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Abstract 

This thesis focuses on the production of a metal honeycomb substrate for nanoparticle (NP) 

isolation and characterization. NPs hold great promise in solar research as an absorbing material 

due to the ability to tune the wavelength of light absorbed, but have been often limited due to the 

disorder of NP-polymer systems--as such, a method of isolating and ordering NPs is of great 

interest. Ultimately, it is demonstrated here that a substrate created through self-assembly 

techniques enables the capture of small numbers of lead selenide (PbSe) NPs per hole of the 

honeycomb structure. While issues still exist for production of long range well-ordered 

substrates, the process is shown to be successful from start to end with each step separately 

proved viable. Future research will look to combining procedure and creation of devices for 

demonstration of the substrates as a scaffold for solar cells. 
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Chapter 1: Introduction 

Introduction to the Field 

Richard Feynman was one of the first to highlight the possibilities of expanding the scope of 

then-modern science in mentioning that “there’s plenty of room at the bottom”.
1
 Norio Taniguchi 

later defined the term “nanotechnology” as “mainly the process of separation, consolidation, and 

deformation of materials by one atom or one molecule”.
2
 One of the foremost concerns in 

popularizing nanotechnology is the ability to produce materials through “bottom-up” rather than 

“top-down” approaches.
3
 Bottom-up approaches are generalized as processes which build a 

complex substrate through successive steps, each carrying an intrinsic degree of spatial 

complexity. Top-down approaches often embody processes that take relatively simple substrates 

and, through selective degradation or mechanical means, carve out desired morphologies. As an 

example, much of the silicon-based semiconducting wafer industry is based on lithography, in 

which light is used to pattern blank silicon wafers, producing various electronic components at 

the nanometer length scale. However, growing production demands and the shrinking of feature 

sizes for use in such microchips provides a concern for the industry, which will be forced to 

produce wafers at a slower rate, unless lithographic technology used is dramatically improved to 

improve throughput rates of wafer production.
4
 Enter nanotechnology: with the ability to 

manipulate surface chemistries of building block-like pieces of matter, such as NPs, production 

of complex systems can be performed using mostly solution-based procedures that are not 

limited by any aforementioned throughput concerns. In contrast to the extremely complex optical 

systems of lithography, such applications of self-assembly with NPs can also provide a large 

degree of complexity without the use of such sophisticated instrumentation.  
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Nanotechnology has found numerous research-based applications with industrial applications 

forthcoming. Solar energy, converted to electricity through solar cells or similar means, is one 

such future for the field. Using materials with ultra-small dimensions, electronic properties can 

be altered and used to enhance the overall efficiency of a solar cell in converting solar energy to 

electrical energy. Semiconducting NPs are often used within research-scale solar cells, often 

mixed with an organic polymer. 

 

Semiconducting NPs are have a customizable bandgap, which is a function of the particle size, 

being a property of the quantum confinement property of the exciton confined within the 

particle. The exciton is a bound hole electron-hole pair that is created upon photoexcitation of the 

NP. This aspect of NPs allows for tailoring of electronic properties to fit the profile of 

surrounding materials, which often do not have the same freedom of change as a result of being 

bulk sized. In total, use of NPs allows for a more efficient cell by making the path for electrons 

and holes to respective electrodes more favorable, thereby enhancing the conversion efficiency 

of the solar cell. In addition to being used as interfaces for exciton dissociation, where the 

electron/hole pair produced in photoexcitation is separated into individual charged particles, NPs 

can be used to serve as markers for surface chemistry of different materials. Analysis of 

monolayers of molecules used in surface modification can be problematic, but through use of NP 

markers, nanoscale surface chemistries can be confirmed through survey of NP placement, which 

is related to the surface properties of the NP and surface modified material. To further expand, 

the ligands on the exterior of a NP, which serve to stabilize the particle in solution and prevent 
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unwanted oxidation, can also be used to make favorable interactions with some surfaces rather 

than others. Control of such interaction can be accomplished with surface modifying compounds, 

which can be generalized into two categories: hydrophobic and hydrophilic, though numerous 

ligands exist somewhere between the two categories. Long alkane chained surface modifiers 

therefore favorably interact with long alkane chained ligands on NPs while charged or polar 

surface ligands prevent such interaction. In addition, because of the reactivity of NP surfaces due 

to intrinsic high surface energy, some substrate surfaces can serve to capture NPs as a result of 

favorable bond formation, such as S-Au or Se-Au bonds, which are known to favorably form on 

a Au surface. 

 

Most thin-film solar cells (TFSCs) rely on a planar structure in which the exciton is separated 

and holes and electrons are transported to opposite electrodes created in a sandwich-liked 

formation. In turn, this energy conversion creates an electrical current that can then be taken 

advantage of to power outside electronics. However, this structure relies upon a transparent 

conducting layer, commonly indium tin oxide (ITO), which incorporates high-cost scarce 

elements. To counteract this issue of using rare materials, a structure produced by self-assembly 

procedures could produce a lower cost transparent electrode without the use of rare elements.  

 

Similar applications of a specially designed substrate might be found in preparation of organic 

solar cells. In solar cells incorporating organic polymer NP blends, it is a great deal of interest to 

locate NPs nearby an electrode to provide a pathway for holes or electrons, unless conductive 

dopants are used. Though this area is of great interest to cutting-edge research, this thesis will be 
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primarily aimed towards gaining an understanding of producing substrates capable of solar 

conversion, rather than creation and characterization of future photovoltaic devices. Such 

additives used to improve electronic properties of organic polymers, such as C60, are expensive 

outright, due to complex procedures required for production, isolation, and purification. 

Previously, the Alivisatos group at the University of California Berkeley successfully isolated 

tetrapod-shaped NPs in small lithographically-etched troughs, demonstrating the ability to 

separate NPs in confined spaces.
5
 The Odom group at Northwestern University were able to 

grow cadmium selenide (CdSe) NPs within a honeycomb substrate.
6
 However, the ability to 

create a substrate with long-order structure via self-assembly techniques has not been 

successfully observed in literature. In addition, neither the Alivisatos nor Odom attempts at 

similar substrates demonstrated the ability to create electrically conductive substrates between 

captures particles, which would otherwise serve as a means of combining the effectiveness of 

each captured NP.  

 

Introduction to Methods 

In order to produce a substrate capable of isolating single nanoparticles, the following approach 

is followed: 

 

Figure 1: An illustration of the proposed steps to produce a metal honeycomb structure. 
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To begin, silica particles are synthesized to a size according to the desired size of the well of the 

honeycomb structure. The ideal size of the wells is approximately 50 nm larger, in diameter, than 

the particles to be isolated assuming that the probe particle to be isolated can fit snuggly within 

the well. However, due to concern over the feasibility of such a fit, the desired particles for 

creation of the substrate were desired to be approximately 50 nanometers larger than a probe NP 

to encourage adsorption of a single NP per honeycomb well. The desired probe NP was chosen 

to be lead selenide (PbSe) as a result of the facile synthetic routes for their synthesis, previous 

knowledge over the synthesis of CdSe NPs, and the large exciton Bohr radius of PbSe, which 

dictates that even large (~50 nm) PbSe NPs can be electronically tuned.  

 

Alternatively, PbS presents a less synthetically simple NP which was recently used to set the 

record for all inorganic, NP-based solar cells by the Bawendi group at MIT.
7
 Similarities 

between the two materials make further increases the potential application for a device 

incorporating well-order systems of such lead-based materials. Electronic tunability provides a 

grounds for comparison of isolated NPs to non-isolated NPs; had NPs with bulk semiconducting 

properties been used such subtle differences in electronic characteristics might not be obvious 

due to the concept that bulk properties are less sensitive to minute environmental changes rather 

than sub-exciton Bohr radius NPs. To expand, isolated NPs with diameter smaller than the 

exciton Bohr radius of the NP material can have electronic properties changed as a result of 

nearby materials capable of containing the exciton, which, in effect, alter the size where an 

exciton can freely move, which changes the bandgap. Therefore, isolated NPs in an electrically 

conductive substrate provides an interesting scheme through which the properties of NPs can 
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further be investigated. In turn, the desired particles to be synthesized were proposed to be on the 

order of 150 nm in diameter. 

 

To successfully synthesize silica particles of the desired size, three primary methods were 

explored: Stöber Sphere, Hartlen, and Pemberton. The Stöber Sphere synthesis is a classic 

procedure involving use of a tetraethylorthosilicate (TEOS) in the presence of water, ethanol, 

and ammonium. By controlling concentration of each reactant and the reaction temperature, 

various size particles can be produced with near-perfect spherical shape with sizes in the micron 

regime. However, the process becomes problematic below approximately 200 nm, producing 

irregularly shaped particles and poor monodispersity. The Pemberton synthesis is a similar route, 

however, using methanol as a solvent rather than ethanol. Through monitoring of Lamer 

modelling, the Pemberton synthesis is able to produce monodisperse particles 100 nm and 

greater without complication. The Hartlen synthesis provides a different route, promising the 

best monodispersity, but with a great deal of time required for synthesis as a result of being 

founded on seeded regrowth procedures, in which small NPs are increased in diameter through 

introduction of TEOS at a concentration below the concentration required to nucleate new 

particles. The Hartlen synthesis uses TEOS in a water/cyclohexane system, utilizing L-Arginine 

rather than ammonium as a catalyst for polymerization of TEOS into NPs. The Hartlen synthesis 

produces monodisperse NPs below 30 nm in diameter, while numerous successive regrowth 

steps provide particles approaching 150 nm.  
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Figure 2: The structure of TEOS, the dominant reactant used in production of silica particles. 

 

Characterization of silica particles can be accomplished through Dynamic Light Scattering 

(DLS) and Scanning Electron Microscopy (SEM). DLS relies on different scattering properties 

between differently-sized particles, which provides information to build a histogram of the sizes 

of particles in solution. However, DLS encounters issues with silica, as the specific instrument 

used is calibrated using polystyrene standards, which differ greatly in refractive index. As a 

result, DLS was treated as an inexpensive technique for initial characterization of NP solutions, 

but was not relied upon for full characterization. SEM uses an electron beam, through which 

some electrons are scattered off of the surface as a function of the morphology of the sample. 

Therefore, SEM provides a means for characterizing particle size reliably, but at a larger 

monetary cost. Further use of SEM will be involved in characterization of numerous steps of the 

substrate preparation process.  

 

To produce substrates, a monolayer of synthesized silica particles are used to produce a 

honeycomb structure atop the slide on which particles were transferred to. In the same regard, 

strict monolayer coverage is chosen to prevent multiple layers silica particles, which would 
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prevent the silica NPs of acting as a mask layer for the substrate onto which they are adsorbed. 

Therefore, NPs were processed using Langmuir-Blodgett (LB) Trough techniques, which are 

capable of processing hydrophobic particles and molecules into monolayers.  

 

 

Figure 3: Image of a LB trough similar to the Pemberton trough used for LB trough processing. 

(Source: http://www.mse.engin.umich.edu/people/jinsang/facilities/langmuir-blodgett-trough-

nima-112d) 

 

LB Troughs provide a means of compressing hydrophobic silica particles, in this case, on the 

surface of water using a Teflon-based system to limit chemical reactivity. Through observation 

of the surface pressure on the water using a wilhelmy plate, precise control over the packing of 

chemicals can be observed. Previous applications of an LB trough have been used for larger 

silica particles as demonstrated in the Pemberton group by Jacob Favela. However, due to the 

small size and lack of hydrophobic groups on the surface of the desired silica particles, alkyl 

silane ligands are used to improve the applicability of synthesized silica particles to LB trough 
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techniques to prevent particles of sinking into the water of the LB trough and to encourage 

intermolecular attractive forces between nearby particles.  

 

With well-packed silica particles at the air-water interface in a LB trough, two different transfer 

methods are utilized to transfer NPs onto the slide used as the base of the desired substrate: 

vertical deposition and Schaefer Transfer. Vertical deposition requires breaking of the surface of 

particles on the LB trough with a fast rate of movement until the slide is mostly submerged in the 

water of the LB trough. Slow removal while moving the bars of the LB trough to maintain the 

desired surface pressure provides a means of transferring the particles to the slide. Schaefer 

transfer operates on the basis of a slide perfectly parallel to the surface of the water making 

contact with the particles on the air water interface just slightly, before the slide is removed. In 

contrast, vertical deposition provides a slower means for substrate production, but has the added 

benefit in that vertical deposition, as a technique, has been previously explored in the Pemberton 

group with silica particle systems. 

 

An additional method, spin casting, is explored as a means of reproducibly producing 

monolayers or particles at a rapid rate. Spin casting utilizes suspensions of chemicals, rapidly 

rotated about, causing solvent and desired material to be whisked off of the surface of the 

underlying substrate onto which the layer of material is being deposited. This method holds 

strong ties to industrial applications, as spin casting is a well-reported method commonly used in 

pre-existing semiconductor industries as a method for polymer coating. However, spin casting 

uses a great deal of material as a result of having a majority of the chemical used whisked away 
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from the surface and ultimately discarded as waste. In addition, there is little driving force during 

spin casting to produce a tightly-packed film of NPs rather than a non-connected sub monolayer 

of particles. Lastly, multilayers are easily formed through spin casting, which is not desirable in 

order to produce honeycomb structures atop ITO, rather than atop additional layers of particles.  

 

ITO coated glass slides with a monolayer of well-packed silica particles covering the ITO 

surface are then prepared for honeycomb creation through Reactive Ion Etching (RIE), in which 

CF4 or CHF3 gas is used to react with silica, producing gaseous silicon fluoride byproducts, 

which result in reduced particle size without affecting the spatial distribution of silica particles. 

ITO, while the material first addressed as a material to avoid in the preparation of solar cells, 

serves as a required material for production of analogous cells that can be directly compared to 

those constructed through common planar technologies. In addition, surface chemistry of oxide 

layers lends well to use of carboxylic acid and phosphonic acid based surface chemicals, while 

other metallic surfaces are not as simple.  

 

The optimal amount of etching by RIE of silica particles is believed to be the maximum possible 

before degradation of the spherical shape of the silica particles is achieved. This specification 

arises from the desire to have a more structurally robust honeycomb structure with thick walls, 

rather than an optimized system in which more particles can be adsorbed per unit area. The 

aforementioned degradation arises from the fact that the sol-gel based Stöber sphere synthesis 

produces amorphous crystals of silica, which thereby degrades unevenly in etching. Next, metal 

can be deposited at a thickness less than the radius of the etched particles. Should the thickness 
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of the deposited metal be thicker, the silica particles would become locked into the metal 

structure, preventing their removal by mechanical means.  

 

Two mechanical means are believed to be effective for removal of solely the silica particle 

monolayer while retaining the gold honeycomb on the ITO surface: tape-removal and sonication. 

Tape removal relies upon the use of a gently applied piece of common office tape, which is then 

slowly pulled off. Due to the weak forces keeping the silica particle adsorbed to the surface 

while the gold honeycomb is theoretically bound to the ITO surface, tape-removal is an effective 

tool. However, due to the high variability in the method through which the tape is applied, 

attention must be paid to maintain consistency between slides. Sonication relies upon ultrasonic 

waves, which propagate through the substrate while immersed in a solvent that is able to suspend 

the silica particles, causing violent movement of adsorbates, allowing for the solvation and 

resulting removal of analytes from the substrate surface. This latter method is considered to be 

more controlled as the time and solvent can be easily controlled.  

 

With removal of the silica particles from the surface of the honeycomb, the substrate will have 

been technically completed. However, in order to prepare a surface through which NPs can be 

isolated in the wells of the honeycomb, surface modification must be performed on the 

honeycomb and underlying substrate. As previously mentioned, carboxylic acid and phospohonic 

acids bind well to oxide layers, such as ITO. In addition, thiol-based surface modifying 

chemicals are able to bond well to gold surfaces. In total, this means that subjecting the substrate 

to different solutions of chemicals should produce a heterogeneously modified surface, with one 
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type of surface modifier on the gold surface and another on the ITO surface. Similar methods 

have been explored in past silica/gold substrates using a similar set of surface modifying 

compounds. 

 

Choosing the ideal end group for the two types of surface modifiers will in turn change the 

function of the surface for the system devised here. Two types were explored: those with 

terminal functional groups facing away from the surface capable of positively interacting with 

the surface of a NP, such as a thiol or phosphonic acid and those that block the surface from 

being interacted with, such as an alkane chain (a long carbon chain). By outfitting the thiol 

modifier with an alkane chain end group, the NP is unable to interact with the gold surface, 

which it otherwise can bond well with (through Se-Au bonds) as Au-S is a strong bond. On the 

other hand, use of diphosphonic acids enables the adsorption of one phosphonic acid head to the 

ITO surface, leaving the other phosphonic acid group dangling above the substrate. Dicarboxylic 

acids are able to decorate ITO in a similar fashion, but suffer from reduced bonding strength due 

to the presence of just two oxygen atoms per molecule, rather than three, as is the case for 

phosphonic acid end groups. When introduced to NPs in solution, the phosphonic acid or 

carboxylic acid end group can act to bind the NP, effectively binding it to the surface, while the 

alkane thiol prevents strong binding of NPs to the gold surface. Similar methods for surface 

modification have been previously explored.
8
 

 

Analysis of the surface modification of the two types of materials is an area of active research 

that incorporates numerous different techniques. However, a facile method for analysis of the 
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surface properties is devised: use of a “probe” NP, which can bind or not bind as a function of 

the surface properties of both materials. Two types of NPs were chosen for this role: cadmium 

selenide (CdSe) and PbSe. CdSe is well understood synthetically within the group and is the 

subject of a previous project, meaning that it lends well to facile preparation and consistent 

properties. However, the exciton Bohr radius of CdSe is relatively small, meaning that for the 

particle to still show effects of quantum confinement (i.e. energy levels being different than that 

of bulk CdSe), small particles must be used. However, small particles exacerbate problems 

involving “pinholes” in single monolayers of surface modifying compounds, meaning contact 

between the small particle and underlying surface is easily made possible. Such pinholes, in turn, 

allows small NPs to effectively bypass any surface-bound chemicals and bind directly to the 

underlying surface. PbSe has a much larger exciton Bohr radius that CdSe, allowing for even 40 

to 50 nm particles to show effects of quantum confinement. While quantum confinement is not 

of importance in the capture or illustration of surface properties, further work to characterize 

single or small groups of isolated NPs would not hold much merit, as both isolated and non-

isolated large particles would act as bulk materials if too large for quantum confinement to take 

place. With quantum confined particles, the effect of isolation can be more easily monitored and 

understood. 

 

The synthesis of CdSe is considered following the classic hot-injection method, through which 

use of Cd and Se precursors are reacted at high temperature. Size is easily quantifiable for CdSe 

NPs through measurement of the excitonic peak through ultraviolet-visible spectroscopy (UV-

Vis), which arises from the bandgap of the NP—a function of the particle size. From UV-Vis 
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analysis, the size of the particle can be easily calculated to quickly characterize the reaction 

product. 

 

PbSe is intended to be much larger in size than previous methods have reported to enhance its 

ability to act as a probe for the surface chemistry of the substrate. As a result, a new method is 

required to produce 40-50 nm particles. While particles can simply be grown for a longer period 

of time to reach a larger size, issues are likely to arise as a result of Oswaldt ripening, through 

which the some NPs will grow to become large particles and others will be reduced in size to 

small particles. This undesirable distribution of size is also known as the monodispersity of the 

particles, in which the standard deviation of the particle size is analyzed to illustrate how alike 

particles are to one another. Monodisperse particles are desired for further work involving energy 

level analysis through atomic force microscopy (AFM) studies, which would become much more 

difficult if multiple particles of varying size are sequestered within each well of the honeycomb. 

The AFM based studies are considered a future direction of research, ultimately centering around 

making measurements of isolated particles and comparing the results to suspended particles in 

solution measured by alternative methods. Additionally, AFM measurements aim to probe the 

effects of surface modifiers on the electronic properties of bound NPs. 

 

The method to produce PbSe is based on the concept of maintaining a low concentration of 

reactants to favor regrowth of already-formed particles rather than nucleation of new particles, 

which would again result in a non-monodisperse, or polydisperse, batch of NPs. Therefore, after 

initial synthesis of PbSe particles of a small size (near 10 nm) by common methods, several steps 
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of addition of Pb and Se precursors will be performed to enable further growth of the PbSe 

particles to a larger size. For analysis of PbSe particles, UV-Vis is not helpful as the excitonic 

peak is shifted far into the infrared region, which UV-Vis is unable to scan. Infrared 

spectroscopy (IR) could potentially be a viable option for analysis, but the excitonic peak 

happens to lie in the region of wavelengths not accessible by common IR or UV-Vis instruments. 

As a result, SEM is held as the ideal analysis technique. In addition to being the only viable 

option for analysis, SEM also provides visual information on the appearance of particles, which 

is extremely important in further analysis of substrates in which NPs have been isolated within 

the substrate. 

 

The capture of NPs is performed from solution to further highlight the attractive properties of 

NPs. In addition, few methods exist for work with NPs that are not solution-based. The solvent 

to be used for the deposition is not considered to be of great importance other than it must be a 

chemical that is unable to compete with the surface modifiers used on the substrate—therefore, 

nucleophilic solvents like ethanol are avoided. In addition, the solvent must not be a non-solvent 

for the NPs used, which would otherwise induce precipitation of the NPs due to incompatible 

polarity differences between NP surface ligands and the solvent. The amount of time allowed for 

isolation of particles is additionally important because the concentration is held constant for ease 

of experimentation. With both time and concentration being directly related to the number of 

visits a NP might make to a surface and concentration fixed, the only variable affecting visitation 

rate to surface sites is time.  
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In visiting the surface, there is some probability that the NP reacts with the surface modifier to 

prevent the NP from further leaving. In addition, with sufficient time, particles might leave 

randomly from the surface; though, this process is believed to be negligible due to the strong 

interaction between phosphonic acids and NPs. One concern with the introduction of NPs 

revolves around the aforementioned prospect of pinholes existing in the gold surface modifier 

monolayer, which might allow particles to permanently bind to the gold surface if an excessive 

amount of time is allow for particles to deposit. 

 

At this point in the process, the substrate will have been successfully prepared and modified to 

enable to the capture of isolated NPs. The final step of this thesis is intended to be the 

measurement of electronic properties (energy levels through Kelvin probe AFM and conductivity 

through conductive tip AFM) by use of different types of AFM. Though a great deal of 

information on the inner workings of the two types of AFM discussed here—Kelvin probe and 

conductive tip—much of this is ignored to allow for a discussion of the information derived 

through the analysis of such types of AFM. 

 

AFM, as a general topic, works upon use of a small cantilever with a very sharp point protruding 

perpendicular to its surface. This small tip makes contact with the surface of the material being 

analyzed, while a laser is used to measure the position of the cantilever. Several modes exist for 

AFM; in one, the cantilever is held at a height related to the electronic or magnetic properties 

that the probe is measuring. Alternatively, in tapping-mode AFM, the tip is moved through use 

of a piezoelectric crystal to literally tap the surface of the material being analyzed. In total, AFM 
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provides information of the morphology of the material analyzed, while numerous other probe 

tips enable characterization of magnetic and electronic properties.   

 

Conductive tip AFM provides a means to measure the conductivity an isolated NP or group of 

NPs in a closed system. This is of importance to find the identity of the material being analyzed. 

Paired with building a morphological map of the surface by tapping mode, conductive tip AFM 

can aid in distinguishing isolated particles from the rest of the substrate. Though not explored in 

this thesis, conductive tip AFM with isolated NPs could also be used to measure the effects of 

organic ligands in determination of the overall conductivity of the NP. 

 

Kelvin probe AFM enables measurement of the work function of the material beneath the tip. 

The work function of the material is dependent on the intrinsic properties of the chemical used to 

produce the material. The work function of the material is the amount of work necessary to 

remove an electron from the surface of the material. In total, this allows for the probing and 

determination of the type of material being analyzed, as in this case the materials on the surface 

are all known and can be distinguished based on having different work function values. 

Additionally, this analysis enables measurement of the isolated NP systems to investigate 

whether the surrounds of the NP and the ligand used in its binding affect its work function. 
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Thesis Overview 

The body of work shown in this thesis revolved primarily around the production of substrates 

capable of NP capture. Numerous paths were taken for each individual step, as will be 

highlighted later.  
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Chapter 2: Methods 

Synthesis of Silica Particles 

The Stöber sphere synthesis was pursued at a variety of different reaction conditions as it was 

determined to be the most consistently used synthesis throughout literature for silica sphere 

synthesis and application.
9
 

 

As a result of large standard deviation in particle size at the desired particle diameter resulting 

from the Stöber sphere synthesis, a different approach was taken—the Hartlen synthesis. This 

synthesis used an organic layer, cyclohexane, to act as a reaction interface to produce small, 

monodisperse silica particles. The Hartlen synthesis for silica particles was pursued at a variety 

of different reaction conditions. Ultimately, the standard procedure was followed as according to 

literature and regrown a number of times until DLS showed the desired particle diameter.
10

 

 

A third method for synthesis is described in the following section: “Modification of Silica 

Nanoparticle Surface Properties”. 

 

Modification of Silica Nanoparticle Surface Properties 

Following successful preparation of silica particles, it was realized that a better method of 

control of the surface chemistry of the silica particles was required to produce more consistent 
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substrates. Initial work with Stöber spheres worked around the idea of capping through 

nucleophilic solvents, such as methanol, to produce slightly hydrophobic particle exteriors. To 

do such an exchange, oven baked particles (500
o
C overnight) were sonicated and dispersed in 

methanol, with no attempts at altering the pH of the solution. However, trough performance, in 

which the particle slowly fell from the monolayer to become suspended in the water of the LB 

trough, provided evidence that such capping was easily reversible and/or ineffective for this 

application. A separate venture was taken to attempt capping of silica particles with phenol and 

phenyl phosphonic acid. 

 

Capping with phenol appeared successful, as marked by the cloudiness of the organic and 

aqueous layer, on inconsistent occasions, following the procedure below: 

Procedure for Phenol Capping 

Added the desired amount of silica particles to be capped after being dried by oven at 500
o
C 

overnight. Particles were then suspended in 20 mL of liquefied phenol and sonicated until no 

sign of flakes of silica particles were visible. Sonication was performed in a common 

scintillation vial.  

 

After capping with phenol, the particles and solution were transferred to a 50 mL separatory 

funnel along with 20 mL nanopure water (nH2O) and 10 mL benzene. After shaking for 

approximately a minute, the aqueous bottom solution was removed from the funnel and the 
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benzene solution containing capped silica particles remained. Washing of this layer was not 

performed out of concern that phenol was not strongly bound to the silica surface. 

 

An additional experiment to perform a similar procedure to that of phenol capping was 

performed using phenyl phosphonic acid. The procedure designed and implemented involved a 

excess of phenyl phosphonic (1 g). Both baked silica particles and phenyl phosphonic acid were 

added to a 20 mL solution of 1:1 benzene: nH2O. As a result of the larger sized particles used in 

this procedure, expected scattering of light served as a good indicator of the presence of 

particles, but was not observed in the benzene layer, indicating failure of the experiment. A 

further attempt at allowing the solution to be sonicated and sit overnight yielded similar results. 

 

To combat issues regarding surface hydrophobicity revolving around hydrophonic ligands that 

can be easily removed was through use of alkyl silane compounds. Octyltrimethoxysilane 

(OTMS) was used as a result of its common availability and literature presence. The following 

procedure was followed: 

Post-Synthesis OTMS Particle Functionalization 

To a 10 mL of silica particles suspended in ethanol, 0.1 mL 30% NH3 solution was added. Next, 

0.1 mL of OTMS solution was added to 1 mL of CHCl3 in the glove box. Once removed from 

the glove box, this CHCl3 solution was quickly added to the particle solution and stirred for 24 

hours and 1000+ RPM using a small stir bar. The solution was then centrifuged at 7000 RPM to 

yield a pellet of capped particles, which was then dispersed in absolute ethanol at an equal 
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volume to which it was previous suspended in. In total, three centrifugations were performed to 

better remove the excess alkylsilane from the solution 

 

Though initial functionalization showed promising results, analysis of the LB trough, as will 

later be discussed, showed organic “bridges” spanning between packed silica particles. This 

trend indicated that the removal of alkylsilane from the particle solutions was not entirely perfect 

and required further purification steps. To do so and improve the length of time required for 

synthesis and post-synthesis steps, the following procedure was devised: 

 

Pemberton Synthesis and Combined Alkyl Silane Surface Modification 

Synthesis was performed as according to literature, though in a round-bottom flask rather than in 

a vial.
11

 To a 100 mL 1 necked round bottom flask, 4.8 mL 30% NH3 solution, 2.4 mL nH2O, 

and 31.2 mL dry methanol were mixed at 600 RPM. This solution was heated to near reflux and 

then brought to 40
o
C. This heating was intended to homogenize the solution and was shown to 

result in a more monodisperse particle batch. 

 

While rapidly stirring, 1.50 mL 0.2 μm filtered TEOS was injected and allowed to grow for 2 

hours. After growth, 0.2 mL OTMS was added and allowed to mix at 600 RPM for 

approximately 1 hour without heating.  
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Particle solutions were then centrifuged at 7000 RPM for 5 minutes and the supernatant was 

discarded. The pellet was then dispersed in 200 proof ethanol and sonicated until particles were 

successfully suspended in solution, illustrated by a lack of pellet in the centrifuge tube. This 

process was repeated for a total of three centrifugations. The final pellet was dispersed in 

chloroform and centrifuged one last time to remove any residual alkyl silane. This final pellet 

was dispersed in chloroform. 

 

Langmuir Blodgett Trough Processing 

Following preparation of monodisperse silica particles with the correct hydrophobic 

functionality, two LB troughs were used for production of monolayers of silica particles. The 

secondary trough (in terms of frequency of use) used was through the Armstrong lab, using a 

manually controlled, large instrument capable of numerous slide production with a single 

dispersion of silica particles. Having consistency between slides is highly important, as the 

surface pressure reading between trials, even using the same particles, can become problematic 

as the wilhelmy plate is often changed or degraded between runs due to cleaning and adsorption 

of analytes to its surface. As a result, the large size of the trough presented an ideal set-up for 

production of 10+ slides from a single dispersion of particles. However, the calibration of the 

instrument was extremely difficult and was ultimately decided to be abandoned as a result. 

 

An alternative method was attempted midway through exploration of LB trough potential—a 

reaction mixture solution of hydrophobic Pemberton synthesis silica particles was transferred 

onto a detergent-cleaned 1” x 1” ITO-coated slide. Numerous spin-rates were explored and 
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imaged by SEM, but no setting resulted in a desired film. As a result, this method was not fully 

pursued. 

 

In place of the Armstrong trough, an LB trough accessed in the Pemberton group lab was used to 

produce monolayers. This specific trough provided an important difference apart from the 

Armstrong trough—self-calibration of the wilhelmy plate for surface pressure reading. To use 

the trough, a general procedure was followed: 

 

First, the trough was cleaned using CHCl3 (chloroform) and Kim wipes to help remove any 

residual chemical species from the surface of the Teflon of the trough. In addition, the Teflon tip 

of the vacuum apparatus was cleaned as well. nH2O was then added to fill the trough to the point 

of near overflow and the vacuum apparatus was used to remove the water. The vacuum apparatus 

used provided negative pressure through a T-junction connected to the sink, which would 

provide weak vacuum, sufficient for cleaning, when water was flowing. This additionally meant 

that the waste of the trough was washed down the sink drain in dilute form. While this system 

has the potential for harmful waste management, the small amount of analyte particles and the 

extreme dilution provided a safe means for waste removal.  

 

Washing with water and removing the resulting solution by vacuum was then performed 

numerous times until the air-water interface of the trough showed no appreciable change in 
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surface pressure upon isothermal compression. Approximate settings used during isothermal 

compression were 25 cm
2
/min to 50 cm

2
/min compression rates of both arms, simultaneously. 

 

With the air-water interface sufficiently cleaned, two methods were taken to deposit particles. 

The first method was the less successful, as will be commented in the “Results/ Discussion” 

portion of this thesis. This primary method used dispersion of particles from a solvent soluble in 

the water of the trough, which in turn meant that the ability for particles to float on the interface 

was severely limited. As a result, compression was immediately undertaken after particles had 

been dispersed, disregarding the evaporation of the initial solvent in which the particles were 

suspended.  

 

The second method for compression was used with hydrophobic particles, which were dispersed 

from chloroform. As a result of the high density of chloroform compared to water, large droplets 

not allowed to sufficiently evaporate would often sink to the bottom of the water, where the 

particles would then take unknown paths to the air-water interface or to the bottom surfaces of 

the trough. As a result, typically 100 μL of chloroform solution was dispersed in single droplets 

around the trough. Upon sufficient time for the solvent to evaporate, typically around 1 minute 

(though this rate changes with the concentration of particles at the air-water interface), more 

particles were added. 
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The amount of particles to be used in the trough was back-calculated from the amount of TEOS 

used in the initial synthesis and the amount of dilution under-taken. This calculation was 

performed by the generalized equations below: 

           

→           →          →
          

                       
→                    

In the above equation, the mass of a particle was calculated by the generalized equation below: 

                 →                                →                   

Knowing the number of particles and the dilution factor used, the desired number of particles 

could be found through the following generalized equation: 

                                  

                                      
→                    

The final equation to calculate the desired volume of solution to be dispersed followed a final 

generalized equation: 

                           

                                          
→                              

 

Compression of particles, once free of any residual solvent (typically, two or three additional 

minutes were allowed for this process to be sufficiently completed), was then performed. Initial 

compression rates were performed at 5 cm
2
/min until the desired pressure was reached, at which 
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point compression rate was dropped to 1 cm
2
/min to prevent layer collapse of monolayers of 

particles as well as production of multilayers. 

 

The surface pressure chosen for which the particles were compressed to arose partly from 

literature and partly from experimentation. Literature sources indicated that high surface 

pressures (approximately 50 mN/m) resulted in optimally packed films of particles.
12

 However, 

due to the differing surface chemistry between literature sources and those used in this thesis, 

experimentally observed optimal surface pressures were determined through transferred 

monolayers at differing surface pressures and qualitatively observing the quality of particle 

packing. 

 

The method by which the particles were transferred was taken on by two different approaches: 

vertical deposition and Schaefer transfer. In the Schaefer transfer, a flat piece of ITO-coated 

glass was lowered slowly parallel to the air-water interface (with the setting of “1” for down and 

“1” for up in the Nima program interface), with the ITO face nearest to the air-water interface. 

Slow movement of the mechanical arm of the LB trough until contact was made with the ITO 

substrate was monitored by eye. Once the ITO had fully made contact with the surface, the arm 

was set to pull the ITO back up. As a result of the particles being hydrophobic, little water 

remained on the surface of the slide, which enabled for immediate removal and storage, rather 

than having to wait for the water to evaporate or explore alternative methods of water removal. 
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The second and most used method for deposition was by vertical deposition. In the Nima 

software interface, the “up” rate was set to “1” and the “down” rate was set to “40”. The slide 

was held perpendicular to both the air-water interface and to the experimenter. Initially, the arm 

was set to “fast down” to breach through the air-water interface and submerge the slide to the 

desired distance for which particles would be deposited. The arm was then set to “stop” for 

approximately 5 seconds to allow for the surface pressure to reach an equilibrium, broken by the 

slide puncturing through the surface. Next, the arm was set to “creep up”, for which it slowly 

removed the slide and deposited silica particles over the course of approximately 20 minutes for 

¾” portion of a 1” x ½” slide. Two additional steps were used to maximize the number of 

separate substrates produced: 1. putting two slides back-to-back such that two ITO faces were 

exposed to the particles, and 2. cutting the silica side of the ITO-slides with an ungreased glass 

cutter (to minimize addition of organic compounds to the air-water interface), which could then 

be used to produce two 1” x ¼” substrates for experimentation.  

 

Reactive Ion Etching of Silica Particle Monolayers atop ITO 

To reduce the size of the silica particles whilst maintaining the desired spatial arrangement of 

silica particles, a gaseous CF4 based method was used to etch particles. Initially, the chamber 

was cleaned by O2 plasma clean at 20 mTorr and 300 W at the Microfabrication/ 

Nanofabrication Center (MFC) in the Electrical Engineering building on the University of 

Arizona campus. This facility provided level 10/100 cleanroom space that aided in minimizing 

contamination of the substrate while providing means for RIE and metal deposition. Once 

cleaned, a provided silica wafer was used to determine the etch rate of the method for that 
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particular day, though there was little reason for wide variation between days. To do so, a simple 

method was performed:  

 

Calibration of Etch Rate Method 

First, the thickness of the silica substrate was measured in the center and on four sides of the 

silica wafer through an instrument provided through the MFC. Next, the silica wafer was loaded 

into the RIE instrument chamber and the chamber was vacuum pumped to <1 mTorr before 

being brought to 50 mTorr with the addition of 4 sccm Ar and 4 sccm CF4. Once equilibrated for 

approximately one minute, a current of 300 W was applied for 1 minutes before the gas flow was 

terminated and the chamber was vented. 

 

Measurement of the thickness of the silica layer was again measured. To approximate the 

average etch rate, the average change in thickness per unit time was calculated.  

 

With calibration of the etch rate of the RIE process, a substrate was loaded per etch rate time 

with a total of three different substrates analyzed at different etch times to determine the optimal 

extent of etching. The procedure was performed as follows: 
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Etch Calibration of Silica Particle Monolayers 

First, the substrates were loaded into the RIE instrument chamber and the chamber was vacuum 

pumped to <1 mTorr. Identical chemical environment and power settings were performed as with 

the etch rate analysis, but the amount of etch time was varied based on the desired amount of 

silica to be removed. For a 150 nm particles, calibrations of 20, 40, and 60 nm of equivalent etch 

times were performed to gauge where total particle degradation resulted.  

 

To analyze the results of this experiment, SEM was performed on the substrates. 

 

After finding the optimal extent of RIE of the silica particle monolayers, the remainder of slides 

were subjected to the desired etch time under the same chemical and power conditions.  

 

Metal Deposition for Honeycomb Creation 

With substrates of monolayers of etched silica particles already processed, the slides were loaded 

into an e-Beam evaporator for deposition of a thin layer of gold. Slides were first fixed to a glass 

microscope slide with carbon tape for easier handling. The microscope slides were then carbon 

taped to the holder within the e-Beam evaporation chamber. The chamber was allowed to pump 

overnight before deposition was performed at 0.07 nm/minute to reach the desired thickness. 
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Removal of Silica Particles 

Two methods for removal of silica particles were explored: tape removal and sonication. In the 

former method, a piece of Scotch® brand office tape was applied to the gold-coated surface of 

the silica particle monolayer. The cardboard container for a razor-blade was used to gently press 

the tape against the surface of the slide. The tape was then slowly removed and stored for 

potential later analysis. 

 

The second method, sonication, was performed by immersing the slide in water, chloroform, or 

ethanol and sonicating for a variable amount of time, between 5 and 15 minutes. Additionally, 

alkaline aqueous and alkanline ethanol solutions were explored. 

 

In both cases, the extent of success was analyzed by SEM.  

 

Functionalization of the Honeycomb and Underlying Substrate 

To functionalize the gold honeycomb with an alkane thiol and the ITO substrate with a 

diphosphonic acid, a simple procedure of dipping the substrate into two separate solutions was 

carried out. The substrate was first plasma cleaned on “medium” for 10 minutes at 400 mTorr 

before being dipped into a 10 mM ethanol solution of 1-octylthiol for 1 minute and then dipped 

into a 10 mM ethanol solution of 1,8-octyldiphosphonic acid or suberic acid for 1 minute. No 

solvent rinsing between dips was performed between dips or afterwards.  
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100 μL of chloroform NP solution was then added over the substrate, sitting on the surface as a 

droplet. In a closed vessel (a glass vessel covering the slide), 45 minutes was waited before 

finally rinsing the slide with a small amount of chloroform. It was additionally noted that little 

chloroform was directly applied to the honeycomb—rather, the solvent was allowed to run down 

the substrate to prevent any mechanical removal of particles (as opposed to chemically-driven 

removal). 

 

Similarly, the rate of deposition was experimented with using a 1:200 dilution of reaction 

mixture particles in chloroform, in which honeycombs were placed following surface 

modification steps. Substrates were allowed to interact with the particles in solution for 5 to 120 

minutes. 

 

Synthesis of PbSe Nanoparticles 

Two syntheses were explored to produce PbSe NPs—a published synthesis producing sub-10 nm 

particles and another heavily modified procedure, capable of producing 50 nm particles.
13

 The 

first synthesis was similar to that of CdSe, described in the following procedure: 
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Sub-10 nm PbSe NP Synthesis 

First, an air condenser was attached to a flame-dried 50 mL three-necked round bottom flask 

(3N-RBF) and placed under positive Ar pressure. 0.0582 g PbO was then heated to 120
o
C with 

5.0 mL 1-octadecene (ODE) and 0.5 mL oleic acid. This solution was stirred at 300 RPM until 

the lead (Pb) precursor was fully dissolved before it was allowed to cool to 50
o
C. Once a trioctyl 

phosphine (TOP)/selenium (Se) precursor was prepared (0.198g Se in 1.6 mL TOP), the Pb 

precursor was heated to 150
o
C. The Se precursor was then quickly injected and the reaction was 

allowed to proceed for thirty minutes. Once complete, the 3N-RBF reaction vessel was quickly 

cooled on the exterior using lab air and removed from any heat source. When the solution 

reached about 60
o
C, 5 mL chloroform was added to prevent any further reaction and prevent 

formation of a gel-like reaction mixture.  

 

To clean the particles, acetone was added until an abrupt change in turbidity was observed (from 

a non-cloudy black solution to a very cloudy solution). The solution was the centrifuged at 5000 

RPM for 5 minutes. Solvation in 5 mL chloroform and precipitation in acetone followed by 

centrifugation was performed for a total of three centrifugations.  

 

Due to the small size of the PbSe particles prepared by the above method, a novel procedure was 

devised to attempt to produce large, monodisperse PbSe NPs. This method was devised as 

follows: 
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50 nm PbSe NP Synthesis 

In a 50 mL three-necked RBF, 0.0596g PbO, 0.5 mL oleic acid, and 5.0 mL 1-octadecene was 

heated and maintained at 140
o
C while stirring under Ar. A separate vial containing 0.408 g Se 

and 3.2 mL trioctyl phosphine was prepared in the glove box and removed for synthesis. To a 

100 mL RBF, 0.0596 g PbO, 0.5 mL oleic acid, and 5.0 mL 1-octadecene was heated to 170
o
C 

initially. Half of the Se precursor was then injected into the 100 mL RBF and the temperature 

was lowered to 140
o
C. Every five minutes, a quarter of each Pb and Se precursor was injected 

into the 100 mL RBF and allowed to grow. 

 

Once synthesized, the solution was cooled to room temperature and 5 mL chloroform was added 

to end any reaction. Particles were centrifuged at 5000 RPM for 5 minutes after being induced to 

precipitate by acetone addition. Pellets were dispersed into chloroform and the process was 

repeated for a total of two centrifugations. 

 

For analysis of the success at various steps, SEM was used, as previously mentioned. Due to the 

conductivity of ITO, no metal coating was performed for later samples. Typically acceleration 

voltage was maintained near 10 kV with a stage height of approximately 4 mm to maximize the 

resolution achieved. 
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Chapter 3: Results and Discussion 

Synthesis of Silica Particles 

Hartlen Synthesis: 

 

Figure 4: Hartlen synthesis silica particles deposited from the Pemberton LB trough with a 

methanol-vapor coated slide using a Schaefer transfer. 

The Hartlen synthesis produced monodisperse particles, as observed above. Ultimately, the 

amount of time and number of steps to produce particles of the desired 150 nm size was too 

difficult by this method.  
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Stöber Sphere Synthesis: 

 

Figure 5: Stöber spheres with a bimodal distribution, drop cast onto ITO for electron 

microscopy. 

The Stöber sphere synthesis produced large particles in the correct size range, but generally 

produced a bimodal distribution of particles, likely due to Oswaldt ripening. Upon reading of the 

Pemberton synthesis, this method was abandoned. 
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Pemberton Synthesis: 

 

Figure 6: Pemberton synthesis silica particles produced by the modified procedure for immediate 

alkyl silane capping of silica surfaces. The above micrograph was achieved with 40 mN/m 

surface pressure with particles dispersed from a chloroform solution. 

Initial experimentation with the Pemberton synthesis produced a polydisperse sample. A slight 

modification of the procedure to heat the solvent containing ammonia and water prior to addition 

of TEOS (with later injection of TEOS at the synthesis temperature) produced monodisperse 

particles capable of LB trough processing. 
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Though no analysis was performed to assess the hydrophobicity of the particles following alkyl 

silanization of the surface, the behavior of the particles on the trough gave strong indication that 

the exchange of ligands had been successful.  

 

Figure 7: A drop cast sample of Pemberton silica particles following heating of the initial 

alkaline solvent before TEOS addition. 

 

Production of Monolayers of Silica Particles  

Following initial failure of attempts with the LB trough—the failure of which was later attributed 

to the poor surface properties of the silica particles used—spin casting solutions from chloroform 

was performed. As seen in the following micrograph, particle packing was minimal and sub-

monolayer coverage was achieved throughout. 
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Figure 8: An example of spin cast hydrophobic Pemberton synthesis silica particles spun 

from a dilute chloroform solution. 

 

Upon revisiting the Pemberton LB trough to better control the packing of the synthesized 

silica particles, initial attempts were simple depositions from chloroform. 
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Figure 9: Hydrophobic Pemberton synthesis silica particles dispersed from toluene. 

 

As observed in the electron micrograph above, dispersion of silica particles from toluene 

resulted in extremely poor monolayer production. It was hypothesized that toluene might 

have acted as a contender for the air-water interface, preventing good spreading of silica 

particles throughout their interface. 

 

The following micrograph, however, highlights the benefits of chloroform dispersion. From 

the results of this comparison, chloroform was deemed a better contender for dispersion of 

silica particles.  
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Figure 10: Chloroform dispersed hydrophobic Pemberton synthesis silica particles 

compressed to high pressure and transferred to an O2 plasma cleaned ITO slide. 

 

Additionally, though not shown here, it was observed that hexanes was not a suitable solvent 

for dispersion either. 
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Figure 11: Pemberton LB trough processed Pemberton synthesis silica particles compressed 

to a high pressure and transferred to an O2 plasma cleaned ITO slide by vertical deposition. 

 

After confirming chloroform to be the desired solvent for dispersion, greater attempts to 

improve the monolayer quality of the LB trough processed silica particles were taken. From 

the above electron micrograph, it became clear that organic compounds still in solution might 

be coexisting at the air-water interface with the desired silica particles. To solve this issue, an 

additional centrifugation step of the chloroform solution was performed at 7000 RPM for 5 

minutes to separate silica particles from hydrophobic compounds still left in solution. 
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Figure 12: High surface pressure compressed hydrophobic Pemberton synthesis silica particles 

following a chloroform centrifugation step, transferred to an O2 plasma cleaned ITO slide by 

vertical deposition. 

 

From the above electron micrograph, it was ultimately determined that the desired behavior in 

the trough had been sufficiently observed: qualitatively, there was not much change over time for 

packed particles, indicating minimal departure of silica particles from the air-water interface. In 

addition, particles packed reasonably well together, with a consistent monodispersity, and large 

(50+ μm) regions of packed particles. 
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Etching of silica particles 

After successful production of monolayers of silica particles with the desired size and packing 

onto ITO-coated glass slides, RIE was performed to gauge how well particles etched. Much of 

the experimentation arose from initial etching attempts, which resulted in what was hypothesized 

to be a fluorocarbon polymer. 

 

 

Figure 13: The result of a monolayer of silica particles initially exposed to an O2 plasma 

cleaning for 2 minutes at 20 mTorr O2 and 300 W before an equivalent etch time of 20 nm for an 

etch rate wafer with 4 sccm Ar and 40 sccm CF4 under 300W power. 
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Figure 14: The result of a monolayer of silica particles initially exposed to an equivalent etch 

time of 20 nm for an etch rate wafer with 4 sccm Ar and 40 sccm CF4 under 300W power before 

O2 plasma cleaned for 2 minutes at 20 mTorr O2 and 300 W before. 

 

The two above electron micrographs highlight how different surface preparation procedures can 

impact the net result of RIE. With oxygen plasma cleaning prior to RIE, there is little removal of 

silica from each particle—likely the result of surface charge introduced through initial O2 plasma 

cleaning. In the micrograph below, it can be observed that there are minimal differences between 

a slide etched first, then O2 plasma cleaned and a slide that is only etched first. This is the result 

of the fact that the RIE procedure introduces a plasma, itself, which is capable of removing 

fluorocarbon polymer if a sufficiently small amount is present.  
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Figure 15: The result of an equivalent etch time of 20 nm for an etch rate wafer with 4 sccm Ar 

and 40 sccm CF4 under 300W power on a monolayer of silica particles atop ITO. 
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Figure 16: The result of an equivalent etch time of 40 nm for an etch rate wafer with 4 sccm Ar 

and 40 sccm CF4 under 300W power on a monolayer of silica particles atop ITO. 
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Figure 17: The result of an equivalent etch time of 60 nm for an etch rate wafer with 4 sccm Ar 

and 40 sccm CF4 under 300W power on a monolayer of silica particles atop ITO. 

 

As can be observed in the difference between the two above micrographs, between 40 nm and 60 

nm etch time there is an optimal sized particle that has large gaps between, but without 

degradation of the particle size and shape. As a result, the remainder of slides were etched for an 

equivalent of 50 nm. 
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Metal Deposition and Silica Particle Removal 

Tape Removal: 

 

Figure 18: Lightly pressed Scotch® tape resulted in removal of particles but destruction of the 

metal honeycomb. 
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Figure 19: Firmly pressed Scotch® tape resulted in the best observed removal of particles but 

the greatest destruction of the metal honeycomb. 

 

From the results of particle removal by tape, it became clear that while previous attempts by 

Jacob Favela to work with tape and metal honeycombs, the size of features explored in this thesis 

were to gentle for tape. As a result, further studies involving sonication removal were explored. 

 

Sonication-based Removal: 

Sonication for 5 minutes in nH2O, 200 proof ethanol, or chloroform showed no removal of 

particles from the substrate. Basic solution sonication was performed to better success: 
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Figure 20: Substrates sonicated in 30% NH3 solution followed by nH2O rinse showed signs of 

honeycomb destruction, though particles were removed. 

 

Drop cast 30% NH3 solution, let sit for 5 minutes before 5 minutes sonication in nH2O did not 

remove any particles from the experimented substrate. 
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Figure 21: 50% Ethanol, 15% NH3 sonication for 5 minutes followed by nH2O rinse resulted in 

particle removal and no honeycomb destruction, though removal was not complete. 

 

From the results of the removal procedures, it was found that alkaline ethanol made for a good 

remover of silica particles. It is hypothesized that the combination of etching of the silica itself to 

a smaller size and the ability of ethoxide to act as a ligand on silica enabled removal and 

suspension of particles into the solvent. Other methods using pure 30 % NH3 solution were 

deemed too aggressive, as most the honeycomb was not disturbed by the presence of the base, 

while other parts were entirely destroyed. In conjunction, this led experiments to incorporate 15 

minutes of sonication in alkaline ethanol, three times longer than explored in the aforementioned 

tests. 
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Synthesis of PbSe nanoparticles 

 

Figure 22: PbSe synthesized by literature methods to produce monodisperse particles of 8 nm in 

diameter. 

 

The initial synthesis of PbSe NPs produced monodisperse particles with good spherical shape 

and size. However, the small size was not found to be ideal due to issue in discerning individual 

particles by SEM and AFM. As a result, a synthesis was devised to produce large PbSe particles. 
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Figure 23: PbSe synthesized by a heavily modified procedure to produce monodisperse particles 

of 50 nm in diameter. 

 

Using a regrowth method, large PbSe particles were successfully synthesized with a small size 

distribution range, making for an optimal system for use as probe molecules. 
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Deposition of PbSe nanoparticles 

 

Figure 24: 8 nm PbSe NPs synthesized by literature methods and sequestered only in the ITO 

portion of a first-generation metal honeycomb structure. 

 

Figure 24 highlights the first generation of attempts at substrate production. Numerous features 

here give reason for the second generation exploration, as will soon be discussed. For one—there 

is too large of a honeycomb well for small numbers of particles to be isolated within. 

Additionally, none of the wells are actually separate from one another—this prevents the desired 

isolation from taking place. Lastly, the poor packing of the honeycomb wells prevents use of the 

method for production of devices, which would require good order over long ranges. 
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The second generation of substrates resulted in the following information. 

 

Figure 25: Decorated honeycombs (1 minute in 10mM thiol solution, 1 minute in 10 mM 

diphosphonic acid solution) let sit in 1:200 dilution of reaction mixture concentration large PbSe 

particles for two hours resulted in primarily adsorption of organic analytes to the substrate. 

 

Figure 25 highlights that extended exposure of the modified substrate to an organic solution 

resulted in adsorption of organic analytes to the surface.  
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Figure 26: Decorated honeycombs (1 minute in 10mM thiol solution, 1 minute in 10 mM 

diphosphonic acid solution) let sit in 1:200 dilution of reaction mixture concentration large PbSe 

particles for five minutes resulted in primarily adsorption of PbSe NPs to the substrate at low 

coverage. 

 

Figure 26 highlights that shorter exposure to PbSe NPs in organic solvents results in a smaller 

amount of organic species from being bound to the surface, but additionally results in poor 

particle surface coverage. 
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Figure 27: Non-decorated honeycombs let sit in 1:200 dilution of reaction mixture concentration 

large PbSe particles for two hours resulted in primarily adsorption of PbSe NPs to the substrate 

at low coverage with no specificity for which surface for particles to bind to. 

 

Figure 27 illustrates that without surface modification, there is little organic species bound to the 

surface and minimal selectivity of particles to bind to the center of the wells. 

 



Hansen 66 

 

 

Figure 28: Decorated honeycombs (1 minute in 10mM thiol solution, 1 minute in 10 mM 

diphosphonic acid solution) with 100 μL of large PbSe particles at reaction concentration let dry 

on solution followed by chloroform rinse showed adsorption of PbSe NPs to ITO at a much great 

rate to that of gold. 

 

Figure 28 provides evidence of the strong surface modification between gold and ITO, which 

each show very different particle surface coverage following surface modification, but not 

before. 
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Figure 29: Decorated honeycombs (1 minute in 10mM thiol solution, 1 minute in 10 mM 

diphosphonic acid solution) with 100 μL of large PbSe particles at reaction concentration let dry 

on solution followed by chloroform rinse showed capture of small numbers of PbSe NPs to the 

center of honeycomb wells, in addition to well-formed honeycomb structures. 

 

Figure 29, the summation of all work previously mentioned, deserves a great deal of discussion. 

First to note is the incomplete honeycomb structure as a result of many silica particles still being 

bound to the substrate. This was deemed to be the result of the sonication procedure using 50% 

ethanol 15% NH3 for 15 minutes, which was not long enough to entirely remove all particles. 

Future work will revolve around sonication of the substrates in a more mild alkaline solution for 

a longer period of time to result in better honeycomb production. 
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Figure 29 also highlights the placement of PbSe particles. While there is adsorption to the gold 

substrate to some extent, figure 28 shows that this is not the preferable configuration. The 

particles are actually primarily bound to the ITO and exposed silica surfaces of the particles. It 

was hypothesized that etching of silica particles during the alkaline ethanol sonication procedure 

might remove the partial gold coating of the silica particles, resulting in an exposed oxide 

surface. ITO and silica behave similarly as a result of both being oxide materials—as a result, 

disphosphonic acid likely was bound to both silica particles and the ITO substrate, resulting in 

strong adsorption of PbSe particles to both the ITO and silica particles. 

 

Lastly, figure 29 illustrates that particles were successfully sequestered within the honeycomb 

structure with a reasonable degree of specificity. Future work will involve longer exposure times 

of alkyl thiols to produce better monolayers on the gold surface to protect for adsorption of PbSe 

particles 

 

In summation, the method was shown to work sufficiently well to isolate large PbSe particles 

within a self-assembled metal honeycomb structure produced by self-assembly in solution-based 

processes. 
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Chapter 4: Impact and Future Directions 

Ultimately, the information presented in this thesis serves to serve two functions: provide a basis 

and set of operating procedures for future researchers to pursue production of honeycombs for a 

wide variety of applications, and two: show a method to produce small pore honeycomb 

structures through self-assembly techniques.  

 

Future work will revolve around finishing the second generation of substrates and demonstrating 

the ability for each substrate to capture single nanoparticles, which can then be individually 

characterized. This work is expected be completed in the first half of summer 2014. 
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