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ABSTRACT
A sample stage for characterizing photoactive materials was developed for studies with
scanning probe microscopy (SPM). A sample stage was designed that directs light from a solar
simulator via a fiber optic cable to illuminate the sample. Current-sensing and photocurrent
measurements can be acquired with a conductive tip. The designed photocurrent stage can be
used for SPM systems with a tip-mounted scanner. Current-sensing measurements can be taken
with or without illumination to measure the current produced from organic photovoltaic (OPV)
or photoconductive samples. Topography, lateral force and current-sensing images are acquired
simultaneously, providing information of how nanoscale morphology affects the measured
current.
Particle lithography was used to prepare nanostructures of OPV materials for
photoconductive measurements. Nanopillars of polythiophene ranging from ~20 – 80 nm in
thickness were grafted from indium tin oxide (ITO) surfaces. Samples were characterized with
the photocurrent sample stage to directly test how nanoscale changes in film thickness affect the
measured current. Current-voltage measurements indicate the polythiophene nanopillars are
photoactive. The nanostructured test platform provided an unprecidented scale and morphology
of photoactive brush polymers for dark and photocurrent measurements.
Films of polynitrophenylene grafted to Au(111) surfaces via photoredox catalysis were
investigated with contact-mode atomic force microscopy (AFM). The parameters of
concentration of starting material and duration of sample illumination were studied. Films of
increasing thickness were prepared from longer illumination times and higher concentrations of
the starting materials. Particle lithography provided an internal standard for film thickness
measurements.
xi

Rare earth oxide materials were nanopatterned using particle lithography. Precursor salts
of rare earth oxide materials located on surfaces surrounding the base of mesospheres. The dried
nanorings of salt were heated at 800 oC to produce crystalline materials on two transparent
surfaces for further luminescence studies. The nanorings were analyzed for signs of Ostwald
ripening or physical changes that may have occurred during the heating process and crystal phase
transition.

xii

CHAPTER 1: INTRODUCTION
Scanning probe microscopy (SPM) is a general term that describes the collective family
of microscopies that use a probe to raster scan the surface to acquire surface morphology as well
as other physical measurements at the nanoscale. Studying nanoscale surface assembly and
physical characteristics with SPM is a valuable asset in the both fundamental and applied
research. The precise nature of mapping the surface in the nanoscale provides the ability to
perform unprecedented nanoscale tests on surfaces with a range of sample environments such as
liquid, gas or ultra-high vacuum. The studies presented in this dissertation include the
development of a new sample stage for photocurrent measurements of organic photovoltaic
materials, studies of photoredox catalysis through a mesosphere mask, a new deposition system
for air-sensitive organosilanes and nanostructures of rare earth oxides.
1.1 Experimental Approach: SPM Imaging Modes
An overview of the SPM imaging modes used for this dissertation is outlined in Chapter
2. Contact mode atomic force microscopy (AFM) is the most common imaging mode and
examples are presented in each chapter. Current-sensing AFM and photocurrent AFM were used
in Chapter 3 for studies of the photoactive polymer of polythiophene. The sample stage for
photocurrent measurements that was designed and constructed for this research is presented in
Appendix A. Both ambient and liquid environments were used to characterize samples.
Construction of a photocurrent sample stage provides the advantage of controlling sample
illumination for photoactive samples.
1.2 Photocurrent AFM Characterization of Polythiophene Nanopillars on ITO
Nanostructures of polythiophene were produced on indium tin oxide (ITO) substrates
using procedures with particle lithography and surface chemistry. Glass substrates with ITO
1

films were coated with a surface mask of mesospheres and immersed into solutions of
organosilanes and reagents for synthesis of polythiophene. Silica mesospheres provide an
effective surface mask to define the arrangement of nanopillars or nanoholes within organic thin
films. The areas of contact between the mesospheres and the surface are exposed when the mask
is removed. Exposed areas of bare ITO within the organosilane resist were then used as sites for
deposition of an initiator for Kumada polymerization. Nanopillars of polythiophene were grafted
to produce a periodic arrangement of regular shapes and thickness throughout broad areas of the
sample, spanning microns. Nanopillars with defined spacing of 500 nm and 250 nm were
prepared with octadecyltrimethoxysilane (OTMS) templates for conductive probe experiments.
Samples of nanoholes within a film of polythiophene were produced directly by masking the
surface with silica mesospheres. Samples were analyzed using contact mode atomic force
microscopy to evaluate the height, arrangement and geometries of the nanostructures.
Conductive probe atomic force microscopy and photocurrent measurements were used to acquire
I-V spectra under illumination. The nanostructures are proof-of-concept for facile approaches
with particle lithography for preparing regular nanoscale geometries for multiple successive
characterizations of the conductive and photophysical properties of polythiophene and other
photoactive polymers using AFM.
1.3 Application of Visible Light Photocatalysis with Particle Lithography to Generate
Polynitrophenylene Nanostructures
Visible light photoredox catalysis was combined with immersion particle lithography to
prepare polynitrophenylene organic films on Au(111) surfaces, forming a periodic arrangement
of nanopores, as described in Chapter 4. Surfaces masked with mesospheres were immersed in
solutions of p-nitrobenzenediazonium tetrafluoroborate and irradiated with blue light emitting
2

diodes in the presence of the photoredox catalyst Ru(bpy)3(PF6)2 to produce p-nitrophenyl
radicals that graft onto gold substrates. Surface masks of silica mesospheres were used to protect
small, discrete regions of the Au(111) surface from grafting. Nanopores were formed where the
silica mesospheres touched the surface; the mask effectively protected nanoscopic local areas
from the photocatalysis grafting reaction. Further reaction of the grafted arenes with aryl radicals
resulted in polymerization to form polynitrophenylene structures with thicknesses that depended
on both the initial concentration of diazonium salt and the duration of irradiation. Photoredox
catalysis with visible light provides mild, user-friendly conditions for the reproducible generation
of multilayers with thicknesses ranging from 2 to 100 nm. Images acquired with AFM disclose
the film morphology and periodicity of the polymer nanostructures. The exposed sites of the
nanopores provide a baseline to enable local measurements of film thickness with AFM. The
resulting films of polynitrophenylene punctuated with nanopores provide a robust foundation for
further chemical steps within the areas of bare gold substrate. Spatially-selective binding of
mercaptoundecanoic acid to exposed sites of Au(111) was demonstrated, producing a periodic
arrangement of thiol-based nanopatterns within a matrix of polynitrophenylene.
1.4 Vacuum-Line Deposition of Organosilanes through a Mesosphere Mask
A method was developed to produce nanopatterns with organotrichlorosilanes using
particle lithography combined with vacuum-line deposition, described in Chapter 5. Vacuum
environments provide capabilities for patterning thin films of molecules that are air sensitive,
insoluble, or cannot be easily dissolved in solvents. Three molecules were tested,
octadecyltrichlorosilane,

4-(chloromethyl)phenyltrichlorosilane

and

phenyltrichlorosilane.

Monodisperse silica mesospheres were used to mask the silicon surface from reaction with
organosilanes, producing nanopores within a monolayer film of organosiloxanes. The thickness
3

of the films can be locally measured with AFM by referencing the exposed sites of the substrates
as a baseline. The nanostructured surfaces have precise reproducible geometries with nanoscale
dimensions which can provide a template for further chemical reactions.
1.5 Application of Particle Lithography to Produce Nanostructures of Rare Earth Oxides
A synthetic approach based on surface-templating is described in Chapter 6, to prepare
rare earth oxide (REO) nanostructures. Luminescent nanomaterials of rare earth elements (e.g.
Y2O3:Er3+) were investigated. Nanomaterials of REO cannot be synthesized through
conventional wet chemistry approaches because high temperatures (800-1200 oC) are required
for preparing the crystalline phase. Although larger macroscopic crystals can be prepared in
ovens using inert environments, the crystals cannot be easily formed or molded into desired
small shapes and geometries. Particle lithography provides a generic approach using surface
templating to fabricate nanostructures of REO precursor salts. The precursors are converted to
REO nanomaterials using high temperatures to induce crystallization. Fundamental studies of the
synthesis and characterization of nanoparticles composed of rare earth elements will likely
disclose unique photonic and luminescent properties that are not directly scalable to materials in
bulk dimensions.
1.6 Conclusions and Future Prospectus
Conclusions and a future prospectus for the dissertation research are presented in Chapter
7. Photocurrent and current-sensing measurements were developed with test structures of
polythiophene nanopillars. Initial studies with photocatalytic deposition of phenyl radicals onto
gold surfaces were accomplished, using gold substrates masked with mesospheres. Vacuum-line
deposition was demonstrated to produce well-ordered monolayer films of organosilanes.

4

Nanopores provided a baseline for local measurements of the film thickness. Rare earth oxide
nanomaterials can be prepared using protocols of particle lithography.
Understanding the size-dependent scaling of the properties of nanomaterials is of
importance not only for understanding the behavior of existing nanomaterials but is valuable for
efforts to develop materials with engineered properties. For systems of nanoparticles, the effects
of size-scaling often produce anomalies at reduced dimensions, which have been attributed to
sample inhomogeneity, defects, or surface effects. Surface characterizations using scanning
probe measurements can furnish insight for irregularities in properties at the level of individual
nanomaterials. Scanning probe measurements provide unprecedented resolution, towards
understanding the physical and chemical properties of materials at the molecular-level.

5

CHAPTER 2. EXPERIMENTAL APPROACHES
2.1 History of Scanning Probe Microscopy
Scanning probe microscopy (SPM) has evolved in the scientific community beyond three
dimensional topographical analysis to include new modes that target chemical and physical
properties materials such as current-sensing atomic force microscopy (CSAFM), magnetic force
microscopy (MFM), force-modulation microscopy (FMM) and photocurrent atomic force
microscopy (pcAFM). Information acquired with modes of SPM include, conductivity mapping,1
magnetic mapping,2 intermolecular forces,3 intramolecular forces,4 viscoelasticity5 and
photocurrent mapping.6 Scanning tunneling microscopy (STM) was the first of the scanning
probe techniques developed.7 High resolution images of molecular and atomic lattices can be
acquired with STM. Gerd Binning and Heinrich Rohrer were awarded the 1986 Nobel Prize in
Physics for inventing STM. Binning, Quate and Gerber developed the atomic force microscope
(AFM) a few years after the development of STM.8 For SPM a sharp probe is raster scanned
across the surface, and a feedback loop is used to maintain a constant current to position the tip
very close to the sample, achieving a 0.01 nm resolution in the vertical (z) direction due to the
exponential relationship between tip-sample distance and current (tunneling).7 Measurements
with AFM can achieve a vertical resolution of 0.1 nm.8 For AFM, a laser is focused on the back
of tip to monitor the position and movement of the probe.
The operating principles for modes of SPM used for this dissertation will be described in
this Chapter. The instrument configuration and operating principle for contact mode, conducting
probe and photocurrent AFM will be presented. Details of the instrumentation and measurements
for conductive and photocurrent AFM are also included.
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2.2 Contact Mode Atomic Force Microscopy
Contact mode images are acquired when the tip is brought into contact with the surface
and raster scanned under a constant force.8,

9

For contact mode AFM, the tip remains in

continuous contact with the sample during measurements. The displacement of the laser on the
photodiode is used as the set-point for positional feedback. Three image channels are produced,
topography, deflection (error) and lateral force. Topography images provide three dimensional
(3D) profiles of the surface morphology. Cursor profiles furnish precise vertical and lateral
measurements of surface features. The deflection image represents the difference between the
set-point (target force) and the actual force on the probe, and is sensitive to identifying the edges
of features. Lateral force images are produced by the torsional twisting of the tip to map
differences in chemical environments. Lateral force images provide a useful tool for
distinguishing differences in surface chemistry. A quantitative analysis of nanoscale friction can
be achieved by subtracting the trace and retrace lateral force images.10
Representative images of topography, deflection (error) and lateral force along with a
cursor profile are shown in Figure 2.1. The topography image (Figure 2.1A) provides a three
dimensional representation of the surface of the sample and the deflection image (Figure 2.1B)
provides a map of where the feedback system of the AFM controller was unable to adjust the tip
in the z direction and return the laser spot to the set point on the four quadrant photodiode
detector. The sample has a rough substrate that makes it difficult to determine where
nanopatterning has occurred by only observing the topography image, and is where using both
the lateral force (Figure 2.1C) and topography becomes imperative to correctly measure heights
of target nanostructures. In this sample, it is difficult to determine by topography alone which of
the deeper recesses of the sample are due to inherent surface roughness and which were created
7

by nanotemplating; the lateral force image clearly shows the areas of bare substrate in
comparison to the organosilane terminated matrix. Another common method for imaging the
topography of surfaces is tapping mode where the tip is oscillated at the natural resonance
frequency by a piezoelectric material located in the nosecone and intermittently taps the surface.
This mode reduces the time the tip interacts with the surface for samples that are more sensitive
to the normal and lateral force exerted when using contact-mode scanning.11-13

	
  

Figure 2.1 Representative images of [A] topography, [B] deflection (error), [C] lateral force and
[D] a cursor profile from A.
Lateral force images are acquired by subtracting the left (A + C) from the right (B + D) sides of
the four-quadrant photodiode detector as shown in Figure 2.2. The torsional motion of the tip
(twisting left to right) can be interpreted as a difference in tip-sample interactions. Topography
images are acquired by mapping the amount of voltage applied to the z piezoelectric scanner to
return the laser spot to the set point. When the feedback system is optimized, the instrument
responds to the changes in the laser deflection (z movement) of the probe to provide accurate
topographical information.
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Figure 2.2 Diagram of contact mode AFM.
2.3 Force Distance Measurements and Nanoshaving
The force the tip exerts on the sample can be measured using a force curve, which is a
representation of cantilever position (via the photodetector) to the z motion of the motor (sample
distance). Here, the attractive and repulsive forces of the tip-sample interaction are mapped and
are analyzed by force-distance measurements in accord with a Hooke’s law relation (F = -kz).14
The force is calculated using the spring constant of the cantilver (k) and the distance (z) that the
cantilever has bent based on the location of the laser on the photodetector. Figure 2.3 is a
representative example of a force-distance curve where the x axis represents the distance
between the tip and sample (z) and the y axis represents the voltage acquired from the laser
placement on the four-quadrant photodiode. The laser is first focused on the tip above the
sample, therefore, when the distance between the tip and sample begins to decrease, there is no
appreciable change in the laser spot until just before the tip comes into contact with the sample.
Here there is an attractive force that ‘snaps’ the tip to the surface (the red dip) and can be used to
9

measure Van der Walls and electrostatic forces of attraction. Once the tip is in contact with the
surface and is pressed further, the voltage on the photodetector increases as the force between the
tip and sample increases. The tip is then retracted from the surface where the voltage on the
photodetector decreases with decreasing force (blue line). The distance where the tip can be
retracted from the surface shows an adhesion force between the tip and sample represented as the
blue dip that is overcome as the tip is continued to retract from the surface. This area can be used
to calculate the binding energy of the surface.

Figure 2.3 A representative force-distance curve from contact-mode AFM in air.
	
  

Nanoshaving is a technique used to remove molecules from the surface of a sample by

applying mechanical force typically larger than that used for imaging while scanning the sample
at a high rate. The act of shaving causes high shear force that removes the molecules in small,
local domains. The amount of force chosen to remove molecules is paramount, as too little force
will not fully remove the molecules to reveal bare surface and too much force can break the apex
10

of the tip causing low resolution. After shaving is complete, the AFM tip can be used to image
the surface upon decreasing the force to normal imaging forces. These bare areas of substrate can
be used to determine the thickness of the film as well as further surface modification to create
complex surface architectures at the nanoscale.
2.4 Current-sensing Atomic Force Microscopy
Current-sensing atomic force microscopy or conductive probe AFM (CPAFM) is a mode
of SPM that provides a current map concurrent with topography and lateral force images.15
Images are acquired in contact mode by applying a bias between the tip and the sample and
measuring the current with a preamplifier located in the nose cone of the scanner (Figure 2.4).
Examples of samples that have been probed with CSAFM are polymer brushes,16, 17 nanowires,18
graphene19 and solid state thin films.20 A tip coated with a conductive metal such as gold,
platinum or an alloy of metals such as platinum/iridium is used for CSAFM. The coating
produces blunt probes, with lower resolution than typically observed with uncoated probes. Most
commonly, a positive or negative bias voltage is applied to a conductive/semiconductive sample.
The current through the sample and tip is sensed with a preamplifier located within the nosecone
of the scanner. The CSAFM sample plate is equipped with leads that attach to the sample (Figure
2.5).
Current-voltage (I-V) spectra should be taken to determine the range of sample bias to be
applied to samples.21 Spectra are acquired by placing the tip on a selected area of the sample and
sweeping the bias (±10 V) while measuring the current. I-V measurements from CSAFM is
different from that of STM because the tip in CSAFM physical touches the surface and does not
have to tunnel through a vacuum. From the I-V spectra the voltage (bias) applied to the sample
during imaging can be chosen. Changing the polarity of the bias to the sample can help
11

determine if current can flow in both directions, or to evaluate if the sample has diode-like
properties. Results with CSAFM are provided in Chapter 3 where conductive maps were
acquired for polythiophene nanostructures. 	
  

Figure 2.4 Diagram of current-sensing AFM and current voltage spectrum.

Figure 2.5 Diagram of current-sensing sample plate, scanner, electronic connections and
nosecone.
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2.5 Photocurrent Atomic Force Microscopy
Photocurrent atomic force microscopy is used to study how surface morphology
influences the generation of photocurrents of organic photovoltaic (OPV) materials.6,

22

The

instrument set-up for pcAFM is similar to CSAFM in that both systems use the current sensing
nosecone with a bias applied to the sample. The primary difference between the two modes is the
capability to apply light to the sample while obtaining current maps with pcAFM (Figure 2.6).
True photocurrent maps are obtained with no bias applied to the sample. An example of data
obtained from pcAFM imaging is represented in Figure 2.7. The topography image (Figure 2.7A)
is acquired simultaneously with pcAFM images. The difference between CSAFM images and
pcAFM images is the addition of light illuminated onto the sample while current is being
measured. The difference in measured current in a photoactive polymer is shown in Figures 2.7B
and C, where the magnitude of measured current is greater in the pcAFM image (30 pA)
compared to the image without the addition of light (24 pA).
Contemporary work with pcAFM systems includes elucidating the role that blending
donor and acceptor materials in bulk heterojunction (BHJ) organophtovoltaics has on the
production of current in the system.6, 23-25 The degree of well-connected pathways of the BHJ in
the nanoscale can be tested with pcAFM; it is necessary to have a network of interpenetrating
donor/acceptor materials that are well connected to respective electrodes to fully separate the
exciton and efficiently produce electricity. Typical materials for BHJ systems include poly-3hexylthiophene (P3HT) mixed with fullerene derivatives; the use of different solvents and spincoating techniques and the addition of dye-sensatized molecules can change the arrangement of
interpenetration of the donor/acceptor blend and improve device function.24, 26-30 Deciphering the
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effect the interior structure has on current production is a benefit pcAFM has towards improving
organophotovoltaic systems.

	
  

Figure 2.6 Diagram of pcAFM.

Figure 2.7 Examples of pcAFM data of polythiphene nanopillars grafted from ITO. (A)
topography image, (B) CSAFM image (dark, 0.1 V bias applied to sample) and (C) pcAFM
image acquired under illumination (-0.1 V bias applied to sample). All images are 4×4 µm2.
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2.5.1 Types of Photocurrent AFM Systems
The pcAFM technique was developed for mapping local photocurrent measurements with
resolution of ~20 nm using an Asylum MFP3D scanning probe microscope by shining a
diffraction-limited laser spot onto the sample from a confocal microscope, by Coffey et al.6 In
this configuration, the conductive AFM tip and the laser spot are raster scanned across the
surface together to minimize any current that would flow laterally through the film from other
areas simultaneously illuminated. Illumination intensity can be varied with this system from 10 –
108 W/m2 by selecting different neutral density filters, with currents measured from 10 pA to 1
nA. A pcAFM system with illumination by white light or monochromatic light using filters was
developed by Dante et al., using a similar configuration (Asylum MFP3D SPM and inverted
confocal microscope).31,

32

While the capability to probe samples with white light has

advantages, both systems are limited by the cost and operation of the confocal microscopy
system. A cost efficient, modular sample stage that can be adapted to any SPM system was
developed in this dissertation. The technical details are provided in Appendix A. The use of
pcAFM in this dissertation focused on the analysis of polythiophene nanopillars grafted from
ITO. The relationship of I-V measurements to the sample under illumination and in the dark was
tested.
2.6 Particle Lithography
Particle lithography is a tool used to create billions of nanostructures on surfaces. This is
done by depositing monodisperse mesospheres of latex or silica onto surfaces that protect
discrete spots from further chemical reaction where the mesosphere physically touches the
surface. The mesospheres naturally assemble in a hexagonally closest pack structure on the
surface yielding nanoscopic masking with an ordered arrangement and can be used to pattern
15

different materials including self-assembled monolayers (SAMs),33,

34

polymers,35 inorganic

materials,36-38 proteins,39, 40 and catalysts.41
For organosilane surface modification, mesospheres are deposited onto cleaned substrates
where the silane can be deposited by vapor deposition, solution immersion, contact printing or
vacuum deposition.42 Once the silane modification has occurred, the mesospheres are removed
through sonication. The areas of physical contact between the mesospheres and substrate reveal
bare surface for further modification to produce chemically diverse surfaces with targeted
function. The work represented in this dissertation uses particle lithography to produce
nanostructures with organosilanes (Chapters 3 and 5), polynitrophenylene via photocatalysis
(Chapter 4) and inorganic salts (Chapter 6).
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CHAPTER 3: POLYTHIOPHENE
3.1 Introduction
Polythiophenes are photoactive polymers used in bulk heterojunction (BHJ) devices
composed of organic photovoltaic materials. Typically, BHJ devices are prepared by processes
of spin-coating organic films onto semi-conductive surfaces. The most common polythiophene
derivative is poly-3-hexylthiophene (P3HT) which has hexyl groups attached to the thiophene
backbone to increase solvation in a solvents.43, 44 One strategy for improving the performance of
BHJ devices is to decrease the physical size of domains between the donor and acceptor material,
to approach the exciton dissociation radius (~10 nm).45-49 Measurements with conductive probe
(CPAFM) and photocurrent atomic force microscopy (pcAFM) have provided information of the
effects of domain size and sample composition for spin-coating procedures.6,

23-25

Reports by

Coffey et al demonstrated the use of pcAFM to distinguish variations in vertical film
morphology of BHJs that diminish the fill factor and short-circuit current of spin-coated
devices.6 Hoven et al used pcAFM to elucidate improved device performance of BHJs when
using different solvents and annealing times during spin-coating.26 Rice et al probed the effect of
preformed nanodomains of the active layer before spin-coating with pcAFM to gain insight for
improved BHJ performance.29 Devices that are made by spin-coating do not have the active layer
chemically bound to the surface, which influences overall device performance. Grafting
polythiophene directly to the substrate has inherent advantages over spin-coating techniques.50-52
Methods that have been used to create nanoscopic domains of polythiophene derivatives
on surfaces include electrochemical AFM,53 nanoimprint lithography54-57 and synthetic strategies
to produce linear molecules of the active layer.58 Nanoimprint lithography provides the
advantages of nanopatterning over large areas of surfaces. Emerging practical approaches for
17

preparing

regularly

shaped

nanostructures

have

recently

been

demonstrated

with

organosilanes.59-61 For particle lithography based approaches, samples are prepared using a
surface mask of monodisperse latex or silica mesospheres. After the particles are removed,
exposed sites of the substrate are available for further steps of chemical reactions.60, 62, 63
To better understand the effects of domain sizes and device performance will require
robust approaches for preparing test platforms of well-defined and uniform sizes, spacing and
arrangement. As the sizes of surface features become smaller, surface characterizations and
reproducible measurements are challenging. We introduce approaches based on particle
lithography for producing regularly-spaced nanostructures of uniform geometries of
polythiophene covalently linked to ITO. Polythiophene was grafted from the surface of ITO
using the Kumada condensation. Samples were prepared with selected polymerization conditions
and silica mesospheres of 250 nm and 500 nm periodicity to provide test platforms with designed
thickness and geometries. Individual polythiophene nanopillars of the test platforms were
characterized using contact mode and conductive probe AFM.
3.2 Experimental Approach
3.2.1 Materials and Reagents
Reactions were accomplished in a glovebox under N2 atmosphere. Column
chromatography was done with silica gel (Sorbent Technologies, 6.0 nm, 40 ~ 63 µm) slurry
packed into a glass column. Solvents were dried with a PS-400 Solvent Purification System
(Innovative Tech.). Reagents were purchased from Alfa Aesar (toluene), Acros Organics (2(triethoxysilyl)-5-iodothiophene), and Aldrich (dibromothiophene) and used without further
purification. Indium tin oxide (ITO) coated glass slides with a resistivity of either 70 – 125 Ωm
or 8 – 12 Ωm were obtained from Delta Technology and Aldrich. Samples were characterized
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with 1H –NMR spectra, obtained at 250 MHz (Bruker, DPX 250). Solutions were also
characterized with UV spectra acquired with a Varian Cary 50 UV-Vis spectrophotometer.
3.2.2 Preparation of Masked Substrates
Glass substrates with a coating of ITO were purchased from Delta Technologies, Inc. To
prepare nanopillars of polythiophene, ITO substrates with a relatively low conductivity (R = 70 –
125 Ω) were used. For the samples of nanoholes within a film of polythiophene, ITO with a
conductivity of R = 8 - 12 Ω were used for substrates. The ITO substrates were cleaned with
ethanol and acetone, then placed in a UV-ozone chamber for 30 min. Substrates for
polythiophene nanoholes were prepared by exposure to O2 plasma for 3 min to remove
contaminants. Surface masks were prepared using monodisperse silica mesospheres with an
average diameter of 250 nm or 500 nm obtained from Thermo-Fisher Scientific (Waltman, MA).
The silica mesospheres were cleaned by three cycles of centrifugation with resuspension in
deionized water. The final concentration of mesospheres in water was 0.82 %CV. To prepare a
surface mask, a drop (70 µL) of the silica mesospheres suspended in water was placed onto the
ITO substrate and dried in air. The samples were placed in an oven (150 ℃) for 19 h to ensure
complete drying and to temporarily anneal the beads to the surface to prevent displacement
during steps of solution immersion.
3.2.3 Preparation of OTMS Nanoholes
Substrates masked with silica mesospheres were immersed in a 1% solution of
octadecyltrimethoxysilane (OTMS) in bicyclohexyl for 14 h at 50 ℃. The samples were removed
and rinsed with ethanol and water to remove any unreacted silanes. The samples were then
sonicated sequentially in ethanol, water and chloroform for 30 min to completely remove the
mesosphere mask.
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3.2.4 Synthesis of Precursor (compound 1)
A solution of isopropyl magnesium (1 mL of 2.0 M solution in THF, 2.0 mmol) was
added dropwise to a stirred solution of 0.67 g (2.0 mmol) of 2,5-diiodothiophene in 3 mL of THF
at 0 ℃. The reaction mixture was stirred for 1.5 h at the same temperature and then the
temperature was lowered to -78 ℃. A solution of 0.34 g (0.43 mL, 2.2 mmol) of
chlorotriethoxysilane in THF was added dropwise. The resulting solution was warmed to room
temperature overnight. Purification was performed by vacuum distillation, yielded 0.16 g (22%)
of compound 1 as a brown colored oil. 1H- NMR (CDCl3) δ 7.31 (d, J = 4 Hz, 1H), 7.13 (d, J = 4
Hz, 1H), 3.87 (q, J = 8 Hz, 6H), 1.24 (t, J = 8,9H)
3.2.5 Polymerization Initiator (compound 2)
A portion of 44 mg (0.05 mmol) of Ni(dppp)2 was added into a solution of 9.0 mg (0.025
mmol) of triethoxy(5-iodothiophene-2-yl)silane (compound 1, Scheme 1) in 10 mL of toluene.
The reaction mixture was stirred at 40 ℃ for two days, and the resulting solution (2.5 mM) was
used for surface patterning (compound 2, Scheme 3.1).
nanopillars.	
  	
  
Scheme 3.1 Structures of the precursor, initiator and monomer used to prepare polythiophene
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3.2.6 Preparation of Nanopatterned Surface Initiator
Substrates of ITO coated with OTMS nanoholes were immersed into a solution of
polymerization catalytic initiator (compound 2) in toluene and kept at 50 ℃ for 3 days. The
slides were rinsed with anhydrous toluene. Due to the air sensitive nature of the compounds, all
procedures were accomplished inside a glove box.
3.2.7 Synthesis of Grignard Monomer (compound 3)
A solution of 0.121 g of 2,5-dibromo thiophene (0.5 mmol) in 10 mL anhydrous THF
was stirred at 0 ℃ under nitrogen (compound 3, Scheme 1). A solution of isopropyl magnesium
(0.25 mL of 2.0 M solution, 0.5 mmol) was added dropwise and the solution was stirred for 1 h.
3.2.8 Surface-initiated In Situ Polymerization of Grignard Monomer on the Surface
The substrate with nanoholes that were backfilled with initiator was immersed into a
Grignard monomer solution (compound 2) at room temperature for 12 h. The reaction was
maintained for 24 h for the OTMS terminated substrate with 500 nm periodicity and the reverseengineered sample. For the substrate with OTMS masking at 250 nm periodicity, the reaction
was held for 6 h.
3.2.9 Scanning Probe Microscopy
The samples were imaged using either an Agilent 5500 or 5420 scanning probe
microscope with PICO VIEW v.1.12 imaging software (Agilent Technologies, Chandler, AZ).
Non-conductive probes from Bruker (MSCT, 0.01 – 0.6 N/m) were used to acquire contact-mode
images. Conducting probe images were acquired using silicon nitride probes coated with a
titanium/platinum blend from MikroMasch (CSC11/Ti-Pt). Illumination of samples for I-V
spectroscopy was done with a light source (Kingbright, City of Industry, CA) of cool white
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InGaN light with ~160 lm. Images were processed and analyzed using GWYDDION (v. 2.22),
an open-access processing software, supported by the Czech Metrology Institute.
3.3 Results and Discussion
Samples were characterized ex situ with AFM after certain steps of the nanofabrication
process. The morphology of the octadecyltrimethoxysilane (OTMS) nanostructures produced using
immersion particle lithography are shown in Figure 3.1 for samples prepared with 500 nm (top
row) and 250 nm (bottom row) silica mesospheres. The OTMS nanopatterns provide a surface
templates to define sites for grafting polythiophene. The mask of mesospheres was cleanly
removed. The images reveal a periodic arrangement of ring-shaped nanostructures. The centers
of the rings are the sites where the silica beads protected the ITO substrates. A multilayer of
OTMS formed at areas surrounding the base of the mesospheres to produce a ring geometry.
There are 100 nanorings within the 4×4 µm2 area shown in Figure 3.1A which would scale to a
surface density of 108 nanostructures per cm2. The regular shapes and symmetric geometries are
further evidenced in the lateral force image (Figure 3.1B), which provides a sensitive map of the
edges of surface features. A close-up view of 7 nanorings topography is shown in Figure 3.1C,
disclosing a clustered morphology for the OTMS multilayer of the nanorings. The height of rings
measure 6 nm, indicated with a representative cursor profile in Figure 3.1D. The thickness
corresponds to 4-6 layers of OTMS referencing the centers of the nanorings as the baseline of the
ITO substrate. The areas in between the nanorings measures 2 nm, indicating the thickness of an
OTMS monolayer.
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Figure 3.1 Nanostructures of OTMS formed on ITO using particle lithography combined with
immersion. [A] Contact-mode topography and [B] lateral force images for ring nanostructures
prepared with 500 nm silica mesospheres. [C] Zoom-in view of the nanorings (1.25 × 1.25 um2);
[D] corresponding cursor profile for the line drawn in C. [E] Topography and [F] lateral force
images of OTMS structures made with 250 nm silica mesospheres; [G] zoom-in view and [H]
cursor profile for G.
A second sample was prepared with a surface mask of smaller silica mesospheres, AFM
results are shown in Figures 3.1E – 3.1 H. With 250 nm silica mesospheres the surface
morphology has less regular features, however there are still broad domains of periodic
arrangements of nanostructures. There are ~560 nanoholes within the 4×4 µm2 area of Figure
3.1E, which scales to a surface density of 109 nanoholes per cm2. The shapes and arrangement of
the nanorings are more clearly detected in the lateral force image (Figure 3.1F). At this
magnification the circular shapes of the nanostructures are not well resolved. A close-up view is
presented in Figure 3.1G, revealing the shapes and sizes of the nanoholes. The roughness of the
substrate influences the geometries that are produced, disclosing slightly irregular geometries for
the 250 nm silica masks. An example cursor profile is shown in Figure 3.1H, indicating that the
thickness of the OTMS film measures 2 nm. The diameter of the areas within the nanoholes
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measured 100 ± x nm, which corresponds to ~27% surface coverage of sites exposed for grafting
polythiophene.
Polythiophene was chemically grafted within OTMS nanoholes on ITO for both samples
shown in Figure 3.1. Reaction schemes for the nanofabrication procedure are provided in
Appendix B, Figures B1 and B2. A surface initiator (1,3-bis(diphenylphosphinopropane) 5(triethoxysilyl)thiophen-2-ylnickel (II) iodide) was deposited onto the surface with 3 d
immersion. Next, polythiophene nanopillars were grafted at sites of the initiator using the
Kumada condensation process. Nanopillars of polythiophene are evident with a periodicity
matching the diameters of the mesospheres (Figure 3.2). There are 53 nanopillars with a
hexagonal arrangement visible within the 4 ×4 µm2 topography frame of Figure 3.2A. A fairly
uniform surface chemistry is evident for the nanopillars of polythiophene indicated in the
corresponding lateral force image (Figure 3.2B). A small region without nanopatterns at the top
center of the image provides a baseline for AFM cursor measurements. An example line profile
across three nanopillars (Figure 3.2C) indicates the height of the nanopillars measure ~80 nm.
Using cursor line measurements of 50 nanostructures, the average height of the nanopillars is 76
± 6 (n = 50).
Results for polythiophene nanopillars synthesized with a mask of 250 nm silica
mesospheres are shown in Figures 3.2D-3.2E. The nanostructures are packed closely together,
however the nanostructures have a well-defined edges (Figure 3.2E) and did not meld together.
The thickness of the nanopillars is smaller than the 500 nm example; a cursor profile drawn
across four nanopillars is shown in Figure 3.2D. The nanopillars measure 31 ± 3 nm (n = 50) in
height. The conditions for preparing samples was not identical for samples. The intervals for
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polymerization were 6 h for the nanopillars with 250 nm periodicity, and 24 h for the sample
prepared with 500 nm diameter silica masks.

	
  

Figure 3.2 Nanopillars of polythiophene on ITO prepared within OTMS surface templates. [A]
Topography and [B] lateral force images of nanopillars made from a surface mask with 500 nm
periodicity. [C] Cursor profile for the line in A. [D] Topography and [E] lateral force images of
polythiophene nanopillars prepared from the 250 nm mesosphere mask. [F] cursor profile across
polythiophene nanopillars in D.
The sample design was reverse-engineered to produce nanoholes within polythiophene on
ITO shown in Figure 3.3. For this sample, OTMS was not used to define sites for chemical
grafting. Instead, silica mesospheres (250 nm) were deposited on the ITO surface and annealed at
150 oC. The heating of the mesosphere masks enabled prolonged submersion of the sample in
solvents. The areas of the spheres in contact with the ITO substrate were protected from grafting
of polythiophene. Nanoholes of exposed ITO within the polythiophene film are demonstrated in
Figures 3.3A and 3.3B. A zoom-in view of three nanoholes is presented in Figure 3C. An
example cursor profile across an individual nanohole is shown in Figure 3D. The average
thickness of the nanoholes measured 28 ± 6 nm.
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Figure 3.3 Nanoholes within a film of polythiophene prepared using 250 nm silica mesospheres.
Concurrently acquired contact mode [A] topography and [B] lateral force images acquired in
ambient air. [C] Zoom-in view; [D] cursor profile for C. The polymerization step used to prepare
the nanoholes sample was 24 h.
Characterizations with conductive probe AFM were done for the three samples to
evaluate the effects of the thickness and geometry of surface structures for differences in
conductivity at the nanoscale. Representative current images of the polythiophene nanopillars
with 500 nm periodicity are shown in Figure 3.4 for a wide area of the sample, disclosing broad
regions of periodic polythiophene nanopillars and a few areas without nanostructures as a
reference. There is no polythiophene in a few areas of the sample, indicated in the topography
(dark areas) and lateral force images (bright regions) of Figures 3.4A and 3.4B. The concurrently
acquired current image in (Figure 3.4C) sensitively reveals the darkest contrast at the sites of

26

nanopillars. The current was measured when the tip was in contact with the nanopillars (sample
bias of -1 V) in comparison to the OTMS masked areas of the ITO surface (white).

Figure 3.4 Conductive probe AFM images of polythiophene nanohole structures prepared with
500 nm periodicity. Simultaneously acquired [A] topography, [B] lateral force and [C] current
images acquired with a sample bias of -1.0 V. Wide area images are 26×26 µm2.
Conductive probe results for the sample with smaller nanopillars as well as for the
nanoholes within a film of polythiophene are shown in Figure 3.5. Separate views for the
topography and current images are shown (Figures 3.5A-3.5B, 3.5D-3.5E), and then a digitally
rendered overlay of the two images is presented at the right (Figures 3.5C and 3.5F) indicating
the regions of highest conductivity For experimental conditions with a sample bias of -1 V much
of the current was not measured at the apex of the pillars/film but occurred at the edges of the
samples and in between the nanopillars. One should consider the size and shape of the AFM
probe when interpreting the results in Figure 3.5. Although the highest regions of current were
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not measured at the top of the polythiophene nanopillars, regions of conductivity occurs were
greatest when the tip was simultaneously in contact with several nanopillars (Figure 3.5C, white
square). A similar effect was measured for the sample of nanoholes within polythiophene
(Figures 3.5D-3.5F); the highest conductance was measured within the locations of the
nanoholes. This effect has been attributed to the high surface area of these regions experienced
by the relatively bulky conductive tip and has been reported in previous studies.6

Figure 3.5 Conductive probe AFM results for of polythiophene nanohole structures prepared on
ITO. Simultaneously acquired [A] topography view; [B] current image; and [C] overlay of the
two images for polythiophene nanopillars prepared with 250 nm silica masks. Results for
nanoholes within a film of polythiophene with exposed sites of ITO: [D] topography image; [E]
concurrently acquired current image; and [F] overlay of topography and current images. The
polythiophene film with nanoholes was prepared using 250 nm silica mesospheres on ITO. Both
experiments were acquired using -1 V sample bias.

	
  

To evaluate the reversibility of current flow for the sample of polythiophene nanopillars,
current images were acquired at selected sample bias (Figure 3.6). The same area was
characterized for the three measurements, shown in the topography frame of Figure 3.6A. The
current measured for the image with zero applied bias (Figure 3.6B) is attributed to leakage
current in the system and provides a baseline for further measurements. When a bias of -1 V was
applied to the sample, the current measured in the range of hundreds of picoamperes for the areas
of polythiophene nanopillars (Figure 3.6C), shown with black contrast. When the bias was
reversed (+1 V) the current was reduced to less than 100 picoamperes (Figure 3.6D). As would
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Figure 3.6 Current images of polythiophene nanopillars prepared with a 500 nm periodicity.
Simultaneously acquired [A] topography image and corresponding current-sensing images
acquired at [B] 0 V, [C] -1 V and [D] +1 V bias.
be predicted, the color contrast is reversed when the bias polarity was switched. A few regions of
the sample display that polythiophene nanopillars exhibit higher conductance, which is likely
attributable to variances in the heights of the nanostructures. Higher resolution experiments will
help to address the differences in conductivity versus the thickness of the nanopillars.
With a magnified view current-voltage (I-V) spectra were acquired for individual
nanopillars shown in Figure 3.7. To acquire I-V spectra, the probe was placed in selected
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Figure 3.7 Current-voltage spectra acquired for individual polythiophene nanopillars. [A]
Topography and [B] current-sensing images acquired at -0.1 V sample bias, with outlines of
selected nanopillars. Current-voltage spectra acquired in [C] dark and [D] illuminated
environments shown for nanopillars.
location of the sample and held stationary. The bias was ramped from negative to positive 2 V.
The sites are circled for ten nanopillars in the topography frame of Figure 3.7A. The
concurrently acquired current image is shown in Figure 3.7B, acquired with a sample bias of -0.1
V. The dark areas reveal areas with a greater density of current measured at locations near the
centers of the nanopillars. Individual I-V profiles for each point are plotted in Figure 3.7C,
acquired in a dark environment. To test the effect of illumination for the sample, I-V spectra
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were acquired with a broad band light source, plotted in Figure 3.7D. For each site, an increase
in current was measured while the sample was illuminated, attributable to the photovoltaic nature
of polythiophene. Individual plots of dark versus lighted conditions are provided in Appendix B,
Figure B3.
3.4 Conclusions
Test platforms of polythiophene nanostructures were prepared on ITO substrates using
particle lithography and subsequently characterized with conductive probe AFM. The thickness
and shapes of the nanostructures were designed by selecting arrangements of mesosphere surface
masks as well as conditions for polymerization intervals. Regular geometries at the nanoscale
enable multiple successive measurements, in dark or illuminated environments. Conductive
AFM probes have a broader geometries, and therefore limit the size of nanostructures that can be
successfully tested. Individual nanopillars of polythiophene prepared with 500 nm spacing were
characterized with I-V spectra and current maps. The nanostructures were shown to be
photoactive by measuring I-V spectra with and without illumination; the measured current
increase in lighted conditions. Future directions for measurements with polythiophene
nanostructures will evaluate conditions of temperature and cycling for nanoscale current
measurements.
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CHAPTER 4: APPLICATION OF VISIBLE LIGHT PHOTOCATALYSIS WITH
PARTICLE LITHOGRAPHY TO GENERATE POLYNITROPHENYLENE
NANOSTRUCTURES
4.1 Introduction
Covalently bound films produced with electrochemical reduction of diazonium salts are
more stable than surface layers produced by chemisorption of n-alkanethiols, providing benefits
as electrochemical sensor surfaces that require long term storage or repeated chemical cycling.64,
65

A limitation of electrografting is that the surface must be comprised of conductive or

semiconductor materials. Electrochemical reduction of salts has been used to graft organic films
to surfaces of gold,66-69 iron,70 silicon,71, 72 carbon,73-81 diamond,82 platinum,83 indium-tin-oxide84,
85

highly oriented pyrolytic graphite (HOPG)86, 87 electrodes in either organic or aqueous media.

Electrochemical reduction of arenediazonium salts was accomplished with Co, Ni, Cu, Zn, Pt,
and Au substrates.88 The surface layers generated by electrochemical reduction are typically less
than 10 nm in thickness and attach covalently to the electrode. Organic films formed from
reduction of diazonium salts offer flexibility for selecting diverse molecules to design surface
properties and reactivity. A broad range of deriviatives of diazonium salts have been
electrografted, including those of tetraaryl porphyrin,74 anthraquinone,67, 68 bithiophene phenyl,89
4-carboxybenzene,87

4-nitrobenzene,66,

72,

73,

79,

81-84,

90-92

4-aminobenzene,69,

77

4-

fluorenephenyl,84 and 4-decylbenzene.90 With further chemical steps the grafted films can be
used to build multilayered surface structures.93-96
Photochemical approaches with diazonium salts have not been as widely investigated for
grafting organic films to surfaces.97 Visible light photocatalysis can be used with diazonium salts
in the presence of a photoredox catalyst to produce carbon-centered radicals that undergo
processes that include grafting to both conducting and non-conducting surfaces under mild, user32

friendly conditions.97-100 Visible light photocatalytic grafting of arenediazonium salts was
accomplished by Bouriga et al. using the photocatalyst Ru(bpy)3(PF6)2 with both Au(111) and
the nonconductive polymer surface of polyvinylchloride.97 A similar visible light photocatalytic
approach for the surface-patterning of coumarin-modified cellulose was reported by Schroll et
al.98

Irradiation

with

UV

light

was

used

to

photochemically

reduce

4-(2-(4-

pyridinyl)ethynyl)benzenediazonium salt to form a film on quartz substrates, as reported by Zhao
et

al.94

The

1,3-dimethoxybenzene-sensitized

grafting

of

4-nitrobenzenediazonium

tetrafluoroborate under UV irradiation was demonstrated with metal surfaces (Au, Cu, Fe) by
Busson et al.101
Surface patterning has been accomplished with organic films produced by
electrochemical reduction of diazonium salts using methods developed with scanning
electrochemical microscopy (SECM),102 microcontact printing,103,

104

scanning probe based

nanolithography,72, 73, 105 electrografting106 and particle lithography.84, 96, 107, 108 The combination
of particle lithography with molecular surface assembly is a practical strategy for preparing
periodic nanostructures with high throughput.61
In this work, visible light photocatalysis was combined with particle lithography to successfully
generate films of polynitrophenylene with designed thickness on Au(111). The films of
polynitrophenylene were prepared by visible light irradiation of Ru(bpy)3(PF6)2 in the presence
of 4-nitrobenzenediazonium tetrafluoroborate (NBDT). Our strategy for nanofabrication applied
particle lithography with surface masks consisting of silica mesospheres (d = 500 nm) to protect
small, discrete regions of the surface from the photocatalytic grafting reaction. After steps of
photografting, the exposed sites of nanopores were backfilled with 11-mercaptoundecanoic acid
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(MUA) to generate a compositionally patterned surface composed of MUA nanostructures
within a matrix film of polynitrophenylene.
4.2 Experimental Approach
4.2.1 Materials and Reagents
Sodium nitrite (99.8% ACS certified) was obtained from Fisher Scientific.
Ru(bpy)3(PF6)2 (97%), 4-nitroaniline (99%), tetrafluoroboric acid (48% aqueous), anhydrous
diethyl ether (99.0% ACS reagent grade), acetone (99.5% ACS reagent grade), and
mercaptoundecanoic acid (95%) were purchased from Sigma-Aldrich and used without further
purification. 1H NMR and

13

C NMR spectroscopy were performed on a Bruker AV-400

spectrometer. Unless otherwise noted, all materials were purchased from Sigma-Aldrich and
used without further purification. Glassware was flamed dried under vacuum and backfilled with
dry nitrogen prior to use. Deuterated solvents were obtained from Cambridge Isotope Labs.
Solvents were purified according to the method published by Pangborn et al.109 The irradiation
source for photografting reactions was two 4 W sapphire blue LED flex strips from Creative
Lighting Solutions, Cleveland Ohio.
4.2.2 Preparation of Gold Surfaces with a Mesosphere Mask
Template-stripped, ultraflat gold substrates were prepared by a previously reported
procedure.110 Gold films were prepared on mica(0001) by evaporative deposition. Glass discs
were glued to freshly-prepared gold films using an epoxy (EPO-TEK, Billerica, MA). Pieces of
ultraflat gold/glass were stripped from mica to expose a clean, atomically-flat Au(111) surface.
Size-sorted silica mesospheres with an average diameter of 500 nm (Thermo Scientific) were
cleaned by centrifugation and suspension in water (three cleaning cycles). A 40 μL drop of the
silica mesosphere suspension was placed onto the template-stripped gold substrates, dried in air
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for 2 h, and then oven dried at 150oC for at least 14 h. The final heating step was used to
temporarily anneal the silica spheres to the substrate to prevent displacement during chemistry
steps of immersion in solutions. After completing the steps of chemical reactions, removal of the
surface mask was accomplished by sonication in clean solvents.
4.2.3 Preparation of 4-nitrobenzenediazonium Tetrafluoroborate
The 4-nitrobenzenediazonium tetrafluoroborate was prepared according to a method
similar to that of Vogel using 4-nitroaniline.111 Tetrafluoroboric acid (HBF4) (3.6 mL, 27 mmol)
was added to a round-bottom flask containing 5 mL of deionized water. A solution of 4nitroaniline (1.40 g, 10 mmol) was added in three portions to the round-bottom flask and stirred.
The resulting olive-green solution was cooled to 0°C in an ice-water bath. A solution of sodium
nitrite (0.69 g, 10 mmol) in deionized water (2 mL) was prepared and then added dropwise to the
aqueous solution of 4-nitroaniline and HBF4 over a period of 30 min under N2 at 0°C. As the
resulting cloudy green mixture became difficult to stir, the stirring rate was increased. The
round-bottom flask was wrapped in foil and the mixture was stirred for an additional 1 h at 0°C.
The resulting mixture was filtered and washed with 2 mL of cold deionized water. The resulting
solid was added to a 250 mL Erlenmeyer flask and dissolved in 30 mL of acetone. The remaining
precipitate was removed by filtration and washed with 2 mL of acetone. 20 mL of anhydrous
diethyl ether was added at once to the resulting filtrate. The precipitated diazonium salt was
filtered using a Büchner funnel, washed with 10 mL of anhydrous diethyl ether, and dried under
high vacuum for 1 h. Due to its low stability at room temperature, the diazonium salt was used
immediately or stored at −2°C prior to use. 1.2344 g (52.1%) C6H4N3O2BF4 was isolated. 1H
NMR (400MHz, CD3CN): δ 8.74 (d, 2H, J=9.32Hz), 8.63 (d, 2H, J=9.32Hz);
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C NMR

(100MHz, CD3CN): δ 155.3, 135.5, 126.7, 121.6. The NMR spectra can be found in Appendix C,
Figures C1 and C2.
4.2.4 Photografting Procedure
Acetonitrile (MeCN) from a solvent purification system46 was dried over 3 Å molecular
sieves for 24 h. A solution of 4-nitrobenzenediazonium tetrafluoroborate (NBDT, 47.4 mg, 0.2
mmol) and Ru(bpy)3(PF6)2 (2.97 mg, 0.005 mmol) in 2 mL of anhydrous MeCN was wrapped in
foil, stirred, and deoxygenated three times using the freeze-pump-thaw protocol. A lower
concentration (10-3 M) of NBDT was prepared via dilution. A 20 uL aliquot of the 10-1 M solution
of 4-nitrobenzenediazonium tetrafluoroborate was transferred to a separate round bottom flask
wrapped in foil. Anhydrous MeCN (1.98 mL) was then added to achieve the desired
concentration (10-3 M). This solutions was also deoxygenated three times using the freeze-pumpthaw protocol. A stir bar and the masked gold substrates were placed in a 125 mL Erlenmeyer
flask so that the stir bar did not touch the sample. The Erlenmeyer flask was sealed with a rubber
septum and sparged with nitrogen for 30 min. The deoxygenated solution of 4nitrobenzenediazonium tetrafluoroborate and Ru(bpy)3(PF6)2 in anhydrous MeCN was added to
the 125 mL Erlenmeyer flask containing the masked gold sample and stir bar. The suspension
was magnetically stirred and irradiated. After irradiation for the desired period of time, the
solution was decanted. The masked gold sample was washed twice with 2 mL of deionized water
and twice with 2 mL of ethanol to remove material that was not strongly attached to the gold
surface. The samples were sonicated in ethanol for 1 min to remove the mesospheres and any
remaining non-covalently bound residues.
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4.2.5 Backfilling the Nanopores with Mercaptoundecanoic Acid (MUA)
A solution of MUA in ethanol was prepared by dissolving 0.0014 g of MUA in 10 mL
ethanol and stirred until completely dissolved (0.6 mM). The solution was injected into a liquid
cell (Sonimoto Laboratories, West Bloomfield, MI) that supports imaging samples in a liquid
environment. Fresh aliquots (1 mL) of the MUA solution were replenished each hour to replace
liquid lost by evaporation.
4.2.6 Atomic Force Microscopy (AFM)
The samples were imaged using a model 5500 or model 5420 atomic force microscope
with Pico View v.1.12 software (Agilent Technologies, Chandler, AZ). Non-conductive imaging
probes from Bruker (MSCT, 0.01 – 0.6 N/m) were used to acquire contact-mode images. Images
were processed and analyzed using Gwyddion (v. 2.22), an open-access processing software
designed for AFM images, supported by the Czech Metrology Institute.112
4.3 Results and Discussions
To accomplish photografting, gold surfaces masked with mesospheres were immersed in
solutions of p-nitrobenzenediazonium tetrafluoroborate (NBDT) in acetonitrile and irradiated for
selected time intervals in the presence of the photocatalyst Ru(bpy)3(PF6)2 to produce pnitrophenyl radicals that grafted onto Au(111). As the reaction proceeds, successive attachment
of aryl radicals to grafted arenes generated films of polynitrophenylene (Figure 4.1). The mask of
mesospheres was removed by ultrasonication in ethanol to generate a periodic arrangement of
uncovered nanopores in locations where the silica mesospheres covered the substrate. For
scanning probe studies, the nanopores provide a useful baseline for measuring the thickness of
the films and also provides exposed surfaces sites of the substrate for backfilling with selected
molecules.
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Figure 4.1 Photografting reaction steps.
4.3.1 Photografting of NBDT onto Masked Gold Substrates
A densely packed film of polynitrophenylene was formed after only 5 min of irradiation
at a concentration of 10-3 M NBDT, shown in Figure 4.2. A periodic arrangement of dark holes is
observed throughout areas of the sample, the areas of the nanopores are sites of uncovered
substrate where the mesoparticle mask was removed. Approximately 1 % of the surface is
covered with nanopores in Figure 4.2A, scaling to a surface density of 108 nanopores/cm2. The
sample was prepared with an NBDT concentration of 1 mM and was imaged with contact-mode
AFM in ambient air. Features such as terraces, scars and domain boundaries that are
characteristic of the underlying Au(111) substrate are evident within the 5 × 5 µm2 topography
image of Figure 1a. Interestingly, the films do not exhibit molecular vacancy islands that are
characteristic of Au surface reconstruction typically observed with n-alkanethiol monolayers.113
The dense film has 77 nanopores within the topograph (Figure 4.2A) spaced at 500 nm distances,
corresponding to the diameter of the surface mask. A hexagonal arrangement of seven nanopores
is shown in Figure 4.2B. The shapes are not perfectly round and symmetric at the nanoscale,
rather the roughness and slight imperfections of the underlying substrate influence the shape. The
nanostructures with regular circular geometries occur at sites of flat terraces without scars or
terrace edges. A magnified view of an individual nanopore is shown in Figure 4.2C, and an
example cursor profile across the nanopore is shown in Figure 4.2D. The images in Figure 4.2
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are representative of multiple areas of the sample. The areas of nanopores provide an opportunity
to obtain multiple measurements of the local film thickness to obtain a representative value. The
average depth measured 2.6 ± 0.2 nm (n = 40) for the polythiophene film prepared with the
selected reaction conditions.

Figure 4.2 A photografted film of polynitrophenylene formed on Au(111) generated with an
initial concentration of 1 mM NBDT, after 5 min irradiation. Nanopores were produced using
immersion particle lithography. [A] Topography image (5×5 µm2) acquired in air; [B] zoom-in
view (1.5×1.5 µm2); [C] a single nanopore (500×500 nm2); [D] cursor profile for the line in C.
4.3.2 Effect of Increased NBDT Concentration for Film Thickness
One would predict that increasing either the concentration or the irradiation time would
correspondingly produce a thicker film of polynitrophenylene. To test this hypothesis, further
experiments with particle lithography were conducted to evaluate the parameters of
concentration and light exposure while keeping the other parameters unchanged. The effects of
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increasing the concentration by one hundred-fold (0.1 M NBDT) while maintaining a 5 min
irradiation time are shown in Figure 4.3. The morphology of the film appears relatively smooth
and dense, however the subsurface characteristics of the Au(111) substrate are no longer visible.
For thicker surface films the substrate features are likely to be indistinguishable. There are 91
nanopores within the 6 × 6 μm2 topography image shown in Figure 4.3A. The uncovered sites
became more prominent with clearly resolved edges. A comparison of surface chemistry is
mapped in lateral force images rather than changes in height. Corresponding differences in
frictional forces between the AFM probe and surface groups are mapped in the lateral force
image (Figure 4.3B). The bright areas are the uncovered areas of the gold substrate measuring
~18 % coverage of the surface. The areas of the polynitrophenylene film are darker and
homogeneous in color, suggesting a fairly uniform chemical composition throughout the sample.
A close-up view of three nanopores is shown in Figure 4.3C, revealing a regular and smooth
morphology for the photografted film. The diameter of the nanopores measured 77 ± 14 nm (n =
38) which closely matches the experiment in Figure 4.2. The depths of the nanopores measured 3
± 0.2 nm (n = 49) shown with an example cursor profile in Figure 4.3D.
In previous reports with electrochemically grafted films, the compactness or density was
greater with increasing diazonium salt concentration.105, 114 With electrochemical grafting, high
concentrations of diazonium salts can produce multilayer films after longer reduction times.115
Comparing the two experiments shown in Figures 4.2 and 4.3, changing only the parameter of
diazonium concentration did not greatly increase the overall film thickness, however the film in
Figure 4.3 appears to be more compact.
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Figure 4.3 Nanopores within a polynitrophenylene film formed with 0.1 M NBDT after 5 min
irradiation. [A] Topography and [B] corresponding lateral force images (5×5 µm2); [C] zoom-in
view of nanopores (750×750 nm2); [D] cursor profile for the line in C.
4.3.3 Effect of Increased Irradiation Time for Film Thickness
The parameter of increasing the irradiation time was tested using 0.1 M NBDT for the
experiment shown in Figure 4.4. After 15 min irradiation, AFM images of the
polynitrophenylene film revealed a less regular topography and thicker layer (Figure 4.4A).
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Figure 4.4 Photografted film of polynitrophenylene punctuated with nanopores prepared with 15
min irradiation at 0.1 M NBDT. [A] Topography image (5×5 µm2); [B] zoom-in topograph
(750×750 nm2); [C] cursor profile across two nanopores in B.
Thicker areas formed an arrangement of strips across areas of the sample with areas of flatter
domains in between the ridges. Zooming-in for a closer view, the areas of polymer have a
rougher, clustered morphology (Figure 4.4B). The nanopores can still be distinguished as dark
spots throughout areas of the sample within a dense film. A representative line profile across two
of the nanopores is shown in Figure 4.4C, the thickness of the film measured 13 ± 2 nm (n = 49).
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When the reaction time was further increased to 30 min while maintaining an initial
concentration of 0.1 M NBDT, the film morphology and thickness changed substantially (Figure
4.5). The morphology of the thicker film of polynitrophenylene is no longer smooth and

	
  

Figure 4.5 Polynitrophenylene film prepared with an irradiation time of 30 min in 0.1 M NBDT.
[A] Topography image (6.5×6.5 µm2) acquired in air; [B] zoom-in view (1.25×1.25 µm2); [C]
cursor profiles for B.
continuous. A rougher, irregular arrangement of surface structures surrounding nanopores is
apparent in Figure 4.5A. Within a magnified view (Figure 4.5B), a honeycomb arrangement of
seven nanopores is disclosed with polymer clusters surrounding the bowl-shaped nanopores. The
thickness of the film measured 89 ± 22 nm (n = 46). An example cursor profile is shown in
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Figure 4.5C, however the irregularly shaped edges of nanopores cannot be fully represented with
a single line scan. Therefore, an additional line traces is presented for an area without nanopores.
Using the bottom of the nanopores as a baseline, the range of heights measured from 57 to 163
nm (n = 46).
By changing the duration of irradiation for time intervals on the order of a few minutes,
considerable increases in film thickness were detected. A comparison of the film thickness for
selected irradiation times is shown in Figure 4.6, referencing the bottom of nanopores as a
baseline. The error bars were determined from the standard deviation of the measurements. The
chart effectively demonstrates the sensitivity to changes in the duration of light exposure for the
photografting reaction with diazonium salts. As irradiation time was increased, the thickness of
the film increased within an overall time frame of 30 min. For the parameter of the concentration
of NBDT, the differences in the thickness of the film were not as large. The film formed with a
starting concentration of 0.001 M NBDT measured 2.6 ± 0.2 nm in thickness (5 min irradiation),
whereas the film prepared with 0.1 M NBDT measured 3.2 ± 0.2 nm. The difference in thickness
of 0.6 nm corresponds approximately to the addition of a single phenylene group.
Grafting of diazonium salts using electrochemical reduction is primarily a diffusioncontrolled process.67 Reduction of the diazonium cation by the substrate produces an aryl radical
that couples to the surface for growth of an organic film. Multilayers are generated as the
reaction proceeds with phenyl radicals attaching to the surface-bound molecules, forming
covalent carbon-carbon bonds.115 Once the multilayer film has reached a thickness at which
electron transfer through the surface film is no longer possible, the growth will terminate.81 With
electrochemical reduction, additional surface layers can restrict reduction of further molecules at
the surface. Photocatalysis, on the other hand, continuously produces radicals to graft either to
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the surface or to grafted molecular layers to effect continuous growth under conditions of
irradiation with visible light. The growth can effectively be switched off by removing the light
source. In our experiments, an increase in film thickness was observed when the duration of light
exposure was increased, while keeping all other parameters constant. Surface layers up to 100
nm in thickness are accessible with catalytic photografting because the growth of multilayers is
not limited by a reduction in conductivity as with electrografting.116

Figure 4.6 Thickness of the polynitrophenylene films measured at different irradiation times for
samples prepared with 0.1 M NBDT.
4.3.4 Backfilling Exposed Sites of Au(111) with Mercaptundecanoic Acid
The exposed surfaces sites of the substrate located within the nanopores can be filled with
selected molecules to generate nanostructures with designed chemical groups. An ωfunctionalized n-alkanethiol which contains a carboxylic acid headgroup was chosen for
backfilling. Mercaptoundecanoic acid (MUA) in ethanol (0.6 mM) was added to the sample
shown in Figure 4.3 (0.1 M NBDT, 5 min. irradiation). A close-up view of the sample is
presented in Figure 4.7A, revealing the shapes and arrangement of 16 nanopores within the film
of polynitrophenylene. The shapes of the nanoscopic surface sites of exposed Au(111) can be
clearly distinguished in the lateral force frame (Figure 4.7B). After 24 h immersion in MUA,
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clusters of molecules attached within the exposed areas of the sample (Figure 4.7C). A few of the
sites have multiple islands within the nanopores which can be resolved in the lateral force image
(Figure 4.7D). After backfilling, the area that was selected for imaging has shifted; the frames in
Figures 4.7C and 4.7D contain 14 nanostructures within an area of 2 × 2 µm2, which would scale
to a surface density of ~108 nanopores/cm2.

Figure 4.7 After backfilling with an n-alkanethiol, nanostructures formed within exposed sites of
the nanopores. [A] Topography image of nanopores within a matrix film of polynitrophenylene
(2 × 2 µm2); [B] simultaneously acquired lateral force image. [C] After backfilling with MUA
(topography, 2 × 2 µm2); [D] corresponding lateral force image.
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A side-by-side comparison of the stability of the diazonium-derived film versus thiolbound MUA was accomplished with the backfilled sample of Figure 4.7. An experiment was
designed to use the force of an AFM probe to shave regions of the sample. Thiolated molecules
can be displaced from the surface using a process known as nanoshaving.117 Local areas of
surface films can be shaved away to expose the substrate by increasing the force on the probe.
Steps of the nanoshaving process are shown with AFM topography frames in Figure 4.8. An
example image of a single nanostructure of MUA is shown in Figure 4.8A before backfilling
with MUA, the depth of the nanopore measure 3.0 ± 0.2 nm (n = 49). Under low force, images
can be acquired without disturbing the shapes of the nanostructures. After immersion in MUA
solution for 24 h, a nanostructure measuring 8.7 nm was formed (Figure 4.8B). The height
corresponds to the thickness of a multilayer of MUA formed by interactions between acid
headgroups. Nanostructures of multiple layers of MUA were previously observed to form under
certain conditions as reported by Kelley et al.118 The area containing the nanostructure and
surrounding matrix film (500 × 500 nm2) was scanned at higher force (swept 20 times) to shave
away the surface film. The force was sufficient to remove thiol molecules, however the
photografted film of polynitrophenylene persisted (Figure 4.8C). Some of the displaced
molecules from the nanostructure remained at the edge of the pattern. The thickness of the
polynitrophenylene film after nanoshaving (Figure 4.8C) matches the thickness measured before
nanoshaving (Figure 4.8A).
Under certain experimental conditions, aryl films formed from the reduction of
diazonium salts were bonded to gold surfaces more strongly compared to equivalent thiol-bound
films, as reported by Shewchuk et al.65 For the experiment in Figure 4.8, after nanoshaving, the
polynitrophenylene film persisted on the gold surface while the MUA nanostructure was
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Figure 4.8 Steps for backfilling and shaving the nanopores filled with MUA. Topography images
(500 × 500 nm2) of [A] a single nanopore within the polynitrophenylene matrix film; [B]
nanostructure of MUA formed within a nanopore; [C] the same area of the MUA nanostructure
after nanoshaving.
removed by the sweeping action of the AFM tip. The photografted film provided spatial
selectivity as a matrix film. No evidence of self-exchange or adsorption of MUA on areas
between the nanostructures was visible throughout the course of a 24 h experiment.
4.4 Conclusions
Nanopores within polynitrophenylene films on Au(111) surfaces were prepared using
visible light photocatalysis combined with particle lithography. To accomplish nanolithography,
substrates were masked with a film of silica mesospheres to protect local areas of the surface
from polymer deposition. Solutions of p-nitrobenzenediazonium tetrafluoroborate and the
photoredox catalyst Ru(bpy)3(PF6)2 were irradiated to produce p-nitrophenyl radicals that graft
onto masked substrates of Au(111). Within only a few minutes of irradiation, samples were
generated with exquisite arrangements of periodic nanopores within densely packed films of
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polynitrophenylene. The depth of nanopores was used to evaluate film thickness, which was
found to depend sensitively on the parameter of irradiation time. The nanopores were filled with
a second molecule with thiol-gold chemisorption (MUA), generating a surface with designed
interfacial chemistry.
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CHAPTER 5: VACUUM-LINE DEPOSITION OF ORGANOSILANES THROUGH A
MESOSPHERE MASK
5.1 Introduction
Trichlorosilanes bind to substrates such as silicon, metal oxides, quartz, glass, gold and
mica to form a network of Si-O-Si bridges to adjacent molecules or to the substrate.119, 120 Welldefined self-assembled monolayers (SAMs) of organosilanes furnish a versatile surface platform
for nanofabrication, and were first reported by Sagiv in 1980.121 It is critical to control
parameters such as humidity to produce high quality films with organosilanes, the amount of
water present in vapors or solvents is a critical parameter which affects thickness and surface
density of organosilane SAMs.122, 123 Commercial systems have been designed for deposition of
organosilanes with automated steps to dehydrate substrates, heat the system, purge gasses and
inject an organosilane for deposition onto surfaces.124, 125 Vapor-phase deposition systems have
been used to prepare films of amino126 and vinyl127 functionalized organosilanes.
Particle lithography has been used to produce nanopatterns of organosilanes using
monodisperse mesospheres as a surface mask.59-62 Particle lithography has also been referred to
as nanosphere lithography, evaporative lithography or colloidal lithography. Monodisperse
spheres of silica or latex assemble into periodic structures with well-defined dimensions and
interparticle spacing to furnish a surface mask. Organosilanes bind to the unprotected areas of
the substrate located in between the mesospheres. The areas of contact between the mesospheres
and the surface are protected from chemical reaction during the deposition process. Organic
films have been applied to surfaces masked with mesospheres using processes such as immersion
in solution, heated vapor deposition4, 128, 129 and contact printing.61, 130 The mask of mesospheres
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can be removed by solvent rinsing, dissolution, or sonication to produce a periodic array of
organosiloxane nanostructures.	
  
In this report, we evaluate the suitability of vacuum-line deposition for producing
nanostructures of octadecyltrichlorosilane (OTS), 4-methylphenyltrichlorosilane (CMPS) and
phenyltrichlorosilane (PTS) with particle lithography. A film of trichlorosilanes was deposited
surrounding mesosphere masks using a home-built vacuum system. Vacuum systems have been
widely used for depositing metal films on surfaces masked with mesospheres.131 For depositing
molecular systems, a vacuum environment should minimize the presence of water on substrates,
and enable growth of films with monolayer thickness. The areas of the substrate that persist after
removing the mesosphere mask are available for further chemical reactions to create
nanostructures with defined periodicity and geometry.63, 97
5.2 Experimental Approach
5.2.1 Materials and Reagents
Silicon substrates (5 mm, Ted Pella) were cleaned by soaking in piranha solution (3:1
H2SO4/30% H2O2) for 1 h followed by rinsing and sonication for 10 min in ultrapure deionized
water. Silica mesospheres with an average diameter of 500 ± 20 nm (Thermo Scientific) were
cleaned by centrifugation and suspension in water (three cycles). A volume of 40 µL of silica
mesosphere colloidal suspension was deposited onto the silicon substrate, dried in air for 2 h,
then placed into an oven at 150 oC for at least 14 h to ensure complete drying.
5.2.2 Vacuum-Line Deposition of Organosilanes
The organosilane target was prepared by depositing 5 µL of a 1% organosilane (OTS,
CMPS or PTS (Gelest)) solution in toluene onto the quartz disc of the sample chamber
(Supporting Information, Figures S1 and S2). The sample was placed into the home-built
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vacuum-line system (< 300 mtorr) and positioned within 1 mm from the silane target. After 15
min in vacuum the sample was removed from the sample holder and immediately rinsed with
toluene. The sample was then further cleaned in an ultrasonic bath in ethanol, water and
chloroform, respectively, and dried under a stream of argon gas.
5.2.3 Backfilling of Nanopores by Solution Immersion
Solutions of CMPS were made by adding 100 µL of the organosilane to 10 mL
dehydrated toluene (Aldrich). Samples with nanopores within the OTS matrix were immersed in
the 1% CMPS solution for 1 h at room temperature. Upon removal, the sample was rinsed with
toluene then washed in an ultrasonic bath for 30 min successively in toluene, ethanol and water.
After rinsing, the samples were dried under a stream of argon gas.
5.2.4 Atomic Force Microscopy
The samples were imaged using either an Agilent 5500 or 5420 scanning probe
microscope with PICO VIEW v.1.12 software (Agilent Technologies, Chandler, AZ). Nonconductive imaging probes from Bruker (MSCT, 0.01 – 0.6 N/m) were used to acquire contactmode images in ambient air. Images were processed and analyzed using Gwyddion (v. 2.22), an
open-access processing software designed for AFM images, supported by the Czech Metrology
Institute.112
5.3 Results and Discussion
The home-built vacuum-line deposition system is equipped with a quartz disc (target),
sample stage, liquid nitrogen trap, glass oil-diffusion pump and roughing pump (Supporting
Information). The target organosilane was deposited onto the quartz disc that is held in place
with a rubber o-ring. The main components of the vacuum-line deposition system are shown in
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Figure 5.1. The sample stage consists of an aluminum disc (diameter = 2 cm). The substrate is
placed on the stage and can be positioned close to the target.

Figure 5.1 Components of the vacuum-line deposition system. [A] Glass vacuum chamber with a
sample aligned close to the source. [B] Liquid nitrogen cold trap. [C] Oil diffusion pump.
Three

trichlorosilanes

were

investigated:

octadecyltrichlorosilane

(OTS),

4-

(chloromethyl)phenyltrichlorosilane (CMPS) and phenyltrichlorosilane (PTS) with dimensions
shown in Scheme 5.1. In previous experiments in ambient conditions, multilayers of CMPS and
OTS can be produced due to the presences of water residues on surfaces.62 Nanopores produced
with vacuum-line deposition using 500 nm silica mesoparticles for films of OTS and CMPS are
shown in Figure 5.2. The AFM views reveal 105 and 75 nanopores within a 5×5 µm2 area,
conforming to the arrangement of the mesosphere mask. The surface coverage of the sites of
nanopores measured 1.4% for OTS and 3.2% for CMPS. Within the zoom-in topography and
lateral force images (1×1 µm2) the circular shapes of three nanopores can be observed
surrounded by a relatively dense silane film. The 500 nm spacing between nanopores
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corresponds to the size of the mesoparticle mask. The depth of the nanopores measured 1.1 ± 0.3
nm for OTS and 0.5 ± 0.1 nm for CMPS, shown with representative cursor profiles in Figure 5.2.

Scheme 5.1 Trichlorosilane molecules tested in the vacuum-line deposition system.

	
  

Figure 5.2 Views of organotrichlorosilanes films with nanopores prepared in the vacuum-line
deposition system. Nanostructures prepared with [A] octadecyltrichlorosilane; [B] 4(chloromethyl)phenyltrichlorosilane. From left to right, contact mode topography images for 5×5
µm2; 1×1 µm2; corresponding lateral force image; cursor profiles across two nanopores.
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The four chloro groups of CMPS provide a platform for self-polymerization to produce
multilayer films, using methods such as heated vapor deposition. For direct comparison to the
nanopores produced with vacuum-line deposition of PTS, a sample prepared with heated vapor
deposition is shown in Figure 5.3. The arrangement of nanostructures corresponds to the
hexagonal packing of the mesosphere mask, shown with a wide area view in Figure 5.3A. A
close-up view of 14 nanorings is presented in Figure 5.3B, revealing the exquisitely regular
geometries of the circular rings. A single nanopore of CMPS is captured in Figure 5.3C, the
center of the ring indicates the sites where the latex mesospheres were displaced. The thickness
of three nanorings is shown with a representative cursor profile in Figure 5.3D.

Figure 5.3 Multilayered nanostructures of CMPS produced with particle lithography with heated
vapor deposition. [A] Contact-mode topography frame, 4×4 µm2; [B] magnified view (1.5×1.5
µm2); [C] close-up view of a single nanoring (0.5×0.5 µm2).
The shortest molecule chosen for study terminates in a phenyl group to form a monolayer
with a theoretical thickness measuring ~ 0.6 nm for an upright molecular orientation. The results
for PTS are shown in Figure 5.4 for an area of the sample that was not completely masked by
mesospheres. The characteristic features of the irregular domains of a film of organosilanes are
apparent in the bottom half of Figure 5.4A. A close-up view of three nanopores is shown in
Figure 5.4B revealing the rougher morphology of the surrounding film of PTS. The sites of
uncovered Si(111) substrate are pinpointed as bright spots in the simultaneously-acquired lateral
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force image in Figure 5.4C. The depth of the nanopores measured 0.8 ± 0.2 nm, indicated with
an example cursor profile in Figure 5.4D.

Figure 5.4 Nanopores within a film of PTS made with particle lithography and vacuum-line
deposition. Contact mode topography images for [A] 5×5 µm2; [B] 1×1 µm2; and [C]
corresponding lateral force image. [D] Cursor profile across two nanopores in B.
To test the quality of the OTS film produced with vacuum-line deposition, the nanopores
were backfilled with CMPS in the next experiment. This protocol will reveal defects in the film
and areas of the matrix OTS that are not densely packed. Methyl groups of OTS have
demonstrated spatial selectivity for resisting reactions during further chemical steps.39,
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The

uncovered areas of substrate within the nanopores provide isolated locations for further siteselective reactions. The sample of OTS nanopores prepared with vacuum-line deposition were
immersed in solution of 1% CMPS in toluene for 1 h, rinsed and imaged with contact mode
AFM (Figure 5.5). Nanopillars of multilayered CMPS formed structures that are taller than the
OTS matrix, as previously reported.63 The tallest of the CMPS nanopillars can be resolved in the
wide area (5 × 5 µm2) topography frame in Figure 5.4A. However, the spatial selective for
CMPS binding within the nanopores and not in OTS areas between the holes is evident in the
corresponding lateral force image (Figure 5.4B). Despite immersion for a full hour in CMPS
solution, the OTS resist did not backfill or exchange with fresh molecules from solution. A
magnified view of the nanopillars is shown in Figure 5.5C, there are 10 nanopillars within the
1.5 × 1.5 µm2 area. Line profiles were drawn over several nanopillars in Figure 5.4D. The
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variability in the geometry for the nanopores influenced the sizes of the nanopillars, the heights
ranged from 1 – 4 nm above the OTS matrix. Larger nanopores correspondingly produced taller
nanopillars.

Figure 5.5 Nanopillars of CMPS within an OTS matrix. [A] Topography and [B] corresponding
lateral force micrographs; images are 5 × 5 µm2. [C] 3D view of nanopillars from white outline
in A (1.5 × 1.5 µm2) and [D] cursor profiles of nanostructures outlined in C.
5.4 Conclusions
Vacuum-line deposition combined with particle lithography offers an approach for
minimizing the moisture and humidity during sample deposition. The samples exhibit thickness
that do not exceed the expected dimensions of a monolayer film, and further characterizations
with surface spectroscopies will enable us to fully evaluate the tilt angle of molecules within the
films. The quality of OTS films produced with vacuum-line deposition as spatially selective
resists was evaluated by immersing the sample in a solution of CMPS. Nanopillars of CMPS
formed exclusively at sites of nanopores and was not evident in areas protected by the OTS
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matrix film. Nanopores within films of three organochlorosilanes (OTS, CMPS and PTS) were
produced using the vacuum-line system. Even small residues of water from humid environments
can produce cross-linked multilayers, however the samples tested in our home-built system did
not form multiple layers. Future directions will be to evaluate the quality of films formed with
triethoxysilanes and other molecular systems using the vacuum-line system.
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CHAPTER 6. USING DIRECTED-DEPOSITION LITHOGRAPHY TO
PRODUCE RING-SHAPED STRUCTURES OF Y2O3:ER3+
6.1 Introduction
Yttrium oxide doped with rare earth materials (Y2O3:RE) have many uses in the
electronics industry, primarily in luminescence.132-139 Emission wavelength can be tuned by
adding different rare earth dopants while maintaining high thermal expansion coefficient that
make them ideal for high power lasers.140, 141 Erbium(III) doped yttrium oxide (Y2O3:Er3+) is a
rare earth oxide material that has potential as up-converters in third generation solar cells.142, 143
Among the methods for synthesizing doped yttria micro and nanoparticles, approaches
based on combustion,132, 144, 145 chemical corrosion,136 sol-gel,137, 146 pulsed laser ablation,139, 147
solvothermal and hydrothermal syntheses,134, 138, 148 and microemulsions149 have been reported.
However, traditional methods have not suitably addressed the needs of manufacturing that
requires minimizing the irregularity and polydispersity of material dimensions. Larger structures
of inorganic materials have been prepared at the 100 micrometer scale using laser induced
chemical reactions,150 microcontact printing,151-154 metal155-157 and oxide microwells.158-162 Topdown approaches for synthesizing nanoparticles (such as ball milling, chemical corrosion, and
combustion methods) do not produce monodisperse nanoparticles of uniform composition and
regular dimensions.
We have developed a synthetic approach based on particle lithography for surfacedirected synthesis of Y2O3:Er3+ nanostructures. Particle lithography has previously been applied
for patterning deposits of quantum dots163, 164 and proteins.165, 166 To achieve crystallinity of rare
earth oxide (REO) nanomaterials requires high temperature processing of samples. The steps are
based on protocols of particle lithography to address the problems of surface aggregation and the
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requirement for high temperature synthesis. The surface-directed approach with particle
lithography provides advantages for defining the sizes and shapes of REO nanostructures, as well
as defining the spatial arrangement and surface density of nanorings.
6.2 Experimental Approach
6.2.1 Preparation of Yttrium Precursor Solution
A solution of yttria precursor was prepared by dissolving yttria powder (15 mmol) in
concentrated nitric acid (100 mL) heated to 80 °C. The dissolved salt solution was cooled to
room temperature. Yttrium hydroxide was precipitated from the solution by adding NH4OH until
basic. The precipitate was separated by vacuum filtration and washed several times with
deionized water. A solution of erbium-doped yttrium trichloroacetic acid was prepared by
dissolving the hydroxide precipitate in a 25% trichloroacetic acid solution and spiking the
solution with 3% erbium trichloride.
6.2.2 Particle Lithography
Latex mesospheres (500 nm) were deposited onto freshly cleaned quartz or freshly
cleaved mica substrates. The mesospheres were dried under ambient conditions, and a glass slide
coated with octadecyltrichlorosilane was pressed to the surface and held in place with a binder
clip. An aliquot (5 µL) of the precursor material was deposited at the edge of the glass slide and
was drawn by capillary action to coat the film of latex particles. The sample was placed in a 4 oC
environment for 4 days to ensure complete drying before removing the glass cover slide. The
quartz surface with mesospheres and yttria precursor material was immersed in toluene for 24 h
to dissolve and remove the latex mesospheres. The sample was heated to 150 °C for 3 h to
decompose the acid and form Y2(CO3)3:Er3+. The carbonate was converted to Y2O3:Er3+ by
heating to 800 °C for 8 h.
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6.3 Results and Discussion
The general strategy used a surface mask of latex mesospheres to define the surface
deposition of precursor salts of rare earth oxide solutions. As the liquid evaporated during the
drying step, the meniscus sites at the base of the latex spheres dried more slowly. The salt
solutions formed solid deposits with ring-shaped geometries in the areas defined by the meniscus
sites of the latex mask. The salt deposits on surfaces of mica(0001) or quartz substrates were
characterized using AFM before and after heating protocols.
After the REO precursor salts were deposited on the latex film and dried, the mask of
mesospheres was removed by a rinsing step with toluene. The solid deposits of REO precursor
salts persisted on the surface of mica, as shown in Figure 6.1. An exquisite arrangement of

	
  

Figure 6.1 Nanorings of yttria precursor deposits on mica after removal of mesosphere masks.
(AFM topograph, 3×3 µm2).
nanorings is disclosed in Figure 6.1, which shows the regular geometric shapes of yttria
precursors on mica before heating. There are approximately 32 nanorings within the 3×3 µm2
topography view, which would scale to ~ 108 nanostructures/cm2. The nanorings do not touch,
and are separated by ~200 nm. The surface coverage of the salt deposits measured 40%. A few
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areas with contaminants are apparent in areas between the rings, organic residues will be
removed by the heating step at 800 oC.
Next, the samples were heated to high temperatures to generate crystalline nanostructures
of Y2O3:Er3+. When the sample was heated to 800 ºC, there was a possibility of sintering and
aggregation of the deposits. However, the physical adsorption of the precursor salts dried on the
mica substrate was sufficient to prevent sample rearrangement during heating. An example of
Y2O3:Er3+ structures produced on mica is shown in Figure 6.2A after heating to 800 ºC for 8 h.

	
  

Figure 6.2 Nanorings of Y2O3:Er3+ prepared on mica by particle lithography with using 500 nm
latex, after programmed heating to 800 oC. [A] Contact-mode AFM topograph acquired in air,
6×6 µm2; [B] matching lateral force image; [C] cursor profile for the line in A.
	
  

The center of the nanorings has a lighter color which matches the background areas between the
nanorings shown in the lateral force image (Figure 6.2B). The centers of the nanorings are the
sites where the latex spheres protected the substrate. A few areas of contaminants are present
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(darkest color), which disclose a surface chemistry that does not match the nanorings. The
heights of the nanorings measure ~18 nm, after the heating step, and the width of the nanorings
measure 300 nm (Figure 6.2C).
Nanorings of precursor material were deposited onto a quartz substrate, which is optically
transparent and can withstand the high temperature heating step. Quartz is relatively rougher than
atomically flat mica, which would correspondingly produce less regular geometries for the
nanorings. Views of the nanorings of precursor salts formed on quartz after removing the
mesosphere mask are shown in Figure 6.3A. Salt residues are evident in areas in between the

Figure 6.3 Nanorings of yttria precursor salts prepared on a quartz substrate using particle
lithography with 500 nm latex. [A] Contact mode AFM topograph acquired in air (5 × 5 µm2);
[B] corresponding lateral force image; [C] zoom-in view of nanorings; [D] cursor profile for the
line in C.
nanorings. The surface composition is relatively homogeneous without contaminants, indicated
in the simultaneously-acquired lateral force image of Figure 6.3B. A zoom-in view of seven
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nanorings forming a hexagonal arrangement is shown in Figure 6.3C. The heights of the
nanorings range between 5 and 10 nm, shown with a representative cursor line profile across
three nanorings in Figure 6.3D.
After heating the sample prepared on quartz to 800 ºC, the nanorings maintain the surface
arrangement shown before heating (Figure 6.4A). There are 71 nanorings within the 4×4 µm2
topography frame, with nearly periodic arrangement. Interestingly, the residues in areas between
nanorings have darker contrast in the lateral force image of Figure 6.4B which suggests a
different material composition. A magnified view of seven nanorings is shown in Figure 6.4C

	
  

Figure 6.4 Nanorings of yttria precursor material prepared on a quartz substrate by particle
lithography with 500 nm latex. [A] AFM topograph acquired in ambient air; [B] matching lateral
force image; [C] zoom-in view of nanorings; [D] cursor profile for the line in C.
revealing slight imperfections in the circular geometries at the nanoscale. The height of the
nanorings measure ~10 nm, shown with an example cursor profile in Figure 6.4D.
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6.4 Conclusions
A method to produce nanorings of Y2O3:Er3+ with particle lithography was developed
that was suitable for mica and quartz substrates. The approach for solid state synthesis is based
on drying a solution of precursor salts on a surface masked with latex mesospheres. Nanorings of
erbium-doped Y2O3 were synthesized with well-defined geometries and periodic arrangements.
The surface arrangement of nanorings conformed to the packing of monodisperse latex beads.
The morphologies and dimensions of the nanorings before and after steps of heating were
characterized using AFM.
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CHAPTER 7: CONCLUSION AND FUTURE PROSPECTUS
Measurements with high resolution atomic force microscopy (AFM) of samples prepared
using particle lithography were accomplished in this dissertation. A photocurrent sample stage
was constructed and tested with polythiophene nanostructures formed on indium-tin-oxide (ITO)
substrates. Polynitrophenylene films were prepared by photoredox catalysis combined with
particle lithography. Particle lithography enables local measurements of film thickness,
referencing exposed areas of the surface as a baseline. A surface-directed synthetic approach
with masks prepared with particle lithography was developed to produce ring nanostructures of
rare earth oxides (REO).
Two designs for producing polythiophene nanostructures were investigated. In the first
approach,

particle

lithography

was

used

to

produce

a

protective

mask

of

octadecyltrimethoxysilane (OTMS) on ITO. Nanopillars of polythiophene were selectively
grafted within the nanopores of OTMS. In the reverse scheme, a polythiophene film was
produced with nanopores of exposed ITO. The nanopores were filled with OTMS. The
morphology and physical properties of the test platforms were characterized using contact mode
AFM, current-sensing AFM and photocurrent AFM.
Investigations of the conductivity and morphology of organic thin films such as
polythiophene can be accomplished with nanoscale sensitivity. An approach for studying
nanostructures prepared using particle lithography was demonstrated in Chapter 3.
Characterizations of the size, conductivity and photoconductivity were demonstrated. In future
directions, the environmental effects such as changes in illumination parameters or temperature
can be systematically evaluated for polythiophene nanopillars.
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A proof-of-concept study with photoredox catalysis was demonstrated in Chapter 4.
Nanostructures were produced with polynitrophenylene using immersion particle lithography
combined with a visible light-promoted, photoredox catalytic method for the growth of
nanostructured polynitrophenylene films on Au(111). For the photografting procedure, 4nitrobenzenediazonium tetrafluoroborate (NBDT, the monomer for polyphenylene growth) and
the photocatalyst Ru(bpy)3(PF6)2 were reacted with blue LED irradiation. Photoreduction of
NBDT produced phenyl radicals that attach to Au(111) and then polymerize to form
polynitrophenylene with further reaction. The long-range order and periodic arrangement of the
nanopores was demonstrated with AFM images, revealing a hexagonal close-packed
arrangement of nanopores. The density and film quality was demonstrated by backfilling the
nanopores with 11-mercaptoundecanoic acid which did not displace or self-exchange with the
polyphenylene film. The effect of selected parameters for film growth and morphology was
accomplished, by changing the reagent concentrations and the duration of irradiation. Film
thickness increased with longer irradiation time. The morphology of the film became rougher as
the thickness increased. Future directions for this research will be to test other reactions and
surfaces with photocatalysis.
Preparing nanomaterials of rare earth elements requires heating precursor materials to
temperatures above 1000 C. A surface-templating approach based on particle lithography was
developed to form nanorings of erbium-doped yttrium oxide, Y2O3. Surface of mica and quartz
were suitable for heating samples to 800 C. The fluorescent properties of the nanostructures can
be evaluated. Future directions will be to investigate the applicability of particle lithography for
preparing nanostructures of other rare earth nanomaterials such as ceria.
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A method was developed with a home-built vacuum-line deposition system for particle
lithography with organotrichlorosilanes. Three molecules were tested, octadecyltrichlorosilane,
4-chloromethylphenyltrichlorosilane and phenyltrichlorosilane applied to silicon substrates
masked with silica mesospheres. The vacuum environment is useful for patterning molecules that
are air sensitive, insoluble, or require control of moisture and humidity. Future directions will
include constructing a heater for the sample target as a way to deposit larger molecules or
polymers.

68

REFERENCES
1.

Kim, C. M.; Bechhoefer, J. Conductive probe AFM study of Pt-thiol and Au-thiol
contacts in metal-molecule-metal systems. J. Chem. Phys. 2013, 138.

2.

Schwenk, J.; Marioni, M.; Romer, S.; Joshi, N. R.; Hug, H. J. Non-contact
bimodal magnetic force microscopy. Appl. Phys. Lett. 2014, 104.

3.

He, G.; Sun, R.; Hao, C.; Yang, J.; Wang, M.; Zhang, L. Thermodynamic analysis
and AFM study of the interaction of palmitic acid with DPPE in Langmuir
monolayers. Colloid Surface A 2014, 441, 184-194.

4.

Guillermet, O.; Gauthier, S.; Joachim, C.; De Mendoza, P.; Lauterbach, T.;
Echavarren, A. M. STM and AFM high resolution intramolecular imaging of a
single decastarphene molecule. Chem. Phys. Lett. 2011, 511, 482-485.

5.

Kawakami, M.; Byrne, K.; Brockwell, D. J.; Radford, S. E.; Smith, D. A.
Viscoelastic study of the mechanical unfolding of a protein by AFM. Biophys. J.
2006, 91, L16-L18.

6.

Coffey, D. C.; Reid, O. G.; Rodovsky, D. B.; Bartholomew, G. P.; Ginger, D. S.
Mapping local photocurrents in polymer/fullerene solar cells with
photoconductive atomic force microscopy. Nano Lett. 2007, 7, 738-744.

7.

Binnig, G.; Rohrer, H.; Gerber, C.; Weibel, E. Tunneling Through a Controllable
Vacuum Gap. Appl. Phys. Lett. 1982, 40, 178-180.

8.

Binnig, G.; Quate, C. F.; Gerber, C. Atomic Force Microscope. Phys. Rev. Lett.
1986, 56, 930-933.

9.

Schitter, G.; Menold, P.; Knapp, H. F.; Allgower, F.; Stemmer, A. High
performance feedback for fast scanning atomic force microscopes. Rev. Sci.
Instrum. 2001, 72, 3320-3327.

10.

Palacio, M. L. B.; Bhushan, B. Normal and Lateral Force Calibration Techniques
for AFM Cantilevers. Crit. Rev. Solid State 2010, 35, 73-104.

11.

Vanderwerf, K. O.; Putman, C. A. J.; Degrooth, B. G.; Greve, J. Adhesion force
imaging in air and liquid by adhesion mode atomic-force microscopy. Appl. Phys.
Lett. 1994, 65, 1195-1197.

12.

Tamayo, J.; Garcia, R. Deformation, contact time, and phase contrast in tapping
mode scanning force microscopy. Langmuir 1996, 12, 4430-4435.

69

13.

Gotsmann, B.; Seidel, C.; Anczykowski, B.; Fuchs, H. Conservative and
dissipative tip-sample interaction forces probed with dynamic AFM. Physical
Review B 1999, 60, 11051-11061.

14.

Cappella, B.; Dietler, G. Force-distance curves by atomic force microscopy. Surf.
Sci. Rep. 1999, 34, 1-+.

15.

Kelley, T. W.; Granstrom, E. L.; Frisbie, C. D. Conducting probe atomic force
microscopy: A characterization tool for molecular electronics. Adv. Mater. 1999,
11, 261-+.

16.

Mulfort, K. L.; Ryu, J.; Zhou, Q. Y. Preparation of surface initiated
polystyrenesulfonate films and PEDOT doped by the films. Polymer 2003, 44,
3185-3192.

17.

Afsharimani, N.; Nysten, B. Scanning probe microscopy study of electronic
properties in alkyl-substituted oligothiophene-based field-effect transitors.
Vacuum 2013, 90, 17-24.

18.

Chen, C. Y.; Zhu, G.; Hu, Y. F.; Yu, J. W.; Song, J. H.; Cheng, K. Y.; Peng, L.
H.; Chou, L. J.; Wang, Z. L. Gallium Nitride Nanowire Based Nanogenerators
and Light-Emitting Diodes. ACS Nano 2012, 6, 5687-5692.

19.

Wang, Q. H.; Shih, C. J.; Paulus, G. L. C.; Strano, M. S. Evolution of Physical
and Electronic Structures of Bilayer Graphene upon Chemical Functionalization.
J. Am. Chem. Soc. 2013, 135, 18866-18875.

20.

Cheng, Y. L.; Cao, L.; He, G.; Yao, G.; Song, X. P.; Sun, Z. Q. Preparation,
microstructure and photoelectrical properties of Tantalum-doped zinc oxide
transparent conducting films. J. Alloy. Compd. 2014, 608, 85-89.

21.

de Pablo, P. J.; Gomez-Navarro, C.; Martinez, M. T.; Benito, A. M.; Maser, W.
K.; Colchero, J.; Gomez-Herrero, J.; Baro, A. M. Performing current versus
voltage measurements of single-walled carbon nanotubes using scanning force
microscopy (vol 80, pg 1462, 2002). Appl. Phys. Lett. 2002, 80, 2421-2421.

22.

Li, G.; Shrotriya, V.; Huang, J. S.; Yao, Y.; Moriarty, T.; Emery, K.; Yang, Y.
High-efficiency solution processable polymer photovoltaic cells by selforganization of polymer blends. Nat. Mater. 2005, 4, 864-868.

23.

Kamkar, D. A.; Wang, M.; Wudl, F.; Thuc-Quyen, N. Single Nanowire OPV
Properties of a Fullerene-Capped P3HT Dyad Investigated Using Conductive and
Photoconductive AFM. ACS Nano 2012, 6, 1149-1157.

70

24.

Dang, X.-D.; Tamayo, A. B.; Seo, J.; Hoven, C. V.; Walker, B.; Nguyen, T.-Q.
Nanostructure and Optoelectronic Characterization of Small Molecule Bulk
Heterojunction Solar Cells by Photoconductive Atomic Force Microscopy. Adv.
Func. Mater. 2010, 20, 3314-3321.

25.

Groves, C.; Reid, O. G.; Ginger, D. S. Heterogeneity in Polymer Solar Cells:
Local Morphology and Performance in Organic Photovoltaics Studied with
Scanning Probe Microscopy. Accounts Chem. Res. 2010, 43, 612-620.

26.

Hoven, C. V.; Dang, X.-D.; Coffin, R. C.; Peet, J.; Nguyen, T.-Q.; Bazan, G. C.
Improved Performance of Polymer Bulk Heterojunction Solar Cells Through the
Reduction of Phase Separation via Solvent Additives. Adv. Mater. 2010, 22, E63+.

27.

Peet, J.; Tamayo, A. B.; Dang, X. D.; Seo, J. H.; Nguyena, T. Q. Small molecule
sensitizers for near-infrared absorption in polymer bulk heterojunction solar cells.
Appl. Phys. Lett. 2008, 93.

28.

Pingree, L. S. C.; Reid, O. G.; Ginger, D. S. Imaging the Evolution of Nanoscale
Photocurrent Collection and Transport Networks during Annealing of
Polythiophene/Fullerene Solar Cells. Nano Letters 2009, 9, 2946-2952.

29.

Rice, A. H.; Giridharagopal, R.; Zheng, S. X.; Ohuchi, F. S.; Ginger, D. S.;
Luscombe, C. K. Controlling Vertical Morphology within the Active Layer of
Organic Photovoltaics Using Poly(3-hexylthiophene) Nanowires and Phenyl-C61-butyric Acid Methyl Ester. ACS Nano 2011, 5, 3132-3140.

30.

Kulkarni, A. P.; Noone, K. M.; Munechika, K.; Guyer, S. R.; Ginger, D. S.
Plasmon-Enhanced Charge Carrier Generation in Organic Photovoltaic Films
Using Silver Nanoprisms. Nano Letters 2010, 10, 1501-1505.

31.

Guide, M.; Dang, X.-D.; Thuc-Quyen, N. Nanoscale Characterization of
Tetrabenzoporphyrin and Fullerene-Based Solar Cells by Photoconductive
Atomic Force Microscopy. Adv. Mater. 2011, 23, 2313-+.

32.

Dante, M.; Yang, C.; Walker, B.; Wudl, F.; Nguyen, T.-Q. Self-Assembly and
Charge-Transport Properties of a Polythiophene-Fullerene Triblock Copolymer.
Adv. Mater. 2010, 22, 1835-+.

33.

Li, J.-R.; Garno, J. C. Elucidating the role of surface hydrolysis in preparing
organosilane nanostructures via particle lithography. Nano Letters 2008, 8, 19161922.

34.

Kulkarni, S. A.; Lyles, V. D.; Serem, W. K.; Lu, L.; Kumar, R.; Garno, J. C.
Solvent-Responsive Properties of Octadecyltrichlorosiloxane Nanostructures
71

Investigated Using Atomic Force Microscopy in Liquid. Langmuir 2014, 30,
5466-5473.
35.

Gates, B.; Yin, Y. D.; Xia, Y. N. Fabrication and characterization of porous
membranes with highly ordered three-dimensional periodic structures. Chem.
Mat. 1999, 11, 2827-2836.

36.

Tessier, P.; Velev, O. D.; Kalambur, A. T.; Lenhoff, A. M.; Rabolt, J. F.; Kaler,
E. W. Structured metallic films for optical and spectroscopic applications via
colloidal crystal templating. Adv. Mater. 2001, 13, 396-400.

37.

Haynes, C. L.; Van Duyne, R. P. Dichroic optical properties of extended
nanostructures fabricated using angle-resolved nanosphere lithography. Nano
Letters 2003, 3, 939-943.

38.

Abdelsalam, M. E.; Bartlett, P. N.; Baumberg, J. J.; Coyle, S. Preparation of
arrays of isolated spherical cavities by self-assembly of polystyrene spheres on
self-assembled pre-patterned macroporous films. Adv. Mater. 2004, 16, 90-+.

39.

Englade-Franklin, L. E.; Saner, C. K.; Garno, J. C. Spatially selective surface
platforms for binding fibrinogen prepared by particle lithography with
organosilanes. Interface Focus 2013, 3.

40.

Ngunjiri, J. N.; Stark, D. J.; Tian, T.; Briggman, K. A.; Garno, J. C.
Immobilization of proteins on carboxylic acid functionalized nanopatterns.
Analytical and Bioanalytical Chemistry 2013, 405, 1985-1993.

41.

Gustavsson, M.; Fredriksson, H.; Kasemo, B.; Jusys, Z.; Kaiser, J.; Jun, C.;
Behm, R. J. Nanostructured platinum-on-carbon model electrocatalysts prepared
by colloidal lithography. J. Electroanal. Chem. 2004, 568, 371-377.

42.

Saner, C. K.; Lusker, K. L.; LeJeune, Z. M.; Serem, W. K.; Garno, J. C. Selfassembly of octadecyltrichlorosilane: Surface structures formed using different
protocols of particle lithography. Beilstein J. Nanotechnol. 2012, 3, 114-122.

43.

Dennler, G.; Scharber, M. C.; Brabec, C. J. Polymer-Fullerene BulkHeterojunction Solar Cells. Adv. Mater. 2009, 21, 1323-1338.

44.

Peet, J.; Heeger, A. J.; Bazan, G. C. "Plastic" Solar Cells: Self-Assembly of Bulk
Heterojunction Nanomaterials by Spontaneous Phase Separation. Accounts Chem.
Res. 2009, 42, 1700-1708.

45.

Pettersson, L. A. A.; Roman, L. S.; Inganas, O. Modeling photocurrent action
spectra of photovoltaic devices based on organic thin films. J. Appl. Phys. 1999,
86, 487-496.
72

46.

Kroeze, J. E.; Savenije, T. J.; Vermeulen, M. J. W.; Warman, J. M. Contactless
determination of the photoconductivity action spectrum, exciton diffusion length,
and charge separation efficiency in polythiophene-sensitized TiO2 bilayers. J.
Phys. Chem. B 2003, 107, 7696-7705.

47.

Yang, F.; Forrest, S. R. Photocurrent generation in nanostructured organic solar
cells. ACS Nano 2008, 2, 1022-1032.

48.

Peet, J.; Soci, C.; Coffin, R. C.; Nguyen, T. Q.; Mikhailovsky, A.; Moses, D.;
Bazan, G. C. Method for increasing the photoconductive response in conjugated
polymer/fullerene composites. Appl. Phys. Lett. 2006, 89.

49.

Halls, J. J. M.; Pichler, K.; Friend, R. H.; Moratti, S. C.; Holmes, A. B. Exciton
diffusion and dissociation in a poly(p-phenylenevinylene)/C-60 heterojunction
photovoltaic cell. Appl. Phys. Lett. 1996, 68, 3120-3122.

50.

Hwang, E.; Lusker, K. L.; Garno, J. C.; Losovyj, Y.; Nesterov, E. E.
Semiconducting polymer thin films by surface-confined stepwise click
polymerization. Chem. Comm. 2011, 47, 11990-11992.

51.

Hwang, E.; de Silva, K. M. N.; Seevers, C. B.; Li, J.-R.; Garno, J. C.; Nesterov, E.
E. Self-assembled monolayer initiated electropolymerization: A route to thin-film
materials with enhanced photovoltaic performance. Langmuir 2008, 24, 97009706.

52.

de Silva, K. M. N.; Hwang, E.; Serem, W. K.; Fronczek, F. R.; Garno, J. C.;
Nesterov, E. E. Long-Chain 3,4-Ethylenedioxythiophene/Thiophene Oligomers
and Semiconducting Thin Films Prepared by Their Electropolymerization. Appl.
Mater. Interf. 2012, 4, 5430-5441.

53.

Park, J. Y.; Taranekar, P.; Advincula, R. Polythiophene precursor electrochemical
nanolithography: highly local thermal and morphological characterization. Soft
Matter 2011, 7, 1849-1855.

54.

Chen, D.; Zhao, W.; Russell, T. P. P3HT Nanopillars for Organic Photovoltaic
Devices Nanoimprinted by AAO Templates. ACS Nano 2012, 6, 1479-1485.

55.

Park, H. J.; Kang, M.-G.; Guo, L. J. Large Area High Density Sub-20 nm SiO2
Nanostructures Fabricated by Block Copolymer Template for Nanoimprint
Lithography. ACS Nano 2009, 3, 2601-2608.

56.

Choi, J.; Kumar, A.; Sotzing, G. A. Nanopatterned electrochromic conjugated
poly(terthiophene)s via thermal nanoimprint lithography of precursor polymer. J.
Macromol. Sci. Pure 2007, 44, 1305-1309.
73

57.

Yang, Y.; Mielczarek, K.; Aryal, M.; Zakhidov, A.; Hu, W. Nanoimprinted
Polymer Solar Cell. ACS Nano 2012, 6, 2877-2892.

58.

Huesmann, D.; DiCarmine, P. M.; Seferos, D. S. Template-synthesized
nanostructure morphology influenced by building block structure. J. Mater.
Chem. 2011, 21, 408-413.

59.

Li, J. R.; Garno, J. C. Elucidating the role of surface hydrolysis in preparing
organosilane nanostructures via particle lithography. Nano Letters 2008, 8, 19161922.

60.

Li, J.-R.; Lusker, K. L.; Yu, J. J.; Garno, J. C. Engineering the Spatial Selectivity
of Surfaces at the Nanoscale by Patterning Organosilane Self-Assembled
Monolayers via Particle Lithography. Acs Nano 2009, 3, 2023-2035.

61.

Saner, C. K.; Lusker, K. L.; LeJeune, Z. M.; Serem, W. K.; Garno, J. C. Selfassembly of octadecyltrichlorosilane: Surface structures formed using different
protocols of particle lithography. Beilstein J. Nanotech. 2012, 3, 114-122.

62.

Lusker, K. L.; Yu, J. J.; Garno, J. C. Particle lithography with vapor deposition of
organosilanes: A molecular toolkit for studying confined surface reactions in
nanoscale liquid volumes. Thin Solid Films 2011, 519, 5223-5229.

63.

Tian, T.; LeJeune, Z. M.; Garno, J. C. Directed Surface Assembly of 4(Chloromethyl)phenyltrichlorosilane: Self-Polymerization within Spatially
Confined Sites of Si(111) Viewed by Atomic Force Microscopy. Langmuir 2013,
29, 6529-6536.

64.

Liu, G.; Bocking, T.; Gooding, J. J. Diazonium salts: Stable monolayers on gold
electrodes for sensing applications. J. Electroanal. Chem. 2007, 600, 335-344.

65.

Shewchuk, D. M.; McDermott, M. T. Comparison of Diazonium Salt Derived and
Thiol Derived Nitrobenzene Layers on Gold. Langmuir 2009, 25, 4556-4563.

66.

Julien Haccouna, C. V.-U. a., ∗, Annie Chausse´ a, Alain Adenier Electrochemical
grafting of organic coating onto gold surfaces: Influence of the electrochemical
conditions on the grafting of nitrobenzene diazonium salt. Prog. Org. Coat. 2008,
63, 18-24.

67.

Bousquet, A.; Ceccato, M.; Hinge, M.; Pedersen, S. U.; Daasbjerg, K. Redox
Grafting of Diazotated Anthraquinone as a Means of Forming Thick Conducting
Organic Films. Langmuir 2012, 28, 1267-1275.

74

68.

Kullapere, M.; Marandi, M.; Sammelselg, V.; Menezes, H. A.; Maia, G.;
Tammeveski, K. Surface modification of gold electrodes with anthraquinone
diazonium cations. Electrochem. Comm. 2009, 11, 405-408.

69.

Lyskawa, J.; Belanger, D. Direct Modification of a Gold Electrode with
Aminophenyl Groups by Electrochemical Reduction of in Situ Generated
Aminophenyl Monodiazonium Cations. Chem. Mater. 2006, 18, 4755-4763.

70.

Matrab, T.; Chehimi, M. M.; Perruchot, C.; Adenier, A.; Guillez, A.; Save, M.;
Charleux, B.; Cabet-Deliry, E.; Pinson, J. Novel Approach for Metallic SurfaceInitiated Atom Transfer Radical Polymerization Using Electrografted Initiators
Based on Aryl Diazonium Salts. Langmuir 2005, 21, 4686-4694.

71.

Allongue, P.; Villeneuve, C. H. d.; Cherouvrier, G.; Cortes, R.; Bernard, M.-C.
Phenyl layers on H/Si(111) by electrochemical reduction of diazonium salts:
monolayer versus multilayer formation. J. Electroanal. Chem. 2003, 550-551,
161-174.

72.

Ghorbal, A.; Grisotto, F.; Laude, M.; Chadier, J.; Palacin, S. The in situ
characterization and structuring of electrografted polyphenylene films on silicon
surfaces. An AFM and XPS study. J. Colloid Interf. Sci. 2008, 328, 308-313.

73.

Brooksby, P. A.; Downard, A. J. Nanoscale patterning of flat carbon surfaces by
scanning probe lithography and electrochemistry. Langmuir 2005, 21, 1672-1675.

74.

Picot, M.; Nicolas, I.; Poriel, C.; Rault-Berthelot, J.; Barrière, F. On the nature of
the electrode surface modification by cathodic reduction of tetraarylporphyrin
diazonium salts in aqueous media. Electrochem. Comm. 2012, 20, 167-170.

75.

Boland, S.; Barriere, F.; Leech, D. Designing Stable Redox-Active Surfaces:
Chemical Attachment of an Osmium Complex to Glassy Carbon Electrodes
Prefunctionalized by Electrochemical Reduction of an In Situ-Generated
Aryldiazonium Cation. Langmuir 2008, 24, 6351-6358.

76.

Fontaine, O.; Ghilane, J.; Martin, P.; Lacroix, J.-C.; Randriamahazaka, H. Ionic
Liquid Viscosity Effects on the Functionalization of Electrode Material through
the Electroreduction of Diazonium. Langmuir 2010, 26, 18542-18549.

77.

Liu, G.; Wang, S.; Liu, J.; Song, D. An Electrochemical Immunosensor Based on
Chemical Assembly of Vertically Aligned Carbon Nanotubes on Carbon
Substrates for Direct Detection of the Pesticide Endosulfan in Environmental
Water. 2012, Anal. Chem.

78.

Nielsen, L. T.; Vase, K. H.; Dong, M.; Besenbacher, F.; Pedersen, S. U.;
Daasbjerg, K. Electrochemical Approach for Constructing a Monolayer of
75

Thiophenolates from Grafted Multilayers of Diaryl Disulfides. J. Am. Chem. Soc.
2007, 129, 1888-1889.
79.

Lee, L.; Brooksby, P. A.; Leroux, Y. R.; Hapiot, P.; Downard, A. J. Mixed
Monolayer Organic Films via Sequential Electrografting from Aryldiazonium Ion
and Arylhydrazine Solutions. Langmuir 2013, 29, 3133-3139.

80.

Dunér, G.; Iruthayaraj, J.; Daasbjerg, K.; Pedersen, S. U.; Thormann, E.;
Dedinaite, A. Attractive double-layer forces and charge regulation upon
interaction between electrografted amine layers and silica. J. Colloid Interf. Sci.
2012, 385, 225-234.

81.

Lehr, J.; Williamson, B. E.; Downard, A. J. Spontaneous Grafting of Nitrophenyl
Groups to Planar Glassy Carbon Substrates: Evidence for Two Mechanisms. J.
Phys. Chem. C. 2011, 115, 6629-6634.

82.

Uetsuka, H.; Shin, D.; Tokuda, N.; Saeki, K.; Nebel, C. E. Electrochemical
Grafting of Boron-Doped Single-Crystalline Chemical Vapor Deposition
Diamond with Nitrophenyl Molecules. Langmuir 2007, 23, 3466-3472.

83.

Ghilane, J.; Delamar, M.; Guilloux-Viry, M.; Lagrost, C.; Mangeney, C.; Hapiot,
P. Indirect Reduction of Aryldiazonium Salts onto Cathodically Activated
Platinum Surfaces: Formation of Metal-Organic Structures. Langmuir 2005, 21,
6422-6429.

84.

Maldonado, S.; Smith, T. J.; Williams, R. D.; Morin, S.; Barton, E.; Stevenson, K.
J. Surface modification of indium tin oxide via electrochemical reduction of
aryldiazonium cations. Langmuir 2006, 22, 2884-2891.

85.

Haque, A.-M. J.; Kim, K. Reusable bio-functionalized surfaces based on
electrochemical desorption of benzenediazonium-grafted organic layers. Chem.
Commun. 2011, 47, 6855-6857.

86.

Kariuki, J. K.; McDermott, M. T. Nucleation and Growth of Functionalized Aryl
Films on Graphite Electrodes. Langmuir 1999, 15, 6534-6540.

87.

Bradbury, C. R.; Kuster, L.; Fermín, D. J. Electrochemical reactivity of HOPG
electrodes modified by ultrathin films and two-dimensional arrays of metal
nanoparticles. J Electroanal. Chem. 2010, 646, 114-123.

88.

Bernard, M. C.; Chausse, A.; Cabet-Deliry, E.; Chehimi, M. M.; Pinson, J.;
Podvorica, F.; Vautrin-Ul, C. Organic layers bonded to industrial, coinage, and
noble metals through electrochemical reduction of aryldiazonium salts. Chem.
Mater. 2003, 15, 3450-3462.
76

89.

Santos, L.; Ghilane, J.; Lacroix, J. C. Formation of Mixed Organic Layers by
Stepwise Electrochemical Reduction of Diazonium Compounds. J. Am. Chem.
Soc. 2012, 134, 5476-5479.

90.

Kullapere, M.; Marandi, M.; Matisen, L.; Mirkhalaf, F.; Carvalho, A. E.; Maia,
G.; Sammelselg, V.; Tammeveski, K. Blocking properties of gold electrodes
modified with 4-nitrophenyl and 4-decylphenyl groups. J. Solid State
Electrochem. 2012, 16, 569-578.

91.

Yu, S. S. C.; Downard, A. J. Dynamic Behavior of Organic Thin Films Attached
to Carbon Surfaces. J. surf. Sci. Nanotech. 2005, 3, 294-298.

92.

Chen, H.; Wang, Y.; Qu, J.; Dong, S. Self-assembled silver nanoparticle
monolayer on glassy carbon: an approach to SERS substrate. J. Raman Spectrosc.
2007, 38, 1444-1448.

93.

Mahouche-Chergui, S.; Gam-Derouich, S.; Mangeney, C.; Chehimi, M. M. Aryl
diazonium salts: a new class of coupling agents for bonding polymers,
biomacromolecules and nanoparticles to surfaces. Chem. Soc. Rev. 2011, 40,
4143-4166.

94.

Zhao, W.; Tong, B.; Pan, Y.; Shen, J.; Zhi, J.; Shi, J.; Dong, Y. Fabrication,
Electrochemical, and Optoelectronic Properties of Layer-by-Layer Films Based
on (Phthalocyaninato)ruthenium(II) and Triruthenium Dodecacarbonyl Bridged
by 4,40-Bipyridine as Ligand. Langmuir 2009, 25, 11796-11801.

95.

Evrard, D.; Lambert, F.; Policar, C.; Balland, V.; Limoges, B. Electrochemical
Functionalization of Carbon Surfaces by Aromatic Azide or Alkyne Molecules: A
Versatile Platform for Click Chemistry. Chem-Eur. J. 2008, 14, 9286-9291.

96.

Cernat, A.; Griveau, S.; Martin, P.; Lacroix, J. C.; Farcau, C.; Sandulescu, R.;
Bedioui, F. Electrografted nanostructured platforms for click chemistry.
Electrochem. Comm. 2012, 23, 141-144.

97.

Bouriga, M.; Chehimi, M. M.; Combellas, C.; Decorse, P.; Kanoufi, F.;
Deronzier, A.; Pinson, J. Sensitized Photografting of Diazonium Salts by Visible
Light. Chem. Mater. 2013, 25, 90-97.

98.

Schroll, P.; Fehl, C.; Dankesreiter, S.; König, B. Photocatalytic surface patterning
of cellulose using diazonium salts and visible light Org. Biomol. Chem. 2013, 11,
6510-6514.

99.

Hari, D. P.; König, B. The Photocatalyzed Meerwein Arylation: Classic Reaction
of Aryl Diazonium Salts in a New Light. Angew. Chem. Int. Ed. 2013, 52, 47344743.
77

100.

Kalyani, D.; McMurtrey, K. B.; Neufeldt, S. R.; Sanford, M. S. RoomTemperature C-H Arylation: Merger of Pd-Catalyzed C-H Functionalization and
Visible-Light Photocatalysis. J. Am. Chem. Soc. 2011, 133, 18566-18569.

101.

Busson, M.; Berisha, A.; Combellas, C.; Kanoufi, F.; Pinson, J. Photochemical
grafting of diazonium salts on metals Chem. Commun. 2011, 47, 12631-23633.

102.

Azevedo, J. l.; Fillaud, L.; Bourdillon, C. l.; Noël, J.-M.; Kanoufi, F. d.;
Jousselme, B.; Derycke, V.; Campidelli, S. p.; Cornut, R. Localized Reduction of
Graphene Oxide by Electrogenerated Naphthalene Radical Anions and
Subsequent Diazonium Electrografting. J. Am. Chem. Soc. 2014, 136, 4833-4836.

103.

Garrett, D. J.; Lehr, J.; Miskelly, G. M.; Downard, A. J. Microcontact printing
using the spontaneous reduction of aryldiazonium salts. J. Am. Chem. Soc. 2007,
129, 15456-15457.

104.

Lehr, J.; Garrett, D. J.; Paulik, M. G.; Flavel, B. S.; Brooksby, P. A.; Williamson,
B. E.; Downard, A. J. Patterning of Metal, Carbon, and Semiconductor Substrates
with Thin Organic Films by Microcontact Printing with Aryldiazonium Salt Inks.
Anal. Chem. 2010, 82, 7027-7034.

105.

Anariba, F.; DuVall, S. H.; McCreery, R. L. Mono- and multilayer formation by
diazonium reduction on carbon surfaces monitored with atomic force microscopy
"scratching". Anal. Chem. 2003, 75, 3837-3844.

106.

Charlier, J.; Palacin, S.; Leroy, J.; Del Frari, D.; Zagonel, L.; Barrett, N.; Renault,
O.; Bailly, A.; Mariolle, D. Local silicon doping as a promoter of patterned
electrografting of diazonium for directed surface functionalization J. Mater. Chem
2008, 18, 3136-3142.

107.

Corgier, B. P.; Belanger, D. Electrochemical Surface Nanopatterning Using
Microspheres and Aryldiazonium. Langmuir 2010, 26, 5991-5997.

108.

Santos, L.; Ghilane, J.; Lacroix, J.-C. Surface patterning based on nanosphere
lithography and electroreduction of in situ generated diazonium cation.
Electrochem. Comm. 2012, 18, 20-23.

109.

Pangborn, A. B.; Giardello, M. A.; Grubbs, R. H.; Rosen, R. K.; Timmers, F. J.
Safe and convenient procedure for solvent purification. Organometallics 1996,
15, 1518-1520.

110.

Wagner, P.; Zaugg, F.; Kernen, P.; Hegner, M.; Semenza, G. ϖ-functionalized
self-assembled monolayers chemisorbed on ultraflat Au(111) surfaces for
biological scanning probe microscopy in aqueous buffers. J. Vac. Sci. technol. B
1996, 14, 1466-1471.
78

111.

Vogel, A. I. Practical Organic Chemistry. 5th ed.; John Wiley and Sons, Inc.:
New York, 1989.

112.

Nečas, D.; Klapetek, P. Gwyddion: an open-source software for SPM data
analysis. Cent. Eur. J. Phys. 2012, 10, 181-188.

113.

Poirier, G. E. Mechanism of formation of Au vacancy islands in alkanethiol
monolayers on Au(111) Langmuir 1997, 13, 2019-2026.

114.

Saby, C.; Ortiz, B.; Champagne, G. Y.; Belanger, D. Electrochemical
Modification of Glassy Carbon Electrode Using Aromatic Diazonium Salts. 1.
Blocking Effect of 4-Nitrophenyl and 4-Carboxyphenyl Groups. Langmuir 1997,
13, 6805-6813.

115.

Kariuki, J. K.; McDermott, M. T. Formation of Multilayers on Glassy Carbon
Electrodes via the Reduction of Diazonium Salts. Langmuir 2001, 17, 5947-5951.

116.

Ceccato, M.; Bousquet, A.; Hinge, M.; Pedersen, S. U.; Daasbjerg, K. Using a
Mediating Effect in the Electroreduction of Aryldiazonium Salts To Prepare
Conducting Organic Films of High Thickness. Chem. Mater. 2011, 23, 15511557.

117.

Liu, G. Y.; Xu, S.; Qian, Y. L. Nanofabrication of self-assembled monolayers
using scanning probe lithography. Acc. Chem. Res. 2000, 33, 457-466.

118.

Kelley, A. T.; Ngunjiri, J. N.; Serem, W. K.; Lawrence, S. O.; Yu, J. J.; Crowe,
W. E.; Garno, J. C. Applying AFM-Based Nanofabrication for Measuring the
Thickness of Nanopatterns: The Role of Head Groups in the Vertical SelfAssembly of omega-Functionalized n-Alkanethiols. Langmuir 2010, 26, 30403049.

119.

Ulman, A. Self-Assembled Monolayers of Alkyltrichlorosilanes: Building Blocks
For Future Organic Materials. Advanced Mater. 1990, 2, 573-582.

120.

Ulman, A. Formation and Structure of Self-Assembled Monolayers. Chem. Rev.
1996, 96, 1533-1554.

121.

Sagiv, J. Organized Monolayers by Adsorption 0.1. Formation and Structure of
Oleophobic Mixed Monolayers on Solid-Surfaces. . J. Am. Chem. Soc. 1980, 102,
92-98.

122.

Tripp, C. P.; Hair, M. L. An infrared study of the reaction of
octadecyltrichlorosilane with silica. Langmuir 1992, 8, 1120-1126.

79

123.

Krasnoslobodtsev, A. V.; Smirnov, S. N. Effect of Water on Silanization of Silica
by Trimethoxysilanes. Langmuir 2002, 18, 3181-3184.

124.

Zhu, M. J.; Lerum, M. Z.; Chen, W. How To Prepare Reproducible,
Homogeneous, and Hydrolytically Stable Aminosilane-Derived Layers on Silica.
Langmuir 2012, 28, 416-423.

125.

Yim, J. H.; Rodriguez-Santiago, V.; Williams, A. A.; Gougousi, T.; Pappas, D.
D.; Hirvonen, J. K. Atmospheric pressure plasma enhanced chemical vapor
deposition of hydrophobic coatings using fluorine-based liquid precursors. Surf.
Coat. Tech. 2013, 234, 21-32.

126.

Hamlett, C. A. E.; Critchley, K.; Gorzny, M.; Evans, S. D.; Prewett, P. D.; Preece,
J. A. Vapour phase formation of amino functionalised Si3N4 surfaces. Surf. Sci.
2008, 602, 2724-2733.

127.

Adamkiewicz, M.; O'Hara, T.; O'Hagan, D.; Haehner, G. A vapor phase
deposition of self-assembled monolayers: Vinyl-terminated films of volatile
silanes on silicon oxide substrates. Thin Solid Films 2012, 520, 6719-6723.

128.

Dong, J. P.; Wang, A. F.; Ng, K. Y. S.; Mao, G. Z. Self-assembly of
octadecyltrichlorosilane monolayers on silicon-based substrates by chemical
vapor deposition. Thin Solid Films 2006, 515, 2116-2122.

129.

Hozumi, A.; Yokogawa, Y.; Kameyama, T.; Sugimura, H.; Hayashi, K.;
Shirayama, H.; Takai, O. Amino-terminated self-assembled monolayer on a SiO2
surface formed by chemical vapor deposition. J. Vac. Sci. Technol. B 2001, 19,
1812-1816.

130.

McLellan, J. M.; Geissler, M.; Xia, Y. Edge Spreading Lithography and Its
Application to the Fabrication of Mesoscopic Gold and Silver Rings. J. Am.
Chem. Soc. 2004, 126, 10830-10831.

131.

Sonntag, M. D.; Klingsporn, J. M.; Zrimsek, A. B.; Sharma, B.; Ruvuna, L. K.;
Van Duyne, R. P. Molecular plasmonics for nanoscale spectroscopy. Chem. Soc.
Rev. 2014, 43, 1230-1247.

132.

Joffin, N.; Dexpert-Ghys, J.; Verelst, M.; Baret, G.; Garcia, A. The influence of
microstructure on luminescent properties of Y2O3 : Eu prepared by spray
pyrolysis. J. Lumin. 2005, 113, 249-257.

133.

Wu, L.; Wen, J.; Qin, Y.; Yin, M.; Xia, S.; Ablekem, A. Experimental and
theoretical analysis on the charge transfer band of Y2O3:Eu nanocrystals. J. Rare
Earth 2011, 29, 1009-1012.
80

134.

Devaraju, M. K.; Yin, S.; Sato, T. Solvothermal synthesis, controlled morphology
and optical properties of Y2O3:EU3+ nanocrystals. J. Cryst. Growth 2009, 311,
580-584.

135.

Hao, J. H.; Studenikin, S. A.; Cocivera, M. Blue, green and red
cathodoluminescence of Y2O3 phosphor films prepared by spray pyrolysis. J.
Lumin. 2001, 93, 313-319.

136.

Xiu, Z.; Wu, Y.; Hao, X.; Li, X.; Zhang, L. Uniform and well-dispersed
Y2O3:Eu/WO4:Eu composite microspheres with high photoluminescence
prepared by chemical corrosion approach. Colloid Surface A 2012, 401, 68-73.

137.

Zhang, J. L.; Hong, G. Y. Synthesis and photoluminescence of the Y2O3 : Eu3+
phosphor nanowires in AAO template. J. Solid State Chem. 2004, 177, 12921296.

138.

Zhang, X.-M.; Huang, M.-L.; Zhang, Z.-J.; Liu, B.-Q.; Zhao, J.-T. Daisy-like
Y(OH)(3):Eu/Y2O3:Eu microstructure: Formation and luminescence properties.
Mater. Lett. 2012, 68, 269-272.

139.

Zheng, C. B.; Xia, Y. Q.; Qin, F.; Yu, Y.; Miao, J. P.; Zhang, Z. G.; Cao, W. W.
Femtosecond pulsed laser induced synthesis of ultrafine Y2O3: Pr, Yb
nanoparticles with improved upconversion efficiency. Chem. Phys. Lett. 2010,
496, 316-320.

140.

Klein, P. H.; Croft, W. J. Thermal conductivity diffusivity and expansion of
Y2O3 Y3Al5O12 and LAF in range 77 degrees-300degrees K. J. Appl. Phys.
1967, 38, 1603-&.

141.

Stone, J.; Burrus, C. A. ND-Y2O3 single-crystal fiber laser-room-temperature
CW operation at 1.07-MU-M and 1.35-MU-M wavelength. J. Appl. Phys. 1978,
49, 2281-2287.

142.

Shalav, A.; Richards, B. S.; Green, M. A. Luminescent layers for enhanced silicon
solar cell performance: Up-conversion. Sol. Energy Mater. Sol. Cells 2007, 91,
829-842.

143.

Wang, J. L.; Wu, J. H.; Lin, J. M.; Huang, M. L.; Huang, Y. F.; Lan, Z.; Xiao, Y.
M.; Yue, G. T.; Yin, S.; Sato, T. Application of Y2O3:Er3+ Nanorods in DyeSensitized Solar Cells. ChemSusChem 2012, 5, 1307-1312.

144.

Andriamiadamanana, C.; Ibanez, A.; Ferrier, A.; Joudrier, A. L.; Lombez, L.;
Liotaud, M.; Guillemoles, J. F.; Pelle, F. Erbium-doped yttria thin films prepared
by metal organic decomposition for up-conversion. Thin Solid Films 2013, 537,
42-48.
81

145.

Kokuoz, B. Y.; Serivalsatit, K.; Kokuoz, B.; Geiculescu, O.; McCormick, E.;
Ballato, J. Er-Doped Y2O3 Nanoparticles: A Comparison of Different Synthesis
Methods. J. Am. Ceram. Soc. 2009, 92, 2247-2253.

146.

Zhai, Y. Q.; Yao, Z. H.; Ding, S. W.; Qiu, M. D.; Zhai, J. Synthesis and
characterization of Y2O3 : Eu nanopowder via EDTA complexing sol-gel
process. Mater. Lett. 2003, 57, 2901-2906.

147.

Cuba, V.; Pavelkova, T.; Barta, J.; Jary, V.; Nikl, M.; Jakubec, I. Photo- and
radiation-induced preparation of Y2O3 and Y2O3:Ce(Eu) nanocrystals. Journal
of Nanoparticle Research 2012, 14.

148.

Yin, S.; Akita, S.; Shinozaki, M.; Li, R.; Sato, T. Synthesis and morphological
control of rare earth oxide nanoparticles by solvothermal reaction. J. Mater. Sci.
2008, 43, 2234-2239.

149.

Lee, M. H.; Oh, S. G.; Yi, S. C. Preparation of Eu-doped Y2O3 luminescent
nanoparticles in nonionic reverse microemulsions. J. Colloid Interf. Sci. 2000,
226, 65-70.

150.

Wang, Y.; Honma, T.; Komatsu, T. Synthesis and laser patterning of ferroelastic
beta '-RE2(MoO4)(3) crystals (RE: Sm, Gd, Tb, Dy) in rare-earth molybdenum
borate glasses. Mater. Chem. Phys. 2012, 133, 118-125.

151.

Jackman, R. J.; Duffy, D. C.; Ostuni, E.; Willmore, N. D.; Whitesides, G. M.
Fabricating large arrays of microwells with arbitrary dimensions and filling them
using discontinuous dewetting. Anal. Chem. 1998, 70, 2280-2287.

152.

Qin, D.; Xia, Y. N.; Xu, B.; Yang, H.; Zhu, C.; Whitesides, G. M. Fabrication of
ordered two-dimensional arrays of micro- and nanoparticles using patterned selfassembled monolayers as templates. Adv. Mater. 1999, 11, 1433-1437.

153.

Stender, C. L.; Sekar, P.; Odom, T. W. Solid-state chemistry on a surface and in a
beaker: Unconventional routes to transition metal chalcogenide nanomaterials. J.
Solid State Chem. 2008, 181, 1621-1627.

154.

Wang, L.; Lee, M. H.; Barton, J.; Hughes, L.; Odom, T. W. Shape-control of
protein crystals in patterned microwells. J. Am. Chem. Soc. 2008, 130, 2142-+.

155.

Kei, C.-C.; Chen, T.-H.; Chang, C.-M.; Su, C.-Y.; Lee, C.-T.; Hsiao, C.-N.;
Chang, S.-C.; Perng, T.-P. Preparation of periodic arrays of metallic nanocrystals
by using nanoboneycomb as reaction vessel. Chem. Mater. 2007, 19, 5833-5835.

82

156.

Koide, Y.; Fujisawa, K.; Nakane, M. Preparation of non-contact ordered array of
polystyrene colloidal particles by using a metallic thin film of fused hemispheres.
Colloid Surf. A-Physicochem. Eng. Asp. 2008, 330, 108-111.

157.

Sato, Y.; Koide, Y. Size-controlled fabrication of periodic nanocrystal arrays by
using the hemispherical metal nanowells. Chem. Lett. 2009, 38, 674-675.

158.

Barton, J. E.; Odom, T. W. Mass-limited growth in zeptoliter beakers: A general
approach for the synthesis of nanocrystals. Nano Lett. 2004, 4, 1525-1528.

159.

Liang, F.; Cheng, J.-W.; Tsang, C. K.; Cheng, H.; Li, Y. Y. TiO2-based nanowells for fabricating nanocrystals. J. Nanosci. Nanotechnol. 2011, 11, 1105911063.

160.

Stender, C. L.; Odom, T. W. Chemical nanofabrication: a general route to surfacepatterned and free-standing transition metal chalcogenide nanostructures. J.
Mater. Chem. 2007, 17, 1866-1869.

161.

Wi, J. S.; Wilson, R. J.; Lee, D.; White, R. M.; Wang, S. X. Silicon nano-well
arrays for reliable pattern transfer and locally confined high temperature
reactions. Nanotechnology 2011, 22.

162.

You, E.-A.; Ahn, R. W.; Lee, M. H.; Raja, M. R.; O'Halloran, T. V.; Odom, T. W.
Size control of arsenic trioxide nanocrystals grown in nanowells. J. Am. Chem.
Soc. 2009, 131, 10863-+.

163.

Lewandowski, B. R.; Kelley, A. T.; Singleton, R.; Lowry, M.; Warner, I. M.;
Garno, J. C. Nanostructures of cysteine-coated CdS nanoparticles produced with
“Two-Particle” lithography. J. Phys. Chem. C 2009, 113, 5933-5940.

164.

Chen, J.; Liao, W.-S.; Chen, X.; Yang, T.; Wark, S. E.; Son, D. H.; Batteas, J. D.;
Cremer, P. S. Evaporation-Induced Assembly of Quantum Dots into Nanorings.
ACS Nano 2009, 3, 173-180.

165.

Ngunjiri, J. N.; Daniels, S. L.; Li, J.-R.; Serem, W. K.; Garno, J. C. Controlling
the surface coverage and arrangement of proteins using particle lithography.
Nanomedicine 2008, 3, 529-541.

166.

Daniels, S. L.; Ngunjiri, J. N.; Garno, J. C. Investigation of the magnetic
properties of ferritin by AFM imaging with magnetic sample modulation. Anal.
Bioanal. Chem. 2009, 394, 215-223.

83

APPENDIX A: PROTOCOL FOR MEASUREMENTS USING A PHOTOCURRENT
STAGE AND CURRENT SENSING AFM
1.

Sample Plate. The photocurrent sample plate is designed to direct light through the sample
while applying a bias between the sample and the AFM tip. A quartz prism is aligned to
direct light from a source (typically a solar simulator) through a fiber-optic cable to the
sample. Align the sample so that the target area is placed above the prism and the clear
substrate is touching the surface of the prism. The photocurrent stage is equipped with an
electrical connection and leads to apply a bias to the sample as outlined in Figure A1. The
leads should be placed on top of the sample, touching the surface of the target sample. A
thermocouple can be connected to the sample plate to monitor the temperature of the
sample.

	
  

Figure A1. Photocurrent stage top view (left) and bottom view (right).
	
  
2. Devices Connected to Sample Plate. To measure temperature, the sample plate has a
thermocouple connection on the underside of the plate. There is a pin with the
temperature probe at the tip that is inserted into the brass thread, and a nut secures the
temperature pin and connects to the digital thermometer (Figure A2). To attach the light
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guide (fiber optic), a channel that opens to the quartz prism is available and may need to
be fitted with a small piece of rubber or Parafilm.
3. AFM Probes. Conducting probes, typically with a platinum coating can be used to
acquire current and photocurrent measurements.

Figure A2. Connections to photocurrent sample stage.
4. Instrument Operation. Place a tip into the current-sensing nosecone. Align the laser and
photodiode for AFM operation using contact mode. Bring the tip into contact with the
surface under low force. Samples should be transparent to the frequency range of the
photoactive layer.
5. Software Settings. In PicoView v1.12.2, select contact mode settings. Under the imaging
window, choose channels: topography, CS/Aux1 and friction for topography, current
sensing, and friction images, all acquired simultaneously, for trace and retrace (total of
six images).
6. Obtaining Current-sensing Images (Maps). In the servo control window change the
sample bias units to volts (V). Positive numbers applies a positive bias to the sample and
a negative bias to the tip, and a negative number will apply the reverse. As the tip scans
the surface, measurable amounts of current will pass between the sample and tip. A
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preamplifier located in the nosecone boosts the DC signal and directs the signal to the
processor. The current-sensing image can be overlaid with the topography image to
distinguish local regions of conduction.
7.

Obtaining Photocurrent Images. To acquire photocurrent images, the bias applied between
the sample and the tip must be zero volts. To measure photocurrent, a light source is
applied to the sample and the current produced by the photoactive layer is detected. The
sample should be constructed so that the surface below the photoactive layer is a hole
acceptor (semiconductor).

8.

Acquiring I-V Spectra. Place the tip on a selected target area within a topography or current
image. In the spectroscopy dialog box under controls, select current voltage spectra.
Choose the appropriate voltage sweep and duration of scan. Typical parameters are +/- 4 V
with a duration of 0.5 – 2 seconds. Save the files as *.txt for importing into a spreadsheet
for plotting and data analysis.
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Figure B1. Reaction scheme for polythiophene nanopillar preparation. (A) UV-ozone treatment
of ITO surface; (B) silica mesosphere deposited and dried onto the treated surface; (C)
immersion into OTMS solution; (D) removal of mesospheres revealing nanopores of bare ITO
within the OTMS matrix where the silane initiator can bind; (E) Addition of the Grignard
monomer; (F) periodic nanopillars of polythiophene on ITO surface.
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Figure B2. Reaction scheme for preparation of polythiophene film with nanopores of vacant
ITO. (A) UV-ozone treatment of ITO surface; (B) silica mesosphere deposited and silane
initiator binds to interstitial spaces of ITO between mesospheres; (C) addition of the Grignard
monomer and Kumada condensation for film growth; (D) mesospheres are removed revealing
periodic nanopores of bare ITO within the polythiophene film.
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Figure B3. I-V spectra for individual nanopillars outlined in Figure 3.7.
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1

H NMR spectrum of NBDT in
CD3CN

Figure C1. NMR spectra were acquired on a Bruker Ascend 400 MHz NMR spectrometer.
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13

C NMR spectrum of

NBDT in CD3CN

Figure C2. NMR spectra were acquired on a Bruker Ascend 400 MHz NMR spectrometer.
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APPENDIX D: SUPPLEMENTAL INFORMATION FROM CHAPTER 6

Figure D1. Vacuum-line deposition chamber. [A] roughing pump, [B] oil-diffusion pump, [C]
liquid nitrogen trap, [D] pressure gauge, [E] sample chamber, [F] UV light source.
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Figure D2. Vacuum-line sample chamber. [A] Sample positioner; [B] sample chamber with
quartz disc and rubber o-ring; [C] close-up view of sample on sample positioner.
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