire in a flame to produce a bead, which was subsequently zone 

refined to produce (111) facets along the equatorial region of the bead, as previously 

described in Chapter 2. FcC11S-SAMs were produced by incubating the freshly annealed Au 

beads in 5 mM ethanolic solutions for 12 to 24 hours, rinsed with ethanol and dried in a 

stream of N2. Samples were mounted in a stainless steel and Kel-F fluid imaging cell, and 

imaged immediately after preparation. 

 

All STM experiments were carried out on a Nanoscope IIIa or NSe Multimode SPM in low 

current configuration (Digital Instruments, Santa Barbara, CA). Mechanically cut Pt-Ir 

(90:10) tips were used for all experiments. Standard imaging conditions (SIC) were +1 V 

substrate bias, 5-10 pA tunneling current, and 0.5-1 Hz scan rate or a slight variation thereof 

as noted in figure captions. 
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Aberrant data in CITS data, such as current responses out of measurable range or excessively 

noisy curves, were thought to be due to either the tip with the surface or localized tip / 

sample contamination. Algorithms were constructed to discard these ‘aberrant curves’ in the 

analysis of a data set.  Aberrant curves were defined as those that show saturated current 

response at either positive or negative potentials. In addition, curves displaying negligible 

currents (flat-liners) throughout the voltage sweep were also removed from the data set. All 

curves retained were set to zero current at zero bias to account for internal offsets generated 

by the microscope. These internal offsets were verified to occur sometimes when the tip was 

well out of range of the sample, indicating that they are the result of an instrumental artifact. 

 
The voltage at which NDR occurred was determined by derivatizing the I(V) curve 

 with a 7 point derivative. That is, for point n, a regression line was determined for the points 

n-3, n-2, n -1, n, n +1, n +2, and n +3 and the slope of the regression line was recorded as the 

derivative of point n. This procedure had the additional advantage of minimizing the effects 

of noise on the curve. At positive potentials, the NDR peak position was determined by the 

algorithm as the point at which slope goes from positive to negative, and at negative 

potentials, the reverse was true. The voltage at this point was tabulated, then all voltage 

values were binned to give a histogram representation of peak position.40,41 The voltage 

distribution was fit to a Gaussian curve, of the formula:  

Count = A exp [-(V-Vp)2 / B2] + C 

where Vp is the peak voltage, and B is related to the width at half-height, ∆V, by ∆V= 

1.175B.40,64 
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Chapter 5 

Stochastic Variation in Appearance of Electroactive Guest 
Molecules in Insulating Host SAMs. 
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5.1 Introduction: 

 

Conductance switching has been proposed as the basis for potential molecular electronic 

memory devices, and has been the focus of many research endeavors. Switching between a 

high and low conductance state by some outside stimulus would make molecular scale logic 

devices and memory elements possible. The phenomena of negative differential resistance 

(NDR) in molecular scale systems is an example of molecular switching from high to low 

resistance states in an applied electric field, then back to a high resistance state as the bias 

polarity is increased further. There have been many examples of molecular based NDR 

reported displaying bistability in nanopore junctions,1,2 and scanning tunneling spectroscopy 

experiments.3-14 These experiments all involve a two-electrode configuration that swept 

through a potential window to initiate the bistability in the respective system. Our group has 

recently demonstrated room temperature NDR responses in self-assembled monolayers 

containing terminal electroactive moieties,15,16 and later showed the ability to tune the NDR 

response in these systems by modifying the tunnel junction by two complementary ways.17  

 

Besides instances of NDR, the conductance of a nanometer-scale, metal-molecule-metal 

junction is dependent on other factors.  Notable among these is the orientation of the 

molecules in a metal-SAM-metal junction, and any conformational changes that these 

molecules may experience with respect to the metallic contacts.  When considering the 

dynamics of an electroactive molecule adsorbed to a substrate, stochastic switching between 
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various conductance states can occur by a change in conformation of a molecule in a 

junction. This phenomenon has recently been observed using a scanning tunneling 

microscope (STM) tip in contact with a self-assembled monolayer (SAM) adsorbed on 

Au(111). Weiss et al. observed stochastic conductance changes over time in phenylene 

ethynylene oligomer (OPE)18 guests isolated in alkanethiol host SAMs.19,20 The length of 

these rigid molecules was slightly taller than the host SAM they were isolated in, so they 

could be topographically distinguished in STM images. However, since these guests were 

fully conjugated systems and that convolution between electronic and topographic properties 

of the surface occurs in STM images, large apparent height contrasts between high 

conductance states (‘On’) and low conductance states (‘Off’) were observed temporally from 

these isolated guest species. These stochastic switching events were consequently termed 

‘blinking’. The proposed switching mechanism in these systems has been explained in terms 

of strong coupling between relative angular displacements of the aromatic rings and 

molecular conductivity.19,21,22 The researchers observed the occurrence of switching was 

dependent on the packing density of the surrounding host SAM matrix. 19,21 

 

Ramachandran et al. observed stochastic switching in non-conjugated n-alkanedithiols (of 

various lengths) isolated in alkanemonothiol host SAMs of the same chain length. It was 

suggested that the conductivity fluctuations was from the uppermost part of the dithiol guest 

becoming intermittently buried in the host monolayer through a orientation change in the 

chain.11 They subsequently hypothesized that attachment of a gold nanoparticle atop a 

alkyldithiol guest species, would help inhibit the possibility of the guest becoming 
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intermittently buried within the host SAM because of its relative size. The nanoparticle 

would also serve to be a larger top contact, aiding in the ability for the SPM tip to address it. 

However, conductance changes were still observed in the alkanedithiol systems over time.11 

In this system, the ‘blinking’ behavior was attributed to changes in the bonding sites between 

the thiol anchoring group and the gold substrate. It was suggested that the adventitious 

insertion strategy may cause the guest to select more labile bonding sites on the gold surface. 

 

Fundamental research regarding the dynamics and behavior of molecules in a junction is 

imperative in developing an understanding of systems for / towards the realization of viable 

molecular electronic configurations.  After contemplating some of these early reports, we 

hypothesized that stochastic variation in the relative conductance of molecules is likely a 

completely general phenomenon.17 This behavior is most simply rationalized as 

conformational and/or orientation changes of one or a small collection of molecules over 

time.  When considering a bulk SAM with a mesoscopic (> 100 nm) two-dimensional area, 

these conformation / orientation changes will effectively cancel out over the entire area of the 

SAM. However, in cases relevant to molecular-scale electronics, these changes will not be 

averaged out over a large collection of molecules. While the work presented here does not 

indicate how many molecules will be required to create a junction with a consistent 

conductance, it does illustrate the importance of addressing this issue in molecular-scale 

electronics studies. 
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Many recent research endeavors investigating the electronic properties of molecular 

electronic candidates have sandwiched them between two electrodes, creating a metal-SAM-

metal junction. Devices / junctions to probe I(V) behavior such as nanopore,1,2 or mercury 

drop-SAM-metal junctions23,24 are often difficult to reproducibly fabricate, and offer the 

concomitant possibility of failure due to short circuiting. Scanning probe microscopy 

techniques have often been employed to probe the electronic properties of SAM systems.4-

7,12-14,25-33 In particular, STM seems particularly well suited to study stochastic conductance 

changes of molecular guests in host matrices for several reasons. The ability to achieve 

atomic resolution offers the advantage of investigating single or small bundles of molecular 

entities that differ from their surrounding matrix. Also, SAM systems to be investigated are 

more easily prepared because the STM tip serves as the second electrode in a metal-SAM-

metal configuration. Hence, the SAM can be prepared on the desired conductive substrate, 

and mounted in the STM for imaging. As the current used in STM feedback is based on 

tunneling, an increase in the dimensions of the tip-substrate gap at a given bias is expected to 

result in an exponential change in the current. 

 
I ∝ exp(-2κz) 

 
 

where κ is a constant relating the tunneling barrier and energy of an electron, and z is the tip-

substrate gap distance (Appendix A.1 discusses this in more detail). This phenomenon 

translates into order of magnitude change in tunneling current for an Ångstrom change in the 

gap dimensions. Given that any metal-molecule-metal junction is likely to have enough 
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variability on this length scale, conductance changes in these junctions (and thus stochastic 

switching) are likely to be completely general in this type of system. 

 

5.2 Results and Discussion: 

 

To demonstrate our hypothesis, we used STM to investigate alkylthiolate SAMs terminated 

with electroactive moieties as guest molecules, which were adventitiously inserted into host 

dodecanethiol SAMs (C12S-SAMs) by a process previously described in the 

literature.11,19,34,35 Briefly, after the host SAM is prepared, the substrate is incubated in a 

ethanolic solution of the guest for a given period of time (dependent on guest adsorption 

rates) to allow adventitious adsorption into the disordered regions / defect sites (i.e. domain 

boundaries and step edges) of the host SAM. These SAM systems were monitored with low 

current STM which allows the tip to reside just above the SAM, as suggested by Weiss and 

coworkers.36,37 The electroactive molecules investigated were 11-ferrocenylundecanethiol 

(FcC11SH), galvinoxylhexanethiol (GalC6SH) and Ruthenium tris(bipyridine)-hexanethiol 

(Ru(bpy)3C6SH). The impetus behind their use is that the electroactive terminated SAM 

guests have similar lengths as the surrounding host matrix, but give large apparent height 

contrasts under standard imaging conditions (1 to 1.3 V, 10 pA) allowing them to be more 

easily distinguished in STM images. 

 

Due to thermal drift and creep in the STM piezoelectric imaging system, it was difficult to 

monitor small regions over the time scales needed track the stochastic switching. To remedy 
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this, large areas ((200 nm)2 to (300 nm)2) were scanned to simultaneously monitor multiple 

guest species within the host matrix, from which data for individual guest regions could be 

extracted. Images were continuously captured under normal imaging conditions (1 Hz) to 

monitor the variation in the apparent height of guest species, resulting in an image 

acquisition every 8.5 minutes. Figure 5.1 shows a typical C12S-SAM containing multiple 

FcC11S- species adventitiously adsorbed into the matrix. The guest FcC11S- species appear as 

bright spots relative to the C12S-SAM. A white square marks region containing a guest that  

 

 

 

 

 

 

 

 

 

 

 

 

 

was tracked over time, and the apparent height data from subsequent images extracted for 

Figure 5.3. This particular spot was chosen based on the amount of stochastic switching it 

Figure 5.1: A (250 nm)2 STM image of a C12S- host SAM containing adventitiously adsorbed 
FcC11S- guest species. The region marked with the square was tracked over time to generate the 
data seen in Figure 5.3. (Imaging conditions: 1 V, 9 pA, 1 Hz, z-scale: 2 nm) 
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displayed over the data set, and because it remained in all the images despite the amount of 

drift that occurred in the images. The apparent heights of the guest species were measured by 

obtaining cross sectional analysis of four lines (vertical, horizontal and two diagonally) 

through the center of the guest(s) in question. This protocol is shown in Figure 5.2, which 

shows a guest species (bright spot) isolated in the host SAM. These four measurements for 

each guest were subsequently averaged, and plotted with error bars, as seen below.  

 

 

 

 

 

 

 

 

 

 

 

 

5.3 Stochastic conductance variation in FcC11S- guests isolated in C12S-SAMs: 

A series of STM images displaying stochastic switching of a small collection of FcC11S- 

guests in a C12S-SAM is shown in Figure 5.3. The guest species appears as a bright spot at 

the edge of a substrate vacancy island.   This was a common location for the guest species 

Figure 5.2: Analysis protocol used to determine apparent height contrast of guest species in host 
SAM. Section analysis of vertical, horizontal and diagonal section analysis were obtained and 
averaged to give an apparent height.  
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adsorption because the bulky headgroup restricted the insertion into well-ordered regions of 

the n-alkanethiol host SAM. Below the images, the apparent height is tracked per frame 

number. It can be seen that the apparent height contrast fluctuates through the series of 

images in a manner similar to these seen in the stochastic switching reports described in the 

introduction. We believe this observation was because of conformation and / or orientation 

changes of the guest species. Notably, the bright spots also appear to vary in diameter / size  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.3: A) Time-lapse series of images of a collection of FcC11S-guests in C12S-SAM. Each 
image size is ca. (20 nm)2 . (Imaging conditions: 1.0 V, 9 pA, 1 Hz, z-scale: 2 nm). B) Apparent 
height contrast variation with frame number. Time between frames was 8.5 minutes.  
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as well as apparent height contrast. This is presumably because small groups (or bundles) of 

molecules occupy these guest regions, and their collective dynamic behavior results in the 

variation in apparent height contrasts and diameter depicted in the STM image. It is difficult 

to determine exactly how many guest species are actually contained within this bundle 

because the resolution of the image is not sufficient. Another series of STM images from a 

different sample containing the guest ferrocenyl terminated SAM guests (seen in Figure 5.4)  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.4: A) Time-lapse series of images of FcC11S-SAM guest in C12S-SAM. Each image 
size is ca. (20 nm)2.  (Imaging conditions: 1.0 V, 9 pA, 1 Hz, z-scale: 2 nm). B) Apparent height 
contrast variation with frame number. Time between frames was 8.5 minutes.  
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displayed a similar behavior. These examples clearly show that stochastic switching does 

occur in this host – guest SAM system. 

 

The results from these stochastic switching investigations can be explained in terms of 

conformational or orientation changes within the guest species. A schematic of our 

hypothesized apparent height variation is shown in Figure 5.5, depicting a guest molecule 

inserted into a domain boundary at the edge of a substrate terrace. Here, the electroactive 

moiety is depicted as a pentagon atop an undecanethiol SAM. Since the alkyl tether is 

composed of sp3 hybridized carbon centers, there are many degrees of freedom that could 

allow a considerable amount of movement. In Panel A, the electroactive guest is fully 

extended, causing the STM feedback response to give a large apparent height due to the  

 

 

 

 

 

 

 

 

 

 
Figure 5.5: Schematic illustrating conformation changes (A & B) of a host electroactive containing 
SAM in an insulting guest SAM, resulting in different apparent height contrasts. 
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enhanced tunneling current that typically occurs over electroactive species. In panel B, a 

slight conformation change of the electroactive moiety causes the apparent height to  

decrease. These two panels offer a very simple depiction of what could occur at the 

molecular level by a small change in the electroactive headgroup orientation, resulting in a 

observable change in apparent height contrast in STM images. In extreme cases, it is possible 

that the headgroup could be intermittently buried in the host SAM, causing the apparent 

height contrast of the guest to decrease substantially, or temporarily disappear altogether. 

 

5.4 Stochastic conductance variation in GalC6S- guests isolated in C12S-SAMs: 

 

To further test our hypothesis that electroactive terminated SAMs will display stochastic 

switching behavior, other electroactive containing species were inserted into C12S-SAMs and 

monitored over time with STM. To this end, GalC6S- was inserted in C12S-SAM according to 

the procedure described in section 5.6 (experimental). It was more difficult to find regions 

containing this guest species in C12S-SAMs than with the FcC11S- guest. Presumably, the 

large bulky headgroup and short alkylthiol tethering chain made it difficult for the guest to  

adsorb into the host matrix, even into most disordered regions. In the cases where a guest was 

tracked temporally, it was common that the apparent height contrast variation would appear 

to cease early on during the time scale surveyed, and often resulting in the disappearance of 

the guest altogether. An example of this can be seen in Figure 5.6. Here, the apparent height 

variation appears to decrease after frame eleven, and doesn’t display a higher conductance 

during the rest of the frames. The reasons for this remain unclear. This occurrence may have  
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been because the head group became buried within the host monolayer, or the guest species 

was desorbed from the substrate initiated by interaction with the tip and its bulky terminal 

headgroup.  

 

5.5 Stochastic conductance variation in Ru(bpy)3C6S- guests isolated in C12S-SAMs: 

 

The third electroactive thiol investigated in this series was Ruthenium tris(bipyridine)-

hexanethiol (Ru(bpy)3C6S-), shown in a series of STM images in Figure 5.7. This guest was 

also found at the periphery of a substrate vacancy island in a region of higher local disorder 

Figure 5.6: A) Time-lapse series of images of GalC6S-SAM guest in C12S-SAM. Each image size is 
(15.3 nm)2. (Imaging conditions: 1.3 V, 10 pA, 1 Hz, z-scale: 1.5 nm). B) Apparent height contrast 
variation with frame number. Time between frames was 8.5 minutes.  
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due to its bulky headgroup. This data set showed similar results as the GalC6S- guest, 

however with a slightly larger variation in stochastic behavior. A second series of images 

shows the Ru(Bpy)3C6S- guest isolated in a domain boundary away from a substrate vacancy 

island. In this series, the guest species did not appear to display large apparent contrast 

differentials across the data set relative to the host SAM, presumably because of the 

influence of the packing density of the surrounding matrix. This effect has been previously 

reported.19 In the latter images, a low apparent height contrast is displayed, possibly due to  

Figure 5.7: A) Time-lapse series of images of Ru(bpy)3C6S-SAM guest in C12S-SAM. Each 
image size is (22.9 nm)2.  (Imaging conditions: 1.0 V, 10 pA, 1 Hz, z-scale: 2 nm). B) Apparent 
height contrast variation with frame number. Time between frames was 8.5 minutes.  
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the guest species headgroup being buried in the domain boundary of the host SAM. As with 

the other guest species investigated, this one also clearly displayed stochastic switching 

events.  

 

5.6 Conclusion: 

 

Stochastic variation in the apparent height contrast of molecules in a metal-SAM-metal 

junction was hypothesized to be a completely general phenomenon. Using STM, temporal 

investigations monitoring the conductance of electroactive containing SAM guest species 

isolated in host SAM matrices were extracted from the apparent height of these species in 

Figure 5.8: A) Time-lapse series of images of Ru(bpy)3C6S-SAM guest in C12S-SAM. 
Each image size is (24.1 nm)2 . (Imaging conditions: 1.0 V, 10 pA, H1 z, z-scale: 2 nm). B) 
Apparent height contrast variation with frame number. Time between frames was 8.5 
minutes.  
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STM images. Three different electroactive terminated alkylthiolates studied displayed this 

switching behavior over time. This behavior was most simply rationalized as being due to 

conformational and/or orientational changes of one or a small collection of molecules over 

time. With the more bulky candidates, the presence of the guest seemed to disappear, the 

reason for which remain unclear. It may have become buried into the host SAM by an 

orientation change, or desorbed from the substrate altogether from perturbation by the STM 

tip. The observations from these data may lend insight to how molecular electronic 

candidates might behave when sandwiched in a two-electrode configuration (metal-SAM-

metal junction). 

 

Acknowledgements: I gratefully acknowledge Sofi Bin-Salamon for synthesizing the 

Ruthenium tris(bipyridine)-hexanethiol used in these investigations, and Dr. David Shultz for 

providing the galvinoxylhexanethiol. 

 

 

 

 

5.7 Experimental: 

 

SAM Preparation:   

Sample substrates were flame-annealed Au(111) facets on a gold bead formed at the end of a 

gold wire (Alfa Aesar, 99.999%).  The wire was alloyed to a platinum foil (Alfa Aesar) 
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base.16  Prior to monolayer deposition the substrates were cleaned in piranha solution (3:1 

H2SO4:H2O2 (30%) by volume).  n-Alkanethiolate SAMs were prepared on gold by refluxing 

Au(111) facets in 1 mM dodecanethiol ethanolic solutions for 1 hour, allowed to cool, and 

then briefly exposed them to 1 mM ethanolic solutions of an electroactive guest species 

(FcC11SH, GalC6SH or Ru(bpy)3C6SH) for a few minutes. This allowed small groups of the 

guest species to insert into the defects sites in the host matrix. 11,19,20,35,37 After copious 

rinsing in ethanol, the sample holder was mounted in a custom Kel-F fluid cell in preparation 

for scanning.  After samples were placed in the STM, the environmental chamber was purged 

with dry N2 for a minimum of 30 minutes before images were captured. 

STM Imaging:  

All STM experiments employed a Digital Instruments (Santa Barbara, CA) Nanoscope IIIa 

equipped with an E-scanner in low-current mode to obtain STM images at room temperature 

in dry nitrogen.  Standard imaging conditions consisted of a setpoint current of 8 to 10 pA 

and a bias of 1.0 to 1.3V.  
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Table A.1  “Calculated Film Thickness” 
 

 

Abbreviation 

 

Molecular Structure 

Calculated film 

thickness 

 

C12S-  

 

15.1 Å 

 

FcC11S- 
 

 

16.8 Å 

 

 
GalC6S- 

 

 

19.9 Å 

 
C16S- 

 

 

20.1 Å 

 

HOOCC10S-  

 

15.7 Å 

 

 
 
 

 

 

 

S

O
S

O

OH

S

S

O

OH

*Film thickness was calculated by obtaining the molecular lengths from 
Chemdraw™ software and multiplying by sin 30° to accommodate the 
average tilt of thiolates on gold surfaces.  

Fe
S
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Appendix A.1: Operation of STM: 

 

This appendix describes the basic operation of scanning tunneling microscopy, and the 

instrumentation used in this work. A more detailed description can be found in numerous 

sources.1-3 

 

The majority of this work was completed with a scanning tunneling microscope (STM), a probe 

microscopy technique in which a voltage is applied between an atomically sharp tip and 

conducting substrate that is spaced sufficiently close to each other to allow electrons to tunnel 

between the tip-substrate gap.4 The tip is attached to a computer controlled piezo-positioning 

element, which allows the tip to be moved independently in three dimensions with atomic scale 

precision. Variation in the current results from either a change in tip-substrate separation or a 

change in the local density of states in the substrate, or a combination of the two. A feedback 

loop monitors the tunneling current across the x-, y- plane and adjusts the height of the tip (in the 

z-direction) to maintain a constant setpoint tunneling current (i.e. constant current mode). This 

information is plotted to give a three dimensional relief that is a convolution of the topographic 

and electronic properties of the surface. A schematic of an STM can be seen in Figure A.1.  

 

Electron tunneling occurs when the tip and substrate are close enough in space (several 

Ångstroms) that their surface waves overlap. The gap between these two electrodes imposes  

an energy barrier. As a bias is applied between these two electrodes, the shape of the energy 

barrier is changed and there is a driving force for electrons to move across the barrier. Figure A.2 
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depicts this process schematically. Quantum mechanical treatment allows a finite number of 

electrons to traverse this barrier if the thickness (z) is small. The solution of the Shrödinger 

equation inside the barrier is:  

Ψ(z) = Ψ(0) exp(-2κz)    Equation (A.1) 

where κ is 

κ = (2m(V-E)/ ħ2) ½    Equation (A.2) 

Figure A.1: Schematic of a scanning tunneling microscope (STM). 
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Where m is the mass of an electron, V is the potential in the barrier, E is the energy of the 

electron and ħ is plank’s constant. The probability that an electron will cross the barrier is the 

tunneling current, I 

I ∝ exp(-2κz)     Equation (A.3) 

 

A decrease in wave overlap results in a decrease in the probability of electron tunneling, and 

ultimately a decrease in the tunneling current flow between the two electrodes at a given applied 

bias. As the tip and substrate are moved away from one another, the overlap of the surface waves 

will decay exponentially. 

 

 

 

 

 

 

 

 

 

The relation between the tip-substrate separation (z) as a function of tunneling current with 

constant applied bias can be seen in Figure A.3.A, and the separation as a function of applied 

bias while constant tunneling current is maintained Figure A.3.B. Equation A.1, dictates both the 

bias and current are exponential functions with respect to the distance. Larger tip-substrate 

Electron 
tunneling

EF tip 

EF sub

Tunnel 
barrier 

z
Figure A.2: Schematic illustrating the energy levels in the tip and substrate separated by a energy 
(tunnel) barrier with an applied bias. Energies of the electrons in the electrodes are indicated by the 
shaded regions. The applied bias is equal to the difference in the Fermi energies (EF) of the two 
electrodes.2 
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distances can be obtained by either increasing the STM operating bias, or lowering the operating 

setpoint current. These plots must always be considered when assigning experimental 

parameters, or blindly assigning empirical observations from an increase in tip-substrate 

separation. 

 

 

 

 

 

 

 

 

 

Continuous Imaging Tunneling Spectroscopy: 

 

As described briefly in Chapter 4, the current-voltage tunneling spectroscopy data were obtained 

in the mode known as continuous imaging tunneling spectroscopy (CITS).5 During the course of 

imaging the tip is periodically stopped in which the feedback loop disabled maintaining a 

constant tip-substrate separation, the bias swept to collect an I(V) curve under a given set of user 

defined  CITS parameters. This process is systematically iterated over the x-, y- scan area, 

creating an array of I(V) sampling points. The user can define the bias range, number of I(V) 

curves collected, number of sample points within a I(V) curve, and the time between each 

Current 

 (z)

Voltage 

 (z) 

Figure A.3:  Exponential dependency of voltage and current (respectively) as a function of tip-substrate 
distance (z). 
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sample within the spectra (sample period). However, the user cannot define the bias direction or 

where the I(V) curves within the image can be collected. The sample period is the amount of 

time it takes for between voltage steps in the bias ramp during the I(V) curve acquisition (Figure 

A.4).6 The time it takes to acquire a single I(V) curve  can be calculated by multiplying the  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

sample period by number of points contained in the I(V) curve,  

Time = (# samples)(sample period)   Equation (A.4) 

The scan rate of the I(V) curve can be calculated by dividing time by the bias range,  

Scan Rate = ((# samples)(sample period)/bias range) Equation (A.5) 
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Figure A.4:  Schematic illustrating the relation between the CITS parameters.  
Figure adaptation courtesy of Drs. S. Krämer & W.P. McConnell 
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Typically, data sets of 1024 curves (a 512 x 512 array) were obtained in our experiments, such 

that a statistical representation could be generated. The details of the statistical protocol is 

discussed in Section 4.6, and elsewhere.7,8 

 

Another important consideration when collecting I(V) curves in CITS is the bandwidth of the 

low current electronics used in our STM configuration. These electronics have limited bandwidth 

due to noise compression filters that are required for these low current ranges. It is advisable that 

the signal one wants to collect under a specific set of parameters lies within the bandwidth of the 

measurement electronics. All of the I(V) data within was collected with a Digital Instruments 

Nanoscope NSe with booster box (low current electronics) that had a maximum filter cut-off 

frequency of 1.5 kHz. When expecting to observe a NDR response with a peak width of 1000 

mV, within a voltage window of 4000 mV (-2 V to 2 V) with CITS parameters of 256 points and 

sample period of 1000 µs, a series of quick calculations should first be executed. Using the 

empirical parameters given above, the total time of the voltage sweep is: 

(256 points)(1000 µs / point) = 2.56 x 105 µs 

After conversion from µs to s, the scan rate can be calculated for a 4000 mV window:  

4 V / 0.256 s = 15.625 V /s 

The final calculation converts the voltage scale to frequency by dividing by the peak width: 

(15.625 V /s) / 1 V = 15.625 s-1 

This means that an NDR response with peak width of 1000 mV will have a frequency of 0.0156 

kHz, which falls under the cut-off frequency of the electronics in the low current booster box.  
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A plot of peak width versus cut-off frequency as a function of sample period can be seen in 

Figure A.5. This figure was generated to determine if an NDR response collected at a specific 

sample period over a 4000 mV bias range would fall under the cut-off frequency of 1.5 kHz used 

in our experiments.  As can be seen from the plot, I(V) curves collected with a sample period of 

20 µs fall outside the cut-off frequency of the low current electronics.  
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Figure A.5: Peak width vs. cut-off frequency plot as a function of sample period of the CITS 
experiment. Curves below the cut-off frequency of 1.5 kHz fall within bandwidth of the low current 
electronics. 
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Appendix 2.1 

 
“Quarterfoil pattern” for Figure 2.3 
#include <litho.h> 
 
void main() 
{ 
LITHO_BEGIN 
// this macro writes a four leaf clover; “quarterfoil” pattern 
//has 100 steps takes about 15 seconds 
double rate  = 0.04; //move tip in x-y at this value um/s 
double bias = 3.1; // move to starting point where the letter is scribed 
LithoTranslate (0, 0.07, rate); 
 
LithoSetOutput (aoBias, bias); 
 
//start at crotch  
 
//part 1  - crotch 
LithoTranslate ( 0.002, 0.018, rate); 
LithoTranslate ( 0.004, 0.012, rate); 
LithoTranslate ( 0.006, 0.012, rate); 
LithoTranslate ( 0.012, 0.014, rate); 
LithoTranslate ( 0.014, 0.012, rate); 
LithoTranslate ( 0.012, 0.006, rate); 
LithoTranslate ( 0.014, 0.004, rate); 
LithoTranslate ( 0.016, 0.002, rate); 
//part 2 - top of arc (repeat  part 1) 
 
LithoTranslate ( 0.016, -0.002, rate); 
LithoTranslate ( 0.003, -0.004, rate); 
LithoTranslate ( 0.012, -0.006, rate); 
LithoTranslate ( 0.014, -0.012, rate); 
LithoTranslate ( 0.012, -0.014, rate); 
LithoTranslate ( 0.006, -0.012, rate); 
LithoTranslate ( 0.004, -0.012, rate); 
LithoTranslate ( 0.002, -0.018, rate); 
// part 3 - inverse of part 2 
 
LithoTranslate ( -0.002, -0.018, rate); 
LithoTranslate ( -0.004, -0.012, rate); 
LithoTranslate ( -0.006, -0.012, rate); 
LithoTranslate ( -0.012, -0.014, rate); 
LithoTranslate ( -0.014, -0.012, rate); 
LithoTranslate ( -0.012, -0.006, rate); 
LithoTranslate ( -0.014, -0.004, rate); 
 
LithoTranslate ( -0.016, -0.002, rate); 
 
// part 4 - repeat part 3 
LithoTranslate ( 0.016, -0.002, rate); 
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LithoTranslate ( 0.003, -0.004, rate); 
LithoTranslate ( 0.012, -0.006, rate); 
LithoTranslate ( 0.014, -0.012, rate); 
LithoTranslate ( 0.012, -0.014, rate); 
LithoTranslate ( 0.006, -0.012, rate); 
LithoTranslate ( 0.004, -0.012, rate); 
LithoTranslate ( 0.002, -0.018, rate); 
 
// part 5 
 
LithoTranslate ( -0.002, -0.018, rate); 
LithoTranslate ( -0.004, -0.012, rate); 
LithoTranslate ( -0.006, -0.012, rate); 
LithoTranslate ( -0.012, -0.014, rate); 
LithoTranslate ( -0.014, -0.012, rate); 
LithoTranslate ( -0.012, -0.006, rate); 
LithoTranslate ( -0.014, -0.004, rate); 
LithoTranslate ( -0.016, -0.002, rate); 
 
//part 6 -  
LithoTranslate ( -0.016, 0.002, rate); 
LithoTranslate ( -0.003, 0.004, rate); 
LithoTranslate ( -0.012, 0.006, rate); 
LithoTranslate ( -0.014, 0.012, rate); 
LithoTranslate ( -0.012, 0.014, rate); 
LithoTranslate ( -0.006, 0.012, rate); 
LithoTranslate ( -0.004, 0.012, rate); 
LithoTranslate ( -0.002, 0.018, rate); 
 
// part 7 - 
LithoTranslate ( -0.002, -0.018, rate); 
LithoTranslate ( -0.004, -0.012, rate); 
LithoTranslate ( -0.006, -0.012, rate); 
LithoTranslate ( -0.012, -0.014, rate); 
LithoTranslate ( -0.014, -0.012, rate); 
LithoTranslate ( -0.012, -0.006, rate); 
LithoTranslate ( -0.014, -0.004, rate); 
LithoTranslate ( -0.016, -0.002, rate); 
 
// part 8 - 
LithoTranslate ( -0.016, 0.002, rate); 
LithoTranslate ( -0.003, 0.004, rate); 
LithoTranslate ( -0.012, 0.006, rate); 
LithoTranslate ( -0.014, 0.012, rate); 
LithoTranslate ( -0.012, 0.014, rate); 
LithoTranslate ( -0.006, 0.012, rate); 
LithoTranslate ( -0.004, 0.012, rate); 
LithoTranslate ( -0.002, 0.018, rate); 
 
//part 9  
LithoTranslate ( 0.002, 0.018, rate); 
LithoTranslate ( 0.004, 0.012, rate); 
LithoTranslate ( 0.006, 0.012, rate); 
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LithoTranslate ( 0.012, 0.014, rate); 
LithoTranslate ( 0.014, 0.012, rate); 
LithoTranslate ( 0.012, 0.006, rate); 
LithoTranslate ( 0.014, 0.004, rate); 
LithoTranslate ( 0.016, 0.002, rate); 
 
//part 10 
LithoTranslate ( -0.016, 0.002, rate); 
LithoTranslate ( -0.003, 0.004, rate); 
LithoTranslate ( -0.012, 0.006, rate); 
LithoTranslate ( -0.014, 0.012, rate); 
LithoTranslate ( -0.012, 0.014, rate); 
LithoTranslate ( -0.006, 0.012, rate); 
LithoTranslate ( -0.004, 0.012, rate); 
LithoTranslate ( -0.002, 0.018, rate); 
 
// part 11  
LithoTranslate ( 0.002, 0.018, rate); 
LithoTranslate ( 0.004, 0.012, rate); 
LithoTranslate ( 0.006, 0.012, rate); 
LithoTranslate ( 0.012, 0.014, rate); 
LithoTranslate ( 0.014, 0.012, rate); 
LithoTranslate ( 0.012, 0.006, rate); 
LithoTranslate ( 0.014, 0.004, rate); 
LithoTranslate ( 0.016, -0.002, rate); 
 
//part 12 - 
LithoTranslate ( 0.016, -0.002, rate); 
LithoTranslate ( 0.003, -0.004, rate); 
LithoTranslate ( 0.012, -0.006, rate); 
LithoTranslate ( 0.014, -0.012, rate); 
LithoTranslate ( 0.012, -0.014, rate); 
LithoTranslate ( 0.006, -0.012, rate); 
LithoTranslate ( 0.004, -0.012, rate); 
LithoTranslate ( 0.002, -0.018, rate); 
LithoSetOutput ( aoBias, 1.0); 
 
LITHO_END 
} 
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Appendix 2.2 
 
 “NC State Logo” for Figure 2.4   
#include <litho.h> 
 
void main() 
 
    LITHO_BEGIN 
    // this draws the NCS logo, where N & C are within the S 
    double rate=0.05; //move the tip in x-y at 100nm/s 
    double bias=3.0;      
    //move to the startingpoint where the letter is scribed 
    LithoTranslate (-0.1,-0.16,rate); 
 
    //set the Bias voltage to 3.0 volts 
    LithoSetOutput (aoBias,bias); 
 
    //scribe the letter S 
    LithoTranslate ( 0.04, -0.04, rate); 
    LithoTranslate ( 0.12, 0, rate); 
    LithoTranslate ( 0.04, 0.04, rate); 
    LithoTranslate ( 0, 0.12, rate); 
    LithoTranslate ( -0.04, 0.04, rate); 
    LithoTranslate ( -0.12, 0, rate); 
    LithoTranslate ( -0.04, 0.04, rate); 
    LithoTranslate ( 0, 0.12, rate); 
    LithoTranslate ( 0.04, 0.04, rate); 
    LithoTranslate ( 0.12, 0, rate); 
    LithoTranslate ( 0.04, -0.04, rate); 
    LithoSetOutput ( aoBias,1.0); 
 
    //scribe letter N inside S 
    LithoTranslate ( -0.06, -0.02, rate); 
    LithoSetOutput ( aoBias, bias); 
    LithoTranslate ( 0, -0.08, rate); 
    LithoTranslate ( -0.08, 0.08, rate); 
    LithoTranslate ( 0, -0.08, rate); 
    LithoSetOutput ( aoBias, 1.0); 
     
    //scribe the letter  C inside S    
    LithoTranslate (0.08, -0.14, rate);     
 
    LithoSetOutput (aoBias,bias); 
    LithoTranslate ( -0.02, 0.02, rate); 
    LithoTranslate ( -0.04, 0, rate); 
    LithoTranslate ( -0.02, -0.02, rate); 
    LithoTranslate ( 0, -0.04, rate); 
    LithoTranslate ( 0.02, -0.02, rate); 
    LithoTranslate ( 0.04, 0, rate); 
    LithoTranslate ( 0.02, 0.02, rate); 
    LithoSetOutput ( aoBias, 1.0); 
 
LITHO_END 
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Appendix 2.3 

 
“12 lines” for Figure 2.6    
#include <litho.h> 
 
void main() 
{ 
LITHO_BEGIN 
// writes two rows of 6 vertical lines 100nm apart at incrementally different biases 
double rate  = 0.05;        //move tip in x-y at this rate in um/s 
double startvoltage = 2.5;  //voltage of first line etch 
double increment = 0.1;      //increment of voltage 
 
LithoTranslate (-0.25, +0.05, rate); //move to starting point 
LithoSetOutput (aoBias, startvoltage); // turn on at startvoltage 
LithoTranslate ( 0, 0.2, rate); //scribes line up 
LithoSetOutput (aoBias, 1.0); //turn off 
LithoTranslate ( 0.1, 0, rate); // move 
LithoSetOutput (aoBias, startvoltage+1*increment); // turn on and etch 
LithoTranslate ( 0, -0.2, rate); //scribe line down 
LithoSetOutput ( aoBias, 1.0); // turn off 
LithoTranslate ( 0.1, 0, rate); // move 
LithoSetOutput (aoBias, startvoltage+2*increment); //turn on and etch 
LithoTranslate ( 0, 0.2, rate); //scribe line up 
LithoSetOutput ( aoBias, 1.0); // turn off 
LithoTranslate ( 0.1, 0, rate); // move 
LithoSetOutput ( aoBias, startvoltage+3*increment); // turn on and etch 
LithoTranslate ( 0, -0.2, rate); // scribe line down  
LithoSetOutput ( aoBias, 1.0); // turn off 
LithoTranslate ( 0.1, 0, rate); // move 
LithoSetOutput (aoBias, startvoltage+4*increment); // turn on and etch 
LithoTranslate ( 0, 0.2, rate); // scribe line up 
LithoSetOutput ( aoBias, 1.0); // turn off 
LithoTranslate ( 0.1, 0, rate); // move 
LithoSetOutput ( aoBias, startvoltage+5*increment); // turn on and etch 
LithoTranslate ( 0, -0.2, rate); // scribe line Down, reference line 
LithoTranslate ( 0.07, 0, rate);  //makes reference line on last (RHS) line 
LithoSetOutput (aoBias, 1.0); 
LithoTranslate (-0.57, -0.3, rate); //move to starting point 
LithoSetOutput (aoBias, startvoltage+6*increment); // turn on at startvoltage 
LithoTranslate ( 0, 0.2, rate); //scribes line up 
LithoSetOutput (aoBias, 1.0); //turn off 
LithoTranslate ( 0.1, 0, rate); // move 
LithoSetOutput (aoBias, startvoltage+7*increment); // turn on and etch 
LithoTranslate ( 0, -0.2, rate); //scribe line down 
LithoSetOutput ( aoBias, 1.0); // turn off 
LithoTranslate ( 0.1, 0, rate); // move 
LithoSetOutput (aoBias, startvoltage+8*increment); //turn on and etch 
LithoTranslate ( 0, 0.2, rate); //scribe line up 
LithoSetOutput ( aoBias, 1.0); // turn off 
LithoTranslate ( 0.1, 0, rate); // move 
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LithoSetOutput ( aoBias, startvoltage+9*increment); // turn on and etch 
LithoTranslate ( 0, -0.2, rate); // scribe line down  
LithoSetOutput ( aoBias, 1.0); // turn off 
LithoTranslate ( 0.1, 0, rate); // move 
LithoSetOutput (aoBias, startvoltage+10*increment); // turn on and etch 
LithoTranslate ( 0, 0.2, rate); // scribe line up 
LithoSetOutput ( aoBias, 1.0); // turn off 
LithoTranslate ( 0.1, 0, rate); // move 
LithoSetOutput ( aoBias, startvoltage+11*increment); // turn on and etch 
LithoTranslate ( 0, -0.2, rate); // scribe line Down, reference line 
LithoTranslate ( 0.07, 0, rate);  //makes reference line on last (RHS) line 
LithoSetOutput (aoBias, 1.0); 
LITHO_END 
} 
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Appendix 2.4 

   
“6 lines” for Figure 2.7 
void main() 
{ 
LITHO_BEGIN 
// write 6 vertical lines 100nm apart at different (-) bias' 
// has 29 intructions 
double rate = 0.02; //move tip in x-y at this rate in um/s 
double startvoltage = -2.7; 
double increment = -0.10; 
 
LithoTranslate (-0.26, -0.1, rate); //move to starting point 
LithoSetOutput (aoBias, startvoltage);  
LithoTranslate ( 0, 0.2, rate); //scribes line up 
LithoSetOutput (aoBias, 1.0); //turn off 
LithoTranslate ( 0.1, 0, rate); // move 
LithoSetOutput (aoBias, startvoltage+1*increment); // turn on  
LithoTranslate ( 0, -0.2, rate); //scribe line down  
LithoSetOutput ( aoBias, 1.0); // turn off 
LithoTranslate ( 0.1, 0, rate); // move 
LithoSetOutput (aoBias, startvoltage+2*increment); //turn on  
LithoTranslate ( 0, 0.2, rate); //scribe line up 
LithoSetOutput ( aoBias, 1.0); // turn off 
LithoTranslate ( 0.1, 0, rate); // move 
LithoSetOutput ( aoBias, startvoltage+3*increment); // turn on  
LithoTranslate ( 0, -0.2, rate); // scribe line down  
LithoSetOutput ( aoBias, 1.0); // turn off 
LithoTranslate ( 0.1, 0, rate); // move 
LithoSetOutput (aoBias, startvoltage+4*increment); // turn on a 
LithoTranslate ( 0, 0.2, rate); // scribe line up 
LithoSetOutput ( aoBias, 1.0); // turn off 
LithoTranslate ( 0.1, 0, rate); // move 
LithoSetOutput ( aoBias, startvoltage+5*increment); // turn on at 2.8V 
LithoTranslate ( 0, -0.2, rate); // scribe line Down, reference line 
LithoSetOutput (aoBias, 1.0); 
LithoTranslate ( 0, 0.1, rate); 
LithoSetOutput ( aoBias, startvoltage+5*increment); 
LithoTranslate ( 0.04, 0, rate); 
LithoSetOutput ( aoBias, 1.0); // turn off 
 
 
LITHO_END} 
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Appendix 2.5 

 
“7 lines”  for Figure 2.8     
#include <litho.h> 
 
void main() 
{ 
LITHO_BEGIN 
// write 7 vertical lines 100nm apart at different bias' 
double rate  = 0.05; //move tip in x-y at this rate in um/s 
 
LithoTranslate (-0.3, -0.1, rate); //move to starting point 
LithoSetOutput (aoBias, 2.7); // turn on at 2.5V 
LithoTranslate ( 0, 0.2, rate); //scribes line up at 2.5V 
LithoSetOutput (aoBias, 1.0); //turn off 
LithoTranslate ( 0.1, 0, rate); // move 
LithoSetOutput (aoBias, 2.8); // turn on at 2.6 
LithoTranslate ( 0, -0.2, rate); //scribe line down at 2.6V 
LithoSetOutput ( aoBias, 1.0); // turn off 
LithoTranslate ( 0.1, 0, rate); // move 
LithoSetOutput (aoBias, 2.9); //turn on at 2.7V 
LithoTranslate ( 0, 0.2, rate); //scribe line up 
LithoSetOutput ( aoBias, 1.0); // turn off 
LithoTranslate ( 0.1, 0, rate); // move 
LithoSetOutput ( aoBias, 3.0); // turn on at 2.8V 
LithoTranslate ( 0, -0.2, rate); // scribe line down  
LithoSetOutput ( aoBias, 1.0); // turn off 
LithoTranslate ( 0.1, 0, rate); // move 
LithoSetOutput (aoBias, 3.1); // turn on at 3.1V 
LithoTranslate ( 0, 0.2, rate); // scribe line up 
LithoSetOutput ( aoBias, 1.0); // turn off 
LithoTranslate ( 0.1, 0, rate); // move 
LithoSetOutput ( aoBias, 3.2); // turn on at 3.2V 
LithoTranslate ( 0, -0.2, rate); // scribe line Down 
LithoSetOutput ( aoBias, 1.0); // turn off 
LithoTranslate ( 0.1, 0, rate); // move 
LithoSetOutput ( aoBias, 3.3); // turn on at 3.3V 
LithoTranslate ( 0, 0.2, rate); //scribe line up 
LithoTranslate ( 0.04, 0, rate);// finished  reference line 
LithoSetOutput ( aoBias, 1.0); //turn off 
 
 
 
 
LITHO_END 
} 
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Appendix 2.6 

 
“RH lines” for Figure 2.9    
#include <litho.h> 
   
void main() 
{ 
LITHO_BEGIN 
// write 6 vertical lines 100nm apart at different (-) bias' 
// has 29 intructions 
double rate = 0.02; //move tip in x-y at this rate in um/s 
double startvoltage = -2.7; 
double increment = -0.10; 
 
LithoTranslate (-0.26, -0.1, rate); //move to starting point 
LithoSetOutput (aoBias, startvoltage);  
LithoTranslate ( 0, 0.2, rate); //scribes line up 
LithoSetOutput (aoBias, 1.0); //turn off 
LithoTranslate ( 0.1, 0, rate); // move 
LithoSetOutput (aoBias, startvoltage+1*increment); // turn on  
LithoTranslate ( 0, -0.2, rate); //scribe line down  
LithoSetOutput ( aoBias, 1.0); // turn off 
LithoTranslate ( 0.1, 0, rate); // move 
LithoSetOutput (aoBias, startvoltage+2*increment); //turn on  
LithoTranslate ( 0, 0.2, rate); //scribe line up 
LithoSetOutput ( aoBias, 1.0); // turn off 
LithoTranslate ( 0.1, 0, rate); // move 
LithoSetOutput ( aoBias, startvoltage+3*increment); // turn on  
LithoTranslate ( 0, -0.2, rate); // scribe line down  
LithoSetOutput ( aoBias, 1.0); // turn off 
LithoTranslate ( 0.1, 0, rate); // move 
LithoSetOutput (aoBias, startvoltage+4*increment); // turn on a 
LithoTranslate ( 0, 0.2, rate); // scribe line up 
LithoSetOutput ( aoBias, 1.0); // turn off 
LithoTranslate ( 0.1, 0, rate); // move 
LithoSetOutput ( aoBias, startvoltage+5*increment); // turn on at 2.8V 
LithoTranslate ( 0, -0.2, rate); // scribe line Down, reference line 
LithoSetOutput (aoBias, 1.0); 
LithoTranslate ( 0, 0.1, rate); 
LithoSetOutput ( aoBias, startvoltage+5*increment); 
LithoTranslate ( 0.04, 0, rate); 
LithoSetOutput ( aoBias, 1.0); // turn off 
 
 
LITHO_END} 
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Appendix 2.7 
 
“Gal”  letters for Figure 2.10   
#include <litho.h> 
 
void main() 
{ 
LITHO_BEGIN 
 
double rate  = 0.03; // move tip in x-y at 100nm/s 
double bias = 3.1; // move to starting point where the letter is scribed 
// wrties g in opposite direction as galvinol macro 
LithoTranslate (-0.1, 0.06, rate); 
 
// set the Bias Voltage to 3.0 volts  
LithoSetOutput (aoBias, bias); 
 
//scribe the letter G 
LithoTranslate (-0.04, 0.04, rate); 
LithoTranslate (-0.02, 0, rate); 
LithoTranslate (-0.04, -0.04, rate); 
LithoTranslate ( 0, -0.12, rate); 
LithoTranslate ( 0.04, -0.04, rate); 
LithoTranslate ( 0.02, 0, rate); 
LithoTranslate ( 0.04, 0.04, rate); 
LithoTranslate ( 0, 0.06, rate); 
LithoTranslate ( -0.04, 0, rate); 
LithoSetOutput (aoBias, 1.0); 
 
//scribe the letter a 
LithoTranslate (0.1, 0, rate); 
LithoSetOutput (aoBias, bias); 
LithoTranslate (0.08, 0, rate); 
LithoTranslate (0, -0.1, rate); 
LithoTranslate ( -0.08, 0, rate); 
LithoTranslate ( 0, 0.06,  rate); 
LithoTranslate ( 0.08, 0, rate); 
LithoSetOutput (aoBias, 1.0); 
 
 
//scribe the letter l 
LithoTranslate (0.06, -0.06, rate); 
LithoSetOutput (aoBias, bias); 
LithoTranslate (0, 0.2, rate); 
LithoSetOutput (aoBias, 1.0); 
 
 
 
LITHO_END 
 
} 
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Appendix 2.8 
 
“Fc” letters for Figure 2.11   
#include <litho.h> 
 
void main() 
{ 
LITHO_BEGIN 
 
double rate  = 0.05; //move tip in x-y at this value in um/s 
double bias = 2.9; 
 // move to starting point where the letter is scribed 
LithoTranslate (-0.1, -0.08, rate); 
 
// set the Bias Voltage to 3.0 volts 
LithoSetOutput (aoBias, bias); 
 
//scribe the F 
LithoTranslate ( 0, 0.2, rate); 
LithoTranslate ( 0.1, 0, rate); 
LithoSetOutput (aoBias, 1.0); 
LithoTranslate ( -0.1, -0.08, rate); 
LithoSetOutput (aoBias, bias); 
LithoTranslate ( 0.06, 0, rate); 
LithoSetOutput (aoBias, 1.0); 
//scribe the letter c 
LithoTranslate ( 0.14, -0.02, rate); 
LithoSetOutput (aoBias, bias); 
LithoTranslate ( -0.04, 0.04, rate); 
LithoTranslate ( -0.02, 0, rate); 
LithoTranslate ( -0.04, -0.04, rate); 
LithoTranslate ( 0, -0.04, rate); 
LithoTranslate ( 0.04, -0.04, rate); 
LithoTranslate ( 0.02, 0, rate); 
LithoTranslate ( 0.04, 0.04, rate); 
LithoSetOutput (aoBias, 1.0); 
 
 
LITHO_END 
} 
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Appendix 3.1 
 
“Replacement bias gradient” for Figure 3.1 
#include <litho.h> 
 
void main() 
{ 
LITHO_BEGIN 
// has 184 steps,takes a few minutes 
double rate  = 0.05; // move tip in x-y at 50nm/s 
double startvoltage = 2.5; 
double increment = 0.02; 
 
LithoTranslate (-0.1, 0.3, rate); 
 
LithoSetOutput ( aoBias, startvoltage); 
LithoTranslate ( 0.2, 0, rate); // scribe line 
LithoTranslate ( 0, -0.012, rate); 
LithoTranslate ( -0.2, 0, rate); // scribe line 
LithoTranslate ( 0, -0.012, rate); 
LithoTranslate ( 0.2, 0, rate); //scribe line 
LithoTranslate ( 0, -0.012, rate); 
LithoSetOutput ( aoBias, startvoltage+1*increment); 
LithoTranslate ( -0.2, 0, rate); //scribe line 
LithoTranslate ( 0, -0.012, rate); 
LithoTranslate ( 0.2, 0, rate); // scribe line 
LithoTranslate ( 0, -0.012, rate); 
LithoTranslate (-0.2, 0, rate); // scribe line 
LithoTranslate ( 0, -0.012, rate); 
LithoSetOutput ( aoBias, startvoltage+2*increment); 
LithoTranslate ( 0.2, 0, rate); // scribe line 
LithoTranslate ( 0, -0.012, rate); 
LithoTranslate ( -0.2, 0, rate); // scribe line 
LithoTranslate ( 0, -0.012, rate); 
LithoTranslate ( 0.2, 0, rate); // scribe line 
LithoTranslate ( 0, -0.012, rate); 
LithoSetOutput ( aoBias, startvoltage+3*increment); 
LithoTranslate ( -0.2, 0 , rate); // scribe line 
LithoTranslate ( 0, -0.012, rate); 
LithoTranslate ( 0.2, 0, rate); //scribe line 
LithoTranslate ( 0, -0.012, rate); 
LithoTranslate ( -0.2, 0, rate); 
LithoTranslate ( 0, -0.012, rate); 
LithoSetOutput ( aoBias, startvoltage+4*increment); 
LithoTranslate ( 0.2, 0, rate); 
LithoTranslate ( 0, -0.012, rate); 
LithoTranslate ( -0.2, 0, rate); 
LithoTranslate ( 0, -0.012, rate); 
LithoTranslate ( 0.2, 0, rate); // scribe line 
LithoTranslate ( 0, -0.012, rate); 
LithoSetOutput ( aoBias, startvoltage+5*increment); 
LithoTranslate ( -0.2, 0, rate); 
LithoTranslate ( 0, -0.012, rate); 
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LithoTranslate ( 0.2, 0, rate); 
LithoTranslate ( 0, -0.012, rate); 
LithoTranslate ( -0.2, 0, rate); 
LithoTranslate ( 0, -0.01, rate); 
LithoSetOutput ( aoBias, startvoltage+6*increment); 
LithoTranslate ( 0.2, 0, rate); 
LithoTranslate ( 0, -0.01, rate); 
LithoTranslate ( -0.2, 0, rate); 
LithoTranslate ( 0, -0.01, rate); 
LithoTranslate ( 0.2, 0, rate); 
LithoTranslate ( 0, -0.01, rate); 
LithoSetOutput ( aoBias, startvoltage+7*increment); 
LithoTranslate ( -0.2, 0, rate); 
LithoTranslate ( 0, -0.01, rate); 
LithoTranslate ( 0.2, 0, rate); // scribe line 
LithoTranslate ( 0, -0.01, rate); 
LithoTranslate ( -0.2, 0, rate); 
LithoTranslate ( 0, -0.01, rate); 
LithoSetOutput ( aoBias, startvoltage+8*increment); 
LithoTranslate ( 0.2, 0, rate); 
LithoTranslate ( 0, -0.01, rate); 
LithoTranslate ( -0.2, 0, rate); 
LithoTranslate ( 0, -0.01, rate); 
LithoTranslate ( 0.2, 0, rate); 
LithoTranslate ( 0, -0.01, rate); 
LithoSetOutput ( aoBias, startvoltage+9*increment); 
LithoTranslate ( -0.2, 0, rate); 
LithoTranslate ( 0, -0.01, rate); 
LithoTranslate ( 0.2, 0, rate); 
LithoTranslate ( 0, -0.01, rate); 
LithoTranslate ( -0.2, 0, rate); 
LithoTranslate ( 0, -0.01, rate); 
LithoSetOutput ( aoBias, startvoltage+10*increment); 
LithoTranslate ( 0.2, 0, rate); 
LithoTranslate ( 0, -0.01, rate); 
LithoTranslate ( -0.2, 0, rate); 
LithoTranslate ( 0, -0.01, rate); 
LithoTranslate ( 0.2, 0, rate); 
LithoTranslate ( 0, -0.01, rate); 
LithoSetOutput ( aoBias, startvoltage+11*increment); 
LithoTranslate ( -0.2, 0, rate); 
LithoTranslate ( 0, -0.01, rate); 
LithoTranslate ( 0.2, 0, rate); 
LithoTranslate ( 0, -0.01, rate); 
LithoTranslate ( -0.2, 0, rate); 
LithoTranslate ( 0, -0.01, rate); 
LithoSetOutput ( aoBias, startvoltage+12*increment); 
LithoTranslate ( 0.2, 0, rate); 
LithoTranslate ( 0, -0.01, rate); 
LithoTranslate ( -0.2, 0, rate); 
LithoTranslate ( 0, -0.01, rate); 
LithoTranslate ( 0.2, 0, rate); 
LithoTranslate ( 0, -0.01, rate); 
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LithoSetOutput ( aoBias, startvoltage+13*increment); 
LithoTranslate ( -0.2, 0, rate); 
LithoTranslate ( 0, -0.01, rate); 
LithoTranslate ( 0.2, 0, rate); 
LithoTranslate ( 0, -0.01, rate); 
LithoTranslate ( -0.2, 0, rate); 
LithoTranslate ( 0, -0.01, rate); 
LithoSetOutput ( aoBias, startvoltage+14*increment); 
LithoTranslate ( 0.2, 0, rate); 
LithoTranslate ( 0, -0.01, rate); 
LithoTranslate ( -0.2, 0, rate); 
LithoTranslate ( 0, -0.01, rate); 
LithoTranslate ( 0.2, 0, rate); 
LithoTranslate ( 0, -0.01, rate); 
LithoSetOutput ( aoBias, startvoltage+15*increment); 
LithoTranslate ( -0.2, 0, rate); 
LithoTranslate ( 0, -0.0075, rate); 
LithoTranslate ( 0.2, 0, rate); 
LithoTranslate ( 0, -0.0075, rate); 
LithoTranslate ( -0.2, 0, rate); 
LithoTranslate ( 0, -0.0075, rate); 
LithoSetOutput ( aoBias, startvoltage+16*increment); 
LithoTranslate ( 0.2, 0, rate); 
LithoTranslate ( 0, -0.0075, rate); 
LithoTranslate ( -0.2, 0, rate); 
LithoTranslate ( 0, -0.0075, rate); 
LithoTranslate ( 0.2, 0, rate); 
LithoTranslate ( 0, -0.0075, rate); 
LithoSetOutput ( aoBias, startvoltage+17*increment); 
LithoTranslate ( -0.2, 0, rate); 
LithoTranslate ( 0, -0.0075, rate); 
LithoTranslate ( 0.2, 0, rate); 
LithoTranslate ( 0, -0.0075, rate); 
LithoTranslate ( -0.2, 0, rate); 
LithoTranslate ( 0, -0.0075, rate); 
LithoSetOutput ( aoBias, startvoltage+18*increment); 
LithoTranslate ( 0.2, 0, rate); 
LithoTranslate ( 0, -0.0075, rate); 
LithoTranslate ( -0.2, 0, rate); 
LithoTranslate ( 0, -0.0075, rate); 
LithoTranslate ( 0.2, 0, rate); 
LithoTranslate ( 0, -0.0075, rate); 
LithoSetOutput ( aoBias, startvoltage+19*increment); 
LithoTranslate ( -0.2, 0, rate); 
LithoTranslate ( 0, -0.0075, rate); 
LithoTranslate ( 0.2, 0, rate); 
LithoTranslate ( 0, -0.0075, rate); 
LithoTranslate ( -0.2, 0, rate); 
LithoTranslate ( 0, -0.0075, rate); 
LithoSetOutput ( aoBias, startvoltage+20*increment); 
LithoTranslate ( 0.2, 0, rate); 
LithoTranslate ( 0, -0.005, rate); 
LithoTranslate ( -0.2, 0, rate); 
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LithoTranslate ( 0, -0.005, rate); 
LithoTranslate ( 0.2, 0, rate); 
LithoTranslate ( 0, -0.005, rate); 
LithoSetOutput ( aoBias, startvoltage+21*increment); 
LithoTranslate ( -0.2, 0, rate); 
LithoTranslate ( 0, -0.005, rate); 
LithoTranslate ( 0.2, 0, rate); 
LithoTranslate ( 0, -0.005, rate); 
LithoTranslate ( -0.2, 0, rate); 
LithoTranslate ( 0, -0.005, rate); 
LithoSetOutput ( aoBias, startvoltage+22*increment); 
LithoTranslate ( 0.2, 0, rate); 
LithoTranslate ( 0, -0.005, rate); 
LithoTranslate ( -0.2, 0, rate); 
LithoTranslate ( 0, -0.005, rate); 
LithoTranslate ( 0.2, 0, rate); 
LithoTranslate ( 0, -0.005, rate); 
LithoSetOutput ( aoBias, startvoltage+23*increment); 
LithoTranslate ( -0.2, 0, rate); 
LithoTranslate ( 0, -0.005, rate); 
LithoTranslate ( 0.2, 0, rate); 
LithoTranslate ( 0, -0.005, rate); 
LithoTranslate ( -0.2, 0, rate); 
LithoTranslate ( 0, -0.005, rate); 
LithoSetOutput ( aoBias, startvoltage+24*increment); 
LithoTranslate ( 0.2, 0, rate); 
LithoTranslate ( 0, -0.005, rate); 
LithoTranslate ( -0.2, 0, rate); 
LithoTranslate ( 0, -0.005, rate); 
LithoTranslate ( 0.2, 0, rate); 
LithoTranslate ( 0, -0.005, rate); 
LithoSetOutput ( aoBias, startvoltage+25*increment); 
LithoTranslate ( -0.2, 0, rate); 
LithoTranslate ( 0, -0.005, rate); 
LithoTranslate ( 0.2, 0, rate); 
LithoTranslate ( 0, -0.005, rate); 
LithoTranslate ( -0.2, 0, rate); 
LithoSetOutput ( aoBias, 1.0); // turn OFF 
 
LITHO_END 
 
} 
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Appendix 3.2  
 
“Lithographic scan rate gradient“ for Figure 3.2    
#include <litho.h> 
 
void main() 
{ 
LITHO_BEGIN 
// has 184 steps,takes a few minutes 
double rate  = 0.02; // move tip in x-y at 50nm/s 
double bias = 3.0; 
 
 
LithoTranslate (-0.1, 0.3, rate); 
 
LithoSetOutput ( aoBias, bias); 
LithoTranslate ( 0.2, 0, rate*10); // scribe line 
LithoTranslate ( 0, -0.012, rate*10); 
LithoTranslate ( -0.2, 0, rate*10); // scribe line 
LithoTranslate ( 0, -0.012, rate*10); 
LithoTranslate ( 0.2, 0, rate*10); //scribe line 
LithoTranslate ( 0, -0.012, rate*10); 
// 
LithoTranslate ( -0.2, 0, rate*9.5); //scribe line 
LithoTranslate ( 0, -0.012, rate*9.5); 
LithoTranslate ( 0.2, 0, rate*9.5); // scribe line 
LithoTranslate ( 0, -0.012, rate*9.5); 
LithoTranslate (-0.2, 0, rate*9.5); // scribe line 
LithoTranslate ( 0, -0.012, rate*9.5); 
// 
LithoTranslate ( 0.2, 0, rate*9); // scribe line 
LithoTranslate ( 0, -0.012, rate*9); 
LithoTranslate ( -0.2, 0, rate*9); // scribe line 
LithoTranslate ( 0, -0.012, rate*9); 
LithoTranslate ( 0.2, 0, rate*9); // scribe line 
LithoTranslate ( 0, -0.012, rate*9); 
// 
LithoTranslate ( -0.2, 0 , rate*8.5); // scribe line 
LithoTranslate ( 0, -0.012, rate*8.5); 
LithoTranslate ( 0.2, 0, rate*8.5); //scribe line 
LithoTranslate ( 0, -0.012, rate*8.5); 
LithoTranslate ( -0.2, 0, rate*8.5); 
LithoTranslate ( 0, -0.012, rate*8.5); 
// 
LithoTranslate ( 0.2, 0, rate*8); 
LithoTranslate ( 0, -0.012, rate*8); 
LithoTranslate ( -0.2, 0, rate*8); 
LithoTranslate ( 0, -0.012, rate*8); 
LithoTranslate ( 0.2, 0, rate*8);  
LithoTranslate ( 0, -0.012, rate*8); 
// 
LithoTranslate ( -0.2, 0, rate*7.5); 
LithoTranslate ( 0, -0.012, rate*7.5); 
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LithoTranslate ( 0.2, 0, rate*7.5); 
LithoTranslate ( 0, -0.012, rate*7.5); 
LithoTranslate ( -0.2, 0, rate*7.5); 
LithoTranslate ( 0, -0.01, rate*7.5); 
// 
LithoTranslate ( 0.2, 0, rate*7); 
LithoTranslate ( 0, -0.01, rate*7); 
LithoTranslate ( -0.2, 0, rate*7); 
LithoTranslate ( 0, -0.01, rate*7); 
LithoTranslate ( 0.2, 0, rate*7); 
LithoTranslate ( 0, -0.01, rate*7); 
// 
LithoTranslate ( -0.2, 0, rate*6.5); 
LithoTranslate ( 0, -0.01, rate*6.5); 
LithoTranslate ( 0.2, 0, rate*6.5);  
LithoTranslate ( 0, -0.01, rate*6.5); 
LithoTranslate ( -0.2, 0, rate*6.5); 
LithoTranslate ( 0, -0.01, rate*6.5); 
// 
LithoTranslate ( 0.2, 0, rate*6); 
LithoTranslate ( 0, -0.01, rate*6); 
LithoTranslate ( -0.2, 0, rate*6); 
LithoTranslate ( 0, -0.01, rate*6); 
LithoTranslate ( 0.2, 0, rate*6); 
LithoTranslate ( 0, -0.01, rate*6); 
// 
LithoTranslate ( -0.2, 0, rate*5.5); 
LithoTranslate ( 0, -0.01, rate*5.5); 
LithoTranslate ( 0.2, 0, rate*5.5); 
LithoTranslate ( 0, -0.01, rate*5.5); 
LithoTranslate ( -0.2, 0, rate*5.5); 
LithoTranslate ( 0, -0.01, rate*5.5); 
// 
LithoTranslate ( 0.2, 0, rate*5); 
LithoTranslate ( 0, -0.01, rate*5); 
LithoTranslate ( -0.2, 0, rate*5); 
LithoTranslate ( 0, -0.01, rate*5); 
LithoTranslate ( 0.2, 0, rate*5); 
LithoTranslate ( 0, -0.01, rate*5); 
// 
LithoTranslate ( -0.2, 0, rate*4.5); 
LithoTranslate ( 0, -0.01, rate*4.5); 
LithoTranslate ( 0.2, 0, rate*4.5); 
LithoTranslate ( 0, -0.01, rate*4.5); 
LithoTranslate ( -0.2, 0, rate*4.5); 
LithoTranslate ( 0, -0.01, rate*4.5); 
// 
LithoTranslate ( 0.2, 0, rate*4); 
LithoTranslate ( 0, -0.01, rate*4); 
LithoTranslate ( -0.2, 0, rate*4); 
LithoTranslate ( 0, -0.01, rate*4); 
LithoTranslate ( 0.2, 0, rate*4); 
LithoTranslate ( 0, -0.01, rate*4); 
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// 
LithoTranslate ( -0.2, 0, rate*3.5); 
LithoTranslate ( 0, -0.01, rate*3.5); 
LithoTranslate ( 0.2, 0, rate*3.5); 
LithoTranslate ( 0, -0.01, rate*3.5); 
LithoTranslate ( -0.2, 0, rate*3.5); 
LithoTranslate ( 0, -0.01, rate*3.5); 
// 
LithoTranslate ( 0.2, 0, rate*3); 
LithoTranslate ( 0, -0.01, rate*3); 
LithoTranslate ( -0.2, 0, rate*3); 
LithoTranslate ( 0, -0.01, rate*3); 
LithoTranslate ( 0.2, 0, rate*3); 
LithoTranslate ( 0, -0.01, rate*3); 
// 
LithoTranslate ( -0.2, 0, rate*2.5); 
LithoTranslate ( 0, -0.0075, rate*2.5); 
LithoTranslate ( 0.2, 0, rate*2.5); 
LithoTranslate ( 0, -0.0075, rate*2.5); 
LithoTranslate ( -0.2, 0, rate*2.5); 
LithoTranslate ( 0, -0.0075, rate*2.5); 
// 
LithoTranslate ( 0.2, 0, rate*2); 
LithoTranslate ( 0, -0.0075, rate*2); 
LithoTranslate ( -0.2, 0, rate*2); 
LithoTranslate ( 0, -0.0075, rate*2); 
LithoTranslate ( 0.2, 0, rate*2); 
LithoTranslate ( 0, -0.0075, rate*2); 
// 
LithoTranslate ( -0.2, 0, rate*1.5); 
LithoTranslate ( 0, -0.0075, rate*1.5); 
LithoTranslate ( 0.2, 0, rate*1.5); 
LithoTranslate ( 0, -0.0075, rate*1.5); 
LithoTranslate ( -0.2, 0, rate*1.5); 
LithoTranslate ( 0, -0.0075, rate*1.5); 
// 
LithoTranslate ( 0.2, 0, rate); 
LithoTranslate ( 0, -0.0075, rate); 
LithoTranslate ( -0.2, 0, rate); 
LithoTranslate ( 0, -0.0075, rate); 
LithoTranslate ( 0.2, 0, rate); 
LithoTranslate ( 0, -0.0075, rate); 
// 
 
LithoSetOutput ( aoBias, 1.0); // turn OFF 
 
LITHO_END 
 
} 
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Appendix 3.3  
 
“L grad” for Figure 3.3    
 
#include <litho.h> 
 
void main() 
{ 
LITHO_BEGIN 
//this writes and L shaped symmetrical gradient, a little bigger than lgrad4 
double rate  = 0.04; //move tip in x-y at this value in um/s 
double startvoltage = 2.9; 
double increment = 0.05; 
// 178 steps 
 // move to starting point where the letter is scribed 
LithoTranslate (-0.155, 0.20, rate); 
  
LithoSetOutput (aoBias, startvoltage); 
LithoTranslate ( 0.150, 0, rate); 
LithoTranslate ( 0, -0.004, rate); 
LithoTranslate ( -0.148, 0, rate); 
LithoTranslate ( 0.002, -0.004, rate); 
LithoTranslate ( 0.146, 0, rate); 
LithoTranslate ( 0, -0.004, rate); 
LithoTranslate ( -0.144, 0, rate); 
LithoTranslate ( 0.002, -0.005, rate); 
LithoTranslate ( 0.142, 0, rate); 
LithoSetOutput ( aoBias, startvoltage-1*increment); 
LithoTranslate ( 0, -0.005, rate); 
LithoTranslate ( -0.14, 0, rate); 
LithoTranslate ( 0.002, -0.005, rate); 
LithoTranslate ( 0.138, 0, rate); 
LithoTranslate ( 0, -0.005, rate); 
LithoTranslate ( -0.136, 0, rate); 
LithoTranslate ( 0.002, -.005, rate); 
LithoTranslate ( 0.134, 0, rate); 
LithoTranslate ( 0, -0.005, rate); 
LithoTranslate ( -0.132, 0, rate); 
LithoSetOutput ( aoBias, startvoltage-2*increment); 
LithoTranslate ( 0.002, -0.005, rate); 
LithoTranslate ( 0.130, 0, rate); 
LithoTranslate ( 0, -0.006, rate); 
LithoTranslate ( -0.128, 0, rate); 
LithoTranslate ( 0.002, -0.006, rate); 
LithoTranslate ( 0.126, 0, rate); 
LithoTranslate ( 0, -0.006, rate); 
LithoTranslate ( -0.124, 0, rate); 
LithoTranslate ( 0.002, -0.006, rate); 
LithoTranslate ( 0.122, 0, rate); 
LithoSetOutput ( aoBias, startvoltage-3*increment); 
LithoTranslate ( 0, -0.006, rate); 
LithoTranslate ( -0.122, 0, rate); 
LithoTranslate ( 0.002, -0.007, rate); 
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LithoTranslate ( 0.120, 0, rate); 
LithoTranslate ( 0, -0.007, rate); 
LithoTranslate ( -0.118, 0, rate); 
LithoTranslate ( 0.002, -0.007, rate); 
LithoTranslate ( 0.116, 0, rate); 
LithoTranslate ( 0, -0.007, rate); 
LithoTranslate ( -0.114, 0, rate); 
LithoTranslate ( 0.002, -0.007, rate); 
LithoTranslate ( 0.112, 0, rate); 
LithoSetOutput ( aoBias, startvoltage-4*increment); 
LithoTranslate ( 0, -0.007, rate); 
LithoTranslate ( -0.110, 0, rate); 
LithoTranslate ( 0.002, -0.008, rate-0.005); 
LithoTranslate ( 0.108, 0, rate-0.005); 
LithoTranslate ( 0, -0.008, rate-0.005); 
LithoTranslate ( -0.106, 0, rate-0.005); 
LithoTranslate ( 0.002, -0.008, rate-0.005); 
LithoTranslate ( 0.104, 0, rate-0.005); 
LithoTranslate ( 0, -0.008, rate-0.005); 
LithoTranslate ( -0.102, 0, rate-0.005); 
LithoTranslate ( 0.002, -0.008, rate-0.005); 
LithoTranslate ( 0.100, 0, rate-0.005);  
 
LithoTranslate ( 0, -0.008, rate-0.005); 
LithoTranslate ( -0.098, 0, rate-0.005); 
LithoTranslate ( 0.002, -0.008, rate-0.005); 
 
LithoTranslate ( 0.096, 0, rate-0.005); 
LithoTranslate ( 0, -0.009, rate-0.005); 
LithoTranslate ( -0.094, 0, rate-0.005); 
LithoTranslate ( 0.002, -0.009, rate-0.005); 
LithoTranslate ( 0.092, 0, rate-0.005); 
LithoTranslate ( 0, -0.009, rate-0.005); 
LithoTranslate ( -0.090, 0, rate-0.005);  
LithoTranslate ( 0.002, -0.009, rate-0.005); 
LithoTranslate ( 0.088, 0, rate-0.005); 
LithoTranslate ( 0, -0.009, rate-0.005); 
LithoTranslate ( -0.086, 0, rate-0.005); 
LithoTranslate ( 0.002, -0.010, rate-0.005); 
LithoTranslate ( 0.084, 0, rate-0.005); 
LithoTranslate ( 0, -0.010, rate-0.005); 
LithoTranslate ( -0.082, 0, rate-0.005); 
LithoTranslate ( 0.002, -0.010, rate-0.005); 
LithoTranslate ( 0.080, 0, rate-0.005);  
 
LithoTranslate ( 0, -0.011, rate); 
LithoTranslate ( -0.078, 0, rate); 
LithoTranslate ( 0, -0.011, rate); 
LithoTranslate ( 0.076, 0, rate); 
LithoTranslate ( 0.002, -0.011, rate); 
LithoTranslate ( -0.074, 0, rate); 
LithoTranslate ( 0, -0.012, rate); 
LithoTranslate ( 0.072, 0, rate); 
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LithoTranslate ( 0.002, -0.012, rate); 
LithoTranslate ( -0.070, 0, rate);  
 
// keep going a little more at diffuse conditions 
 
LithoTranslate ( 0.002, -0.012, rate); 
LithoTranslate ( 0.068, 0, rate); 
LithoTranslate ( 0.002, -0.012, rate); 
LithoTranslate ( -0.066, 0, rate);  
LithoTranslate ( 0.002, -0.012, rate); 
LithoTranslate ( 0.064, 0, rate); 
LithoTranslate ( 0.002, -0.012, rate); 
LithoTranslate ( -0.062, 0, rate);  
LithoTranslate ( 0.002, -0.012, rate); 
LithoTranslate ( 0.065, 0, rate); 
 
 
// start rhs gradient 
 
LithoTranslate ( 0.0, 0.070, rate); 
LithoTranslate ( 0.011, 0, rate); 
LithoTranslate ( 0, -0.072, rate); 
LithoTranslate ( 0.011, -0.002, rate); 
LithoTranslate ( 0.0, 0.074, rate); 
LithoTranslate ( 0.010, 0, rate); 
LithoTranslate ( 0, -0.076, rate); 
LithoTranslate ( 0.010, -0.002, rate); 
LithoTranslate ( 0.0, 0.078, rate); 
LithoSetOutput ( aoBias, startvoltage-5*increment); 
LithoTranslate ( 0.010, 0, rate); 
LithoTranslate ( 0, -0.08, rate); 
LithoTranslate ( 0.009, -0.002, rate); 
LithoTranslate ( 0.0, 0.082, rate); 
LithoTranslate ( 0.009, 0, rate); 
LithoTranslate ( 0, -0.084, rate); 
LithoTranslate ( 0.009, -0.002, rate); 
LithoTranslate ( 0.0, 0.086, rate); 
LithoTranslate ( 0.009, 0, rate); 
LithoTranslate ( 0, -0.088, rate); 
LithoSetOutput ( aoBias, startvoltage-4*increment); 
LithoTranslate ( 0.009, -0.002, rate); 
LithoTranslate ( 0.0, 0.09, rate); 
LithoTranslate ( 0.009, 0, rate); 
LithoTranslate ( 0, -0.092, rate); 
LithoTranslate ( 0.008, -0.002, rate); 
LithoTranslate ( 0.0, 0.094, rate); 
LithoTranslate ( 0.008, 0, rate); 
LithoTranslate ( 0, -0.096, rate); 
LithoTranslate ( 0.008, -0.002, rate); 
LithoTranslate ( 0.0, 0.098, rate); 
LithoTranslate ( 0.008, 0, rate); 
LithoTranslate ( 0, -0.100, rate); 
LithoSetOutput ( aoBias, startvoltage-3*increment); 
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LithoTranslate ( 0.007, -0.002, rate); 
LithoTranslate ( 0.0, 0.102, rate); 
LithoTranslate ( 0.007, 0, rate); 
LithoTranslate ( 0, -0.104, rate); 
LithoTranslate ( 0.007, -0.002, rate); 
LithoTranslate ( 0.0, 0.106, rate); 
LithoTranslate ( 0.007, 0, rate); 
LithoTranslate ( 0, -0.108, rate); 
LithoTranslate ( 0.007, -0.002, rate); 
LithoTranslate ( 0.0, 0.110, rate); 
LithoSetOutput ( aoBias, startvoltage-2*increment); 
LithoTranslate ( 0.007, 0, rate); 
LithoTranslate ( 0, -0.112, rate); 
LithoTranslate ( 0.006, -0.002, rate); 
LithoTranslate ( 0.0, 0.114, rate); 
LithoTranslate ( 0.006, 0, rate); 
LithoTranslate ( 0, -0.116, rate); 
LithoTranslate ( 0.006, -0.002, rate); 
LithoTranslate ( 0.0, 0.118, rate); 
LithoTranslate ( 0.006, 0, rate); 
LithoTranslate ( 0, -0.120, rate); 
LithoTranslate ( 0.006, -0.002, rate); 
LithoTranslate ( 0.0, 0.122, rate); 
LithoSetOutput ( aoBias, startvoltage-1*increment); 
LithoTranslate ( 0.006, 0, rate); 
LithoTranslate ( 0, -0.124, rate); 
LithoTranslate ( 0.006, -0.002, rate); 
LithoTranslate ( 0.0, 0.126, rate); 
LithoTranslate ( 0.005, 0, rate); 
LithoTranslate ( 0, -0.128, rate); 
LithoTranslate ( 0.005, -0.002, rate); 
LithoTranslate ( 0.0, 0.130, rate); 
LithoTranslate ( 0.005, 0, rate); 
LithoSetOutput ( aoBias, startvoltage); 
LithoTranslate ( 0, -0.132, rate); 
LithoTranslate ( 0.005, -0.002, rate); 
LithoTranslate ( 0.0, 0.134, rate); 
LithoTranslate ( 0.005, 0, rate); 
LithoTranslate ( 0, -0.136, rate); 
LithoTranslate ( 0.005, -0.002, rate); 
LithoTranslate ( 0.0, 0.138, rate); 
LithoTranslate ( 0.005, 0, rate); 
LithoTranslate ( 0, -0.140, rate); 
 
LithoSetOutput (aoBias, 1.0); 
 
 
LITHO_END 
} 
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Appendix 3.4 
 
“Y” gradient for Figure 3.4    
 
#include <litho.h> 
 
void main() 
{ 
LITHO_BEGIN 
//this writes and L shaped symmetrical gradient, a little bigger than lgrad4 
double rate  = 0.05; //move tip in x-y at this value in µm/s 
double startvoltage = 2.8; 
double increment = 0.05; 
// 178 steps 
 // move to starting point where the letter is scribed 
LithoTranslate (-0.155, 0.20, rate); 
  
LithoSetOutput (aoBias, startvoltage-1*increment); 
LithoTranslate ( 0.150, 0, rate); 
LithoTranslate ( 0, -0.004, rate); 
LithoTranslate ( -0.148, 0, rate); 
LithoTranslate ( 0.002, -0.004, rate); 
LithoTranslate ( 0.146, 0, rate); 
LithoTranslate ( 0, -0.004, rate); 
LithoTranslate ( -0.144, 0, rate); 
LithoTranslate ( 0.002, -0.005, rate); 
LithoTranslate ( 0.142, 0, rate); 
LithoSetOutput ( aoBias, startvoltage-1*increment); 
LithoTranslate ( 0, -0.005, rate); 
LithoTranslate ( -0.14, 0, rate); 
LithoTranslate ( 0.002, -0.005, rate); 
LithoTranslate ( 0.138, 0, rate); 
LithoTranslate ( 0, -0.005, rate); 
LithoTranslate ( -0.136, 0, rate); 
LithoTranslate ( 0.002, -.005, rate); 
LithoTranslate ( 0.134, 0, rate); 
LithoTranslate ( 0, -0.005, rate); 
LithoTranslate ( -0.132, 0, rate); 
LithoSetOutput ( aoBias, startvoltage-2*increment); 
LithoTranslate ( 0.002, -0.005, rate); 
LithoTranslate ( 0.130, 0, rate); 
LithoTranslate ( 0, -0.006, rate); 
LithoTranslate ( -0.128, 0, rate); 
LithoTranslate ( 0.002, -0.006, rate); 
LithoTranslate ( 0.126, 0, rate); 
LithoTranslate ( 0, -0.006, rate); 
LithoTranslate ( -0.124, 0, rate); 
LithoTranslate ( 0.002, -0.006, rate); 
LithoTranslate ( 0.122, 0, rate); 
LithoSetOutput ( aoBias, startvoltage-3*increment); 
LithoTranslate ( 0, -0.006, rate); 
LithoTranslate ( -0.122, 0, rate); 
LithoTranslate ( 0.002, -0.007, rate); 
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LithoTranslate ( 0.120, 0, rate); 
LithoTranslate ( 0, -0.007, rate); 
LithoTranslate ( -0.118, 0, rate); 
LithoTranslate ( 0.002, -0.007, rate); 
LithoTranslate ( 0.116, 0, rate); 
LithoTranslate ( 0, -0.007, rate); 
LithoTranslate ( -0.114, 0, rate); 
LithoTranslate ( 0.002, -0.007, rate); 
LithoTranslate ( 0.112, 0, rate); 
LithoSetOutput ( aoBias, startvoltage-4*increment); 
LithoTranslate ( 0, -0.007, rate); 
LithoTranslate ( -0.110, 0, rate); 
LithoTranslate ( 0.002, -0.008, rate-0.005); 
LithoTranslate ( 0.108, 0, rate-0.005); 
LithoTranslate ( 0, -0.008, rate-0.005); 
LithoTranslate ( -0.106, 0, rate-0.005); 
LithoTranslate ( 0.002, -0.008, rate-0.005); 
LithoTranslate ( 0.104, 0, rate-0.005); 
LithoTranslate ( 0, -0.008, rate-0.005); 
LithoTranslate ( -0.102, 0, rate-0.005); 
LithoTranslate ( 0.002, -0.008, rate-0.005); 
LithoTranslate ( 0.100, 0, rate-0.005);  
 
LithoTranslate ( 0, -0.008, rate-0.005); 
LithoTranslate ( -0.098, 0, rate-0.005); 
LithoTranslate ( 0.002, -0.008, rate-0.005); 
 
LithoTranslate ( 0.096, 0, rate-0.005); 
LithoTranslate ( 0, -0.009, rate-0.005); 
LithoTranslate ( -0.094, 0, rate-0.005); 
LithoTranslate ( 0.002, -0.009, rate-0.005); 
LithoTranslate ( 0.092, 0, rate-0.005); 
LithoTranslate ( 0, -0.009, rate-0.005); 
LithoTranslate ( -0.090, 0, rate-0.005);  
LithoTranslate ( 0.002, -0.009, rate-0.005); 
LithoTranslate ( 0.088, 0, rate-0.005); 
LithoTranslate ( 0, -0.009, rate-0.005); 
LithoTranslate ( -0.086, 0, rate-0.005); 
LithoTranslate ( 0.002, -0.010, rate-0.005); 
LithoTranslate ( 0.084, 0, rate-0.005); 
LithoTranslate ( 0, -0.010, rate-0.005); 
LithoTranslate ( -0.082, 0, rate-0.005); 
LithoTranslate ( 0.002, -0.010, rate-0.005); 
LithoTranslate ( 0.080, 0, rate-0.005);  
 
LithoTranslate ( 0, -0.011, rate); 
LithoTranslate ( -0.078, 0, rate); 
LithoTranslate ( 0, -0.011, rate); 
LithoTranslate ( 0.076, 0, rate); 
LithoTranslate ( 0.002, -0.011, rate); 
LithoTranslate ( -0.074, 0, rate); 
LithoTranslate ( 0, -0.012, rate); 
LithoTranslate ( 0.072, 0, rate); 
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LithoTranslate ( 0.002, -0.012, rate); 
LithoTranslate ( -0.070, 0, rate);  
 
// keep going a little more at diffuse conditions 
 
LithoTranslate ( 0.002, -0.012, rate); 
LithoTranslate ( 0.068, 0, rate); 
LithoTranslate ( 0.002, -0.012, rate); 
LithoTranslate ( -0.066, 0, rate);  
LithoTranslate ( 0.002, -0.012, rate); 
LithoTranslate ( 0.064, 0, rate); 
LithoTranslate ( 0.002, -0.012, rate); 
LithoTranslate ( -0.062, 0, rate);  
LithoTranslate ( 0.002, -0.012, rate); 
LithoTranslate ( 0.065, 0, rate); 
 
 
// start rhs gradient 
 
LithoTranslate ( 0.0, 0.070, rate); 
LithoTranslate ( 0.011, 0, rate); 
LithoTranslate ( 0, -0.072, rate); 
LithoTranslate ( 0.011, -0.002, rate); 
LithoTranslate ( 0.0, 0.074, rate); 
LithoTranslate ( 0.010, 0, rate); 
LithoTranslate ( 0, -0.076, rate); 
LithoTranslate ( 0.010, -0.002, rate); 
LithoTranslate ( 0.0, 0.078, rate); 
LithoSetOutput ( aoBias, startvoltage-5*increment); 
LithoTranslate ( 0.010, 0, rate); 
LithoTranslate ( 0, -0.08, rate); 
LithoTranslate ( 0.009, -0.002, rate); 
LithoTranslate ( 0.0, 0.082, rate); 
LithoTranslate ( 0.009, 0, rate); 
LithoTranslate ( 0, -0.084, rate); 
LithoTranslate ( 0.009, -0.002, rate); 
LithoTranslate ( 0.0, 0.086, rate); 
LithoTranslate ( 0.009, 0, rate); 
LithoTranslate ( 0, -0.088, rate); 
LithoSetOutput ( aoBias, startvoltage-4*increment); 
LithoTranslate ( 0.009, -0.002, rate); 
LithoTranslate ( 0.0, 0.09, rate); 
LithoTranslate ( 0.009, 0, rate); 
LithoTranslate ( 0, -0.092, rate); 
LithoTranslate ( 0.008, -0.002, rate); 
LithoTranslate ( 0.0, 0.094, rate); 
LithoTranslate ( 0.008, 0, rate); 
LithoTranslate ( 0, -0.096, rate); 
LithoTranslate ( 0.008, -0.002, rate); 
LithoTranslate ( 0.0, 0.098, rate); 
LithoTranslate ( 0.008, 0, rate); 
LithoTranslate ( 0, -0.100, rate); 
LithoSetOutput ( aoBias, startvoltage-3*increment); 
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LithoTranslate ( 0.007, -0.002, rate); 
LithoTranslate ( 0.0, 0.102, rate); 
LithoTranslate ( 0.007, 0, rate); 
LithoTranslate ( 0, -0.104, rate); 
LithoTranslate ( 0.007, -0.002, rate); 
LithoTranslate ( 0.0, 0.106, rate); 
LithoTranslate ( 0.007, 0, rate); 
LithoTranslate ( 0, -0.108, rate); 
LithoTranslate ( 0.007, -0.002, rate); 
LithoTranslate ( 0.0, 0.110, rate); 
LithoSetOutput ( aoBias, startvoltage-2*increment); 
LithoTranslate ( 0.007, 0, rate); 
LithoTranslate ( 0, -0.112, rate); 
LithoTranslate ( 0.006, -0.002, rate); 
LithoTranslate ( 0.0, 0.114, rate); 
LithoTranslate ( 0.006, 0, rate); 
LithoTranslate ( 0, -0.116, rate); 
LithoTranslate ( 0.006, -0.002, rate); 
LithoTranslate ( 0.0, 0.118, rate); 
LithoTranslate ( 0.006, 0, rate); 
LithoTranslate ( 0, -0.120, rate); 
LithoTranslate ( 0.006, -0.002, rate); 
LithoTranslate ( 0.0, 0.122, rate); 
LithoSetOutput ( aoBias, startvoltage-1*increment); 
LithoTranslate ( 0.006, 0, rate); 
LithoTranslate ( 0, -0.124, rate); 
LithoTranslate ( 0.006, -0.002, rate); 
LithoTranslate ( 0.0, 0.126, rate); 
LithoTranslate ( 0.005, 0, rate); 
LithoTranslate ( 0, -0.128, rate); 
LithoTranslate ( 0.005, -0.002, rate); 
LithoTranslate ( 0.0, 0.130, rate); 
LithoTranslate ( 0.005, 0, rate); 
LithoSetOutput ( aoBias, startvoltage); 
LithoTranslate ( 0, -0.132, rate); 
LithoTranslate ( 0.005, -0.002, rate); 
LithoTranslate ( 0.0, 0.134, rate); 
LithoTranslate ( 0.005, 0, rate); 
LithoTranslate ( 0, -0.136, rate); 
LithoTranslate ( 0.005, -0.002, rate); 
LithoTranslate ( 0.0, 0.138, rate); 
LithoTranslate ( 0.005, 0, rate); 
LithoTranslate ( 0, -0.140, rate); 
LithoSetOutput (aoBias, 1.0); 
 
LithoTranslate (-0.33, 0.08, rate);//move to 3 diagonal leg start point 
 
LithoSetOutput ( aoBias, startvoltage-6*increment); 
LithoTranslate (-0.050, 0.050, rate+0.005); 
LithoTranslate (-0.0085, -0.0085, rate+0.005); 
LithoTranslate (0.051, -0.051, rate+0.005); 
LithoTranslate (-0.0085, -0.0085, rate+0.005); 
LithoTranslate (-0.052, 0.052, rate+0.005); 
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LithoTranslate (-0.0085, -0.0085, rate+0.005); 
LithoTranslate (0.053, -0.053, rate+0.005); 
LithoTranslate (-0.0085, -0.0085, rate+0.005); 
LithoTranslate (-0.054, 0.054, rate+0.005); 
LithoSetOutput ( aoBias, startvoltage-5.5*increment); 
LithoTranslate (-0.008, -0.008, rate+0.005); 
LithoTranslate (0.055, -0.055, rate+0.005); 
LithoTranslate (-0.008, -0.008, rate+0.005); 
LithoTranslate (-0.056, 0.056, rate+0.005); 
LithoTranslate (-0.008,-0.008, rate+0.005); 
LithoTranslate (0.057,-0.057, rate+0.005); 
LithoTranslate (-0.008,-0.008, rate+0.005); 
LithoTranslate (-0.058, 0.058, rate+0.005); 
LithoTranslate (-0.0075,-0.0075, rate+0.005); 
LithoTranslate (0.060, -0.060, rate+0.005); 
LithoTranslate (-0.0075,-0.0075, rate+0.005); 
LithoTranslate (-0.061, 0.061, rate+0.005); 
LithoTranslate (-0.0075,-0.0075, rate); 
LithoSetOutput ( aoBias, startvoltage-5*increment); 
LithoTranslate (0.062, -0.062, rate); 
LithoTranslate (-0.0075,-0.0075, rate); 
LithoTranslate (-0.063, 0.063, rate); 
LithoTranslate (-0.0075,-0.0075, rate); 
LithoTranslate (0.064, -0.064, rate); 
LithoTranslate (-0.007,-0.007, rate); 
LithoTranslate (-0.065,0.065, rate); 
LithoTranslate (-0.007,-0.007, rate); 
LithoTranslate (0.066, -0.066, rate); 
LithoTranslate (-0.007,-0.007, rate); 
LithoTranslate (-0.067, 0.067, rate); 
LithoTranslate (-0.0064,-0.0064, rate); 
LithoTranslate (0.068, -0.068, rate); 
LithoSetOutput ( aoBias, startvoltage-4.5*increment); 
LithoTranslate (-0.0064,-0.0064, rate); 
LithoTranslate (-0.069, 0.069, rate); 
LithoTranslate (-0.0064,-0.0064, rate); 
LithoTranslate (0.070, -0.070, rate); 
LithoTranslate (-0.0064,-0.0064, rate); 
LithoTranslate (-0.071, 0.071, rate); 
LithoTranslate (-0.006,-0.006, rate); 
LithoTranslate (0.072, -0.072, rate); 
LithoTranslate (-0.006,-0.006, rate); 
LithoTranslate (-0.073, 0.073, rate); 
LithoTranslate (-0.006,-0.006, rate); 
LithoSetOutput ( aoBias, startvoltage-4*increment); 
LithoTranslate (0.074, -0.074, rate); 
LithoTranslate (-0.0057,-0.0057, rate); 
LithoTranslate (-0.075, 0.075, rate); 
LithoTranslate (-0.0057,-0.0057, rate); 
LithoTranslate (0.076, -0.076, rate); 
LithoTranslate (-0.005,-0.005, rate); 
LithoTranslate (-0.077, 0.077, rate); 
LithoTranslate (-0.005,-0.005, rate); 
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LithoTranslate (0.078, -0.078, rate); 
LithoTranslate (-0.005,-0.005, rate); 
LithoTranslate (-0.079, 0.079, rate); 
LithoSetOutput ( aoBias, startvoltage-3.5*increment); 
LithoTranslate (-0.005,-0.005, rate); 
LithoTranslate (0.080, -0.080, rate); 
LithoTranslate (-0.005,-0.005, rate); 
LithoTranslate (-0.081, 0.081, rate); 
LithoTranslate (-0.0047,-0.0047, rate); 
LithoTranslate (0.082, -0.082, rate); 
LithoTranslate (-0.0047,-0.0047, rate); 
LithoTranslate (-0.083, 0.083, rate); 
LithoTranslate (-0.0045,-0.0045, rate); 
LithoTranslate (0.084, -0.084, rate); 
LithoTranslate (-0.0045,-0.0045, rate); 
LithoTranslate (-0.085, 0.085, rate); 
LithoSetOutput ( aoBias, startvoltage-3*increment); 
LithoTranslate (-0.0045,-0.0045, rate); 
LithoTranslate (0.086, -0.086, rate); 
LithoTranslate (-0.0045,-0.0045, rate); 
LithoTranslate (-0.087, 0.087, rate); 
LithoTranslate (-0.0043,-0.0043, rate); 
LithoTranslate (0.088, -0.088, rate); 
LithoTranslate (-0.0043,-0.0043, rate); 
LithoTranslate (-0.089, 0.089, rate); 
LithoSetOutput ( aoBias, startvoltage-2*increment); 
LithoTranslate (-0.0036,-0.0036, rate); 
LithoTranslate (0.090, -0.090, rate); 
LithoTranslate (-0.0036,-0.0036, rate); 
LithoTranslate (-0.091, 0.091, rate); 
LithoTranslate (-0.003,-0.003, rate); 
LithoTranslate (0.092, -0.092, rate); 
LithoTranslate (-0.003,-0.003, rate); 
LithoTranslate (-0.093, 0.093, rate); 
LithoTranslate (-0.003,-0.003, rate); 
LithoTranslate (0.094, -0.094, rate); 
LithoTranslate (-0.003,-0.003, rate); 
LithoTranslate (-0.095, 0.095, rate); 
 
LithoSetOutput (aoBias, 1.0); 
 
 
LITHO_END 
} 
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Appendix 4:   
 
Synthesis of 11-Ferrocenylundecane thiol 
 
Br(CH2)10COCl (11-bromoundecanoyl chloride) RF 8,83 
 
10.7 mL (0.15 mole) of freshly distilled thionyl chloride (Acros) was added to 3.985 g (0.015 
mole) of 11-bromoundecanoic acid (Br(CH2)10COOH, Acros) dropwise via cannulation at 25 
°C and stirred for 3.5 hrs under N2. The excess SOCl2 was removed by rotary evaporation, 
followed by bulb-to-bulb distillation, producing a clear light yellow oil. Product was carried 
on to next step with yield determination. 
 
FcCO(CH2)10Br (ferrocenyl-10-bromodecyl ketone) RF 8, 84 
 
The freshly prepared Br(CH2)10COCl was added dropwise via cannulation to 2.88 g  (0.0152 
mole ) ferrocene (Aldrich) at 0 °C, the ice water bath removed, and stirred for 3.5 hrs under 
N2. This produced a dark orange-brown reaction mixture. The reaction was quenched with 
cold deionized water until bubbling ceased (ca. 10 mL), causing the reaction to turn an 
opaque navy blue color. The reaction mixture was poured into a separatory funnel and 
extracted with diethyl ether. The organic layer was washed three times with water. The blue 
aqueous layers were discarded, while the dark orange organic layer was dried with 
magnesium sulfate, gravity filtered and concentrated via rotorary evaporation. The crude 
product was purified via flash chromatography with 5% ethyl acetate/ hexanes to give an 
orange solid. (91% yield; Rf = 0.23); 1HNMR (400 MHz) CDCl3: 1.308 (broad, 12 H, CH2), 
1.703 (m, 2H, Fe(Cp)2COCH2CH2), 1.855 (m, 2H, CH2CH2Br), 2.694 (t, J = 7.6 Hz, 2H, 
Fe(Cp)2COCH2), 3.409 (t, J = 6.8 Hz, 2H, CH2Br), 4.192 (s, 5H, C5H5), 4.489 (t, J = 1.8 Hz, 
2H, C5H5), 4.778 (t, J = 2.4 Hz, 2H, C5H4). 
 
 
Fc(CH2)11Br (1-bromo-11-ferrocenylundecane) RF 9, 80 
 
To reduce the aryl ketone under Clemmenson reduction conditions, a zinc - mercury 
amalgam was prepared by dissolving 1.397 g (0.0051 mole) mercuric chloride (Aldrich) in 
10 mL 6 N HCl, which was chilled to 0 °C in an ice water bath. 10.493 g (0.161 mole) of Zn 
dust (Aldrich) was added to this solution, slowly (add in ca. 1 g portions, wait several 
minutes before next addition) with continuous stirring, to prepare small spheres (ca. 6 mm in 
diameter). Once the amalgam was prepared, roughly half the solution was drawn off the top 
to allow the organic layer to interact with the amalgam. 0.5533 g (0.0013 mole) 
FcCO(CH2)10Br was dissolved in ca. 5 mL freshly distilled toluene was added to the flask 
containing the amalgam, and stirred under N2 for ca. 24 hrs. The reaction was monitored with 
thin layer chromatography (100 % hexanes). Once the reaction was complete, the solution 
was extracted with diethyl ether, and washed four times with water. The orange organic layer 
was dried with magnesium sulfate, gravity filtered and concentrated via rotorary evaporation. 
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The crude product was purified via flash chromatography with 1% ethyl acetate hexanes. 
Product is a yellow / orange solid. (83% yield; Rf = 0.62); 1HNMR (400 MHz) CDCl3: 1.287 
(broad, 12 H, CH2), 1.427 (m, 2H, Fe(Cp)2CH2CH2), 1.495 (m, 2H, CH2CH2CH2Br), 1.858 
(m, 2H, CH2CH2Br), 2.312 (t, J = 7.6 Hz, 2H, Fe(Cp)2CH2), 3.412 (t, J = 7.0 Hz, 2H, 
CH2Br), 4.037 (d, 2H, J = 2 Hz, C5H4), 4.053 (d, J = 1.2 Hz, 2H, C5H4), 4.085 (s, 5H, C5H5). 
 
 
Fc(CH2)11SCOCH3 (11-ferrocenylundecyl thioacetate) RF 8, 49 
 
0.5097 g (0.0012 mole) of Fc(CH2)11Br and 0.3341 g (0.0029 mole) of potassium thioacetate 
(Aldrich) were added to a reaction flask, and fitted with condenser and purged with N2. To 
this flask, 60 mL of freshly distilled 100% ethanol (AAPER) was added under N2. The 
solution was refluxed under nitrogen for 4 to 5 hrs under N2. The excess ethanol was 
removed via rotorary evaporation. The crude product was transferred to a separatory funnel, 
extracted with diethyl ether and washed three times with D.I. water. The yellow-orange 
organic layer was dried with magnesium sulfate, gravity filtered and concentrated. The crude 
product was purified via flash chromatography with 1.5% ethyl acetate / hexanes. Product is 
a yellow / orange solid.  (92% yield, Rf= 0.1); 1HNMR (400 MHz) CDCl3: 1.267 (broad, 14 
H, CH2), 1.474 (m, 2H, Fe(Cp)2CH2CH2), 1.564 (m, 2H, CH2CH2S), 2.310 (t, J = 7.8 Hz, 
2H, Fe(Cp)2CH2), 2.865 (t, J = 7.4 Hz, 2H, CH2S), 3.324 (s, 3H, SCOCH3), 4.031 (d, J = 1.6 
Hz, 2H, C5H4), 4.053 (d, J = 1.6 Hz, 2H, C5H4), 4.082 (s, 5H, C5H5). 
 
 
Fc(CH2)11SH (11-ferrocenylundecane thiol) RF 9, 89 
 
0.306 g (0.739 mMole) of Fc(CH2)11SCOCH3 and 0.1866 g (0.0033 mole) of potassium 
hydroxide (KOH (Fisher) ground to fine powder) was added to a reaction flask, fitted with 
condenser and purged with N2 for 20 minutes. To this flask, 20 mL of freshly distilled 100% 
Ethanol (AAPER) was added to the reaction vessel under N2. The solution was refluxed 
under N2 for 1 to 1.5 hrs. The excess ethanol was removed via rotorary evaporation. The 
crude product was transferred to a separatory funnel, extracted with diethyl ether, washed 
three times with cold 0.5 N HCl and one time with D.I. water. The organic layer was dried 
with magnesium sulfate, gravity filtered and concentrated. The crude product was purified 
via flash chromatography with 1% ethyl acetate / hexanes. Product is a yellow / light orange 
solid. (45% yield, Rf= 0.37); 1HNMR (400 MHz) CDCl3: 1.278 (broad, 14H, CH2), 1.394 (t, 
1H, SH), 1.494 (m, 2H, Fe(Cp)2CH2CH2) 1.608 (m, 2H, CH2CH2SH), 2.311 (t, J = 7.8 Hz, 
2H, Fe(Cp)2CH2), 2.523 (q, 2H, J = 7.3, 2H, CH2SH), 4.032 (d, 2H, J = 2.2 Hz, C5H4), 4.052 
(d, J = 1.8 Hz, 2H, C5H4), 4.083 (s, 5H, C5H5). 
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