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Sub-micron Patterning of ZnO-PMMA Hybrid Films 

Michelle Gervasio 

ABSTRACT 

 

Sub-micron patterning is fundamental to the fabrication of numerous devices 

Traditional commercial manufacturing methods either lack the resolution needed to attain 

the appropriate size or are prohibitively expensive due to low throughput or the necessity 

of expensive equipment. Imprint lithography is a rapid, inexpensive alternative to making 

sub-micron features that can be tailored to work with a variety of materials. Imprint 

lithography, while traditionally used with pure polymers has been tailored to be used with 

nanoparticle-polymer hybrid films. This work has achieved high-fidelity pattern transfer 

onto polymer-nanoparticle hybrid films with feature sizes as small as 250 nm. 

The polymer-nanoparticle hybrid was fabricated by creating a liquid suspension of 

functionalized ZnO nanoparticles and poly(methyl methacrylate) (PMMA) in a solvent. 

The ZnO particles were functionalized by adding nonanoic acid in order to facilitate the 

dispersion of the particles in a non-polar solvent. This suspension was spread onto 

substrate, imprinted with a patterned stamp, allowed to dry, and was demolded. The final 

result was features ranging from 250 nm to 1 μm in size with good fidelity as determined 

by the accuracy of the feature replication and the surface roughness of the overall sample. 

The effect of the ZnO content as well as the method of combining the suspension 

components on the feature fidelity was studied. In general, it was found that feature fidelity 

is acceptable up to a dry-film composition of 15 vol% ZnO and that feature sizes above 

500 nm were more tolerant of higher solids loading. 

The same imprint lithography method was also used to pattern a polymer-derived 

SiOC glass. The SiOC was shown to be have interesting shrinkage properties where the 

feature-level linear shrinkage was up to 5% more than that of the bulk. The features were 



 

 

shown to be stable during pyrolysis up to 1000oC and stable at operating temperatures up 

to 1000oC.  

A constant number Monte Carlo simulation was used to describe the suspension 

behavior to confirm the empirical results from the physical experiments. The effects of Van 

der Waals forces, steric stabilization, depletion flocculation, as well as the physical 

impediment of entangled polymer chains were considered. A similar agglomeration 

behavior was shown in the simulations compared to the physical experiments.  

This thesis shows that polymer-nanoparticle hybrid films are a compatible material 

for imprint lithography using appropriate suspension parameters. This is very important for 

a variety of applications and devices. Using imprint lithography to make these devices 

makes them cheaper and more accessible to the commercial market and can make a large 

number of theoretical devices a reality. 
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GENERAL AUDIENCE ABSTRACT 

 

Sub-micron patterning is an integral part of making many modern technologies 

such as memory storage devices or integrated circuits. As this technology becomes smaller 

and smaller, the limiting factor for making these devices has become the ability to 

manufacture effectively at the appropriate scale. Traditional commercial manufacturing 

methods lack the resolution needed to attain small enough features. Manufacturing 

methods that can make small enough features are often either extremely expensive or offer 

incomplete control of the feature morphology. Imprint lithography is a high-throughput, 

inexpensive alternative to making sub-micron features that can be tailored to work with a 

variety of materials. 

Imprint lithography is simple process in which a patterned stamp is pressed into a 

softened film of material in order to transfer the pattern of the stamp onto that material. 

Traditionally, imprint lithography works best with polymers and researchers have 

struggled to pattern nanoparticle-based materials. This work has achieved high-fidelity 

pattern transfer onto polymer-nanoparticle hybrid films with feature sizes on the same 

order as the polymer films found reported in literature. 

The polymer-nanoparticle hybrid was realized by creating a liquid suspension of 

functionalized ZnO nanoparticles and poly(methyl methacrylate) (PMMA) in a solvent. 

The ZnO particles were functionalized by adding nonanoic acid, allowing the normally 

polar particles to disperse in the non-polar solvent needed to dissolve the PMMA. This 

suspension was spread onto a glass substrate, imprinted with a patterned stamp, allowed to 

dry, and was demolded. The final result was the successful transfer of features ranging 

from 250 nm to 1 μm in size with good fidelity. The effect of the ZnO content as well as 

the method of combining the suspension components on the feature fidelity was studied. 

To help prove the broad applicability of this imprint method, it was adapted for use with 

polymer-derived ceramics. Additionally, a computer simulation was developed to help 

understand the behavior of the nanoparticle-polymer suspension during the imprint 

process.
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Chapter 1: Introduction and Literature Review 

1.1.   Necessity of Sub-Micron Patterning 

Patterning is a necessary step in the fabrication of many devices such as integrated circuits, 

information storage devices, micro-electrochemical systems (MEMS), miniaturized sensors, 

micro-optical components and others [1-6].  Nano-scale features are a necessity for devices that 

require large quantities of surface area, for miniaturized technology, and for devices that require 

small features because of its function.    

Nano-scale feature fabrication is also a necessary step in miniaturizing technology. As 

demands increase for more computing power and higher density memory storage devices, the 

components that make up these technologies are forced to become more and more compact. 

Memory storage devices in particular have benefited greatly from miniaturization [7]. As of 2014, 

memory bit sizes for some styles of memory storage devices are on the order of  22 nm, allowing 

for a storage density of approximately 1000 Gbit/in2 [7].  

Devices may also require sub-micron patterning by nature of the device itself. Many optical 

devices are manufactured of the scale of the wavelength of light it is designed to interact with. 

Such is the case in photonic crystal fibers [8] and sub-wavelength diffraction gratings [9].  

1.2.   Common Techniques for Sub-Micron Feature Fabrication 

Current techniques for the direct patterning of nano-scale features falls in to one of two 

categories of manufacturing: top-down or bottom-up. These two types of manufacturing refer to 

weather a block of existing material undergoes subtractive manufacturing (top-down) or when 

material is deposited onto a substrate in a controlled manner (bottom-up). Bottom-up 

manufacturing methods include techniques such as electrophoretic deposition, layer-by layer 

assembly, and self-assembly techniques. Top-down methods are more commonly used and most 

notably include electron-beam lithography, photolithography, ion-beam lithography, and chemical 

etching.  

Bottom-up manufacturing is one of any fabrication technique that deposits material on a 

substrate in a manner that produces a desired pattern or morphology. These techniques most 
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notably include layer-by-layer assembly, self-assembly, and electrophoretic deposition. Layer-by-

layer assembly involves the deposition of nano-scale or even atomically-thin films one after the 

other to produce a device or composite. The layers are usually joined according to the atomic 

interactions between the layers whether it be a chemical bond or an electrostatic interaction [10]. 

Layer-by-layer assembly has been used to fabricate floating gate memory, field effect transistors 

and even arrays of nanotubes [10, 11]. Layer-by-layer assembly has also been used to create 

functional networks of nanowires with a controlled nanowire orientation [12]. The major drawback 

to using layer-by-layer assembly is the lack of control of the feature morphology. An extremely 

limited scope of patterns can be created using this method and it offers no 3D control of pattern 

morphology. Layer-by-layer assembly is an inexpensive and facile method for producing 

nanocomposites and functional thin films but shows little promise in creating all but a very limited 

set of nanodevices. 

Top-down manufacturing techniques are the most common for producing nano- and micro-

scale devices. Chemical etching, photolithography, electron beam lithography, and focused ion 

beam lithography are all methods that can directly control the morphology of the final patterned 

array. Electron beam and ion beam lithography directly carve out the desired pattern using a beam 

of electrons or Ga+ ions, respectively, while photolithography and chemical etching requires the 

use of a re-usable mask [13-19].  

Ion beam and electron beam lithography are very similar techniques, both using a beam of 

charged particles to directly mill the desired pattern on a block of material. This is achieved by 

bombarding the target surface with particles at a set voltage and current. This bombardment causes 

an energy cascade, forcing atoms to be ejected from the surface. The beam can be rastered to 

increase the depth of the milled area [20, 21]. Both techniques offer a very fine resolution with 

some studies observing the fabrication of features below 10 nm. [13, 15]. This resolution, however 

is achieved at the expense of time, as individually writing each feature in series is very time-

consuming. This leads to a very expensive and time-consuming process but with a very high degree 

of pattern control.  

As these techniques encounter the practical limitations that impede their development for 

industrial or commercial applications mentioned above, imprint lithography has emerged as an 

attractive alternative. Imprint lithography refers to a class of manufacturing techniques where a 

patterned mold is mechanically pressed into a resist material and demolded upon solidification of 
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the resist. Imprint lithography offers an inexpensive and highly time-efficient approach to 

patterning large arrays of nanofeatures [5, 6, 19, 22, 23]. The mold can be patterned by any of the 

traditional lithographic methods, requiring and can then be used and re-used to make multiple 

copies of the patterned area [5].  

1.3.   Overview of Imprint Lithography 

Imprint lithography is attractive because it is both inexpensive and fast, while maintaining 

direct control over the final pattern morphology. By using a direct-write lithographic method such 

as ion beam lithography, the mold can take on a virtually limitless pattern configuration and only 

needs to be patterned once despite being reused multiple times. Un-like direct-write lithographic 

methods, once the area of the stamp has been patterned, the ultimate creation of features through 

imprint lithography is done in parallel rather than series. This makes for a much higher-throughput 

operation by a factor of however many times the mold is re-used.  

A tremendous amount of work concerning soft imprint lithography was conducted by 

George Whitesides [4, 5, 24]. His work refined several soft imprint techniques and formed the 

basis for future research on this topic. Variations to this technique typically change the method of 

curing or softening the precursor, keeping the simple imprinting step the same.  

Solvent-assisted microimprint molding (SAMIM) transfers the pattern by partially 

dissolving an intact polymer film before applying the mold and then allowing the solvent to be 

removed from the film. When partially dissolved, the polymer can flow into the cavities of the 

mold and then re-entangle as the solvent is removed [5]. Fig. (1-1) shows the basic steps involved 

in SAMIM. 
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Figure 1-1: Overview of the SAMIM process: coating the mold with a solvent (a), bring the mold 

in contact with a resist (b), demolding (c), and the final resulting film (d). 

 

SAMIM has been successfully demonstrated as a valuable patterning technique for 

producing free-standing features on a substrate [5, 25-27]. Features as small as 100 nm can be 

produced using this method [26]. One adaptation of SAMIM created a master template with 

tunable feature size and spacing by heating or stretching a patterned polyurethane substrate [26]. 

This substrate was then used to make a PDMS mold that was used in the final SAMIM process.  

The PDMS mold was then coated with a solvent and pressed into a photoresist material that was 

coated on a Si substrate. The end goal was to create and easily adjusted photoresist for 

photolithographic process.  The inverse of this process, where a resist and solvent-coated PDMS 

mold was pressed onto a substrate. This inverse process takes advantage of the swelling response 

of the PDMS to the presence of the solvent which in turn results in smaller molded features while 

maintaining the originally-patterned feature spacing [26].  
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SAMIM has also been successfully used to pattern PMMA. A PDMS mold was coated 

with a solvent before being pressed into a PMMA film. Once the solvent was removed and the 

PMMA was solidified with the aid of heat, the PDMS mold was removed, revealing patterned 

features as small as 100 nm [5]. 

The major drawback to SAMIM is the resist material which can only effectively be a polymer film 

that dissolves in a solvent. This severely restricts the range of applications and devices that this 

patterning method can ultimately create. This approach does, however allow for control over the 

3rd dimension of the patterned features providing the features maintain a negative draft angle to 

facilitate demolding [27]. It is also a convenient and rapid manufacturing technique that requires 

a minimum of specialized equipment. 

Another variation on imprint lithography is step-and-flash imprint lithography (SFIL). 

SFIL is performed by pressing the mold into a polymer melt and then UV-curing the polymer 

before de-molding [6] as shown in Fig. (1-2). This is achieved by depositing a low-viscosity 

photocurable monomer onto the surface of the substrate. The mold is placed on the monomer film, 

causing it to spread across the surface and fill the cavitied present in the mold. Then UV light 

photopolymerizes the monomer prior to demolding [28]. Free-standing features can be achieved 

by etching or ion-milling the residual layer[28]. This removes a trivial amount of material from 

the features themselves but this is acceptable assuming the residual material between the features 

is significantly thinner than the height of the patterned features. Feature sizes as small as 20 nm 

have been realized using SFIL [29]. 
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Figure 1-2: Overview of the SFIL process: bringing the mold in contact with the resist (a), 

applying UV radiation (b), demolding (c), and the final resulting film (d). 

 

Because SFIL is limited to UV curable polymers, it is usually used to create masks for 

pattern transfer [29]. It has been adapted for other applications as well such as thin film transistors 

[30]. Modifications have been made to this basic process to correct for some common issues such 

as pattern peeling [31], but despite these impressive advances and adaptations SFIL remains 

limited to polymeric systems. 

1.4.   Imprint Lithography of Nanoparticle Suspensions 

Suspension stamping expands on imprint lithography by using a colloidal suspension of 

particles in place of the polymer liquid. In this technique, the suspension is applied to a substrate 

through a drop-coating process. The patterned stamp which is again usually PDMS is then pressed 
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into the film and de-molded after the dispersing solvent has been entirely removed from the 

suspension. Suspension stamping is illustrated in Fig.(1-3). This leaves behind the condensed, 

patterned solid components of the suspension. This has been successfully carried out using a 

variety of metallic and semiconducting nanoparticles, creating as small as 750 nm features [25, 

32-38]. 

 

Figure 1-3: Overview suspension stamping: bringing the mold in contact with a resist (a), allowing 

the suspension to solidify (b), demolding (c), and the final resulting film (d). 

 

Most suspension-based imprint lithography studies are conducting on metallic 

nanoparticles. Gold and silver nanoparticles are the most common due to their excellent 

conductivity and potential to be used in applications such as resistive random access memory and 

other nanoscale electronics both rigid and flexible [36, 39-41]. 

In one such example, gold nanoparticles were successfully patterned at feature sizes 

ranging from 130-250 nm [39]. These free-standing structures were created using a variation on 
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suspension stamping where the suspension is first coated on the stamp before being brought into 

contact with the substrate. Nanoscale electronics such as Organic Field Effect Transistors (OFET) 

were the ultimate application goal for this experimental setup. The source and drain electrodes 

were fabricated via the contact printing process described above and depositing them on a doped 

Si substrate and adding a layer of oppositely-doped semiconducting polymer to complete the 

transistor [39].  

In similar studies also using micro-contact printing, as shown in Fig. (1-4) with gold 

nanoparticle suspensions were conducted to test the feasibility of making flexible flash memory 

devices [40], and to experiment with the size limitations of the technique [37, 42, 43]. As before, 

metallic nanoparticles were printed on a substrate by applying the suspension or “ink” onto the 

PDMS stamp prior to applying the stamp to a substrate. The resulting feature sizes of these patterns 

ranged from several microns to single particle resolution [37, 42, 43]. The finer resolution features 

relied heavily on self-assembly and the guided positioning of nanoparticles onto the stamp surface 

[43].  
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Figure 1-4: Overview of the microcontact printing process: coating the mold with the “ink” (a), 

bringing the mold in contact with a resist (b), demolding (c), and the final resulting film (d). 

 

Although metallic nanoparticles are the most common particle used to attempt suspension 

stamping, microcontact printing was attempted with iron oxide nanoparticles as well [44]. This 

was not a true suspension stamping method because the nanoparticles were formed as a result of 

drying an iron oxide precursor FeCl3·6H2O that had been dissolved in ethanol. The precursor was 

placed onto a PDMS stamp and allowed to dry before applying the stamp to the substrate. Free-

standing nanoparticle-based features several microns in size were created using this technique. The 

size of the small residual layer between features was heavily dependent on the precursor 

concentration in the ethanol. High concentrations of the precursor quickly resulted in a very thick 

residual layer and a lack of definition of the features.   
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In a study that more closely resembled true suspension-based imprint lithography, silica 

nanoparticles were introduced in suspension to a PDMS stamp through a microfluidic process that 

drew the nanoparticles into the channels of the stamp by capillary action [32]. First a patterned 

PDMS mold was placed on a substrate with one edge exposing open channels at the interface of 

the stamp and substrate. A suspension of about 2.3 wt% SiO2 was added drop-wise to the patterned 

edge of the stamp and the nanoparticles were drawn in and deposited in the cavities of the PDMS. 

The resulting parallel lines of well-ordered silica nanoparticles were about 5 µm in width. The 

stamp was also applied directly on top of a puddle of the silica suspension but the researchers 

report that that result was a randomly-packed collection of particles within each feature [32].  

Overall, suspension-based imprint lithography has not been able to achieve sub-micron 

patterns using non-metallic nanoparticles. Such an advancement would greatly increase the range 

of applications for this technique and open the door for a host of new inventions and manufacturing 

improvements. The ability to quickly and inexpensively pattern functional oxide nanoparticles 

such as ZnO has the potential to drive down the cost of many devices on the market today and 

maybe allow theoretical devices to become practical to produce on a large scale. 

1.5.   Using ZnO nanoparticles for suspension-based imprint lithography 

There are several complications that need to be overcome to further decrease the feature 

sizes that result from suspension stamping of non-metallic nanoparticles. The most obvious of 

these is developing the suspension itself. Oxide particles alone are limited in potential feature size 

due to the fragile nature of the resulting patterned film. Features smaller than 1 µm are prone to 

cracking and breaking without the addition of a flexible matrix material [45-47]. Creating a stable 

co-suspension of nanoparticles and a flexible polymer is the first hurdle in accomplishing a 

successful pattern transfer onto a hybrid of those components.  

In order to blend ZnO particles with a flexible polymer matrix while maintaining a 

significant solids loading within the hybrid, great care must be taken to avoid particle 

agglomeration. In a nanoparticle suspension, the particles must have a balance of attractive and 

repulsive forces that keep them in suspension. When this balance is upset, the particles destabilize, 

form agglomerates, and settle out of suspension.  
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Figure 1-5: Total interaction energy between two particles according to DLVO theory. 

 

Classic DLVO theory, illustrated in Fig. (1-5), was named after Boris Derjaguin, Lev 

Landau, Evert Verwey, and Theodoor Overbeek. This theory describes the interactive forces that 

act on colloids in suspension. They can be broken down into two main forces, the Van der Waals 

forces between the surfaces of the particles, and the electrical double layer (EDL) which takes into 

account the charge balance of the particle surface and the surrounding carrier fluid. The Interaction 

energy due to Van der Waals forces can be mathematically expressed by Eq. (1-1) [48]. 

     Φ𝑣𝑑𝑤,𝑖𝑗 = −
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where AH is the Haymaker constant, Rcc is the center-to-center particle separation distance, and ri 

and rj are the effective radii of the two interacting particles. The effect of the EDL can similarly 

be expressed by Eqs. (1-1) through (1-3) [48].  

                  Φ𝐸𝐷𝐿,𝑖𝑗 = 4𝜋𝜀𝜀0𝜓0
2 (

𝑟𝑖𝑟𝑗

𝑟𝑖+𝑟𝑗
) ln(1 + 𝑒𝑥𝑝(−𝑘𝐻))                    (1-3)  

where κ is the inverse Debye length, r is the particle radius, ε is the dielectric constant of the 

medium, εο is the permittivity of free space, ψo is the surface potential, and H is the surface to 

surface distance between the two particles. It should be noted that Eq. (1-3) assumes that κr > 5. If 

κr < 5, then the EDL interaction instead is expressed as Eq. (1-4) [48]. 
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It is important to note that in non-polar suspension mediums such as most common polymer 

solvents, the EDL interaction energy is insignificant since the suspension medium cannot carry a 

charge.  

DLVO theory does not account for steric stabilization which is the effect of a surfactant 

attached to the surface of the particles. Surfactants create a physical boundary that prevents 

agglomeration by making it harder for the particles to actually come in contact with one another. 

One way to describe this extra steric layer is to increase the effective particle radius in the 

traditional DLVO equations [49].  

In the case of ZnO, surfactants with a carboxyl group available for bonding are good 

surfactants for dispersing ZnO nanoparticles in non-polar mediums [50-52]. Fatty acids, whose 

basic structure are represented by a depiction of nonanoic acid in Fig. (1-6), are an especially 

attractive surfactant option because of the carboxylic acid head that can attach to the ZnO particle 

surface, and a non-polar carbon chain tail that disperses well in the non-polar solvent.  

 

Figure 1-6: Chemical structure of nonanoic acid. 

 

The method of attachment of the carboxylic acid onto the surface of the ZnO nanoparticle 

is what is known as monodentate, bridging bidentate, or chelating bidentate bonding as shown in 

Fig. (1-7). It has been observed in independent studies that bidentate bonding occurs on the ZnO 

(1010) surface and monodentate bonding occurs on the (0001–)–O surface [52]. The different 

bonding modes can be determined via Fourier Transform Infrared Spectroscopy (FTIR) by 

identifying the peaks that occur as a result of the carboxylic acid bond. For carboxylic acids, strong 

peaks at 1750–1700 and 1300–1200 cm−1 are associated with the C=O and C–O bonds of the 

carboxyl group, respectively [53]. The reacted acid becomes a carboxylate ion that has strong 

antisymmetric and relatively strong symmetric CO2− stretch absorptions at 1650–1510 and 1400–

1280 cm−1, respectively [53]. The kind of carboxylate ion can be identified by the separation 

between the carboxylate stretch absorption bands. Band separations are generally 350–500 cm−1 
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for monodentate binding, 150–180 cm−1 for bridging bidentate bonding, and 60–100 cm−1 for 

chelating bidentate bonding [53]. 

 

Figure 1-7: Binding modes of RCOO– with the metal oxide surface (R=H or CH3): a monodentate, 

b chelating bidentate, and c bridging bidentate (M: Zn). 

 

Reducing agglomeration is paramount to making a good suspension that results in high-

quality feature reproduction. The addition of an effective surfactant that allows the usually polar 

ZnO nanoparticles to disperse in a non-polar medium is a crucial component to making effective 

ZnO-polymer hybrids. 

With appropriately functionalized ZnO nanoparticles, the next consideration is the method 

of combining the particles with a polymer. Here, there are two choices: create a co-suspension of 

an as-prepared polymer and the ZnO in a solvent or to add the ZnO nanoparticles to a monomer 

solution and polymerize the monomer in-situ. These two methods are illustrated in Fig. (1-8). 
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Figure 1-8: Basic procedure for making nanoparticle-polymer hybrids by co-suspension (a) and 

in-situ polymerization (b). 

 

For the co-suspension method, the molecular weight of the polymer is fixed, but has the 

advantage that the suspension can be created very rapidly, giving the suspension very little time to 

sit a risk the agglomeration of ZnO nanoparticles. On the other hand, the in-situ method offers 

control over the molecular weight of the polymer, but takes up to 5 hours for the polymerization 

process to complete which leaves the nanoparticles suspended for much longer, risking higher 

levels of agglomeration [50]. 

The molecular weight of the polymer can be controlled by adjusting the polymerization 

temperature [54]. Higher polymerization temperatures lead to more active sites for free-radical 

polymerization to occur. If the total monomer content is fixed, this will inevitably yield to a lower 

molecular weight. Inversely, lower polymerization temperatures lead to higher molecular weights, 

but may take longer to complete the polymerization process [54]. The molecular weight of the 

polymer will affect how long it takes to complete the polymerization process as well as the 

flexibility of the final polymer with longer polymer chains being more flexible than shorter 

polymer chains. 

The quality of the final suspension, i.e., the agglomeration level of the ZnO nanoparticles 

can be indirectly measured by observing the relative viscosity. Lower viscosities relative to other 

suspensions with the same solids loading and basic composition indicated that the particles are 

agglomerated, while higher viscosities might indicate a poor suspension quality [55]. 
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1.6.   Solvent Diffusion During Stamping 

During suspension stamping, the solvent present in the suspension must evaporate into the 

surrounding environment or diffuse through the stamp itself. Since the stamp is in conformal 

contact with the suspension during the drying step, it can be assumed that the majority of the 

solvent must diffuse through the stamp in order for the suspension to solidify. This then brings up 

the question, what is the mechanism of that diffusion, and how does the solvent travel through the 

PDMS stamp?  

Diffusion in polymers is dependent on how flexible the polymer is, these categories range 

from glassy to rubbery to viscous with intermediary stages in between [56]. The categories are 

determined by the flexibility and molecular weight of the polymer and are largely dependent on 

the amount of solvent currently absorbed [56]. 

It is known that PDMS swells in the presence of certain solvents [57-59]. This swelling is 

the result of those solvent absorption onto  available sites within the PDMS stamp [59]. This 

swelling causes the PDMS to become more rubbery and less glassy, which in turn has an effect on 

how the solvent travels through the stamp [60]. 

In traditional diffusion, the components of the system follow Fick’s laws of diffusion which 

imply a linear diffusion with respect to pressure gradients of the diffusing species [56]. This means 

that the diffusing species is only diffusing to come to a concentration equilibrium that is in balance 

with any outside forces.  

When diffusing through a rubbery polymer, such as PDMS, non-fickian diffusion occurs 

due to the extra complication of the solvent adsorbing onto available sites in the polymer. Eq. (1-

5) demonstrates how diffusion changes as the solvent interacts with the rubbery PDMS at the point 

where it has no solvent absorbed. 
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)
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2

                                                  

(1-5) 

This assumes that one-dimensional mass transfer is occurring and that pressure gradients 

have negligible effects on the flux and density of the solvent [56]. The form of Eq. (1-5) gives the 

change in relative mass of the solvent in the stamp at any given time.  

In order to accommodate the change in diffusion behavior due to the PDMS swelling, a sigmoidal 

expression (Eq. (1-6)) is used to describe the diffusion through the now rubbery-viscous polymer 

system [61]. 
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1.7.   Measuring Feature Fidelity  

Once the actual features have been stamped, the fidelity of the pattern transfer must be of 

a functional minimum quality. To determine that minimum acceptable quality, it must first be 

quantifiable. Pattern quality can be described using a series of metrics that assign a numeric value 

how well the features have been replicated: surface roughness (SR), inverse circularity (IC), and 

line-edge roughness (LER).  

IC and LER both determine how well a pattern has been replicated for either circular or 

rectangular features, respectively. If a line is intended to be straight and smooth, a jagged line 

would have a high LER. Likewise and feature that was intended to be circular but ended up 

misshapen would have a high IC. LER is of particular interest to the research community because 

it has a direct effect on device efficiency, especially in metal oxide field effect transistors 

(MOFET).  

LER is measured by measuring the width of a rectangular feature several times over and 

taking the standard deviation of those measurements.  A higher standard deviation means that there 

was a high degree of variability in the width of the feature which must mean that the edge was 

rough. The more measurements taken, the more precision the LER value has. Eq. (1-7) describes 

the precision of this measurement [62].  

                             
∆𝜎𝐿𝐸𝑅

𝜎𝐿𝐸𝑅
=

1

√2𝑛
                                                         (1-7) 

Where σLER was the standard deviation of the edge positions, and n is the number of 

measurements. 

Studies have shown that transistors require a LER of no greater than 10% of the feature 

size [62-64]. Other applications do not have the same wealth of documentation on the effect of 

LER on functionality of a patterned device. 

IC, while obtaining a somewhat comparable result, is measured quite differently. The 

cross-sectional area of the feature is compared to its perimeter. A deformed feature would have a 

longer perimeter than a perfect circle for a constant cross-section. Eq. (1-8) shows how the 

relationship between the area and perimeter is used to determine how circular or not the feature is.  
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                𝐼𝐶 =
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The final metric for determining feature fidelity is its SR. This can be measured directly 

using atomic force microscopy (AFM). AFM is a well-established technique for measuring the 

topography of a sample with near-atomic resolution in low-roughness samples. SR requirements 

for devices can vary wildly with application but the most forgiving devices still require no more 

than 10% of the feature size [62-67]. 

1.8.   Potential applications for Patterned Feature Arrays 

ZnO nanoparticles have unique photoluminescent properties, which make them an 

intriguing choice for suspension-based stamping. The photoluminescence behavior of metallic 

oxide nanoparticles consists of the near band edge of the ultraviolet (UV) and visible emission 

[68]. These emission intensities are directly related to surface defects [68-70]. As one study took 

advantage of, annealing in oxygen-rich atmosphere or reducible atmosphere can alter the 

concentration of oxygen vacancies [70]. A decrease of the oxygen vacancy sites resulted in the 

decrease of the defect states localized in the energy gap which in turn decreases of the defect states  

and directly results in lower emission in visible range [70].  

Two possible explanations for this behavior were presented by one study as (1), the 

recombination of a shallowly trapped, delocalized electron with a deeply trapped hole, or (2) 

recombination of a shallowly trapped hole with a deeply trapped electron [68]. According to the 

study, the key to distinguishing the two mechanisms is to obtain the particle-size dependence of 

the positions of the UV and the green emission bands. Under the effective-mass approximation, 

the size dependence of the band gap (E*) can be represented as Eq. (1-9) [68]. 

                            𝐸∗ = 𝐸𝑔 +
ℎ2

8𝜇𝑚𝑎𝑠𝑠𝑟
2
−

1.8𝑒2

4𝜋𝜀0𝜀∞𝑟
                                               (1-9)  

Where Eg is the band gap of the material, µmass is the effective mass of the exciton, and 
  

is the high-frequency dielectric constant and r is the particle radius. This equation would explain 

the size-dependence of the visible emission peaks from the ZnO particles.  

In addition to size effects of the particles themselves, other studies have shown that the 

morphology of the ZnO structures also influence photoluminescence [71, 72]. When arranged in 
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nanoplatforms, ZnO nanoparticles have been used to detect DNA and various proteins [71]. 

Proteins marked with a fluorophore dye showed strong photoluminescent emission on ZnO 

platforms and negligible emission on control platforms [71]. Another study used electron-beam 

lithography to pattern a ZnO nanoparticle-PMMA hybrid and showed that the recessed areas 

showed no emission, while the protruding ZnO features strongly emitted [72]. 

When combined with suspension-based imprint lithography, ZnO-polymer hybrids could 

potentially be used to make distributed feedback lasers or Bragg gratings rapidly and inexpensively 

[72]. 

1.9.   Stamping Polymer-Derived Ceramics 

One of the most attractive benefits of imprint lithography is its ability to be tailored for a 

wide variety of material systems. To demonstrate that versatility, this thesis also explores the use 

of imprint lithography to pattern polymer-derived ceramics.  

Polymer-derived ceramics (PDC) have been used primarily as a unique manufacturing 

method for the shaping of ceramic micro-parts at a low cost and high throughput [47, 73-75]. 

Typically, SiOC or SiCNO ceramics are the result of this process, and the polymer used to derive 

these materials is a siloxane. PHMS and DVB can be used to produce a SiOC ceramic part that 

can be patterned with a PDMS stamp after cross-linking the polymer before pyrolyzing the 

patterned film to produce the final ceramic part. Despite the potential for high temperature, 

conductive submicron devices, no literature has reported on sub-micron patterning being 

successfully employed for the fabrication of PDCs. 

With imprint lithography, any pattern with feature sizes greater than 200 nm can be formed. 

This means that small sensors or integrated circuits are achievable with PDC [75, 76]. In addition 

to these applications, the fundamental nature of shrinkage on nano-scale features can be studied. 

Such a study could determine the scalability of shrinkage from bulk to submicron feature sizes. 

The knowledge of how shrinkage scales with size could guide future nano and micro molding 

techniques for greater control over the final shape and size of a pyrolyzed ceramic feature.  

A relevant application for patterned SiOC is sensors for high temperature or otherwise 

harsh environments such as gas turbine engines, high temperature electronics, and various other 

sensors and devices. The conditions in these environments can easily reach temperatures up to 

750oC [77, 78]. Various sensors such as tip-blade clearance in turbine engines as well as pressure 
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and temperature sensors all need to be able to withstand the environment [77, 78]. Polymer-derived 

(PD) SiOC is a perfect candidate for facile manufacturing of such components due to the 

manufacturing step occurring during the material’s polymer form before being pyrolyzed into the 

final product. The final post-pyrolyzed sample will be evaluated at the following temperatures to 

examine the net change in overall feature fidelity of the arrays. 
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Chapter 2: Nanoparticle and Poly(methyl methacrylate) Co-dispersion in 

Anisole 

Abstract:  

Aqueous nanoparticle dispersions have been widely studied for their important industrial 

applications, including photocatalyst, coating, and casting. However, much less work has been 

conducted on nanoparticle dispersions in organic solvents, especially when co-dispersing with 

dissolved polymers. In this study, we explore TiO2/ZnO nanoparticle and poly(methyl 

methacrylate) (PMMA) co-dispersion in organic solvent anisole. To achieve uniformly dispersed 

suspensions, nanoparticle surface functionalization with nonanoic acid and 1-pentanol is 

conducted. Nonanoic acid has higher surface coverage on TiO2 and the two dispersants show 

similar surface coverage on ZnO. Heat treatment enhances the dispersant adsorption on the 

nanoparticle surfaces. For both TiO2/PMMA and ZnO/PMMA co-dispersions, higher solids 

loading leads to higher suspension viscosity. Higher nanoparticle:polymer ratios results in lower 

viscosity, mainly by reducing the amount of polymer entanglement.  

2.1.  Introduction 

Casting by pouring suspensions of nanoparticles into patterned molds has been proven 

successful at reproducing features down to 1 µm in size [1-3]. However, the major challenges for 

the casting process are the high solids loading necessary for the suspension, the capability to make 

< 1 µm feature sizes, and the difficulties in avoiding cracks and feature breakage [4-8]. To 

overcome these difficulties, an alternative to casting is imprint lithography, which is especially 

suited for smaller size features [9]. The resolution of these features has been successful down to 

250 nm. However, so far this patterning process has been mostly limited to polymer systems due 

to the ability of polymers to produce patterns without cracking. To extend the imprint lithography 

to nanoparticle-containing systems, one possible approach is to co-disperse nanoparticles with a 

polymer, such as PMMA, in order to achieve small feature sizes with high fidelity and integrity. 

Patterning of submicron features with functional species is a necessary step in the 

fabrication of many devices such as integrated circuits, information storage devices, micro-

electrochemical systems (MEMS), miniaturized sensors, micro-optical components and others 
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[10-15]. Manipulation of inorganic-organic systems provides new possibilities for designing 

multifunctional (such as ferroelectric, ferromagnetic, multiferroic, dielectric properties) materials 

with novel cross-coupled properties [16-18]. In addition, it can maintain all the advantages offered 

by the conventional imprint lithographic approach, such as high fidelity, flexibility, and even 

transparency. One specific example is floating gate organic field effect transistor memory devices. 

They contain charge trapping layers comprising metal or semiconducting nanoparticles immersed 

in an organic dielectric layer. The charge can be stored or erased in this layer by applying gate 

voltage [19]. Currently, very low concentrations of nanoparticles – typically <1 vol% in the 

polymer film – are used [20-23]. This low nanoparticle concentration results in a small memory 

capacity for these devices. If the loadings of the nanoparticles can be increased to 20-30 vol% 

while ordered device-level feature arrangements are created, then the device performance can be 

drastically improved. 

TiO2 and ZnO are both important metal oxides. TiO2 has a variety of functional 

applications, including solar cell anodes, catalysts, and sensors [24]. ZnO is highly desired for 

nonlinear optical applications and display panels with a light absorption peak in the ultraviolet 

range. When nanoscale dimensions are combined with these nanoparticles, the arrangements of 

the feature arrays can produce new properties, such as coupled multiferroic dielectric properties, 

light interference, drastic increase in surface area, and potential to generate nano-level device 

arrays. With nanoparticle-polymer hybrids, the unique functional attributes from nanoparticles can 

be effectively utilized with the added capability of creating interesting feature arrays based on the 

bonding ability of the polymer matrix. The polymer matrix can also provide shape flexibility and 

material transparency. The structure of the polymer plays an important role in the stability, 

resolution, and performance of the resulting patterns. 

To enable such a nanoparticle-polymer hybrid material patterning paradigm, the 

intrinsically incompatible surface chemistry of particles (generally hydrophilic) and polymers 

(often hydrophobic) must be reconciled. The most effective approach is nanoparticle surface 

functionalization to provide hydrophobic functional groups that can mix homogeneously with 

hydrophobic liquid media, such as organic solvents, and thus readily integrate with the dissolved 

polymer chains [25-27]. Recent work with hybrid materials highlights the importance of organic 

dispersants as the anchoring and binding species for the nanoparticles and polymers [26, 28-30].  
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In this study, TiO2 and ZnO nanoparticle dispersions in organic solvent anisole are studied 

using two different dispersants: nonanoic acid and 1-pentanol. Attachment of these dispersants 

onto TiO2 and ZnO nanoparticles is studied using FT-IR and thermogravimetric analysis (TGA). 

The rheology of surface modified nanoparticle-PMMA co-suspensions with different dispersing 

agents, solids loadings, and nanoparticle to PMMA ratios are evaluated. 

2.2. Experimental procedure 

To prepare the nanoparticle-PMMA suspensions, anisole (99%, pure, ACROS Organics, 

Fisher Scientific) was chosen as the solvent due to its high mobility/vapor pressure for pattern 

formation and high solubility for PMMA (M.W. 120,000, Sigma Aldrich). To improve the 

dispersion of the TiO2 (ACROS Organics, Fisher Scientific, 35-65 m2/g) and ZnO (8410DL, 

SkySpring Nanomaterials, Inc., Houston, TX, 30-50 m2/g) nanoparticles in the anisole solvent and 

eventually in the PMMA matrix at the solid state, 1-pentanol (with –OH functional group) and 

nonanoic acid (with –COOH functional group) dispersants were used for surface functionalization. 

Based on the specific surface areas of TiO2 and ZnO nanoparticles and the cross sectional area of 

hydrocarbon chains (20.5 Å2) [31], a full monolayercoverage of 1-pentanol dispersant in a vertical 

configuration requires 0.0357 g and 0.0286 g of 1-pentanol respectively for each gram of TiO2 and 

ZnO. A full monolayer coverage of nonanoic acid dispersant in a vertical configuration requires 

0.0641 g and 0.0513 g of nonanoic acid respectively for each gram of TiO2 and ZnO. In this study, 

we used excessive amounts of the dispersants in order to ensure maximum amount ofdispersant 

adsorption. The 1-pentanol/nonanoic acid to TiO2/ZnO nanoparticle mass ratio was 0.23, several 

times higher than what was needed for nanolayer coverage. First, selected dispersant and oxide 

nanoparticles were added into the anisole solvent, which was followed by ball milling (8000M, 

PEX SamplePrep, Metuchen, NJ) for 30 min. To study the temperature effect on the dispersant 

bonding with the nanoparticles, the nanoparticle-dispersant mixtures were mixed and then heated 

in a water bath at 80°C under magnetic stirring for 4 hrs. After the heat treatment, the weight loss 

of the suspensions due to the evaporation of anisole was compensated by adding more anisole to 

the suspension and then ball milling for 30 min. 

In order to confirm the attachment of the 1-pentanol and nonanoic acid to the ZnO and 

TiO2 particles, FT-IR analysis was conducted. The suspensions of TiO2 or ZnO particles were 

placed in a centrifuge and spun at 2000 rpm for 20 min on a fixed-angle bench top centrifuge. The 
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resulting sediment was removed after pouring out the supernatant fluid. This ensured that no free 

dispersant molecules would interfere with the FT-IR results. The sediment was then dried in an 

oven at 180oC for 24 hrs. The resulting powder was placed on the FT-IR window (Nicolet 8700, 

Thermo Scientific with Pike GladiATR attachment) and exposed to 64 scans with a resolution of 

4 cm-1. A background spectrum was collected before each sample and subtracted from the sample 

spectra. The aperture was set at 150 and the scan was taken in a range of 475-4000 cm-1. The 

dispersant adsorption on different nanoparticle samples was examined by TGA using a Netzsch 

STA 449C Jupiter analyzer with oxygen flux (25 ml/min) at a heating rate of 10°C/min up to the 

800°C. 

After the nanoparticle surface modification by the dispersants, the nanoparticles are co-

dispersed with the PMMA anisole solution followed by ball milling for 30 min. By changing the 

anisole amount, suspensions of 2.0 vol%, 3.0 vol%, 4.0 vol%, and 5.0 vol% solids loadings were 

prepared. The TiO2/ZnO volume percent to PMMA was changed from 30-60 vol%. To test the 

flowability of the suspensions, the viscosities were measured at room temperature with a cone-

plate geometry (AR 2000, TA Instruments, New Castle, DE) 30 mins after the suspensions were 

prepared. Each suspension was measured three times to ensure accuracy. All the viscosity 

measurements were performed with controlled shear stress in an increasing shear stress mode from 

0 to 11 Pa. 

2.3. Results and Discussion 

2.3.1. Dispersant interaction with nanoparticles 

2.3.1.1. Dispersant-nanoparticle bonding 

 

To disperse metal oxide particles in a lipophilic solvent, surface hydrophobic 

functionalization is required. The attachment of the dispersants to the nanoparticles and the 

dispersing behavior of the particles themselves are affected by the type and concentration of 

surface defects on the nanoparticles. There are three common defects on the surface of oxide 

particles, including adsorbed surface hydroxyl groups, surface carboxylates, and oxygen vacancies 

[32-34]. The hydroxyl functional group (-OH) from alcohol type dispersants should have a high 

chance of interaction with nanoparticle surface through O-H bond, O and H attraction, and O polar 

attachment. Alcohols can be chemisorbed dissociatively to form surface alkoxy1 and hydroxyl 
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groups on the dehydroxylated ZnO surface. Nagao et al. found that when alcohols are adsorbed on 

hydroxylated TiO2 and ZnO surfaces, the interaction of surface hydroxyls with alcohol molecules 

is through hydrogen bonding [35]. In this work, the 1-pentanol attachment to the TiO2 and ZnO 

nanoparticle surfaces can be illustrated as shown in Fig. (2-1). Upon adsorption, 1-pentanol should 

dissociate into an alkoxy group bound to a coordinatively unsaturated Ti cation and a proton bound 

to a surface oxygen anion. For ZnO, a similar bonding process can be assumed. 1-pentanol can be 

chemisorbed dissociatively to form surface alkoxy1 and hydroxyl groups on the dehydroxylated 

TiO2 and ZnO surfaces, with their chains perpendicular to the surface. Since the surfaces of TiO2 

and ZnO are usually covered with chemisorbed water, i.e., surface hydroxyls, the adsorptive 

behavior of 1-pentanol should be affected by the presence of surface hydroxyls. 

 
Figure 2-1:Schematic illustration of the adsorption of 1-pentanol on ZnO and TiO2 nanoparticle 

surfaces (M: Ti, Zn). 

 

A Fatty acid is believed to adsorb on oxide particle surface through –OH site interaction 

with carboxylic acid functional groups [31, 36-41]. For TiO2, the carboxylic functional groups 

from the nonanoic acid adsorb in a dissociative process with the two oxygen atoms bonding to the 

surface Ti4+ ions, with the proton (H+) bonding to the bridging oxygen ions. There are three 

possible structures of carboxylate coordinated to the TiO2 surface (Fig. (2-2)) [42]. In the first 

structure, carboxylate is bound to one Ti center in a monodentate (esterlike linkage) mode (a). The 

carboxylate could also be bound to one Ti in a chelating bidentate mode (b). Finally, the carboxyl 

group could bind with each of its oxygen atoms to two Ti atoms yielding the bridging bidentate 

mode (c). 

For ZnO, the carboxylate coordinates to the particle surface in a similar way with three 

possible structures (Fig. (2-2))  [43]. Of these, only a half-monolayer of bidentate bridging or a 
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full-monolayer of bidentate chelating seems thermodynamically stable. Crook et al. observed 

bidentate bonding to the ZnO (1010) surface and monodentate bonding to the (0001-)-O surface 

[44].  

 

Figure 2-2: Binding Modes of RCOO- with the metal oxide surface (R=H or CH3): a monodentate, 

b chelating bidentate, c bridging bidentate (M: Ti, Zn). 

 

The FT-IR results for the TiO2 and ZnO nanoparticles with and without different 

dispersants are shown in Fig. (2-3). The broad peak at 3100-3600 cm-1 is attributed to the -OH 

stretching mode from the hydroxyl groups on the surface of the nanoparticles [33, 34, 45]. All the 

samples show this broad peak, indicating that hydroxylation on TiO2 and ZnO nanoparticle 

surfaces is prevalent. The peaks at 2900 and 2850 cm-1 are attributed to the C-H stretching from 

some residual anisole and the non-polar tails of the dispersing agents [46]. The as-received TiO2 

and ZnO nanoparticles do not show this peak, meaning that the as-received nanoparticles are free 

from organic species attachment. The peaks at 1530 and 1340 cm-1 are attributed to the 

asymmetrical and symmetrical stretching of the carboxylate salt formed upon the absorption of the 

nonanoic acid onto the oxide particles [47]. Oxygen vacancies can be identified by a peak at 505 

cm-1 34. For the samples with 1-pentanol dispersant, such peaks are absent. The Ti-O bond should 

appear at 800 cm-1 while the Zn-O bond should appear near 460 cm-1 [34, 48]. These wavenumbers 

have been excluded from the above spectra for clarity as the overwhelmingly large peaks would 

make it difficult to see the relatively small peaks at higher wavenumbers. By comparing the FT-

IR spectra in Fig. (2-3), it is clear that the C-H peaks are the same for both 1-pentanol and nonanoic 

acid, confirming that they represent the nonpolar tail that both molecules have. 
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Figure 2-3: FT-IR spectra without any dispersant and with 1-pentanol and nonanoic acid 

dispersants under different conditions: a TiO2 nanoparticles, b ZnO nanoparticles. 

 

2.3.1.2. Dispersant adsorption quantification 

 

To quantify the 1-pentanol/nonanoic acid dispersant adsorption amounts on the 

nanoparticle surfaces in the anisole suspensions, water moisture adsorption needs to be discounted 

first. Based on the endothermic peaks on the DSC curves (Fig. (2-4)), the moisture removal 

temperature and the dispersant removal temperature can be de-coupled. As shown in Fig. (2-4), no 

heat absorption peak can be observed below 200°C for TiO2 and ZnO, with or without the heat 

treatment for the dispersant adsorption, which means that the dispersant weight loss does not occur 

at temperatures lower than 200°C. The small slopes on the DSC curves can be contributed to 

moisture evaporation. Between 200-400°C, there is an obvious endothermic peak for all the 

nanoparticle systems, with some variations on the specific temperatures. This means the de-

bonding of the dispersants from the TiO2/ZnO nanoparticles occurs in this temperature range.  
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Figure 2-4:Curves for TiO2 and ZnO nanoparticles with different dispersants: a TiO2, b ZnO. 

 

Based on the above dispersant removal temperatures from the nanoparticle surface, the 

amount of adsorbed 1-pentanol and nonanoic acid dispersants on the TiO2/ZnO nanoparticles can 

be measured by TGA analysis. The weight loss data with different dispersants at >200°C under 

the conditions of using heat treatment and without using heat treatment during the dispersant 

bonding with the nanoparticles are obtained. The results are shown in Fig. (2-5). For the TiO2 

samples (Fig. (2-5a)), the heat treatment during the dispersant bonding to the nanoparticles 

increases the 1-pentanol dispersant adsorption from 1.71 wt% to 2.65 wt%, the nonanoic acid 

dispersant adsorption from 3.12 wt% to 5.45 wt%, all on the total weight basis. This means that 

the heat treatment facilitates the bond formation between the dispersant and the TiO2 nanoparticle 

surfaces, which should be beneficial for the stabilization of the TiO2 nanoparticles in the anisole 

solvent.  

For the ZnO nanoparticles (Fig. (2-5b)), heat treatment increases the 1-pentanol dispersant 

adsorption from 1.16 wt% to 1.55 wt%. For the nonanoic acid dispersant, the adsorption increases 

slightly from 2.07 wt% to 2.12 wt%, on the total weight basis. This means that the heat treatment 

also facilitates the bond formation between the 1-pentanol dispersant and the ZnO nanoparticle 

surfaces, which should be beneficial for the stabilization of the ZnO nanoparticles in the anisole 

solvent. For the nonanoic acid, the heat treatment is beneficial even though the impact is not 

significant. 
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Figure 2-5: TGA results obtained from suspensions with 1-pentanol and nonanoic acid as the 

dispersants: a TiO2 nanoparticles, b ZnO nanoparticles. 

 

For both 1-pentanol and nonanoic acid, a vertical configuration of the hydrophobic chain 

with a cross section area of ~20.5 Å2 can be assumed [31] in order to understand the dispersant 

surface coverage on TiO2 and ZnO nanoparticles  [49]. Based on the dispersant adsorption amount, 

the percent of attached dispersants per unit area for both TiO2 and ZnO nanoparticles can be 

calculated as shown in Table (1-1). 

 

Table 1-1: 1-Pentanol and nonanoic acid dispersant surface coverage on TiO2 and ZnO 

nanoparticles. 

  1-Pentanol (%) Nonanoic acid (%) 

TiO2 Without heat treatment 48.83 50.21 

With heat treatment 76.18 89.94 

ZnO Without heat treatment 41.22 41.20 

With heat treatment 55.05 42.34 

 

As shown, the surface coverage of the dispersants is less than the ideal 100% at all 

conditions. For both 1-pentanol and nonanoic acid dispersants, the surface coverage on TiO2 

nanoparticles is higher than on ZnO nanoparticles. Without heat treatment, the 1-pentanol has 

48.83% coverage on TiO2 while only 41.22% coverage on ZnO. With the heat treatment, the 1-

pentanol has 76.18% coverage on TiO2 while only 55.05% coverage on ZnO. For the nonanoic 

acid, the same trend is observed. Without the heat treatment, the nonanoic acid has 50.21% 
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coverage on TiO2 while only 41.20% coverage on ZnO. With the heat treatment, the nonanoic acid 

has 89.94% coverage on TiO2 while only 42.34% coverage on ZnO. This is likely due to the strong 

bonding of the dispersants on the TiO2 surfaces as shown in Figs. (2-2) and (2-3). The heat 

treatment always improves the 1-pentanol and nonanoic acid dispersant attachment. Nonanoic acid 

has better particle surface coverage than 1-pentanol, probably because of stronger bonding through 

the –COOH group. The drying process may also desorb the 1-pentanol dispersant, as adsorbed 

alcohols have been known to recombine to form the parent alcohol at temperatures as low as 72°C 

[50]. 

 

2.3.2. Co-dispersion flow behaviors 

2.3.2.1. Dispersing agent effect 

 

Due to the low dielectric constant of anisole (4.2 at ~25°C [51]), electrostatic interactions 

among nanoparticles are negligible. The DLVO theory for steric repulsion and van der Waals 

interactions [52-54] suggest that the ZnO and TiO2 particles are sterically stabilized during the 

nanoparticle dispersion in anisole. However, in this work, the suspensions also involve dissolved 

PMMA chains. The flow behaviors of the suspensions should reflect the nanoparticle-nanoparticle 

and nanoparticle-PMMA interactions at the dispersed state. To evaluate the dispersibility of 

TiO2/ZnO nanoparticle and PMMA co-dispersions, the viscosity measurement without and with 

different dispersants are given in Fig. (2-6).  

 

Figure 2-6: Viscosities of suspensions with different dispersing agents with np heat treatment and 

a MOx:PMMA ratio of 40 vol%.: a TiO2/PMMA suspensions, b ZnO/PMMA suspensions. 
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Fig. (2-6) shows that the TiO2 nanoparticle suspensions demonstrate a shear thickening 

behavior. The nonanoic acid dispersant leads to higher suspension viscosities than 1-pentanol or 

without any dispersant. There is almost no viscosity difference for the suspensions with 1-pentanol 

or with no dispersant. This is surprising as the dispersants should reduce the suspension viscosities. 

It is possible that the nanoparticle volume fraction is fairly low (1.6 vol%) and the free, unbounded 

dispersant increases the suspension viscosities. The dispersing effect is not obvious. Nonanoic acid 

has longer C-C chains than 1-pentanol and thus has more influence on the suspension flow. Since 

the attachment of these dispersants does not go through the heat treatment process, the surface 

coverage on the TiO2 nanoparticles for both surfactants is similar (48.33% for 1-pentanol vs. 

50.21% for nonanoic acid). Thus, the viscosity increase for the nonanoic acid dispersant system is 

fairly low at ~0.2 mPa.s or less in the entire shear stress range measured. All the suspensions have 

low viscosities of 2.8-3.0 mPa.s at zero shear stress. Even at ~11 Pa shear stress, the viscosity only 

increases to 3.7 mPa.s for the suspension with nonanoic acid and to 3.5 mPa.s for the other two 

suspensions. Overall, the suspensions are believed to be well dispersed. 

For the ZnO nanoparticle/PMMA suspension with the nonanoic acid dispersant, the 

suspension shows a different flow behavior, shear thinning. This means that the ZnO nanoparticles 

are partly flocculated and have low dispersing ability in organic solvent anisole (1-2 vol%). Under 

shear, the flocculated ZnO particles are broken apart and the suspension becomes more flowable. 

With shear stress increase the viscosity decreases quickly from 7.6 mPa.s to 4.2 mPa.s. This result 

is consistent with the lower nonanoic acid dispersant surface coverage when compared to TiO2. 

Also, the viscosity is much higher than that of the suspensions with 1-pentanol or with no 

dispersant, which have viscosities of 3.0-3.6 mPa.s. With 1-pentanol or with no dispersant, the 

suspension viscosities are very similar at 3-3.6 mPa.s and increase with the shear stress, which is 

consistent with the behaviors of the TiO2 nanoparticle suspension. These observations indicate that 

the nonanoic acid is not an effective dispersant for ZnO nanoparticles even though 1-pentanol and 

nonanoic acid have almost the same surface coverage. In the following studies, all the suspensions 

use nonanoic acid as the dispersant in order to compare the effect of other factors on suspension 

viscosities. 

 

2.3.2.2. Solids loading effect 
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Fig. (2-7) shows the viscosities of the suspensions with 2-5 vol% solids loadings (both 

nanoparticles and PMMA with nanoparticle:PMMA ratio at 40 vol%) for the TiO2/PMMA and 

ZnO/PMMA suspensions.  

 

Figure 2-7: Viscosities of different suspensions with different solid loadings with no heat treatment 

and a MOx:PMMA ratio of 40 vol% : a TiO2/PMMA suspensions, b ZnO/PMMA suspensions. 

 

The TiO2/PMMA suspension system shows slight shear thickening behavior (Fig. (2-7a)). 

The lower solids loading suspensions have more obvious shear thickening behavior than the high 

solids loading suspensions. In addition, as the solids loading increases, the viscosity of the 

suspension increases quickly, from 1.8 mPa.s for the 2 vol% solids loading suspension to 3.8 mPa.s 

for the 5 vol% solids loading suspension at zero shear, which means increasing solids loading in 

the suspension decreases flowability. This is consistent with the general understanding of the flow 

behaviors of pure particle suspensions. For the latter, it is generally accepted that the suspension 

viscosity ηs depends on the effective particle volume fraction ϕeff by [55]: 

            
𝜂𝑠

𝜂𝑙𝑖𝑞
≈ 1 + 2.5Φ𝑒𝑓𝑓 + 6.2Φ𝑒𝑓𝑓

2
                                      (2-1) 

where ηliq is the liquid solvent viscosity.  

When the PMMA polymer is added to the system, the viscosity’s positive correlation with 

solids loading becomes greater which means that PMMA polymer chains have more impact on the 

suspension flow than the nanoparticles. This is consistent with the observation that lower solids 

loading suspensions show more shear thickening behavior and experience more impact from the 

dissolved PMMA polymer chains. Overall, the TiO2/PMMA systems have fairly low viscosities, 

below 4.5 mPa.s, and are believed to be feasible for the patterning purpose. 
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For the ZnO/PMMA suspensions (Fig. (2-7b)), at 2 vol% solids loading, the suspension 

shows similar shear thickening behavior as the TiO2/PMMA system, which means the ZnO 

nanoparticles are well dispersed at low solids loading levels and the PMMA polymer chains play 

important roles in the suspension flow. The viscosity is 1.7 mPa.s at zero shear stress and 2.9 mPa.s 

at 10 Pa shear stress. The viscosities with 3%, 4%, 5% solids loadings show shear thinning effect, 

similar to that of Fig. (2-6b). This means that the dispersibility of the ZnO/PMMA suspensions is 

poor. The viscosities at zero shear stress are 4.0, 7.6, and 9.6 mPa.s, respectively. High shear stress 

helps the suspension to disperse and results in higher flowability. The stabilized viscosities are 5.7 

mPa.s, 4.2 mPa.s, and 3.6 mPa.s for the 5 vol%, 4 vol%, and 3 vol% solids loading suspensions, 

respectively. Since the patterning process generally involves very low or little shear stress, we 

believe that 5 vol% solids loading is reaching the suspension flowability limit. 

 

2.3.2.3. Nanoparticle:PMMA ratio effect 

 

For both the TiO2/PMMA and ZnO/PMMA suspensions, higher volume fraction of 

nanoparticles in the solid phase lowers the suspension viscosity (Fig. (2-8)). This means that at the 

same total solids loading, the more spherical nanoparticles do not have the entanglement tendency 

of the dissolved PMMA chains, which have a entanglement molecular weight of ~30,000 [56], and 

thus lead to more flowable suspensions. For the TiO2/PMMA nanoparticle suspensions, the 

suspension viscosity decreases from 3.3 to 2.6 mPa.s at zero shear stress as the nanoparticle content 

increases from 30 to 60 vol%. For the ZnO suspension, the nanoparticle:PMMA ratio can change 

the flow behavior of the suspension from shear thinning to shear thickening at ~50 vol% 

nanoparticle content. Thus, the suspension viscosity decreases from 9.1 to 2.4 mPa.s at zero shear 

stress as the nanoparticle content increases from 30 to 60 vol%. Overall, the viscosities with 40% 

vol% nanoparticles are low enough for suspension flow and patterning purposes. The deciding 

factor for nanoparticle/PMMA hybrid patterning would be feature fidelity and integrity. 
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Figure 2-8: Viscosities of a TiO2/PMMA suspensions with different volume percent of TiO2 as the 

solid phase and b ZnO/PMMA suspensions with different volume percent of ZnO as the solid 

phase. 

 

2.4. Conclusions 

In this study, TiO2 and ZnO nanoparticle dispersion in organic solvent anisole is studied 

using two different dispersants: nonanoic acid and 1-pentanol. FT-IR analysis shows that nonanoic 

acid attaches to ZnO and TiO2 particles more effectively than 1-pentanol. Heat treatment increases 

the adsorption of the dispersants on TiO2 and ZnO. TGA results provide quantitative data on the 

dispersant adsorption on the nanoparticles. For TiO2/PMMA and ZnO/PMMA suspensions, 1-

pentanol as the dispersant leads to lower suspension viscosity even though it does not show 

improvement over the suspension without dispersant. However, the viscosities are all very low all 

for the suspensions. For both TiO2/PMMA and ZnO/PMMA suspensions, higher solids loading 

leads to higher viscosity. Higher volume fraction of nanoparticles in the nanoparticle/PMMA 

suspensions results in lower viscosity, mainly by reducing the entanglement of the dissolved 

PMMA chains. 
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Chapter 3:  Experimental and Modeling Study of Solvent Diffusion in PDMS 

for Nanoparticle-Polymer Co-suspension Imprint Lithography 

Abstract: 

This study is the first that focuses on solvent migration in a polydimethylsiloxane (PDMS) 

stamp during the imprint lithography of ZnO-poly(methyl methacrylate) (PMMA) hybrid 

suspensions. Using suspensions with varying solids loading levels and ZnO:PMMA ratios, the 

uptake of the anisole solvent in the stamp is evaluated as a function of time. Laser confocal 

microscopy is employed as a unique technique to measure the penetration depth of the solvent into 

the stamp. The suspension solids loading affects the anisole saturation depth in the PDMS stamp. 

For the suspensions with low solids loading, the experimental data agree with the model for non-

Fickian diffusion through a rubbery-elastic polymer. For the suspensions with high solids loading, 

the data agree more with a sigmoidal diffusion curve, reflecting the rubbery-viscous behavior of a 

swelling polymer. This difference is due to the degree of swelling in the PDMS. Higher solids 

loadings induce more swelling because the rate of anisole diffusing into the stamp is increased, 

likely due to the less dense build-up of the solids as the suspension dries. 

3.1.  Introduction 

 Solvent diffusion through polymers is a critical phenomenon when studying a variety of 

polymer processing applications such as devolatilization, selective membranes, and microfluidic 

systems [1-6]. Recently, patterning becomes a promising technique in the fabrication of many 

devices such as integrated circuits, information storage devices, micro-electrochemical systems 

(MEMS), miniaturized sensors, micro-optical components, among others [7-12]. Compared to 

other time-consuming and often expensive methods such as photolithography, electron beam 

lithography, and focused ion beam lithography [11, 12], imprint lithography offers a lower-cost 

and time-efficient alternative to patterning large arrays of nano-features. For this method, a critical 

step is solvent diffusion/removal through the polymer stamp for pattern formation.  

 Specifically, imprint lithography involves pressing a patterned mold, typically an elastomer 

such as PDMS, into a polymer resist material to produce the inverse of the mold patterns on the 

polymer film [11-15]. PDMS is often chosen because of its elasticity and ability to be patterned 
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on a very small scale. The mold can be patterned by any of the traditional lithographic methods, 

requiring only one pattern to be made as the mold can be re-used to make multiple copies of the 

patterns [11]. The liquid precursor often involves a high amount of solvent that must be removed 

and should not only be moldable, but also be curable so that it can retain the pattern after de-

molding. Variations to this technique include change the method of curing or softening the 

precursor, keeping the imprinting step the same. For example, solvent-assisted microimprint 

molding transfers the pattern by partially dissolving an intact polymer film in a solvent before 

applying the mold and then allowing the solvent to be removed from the film. When partially 

dissolved, the polymer can flow into the cavities of the mold and then re-entangle as the solvent is 

removed [11]. On the other hand, step-and-flash imprint lithography is performed by pressing the 

mold into a polymer melt and then UV-curing the polymer before de-molding [12]. Using imprint 

lithography, polymers such as PMMA can cleanly produce an array of 150 nm round features in 

less than 15 minutes [11]. However, the overwhelming limitation of imprint lithography 

techniques is that they all require a pure polymer as the patterned material, restricting the 

applications of the patterned arrays to non-functional uses. 

 Suspension stamping expands on imprint lithography by using a colloidal suspension of 

particles plus dissolved polymers in place of pure polymer precursors. In this technique, the 

nanoparticle-polymer co-suspension with a high amount of solvent is applied to a substrate through 

a drop-coating process. The patterned stamp, which is again usually PDMS, is then pressed into 

the film and de-molded after the dispersing solvent has been entirely removed from the suspension. 

This leaves behind the condensed, patterned solid components of the co-suspension. This process 

has been successfully carried out using a variety of metallic and semiconducting nanoparticles, 

creating as small as 750 nm features [16-23]. 

 During the suspension stamping, the film drying process removes a rather remarkable 

amount of dispersing solvent from the suspension, up to 86.5 vol% of the total suspension in the 

case of silver nanoparticles [18]. This solvent removal process is critical for the solid phase 

consolidation and this phenomenon remains largely unstudied[16, 23, 24]. While it is probable that 

the dispersing medium diffuses into the stamp material by jumping from one absorption site to the 

next, it is a simplification to assume that the diffusion follows Fickian behavior and is controlled 

only by the concentration gradient in the stamp [25]. Since the stamp is often an elastomer, polymer 

swelling and the related osmotic pressures inhibit diffusion and cause a lower rate of migration as 
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the polymer approaches saturation [26-28]. With increased polymer swelling, the diffusion 

behavior changes from viscoelastic diffusion to viscous diffusion, the latter of which is controlled 

primarily by classical Fickian diffusion [29, 30]. This type of behavior has been studied for a wide 

variety of polymer rheologies ranging from glassy to viscous [28, 31]. Viscoelastic diffusion can 

be used to model the migration of dispersing medium during the suspension stamping to predict 

film drying times and to better understand the consolidation of solid species. 

 This paper for the first time explores solvent migration in a polymer matrix during 

suspension stamping using a PDMS stamp and co-suspensions of ZnO nanoparticles and PMMA 

in anisole. It is fundamentally different from dissolved pure polymer systems. Anisole diffusion 

through the stamp is directly observed and modeled. With ZnO nanoparticles and PMMA polymer 

chains co-existing in the suspension, a condensed layer of particle-polymer hybrid forms and 

influences the movement of anisole into the PDMS stamp. The total volume uptake of the solvent 

into the stamp is measured by assessing the mass gain of the stamp over time. Laser confocal 

microscopy is used to determine the penetration depth of the solvent in-situ in the stamp. A 

diffusion model is used to understand the fundamental processes and compare with experimental 

results.  

3.2. Experimental Procedure 

3.2.1. Suspension preparation and characterization 

 

  ZnO particles were purchased from Skyspring Nanomaterials, Houston, TX and all other 

materials were purchased from Sigma-Aldrich, St. Louis, MO. The suspension was created by 

adding ZnO nanoparticles ranging from 10-30 nm, as measured by SEM, to a solution of PMMA 

(MW 100,000) in anisole using 1 part by volume of poly(methyl methacrylate-co-methacrylic acid) 

(PMMA-co-MA) (MW 35,000) per 99 parts of PMMA as a dispersant. Some agglomeration was 

present in the as-received nanoparticles, but to what degree is unknown. The resulting suspension 

was ball milled for 1 hr. The viscosity of each suspension was measured directly using an AR 2000 

rheometer (TA Instruments, New Castle, DE). The measurements were taken using a 40 mm, 2o 

15” cone geometry with a gap of 54 µm.  
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3.2.2. Stamp fabrication 

 

 The PDMS stamp was created from a base compound and curing agent (Sylgard 184, Dow 

Corning Corporation, Midland, MI). The two components were homogeneously mixed at 10:1 

mass ratio with an additional 3 wt% TX-100 (C14H22O(C2H4O)n, Sigma-Aldrich, St. Louis, MO). 

TX-100 was added in order to alter the surface chemistry of the stamp to increase the wetting of 

the suspension on the PDMS. The PDMS was then placed in a vacuum chamber to remove air 

bubbles. After degassing, the PDMS was cured by heating to 100°C for 45 min. The blank PDMS 

stamp was then patterned via a dual beam focused Ga+ ion beam microscope (FIB, FEI Helios 600 

Nano Lab, Hillsboro, OR). The patterns were chosen to be arrays of cavities and trenches that were 

250 nm, 500 nm, 750 nm, and 1 µm in size so that the final film would produce rods and ridges of 

the same dimensions. Figs. (3-1a) and (3-1b) show the SEM images of the as-patterned PDMS 

stamp with 1 µm holes and 500 nm trenches as examples of these cavities. The aspect ratio for all 

the cavities was 1:1. The size of the trench was measured as the width across each trench. 

The contact angles of DI water and the suspensions on the PDMS stamp were determined through 

a sessile drop test. 

 

3.2.3. Suspension stamping 

 

During the stamping, portrayed in Fig. (3-1c), a co-suspension of ZnO and PMMA with 

varying solids loading and ZnO vol% as described in Tab. 3-1 was drop-coated onto a glass 

substrate and pressed with a PDMS stamp. After 20 min at 175 kPa in a small pressure vessel, the 

suspension dried and the ZnO and PMMA solids form a cast layer against the stamp. Afterwards, 

the stamp was de-molded and the resulting dry film took on the inverted stamp pattern. The final 

product of the suspension stamping process was the inverse of the patterned PDMS stamp. An 

example of the 500 nm ridges derived from the patterned 500 nm trenches is shown in Fig. (3-1d). 
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Figure 3-1: SEM images of the patterned PDMS stamp with holes (a), and trenches (b), a diagram 

of the stamping procedure (c) and an example of a completed stamped film (d).  

 

3.2.4. Anisole diffusion measurement into the PDMS stamp 

 

To measure the amount of anisole absorbed into the stamp over time, the stamp was 

immersed in different ZnO-PMMA co-suspensions so that the entire top surface of the stamp was 

covered. Excessive suspension was used to prevent premature drying of the suspension. At selected 
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time points, the stamp was removed from the suspension and residual suspension was cleaned off 

by pressing the stamp lightly into a delicate task wipe absorbent to ensure that the mass of the 

stamp did not include any suspension that was clinging to the stamp. The time points were chosen 

to be every 5 min for the first 30 min and then every 10 min for the second 30 min followed by 

further weight measurements at 80 and 120 min. After recording its mass, the stamp was replaced 

and covered in the suspension to resume the measurement. The PDMS stamp mass gain after long 

time anisole diffusion became constant and was taken as saturated anisole uptake.  

 

3.2.5. Confocal microscopic imaging 

 

A laser confocal microscope (Zeiss LSM 510, Cambridge, UK) was used to obtain in-situ 

images of anisole diffusing into the PDMS from different ZnO-PMMA suspensions. 4-

(dicyanomethylene)-2-methyl-6-(4dimethylaminostyryl)-4H-pyran (DCM) dissolved in the co-

suspensions was used as a dye tracer for the anisole diffusion. A drop of dyed suspension was 

placed on a cover slip underneath the PDMS stamp before a laser with a wavelength of 363 nm 

was applied. Several series of cross-sectional images were taken and used to recreate a series of 

3D images of the anisole distribution in the PDMS over time. Measurements of the penetration 

depth from these images were taken by measuring each saturated and diffuse region at the left, 

right and center of the cross-section. The delineation between each region was determined by the 

point at which a drastic change in intensity of the fluorescent light from the dye occurs. The 

intensity change was shown has the transition from the bright green region to the dim green region. 

This process was repeated for a total of 3 times for each suspension. 

3.3.  Solvent Diffusion Model 

 To describe the feature formation process upon suspension drying by anisole diffusion into 

the PDMS stamp, we need to look at the diffusion of anisole through the PDMS stamp. This 

diffusion leaves behind a compact layer of ZnO nanoparticles and entangled PMMA polymer 

chains that fill the cavities of the patterned stamp. The process can be described in two distinct 

steps: the filling of the cavity and the consolidation of the solid materials from the suspension. 
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 In order to model this process mathematically, the first step is to look at the situation when 

the anisole solvent alone interacts with the PDMS. The time it takes to fill the stamp cavities can 

be expressed by t [32]: 

              𝑡 =
2𝜇𝐿2

𝑅𝛾 cos(𝜃𝑎)
                                                          (3-1) 

where μ is the dynamic viscosity of the solvent, L is the cavity length, R is the cavity radius, γ is 

the interfacial energy between the anisole and air, and θa is the advancing contact angle of the 

anisole on the PDMS. This equation incorporates the wetting of the liquid to the stamp surface, 

the size of each cavity as well as the viscosity of the liquid to estimate the time to fill each cavity. 

For a nanoparticle-PMMA co-suspension, we must adjust the terms representing the viscosity and 

surface tension because these values are dependent on the particle solids loading in the suspension. 

 The contact angle θa between the ZnO nanoparticle-PMMA co-suspension and the PDMS 

surface can be directly measured. The interfacial energy γ can be calculated by examining the 

contact angle of the suspension (with particle and dissolved polymer as the solids) on the PDMS 

stamp and comparing it to the contact angle of a liquid with known liquid-vapor interfacial energy, 

such as water. This equation is known as the Good-Girifalco-Fowkes equation [33]: 

cos(𝑎) = −1 + 2√
𝑆𝑉


                               (3-2) 

 Again, θa is the advancing contact angle of a known liquid, γsv is the substrate-vapor 

interfacial energy and γ is the liquid-vapor interfacial energy of the known liquid. Based on a 

known liquid, γsv is obtained. Since θa can be measured, the γ for the ZnO nanoparticle-PMMA 

co-suspension and the PDMS surface becomes know. After these adjustments to Eq. (3-1), it is 

clear that the cavity filling step is trivial, even when a large array of features is present. This step 

will be excluded from the final model because of the significantly shorter time scale of the process.  

 Without the cavity-filling step, the only relevant step in modeling the solvent migration 

during suspension stamping is the consolidation of the solid materials. Since the anisole penetrates 

into the stamp and leaves behind increasing concentrations of solid materials, we once again look 

at the interaction between a pure solvent and the stamp.  Anisole permeates the PDMS stamp 

through a diffusive process driven by the concentration gradient of the solvent in the stamp. 

Traditionally, diffusion is modeled using Fick’s laws. In rubbery polymers, however, the diffusion 

is viscoelastic, or non-Fickian, due to the swelling of the polymer chains and the osmotic pressure 

incurred by swelling during diffusion [28, 31]. This phenomenon has been well-studied and models 
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for diffusion through rubbery polymers have been developed. The following equation describes 

the volume of solvent lost to diffusion through the PDMS stamp [32]: 

                    𝑉𝑜𝑙(𝑡) = 6𝐴√
𝐷𝑡

𝜋
(
𝜌𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑖𝑜𝑛

𝜌𝑙𝑖𝑞𝑢𝑖𝑑
)                                              (3-3) 

where ρsaturation is the density of PDMS multiplied by mass increase after soaking in a solvent, ρliquid 

is the density of the solvent, D is the diffusion coefficient which is assumed to be constant when 

anisole is diffuse, and A is the surface area in contact with the solvent.   

 This equation can be normalized by the saturated mass of the PDMS stamp [28]: 

𝑑[
𝑀

𝑀∞
]

𝑑𝑡
1
2

=
2

𝐿𝑑𝑖𝑓𝑓
(
𝐷

𝜋
)

1

2

                                  

(3-4) 

where L is the permeated distance, M is the stamp mass and M∞ is the saturated stamp mass. This 

equation assumes that one-dimensional mass transfer is occurring and that pressure gradients have 

negligible effects on the flux and density of the solvent [28]. Eq. (3-4) gives the change in the 

relative mass of the solvent in the stamp at any given time. 

This one equation would describe the entire process to a fairly high degree of accuracy if 

the polymer does not swell when it comes in contact with the solvent. However in the presence of 

significant polymer swelling, the polymer behaves more viscous and less rubbery. In order to 

accommodate this viscous behavior, a sigmoidal expression is used to describe the diffusion [30]: 

              𝑀 = 𝑀∞ [1 −
6

𝜋2
∑

1

𝑛2 exp(−𝑛2𝑘𝑓𝑡)
∞
𝑛−1 ]                                      (3-5) 

where kf is a fitted constant that incorporates the diffusion coefficient and material properties of 

the stamp. 

 This equation describes a classical Fickian diffusion response which is made possible 

through the increased mobility of the swollen polymer chains [31, 34]. The choice of whether to 

use the equation for the glassy or rubbery case depends on the degree of swelling that occurs upon 

solvent diffusion. The degree of swelling is influenced by the chemical interactions of the solvent 

and the stamp, the structure of the polymer chains, and the solids loading and solid composition 

of the suspension [35].  

Once enough of the solvent has migrated out of the suspension and into the stamp, the solid 

particles and polymer chains will begin to compact and condense, forming a cast layer on the 

stamp. To consider the possibility of a rate-limiting step in solvent diffusing through the built-up 
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cast layer, the flux through the cast layer is examined. The flux of the anisole solvent through this 

cast layer can be calculated by employing Darcy’s law [36]:  

     𝐽 = −
𝐾𝛽

𝜇𝛽

Δ𝑃

Δ𝑥
                                             (3-6) 

where J  is the flux of the suspension through the condensed layer, P is the pressure drop across 

the condensed layer,  β  is the fluid viscosity, x  is the width of the condensed layer and K β  is 

condensed layer permeability.  

The last parameter can be estimated for condensed nanoparticle-polymer layers by the 

Carmen-Kozeny equation [36]: 

        𝐾𝛽 =
𝑑2(1−𝑉𝑐)

3

180𝑉𝑐
2                                                        (3-7) 

where d is the diameter of the nanoparticles and Vc is the volume fraction of solids in the condensed 

layer.  

Across a wide range of pressures and condensed layer thicknesses, it is clear that the rate 

limiting step is the solvent diffusion through the stamp, rather than the diffusion through the cast 

layer. 

3.4. Results and Discussion 

3.4.1. Feature cavity filling 

 

 To access the time it takes to fill the stamp cavities with the suspensions, the viscosities of 

different suspensions need to be obtained first based on Eq. (3-1). For the suspensions in this study, 

the rheology data (Tables (3-1) and (3-2)) show that the viscosity increases with increasing solids 

loading. At 2 vol% solids loading, the viscosity is 2.12 mPa·s. With the solids loading increase to 

8 vol%, the viscosity increases to 9.86 mPa·s. Even though the viscosity increase is more than 

linear at high solids loading levels, the overall values are still reasonably low for the stamp feature 

filling. The time to fill a patterned mold is equivalent to what it takes to fill a single cavity with a 

diameter of 1 µm and a depth of 1 µm. Eqs. (3-1) and (3-2) can be used in conjunction with the 

above viscosity measurements to calculate the time to fill the cavity. Based on Table (3-1), the 

time to fill the mold cavities is very short, less than 1 µs (from 0.123 to 0.576 µs), which is 
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negligible on the time scale of the entire 20 min stamping process. Accordingly, the suspension 

mold filling is not the limiting step during the suspension stamping process.  

 

Table 3-1. Viscosities of ZnO+PMMA suspensions with 40 vol% ZnO and varying solids loading 

and time to fill each mold cavity.  

 

 2 vol% solids 4 vol% solids 6 vol% solids 8 vol% solids 

Viscosity (mPa·s) 2.12 3.99 5.32 9.86 

Time to fill mold cavity 

(µs) 

0.123 0.233 0.311 0.576 

 

Table 3-2. Viscosities of ZnO+PMMA co-suspensions with a total solids loading of 4 vol% and 

varying ZnO volume percent and time to fill each mold. 

 

 5 vol% 

ZnO 

10 vol% 

ZnO 

20 vol% 

ZnO 

30 vol% 

ZnO 

40 vol% 

ZnO 

50 vol% 

ZnO 

Viscosity 

(mPa·s) 

2.82 3.95 3.93 3.99 3.99 3.76 

Time to fill mold 

cavity (µs) 

0.165 0.231 0.229 0.233 0.233 0.219 

 

Table (3-2) shows the viscosities for the suspensions of varying ZnO volume percent. The 

viscosities are still fairly low, in the 2.8 to 4.0 mPa·s range. Except for the 5 vol% ZnO+PMMA 

suspension, the viscosities stay almost constant. Based on Eqs. (3-1) and (3-2), the time to fill the 

mold cavities is estimated to be from 0.165 to 0.233 s. Again, this is a fast process during the 

suspension stamping and should not limit the process. 

 

3.4.2. Anisole absorption by the PDMS stamp 

 

 The mass increase of the PDMS mold during the stamping process with the absorption of 

anisole for the suspensions of varying solids loading is shown in Fig. (3-2). The y-axis is the mass 

increase of a PDMS stamp normalized by its saturated mass increase. It thus can be viewed as the 

degree of anisole saturation for a specific stamp. The gas permeability of PDMS does allow for 
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the evaporation of organic solvents during the nanoimprinting process; however, the equations in 

this study use diffusion coefficients derived from real experiments and therefore accommodate this 

phenomenon. 

 

 

Figure 3-2: Degree of the stamp anisole saturation during suspension stamping with varying total 

solids loading. The ZnO:PMMA ratio is fixed at 40 vol% ZnO. 

 

 The overall shape of the PDMS stamp mass gain curves varies with the suspension solids 

loading. For low solids loading suspensions, the anisole uptake shows slower mass gain. For high 

solids loading suspensions, anisole absorption and thus the PDMS stamp mass gain are faster, 

indicating that a different anisole absorption process is taking place. After 120 min of anisole 

absorption all the PDMS stamps in contact with the suspensions achieve saturation. Fig. (3-2) 

shows that the solids (ZnO and PMMA) have a hindrance effect on anisole diffusion into the 

PDMS stamp as evidenced by the slowing rate of absorption at longer anisole absorption time. As 

a result, the suspension composition influences stamping since anisole must be removed 

completely for pattern formation. Regardless, after 120 min, all the PDMS stamps are saturated by 

anisole. 
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 The anisole saturation during the stamping process with suspensions of varying 

ZnO:PMMA ratios is shown in Fig. (3-3). There is no clear difference in curve shape or absorption 

rate for different ZnO:PMMA ratios, suggesting that the anisole absorption process is dominated 

by the total solids loading, not the ZnO:PMMA ratio.  

 

Figure 3-3: Degree of anisole saturation during the suspension stamping with varying 

ZnO:PMMA ratios. The total solids loading is held constant at 4 vol%. 

 

3.4.3. Anisole diffusion  

 

The images from the laser confocal microscopy allow us to examine the depth of anisole 

penetration and the anisole absorption front movement rate in-situ. Fig. (3-4) represents the cross-

sections of the 3D image that is perpendicular to the suspension/PDMS interface for a typical 

suspension, 4 vol% total solids loading suspension with 40 vol% ZnO in the ZnO+PMMA mix. 

Such images are collected for each suspension condition ad different anisole absorption time 

points.  
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Figure 3-4: Laser confocal microscopic images of anisole absorption into PDMS for 4 vol% solids 

loading suspension with 40 vol% ZnO at time 5 sec (the time it takes for the laser confocal 

microscope to respond after the suspension comes in contact with the PDMS stamp) (a), 30 min 

(b), and 60 min (c) as an example showing the presence of the saturated region and diffuse region 

and the corresponding changes with time. 

 

Fig. (3-4) laser confocal results reveal for the first time the anisole diffusion profile with 

two regions: an anisole diffuse range (the top band, dimmer green region) and an anisole saturated 

region (the bottom band, bright green region).  This means that there are at least two steps involved 

in the absorption of anisole into the PDMS. The first step is diffuse absorption where anisole is 

initially absorbed into the PDMS. This is followed by anisole saturation where the PDMS swells 

to accommodate more anisole. In Fig. (3-4), this phenomenon is portrayed as the growth of the top 

band preceding the growth of the bottom band. The anisole first absorbs into the PDMS polymer 

and then swells the PDMS polymer, allowing more anisole to enter the stamp until saturation. 

According to the free-volume theory, diffusion in polymers occurs as small molecules travel 

through available spaces (holes) between polymer chains. The total free volume of the polymer 

and small molecules is larger than that of the polymer alone. This extra free volume allows for 

easier segmental motion of the polymer chains. Consequently, the diffusion of the solvent 

molecules, such as anisole, is enhanced as their local concentration increases. As the amount of 

the absorbed solvent increases, a softening/swelling of the PDMS polymer can be expected [31, 
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37]. Since the total penetration depth of the anisole is much smaller than the thickness of the PDMS 

stamp itself, this confirms that the stamp can be treated as a semi-infinite medium when modeling 

solvent diffusion. 

 The depths of the saturated region and diffuse region with anisole diffusion time are shown 

in Fig. (3-5) for different total solids loading levels. Fig. (3-5a) shows that as the solids loading 

increases, the saturated region depth increases. Within the first five 5 seconds of anisole 

absorption, the saturated region increases from about 120 µm at 2 vol% solids loading to about 

220 µm at 8 vol% solids loading, a substantial increase. As the anisole absorption time increases, 

the saturated region depth steadily increases. The solids loading effect remains the same: higher 

solids loading suspensions lead to larger saturated region penetration depth. At 60 minutes of 

anisole absorption, the saturated region depth is 225 µm for the 2 vol% solids loading suspension 

and 345 µm for the 8 vol% solids loading suspension. Conversely, there is no clear difference for 

the depth of the diffuse region at different solids loading levels as shown in Fig. (3-5b). At the 

beginning of the anisole absorption, the depth of the diffuse region varies from 100 µm to 150 µm 

for different solids loading suspensions. At 10 minutes of anisole absorption, the depth of the 

diffuse region increases to ~200 µm. As the anisole absorption time increases to 20 minutes and 

onwards, the depth of the diffuse region stabilizes at ~250 µm.  
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Figure 3-5: Depths of saturated region (a) and diffuse region (b) with anisole absorption time for 

suspensions with varying solids loading at 40 vol% ZnO level in the ZnO+PMMA co-suspensions. 

 

 The above results indicate that the solids loading in the suspension influences the total 

amount of anisole that can diffuse into the PDMS stamp, mainly by influencing the saturated 

region. Also, the diffuse region stabilizes after the saturated region reaches a certain depth. This 

relation between the diffuse region and the saturated region can be also examined based on the 

depth ratio change with the anisole absorption time. As shown in Fig. (3-6), the diffuse region is 

relatively small compared to the saturated region at the beginning of the anisole absorption into 

the PDMS stamp. During the absorption period of 10-30 minutes, the diffuse region becomes 

larger. After that, the depth ratio of the diffuse region to the saturated region decreases and 

stabilizes. The final ratio of the diffuse region to saturated region is dependent on the total solids 

loading. It is surprising that higher solids loading suspension leads to larger saturated depth 

(absolute value, based on Fig. (3-5a)) and smaller diffuse region to saturated region ratio (Fig. (3-

6)). This might indicate that the cast layer solids (ZnO+PMMA) packing is different after anisole 

is removed. Higher solids loading might lead to lower solids packing density, likely as a result of 

less solid species rearrangement time. However, this needs to be further confirmed in future 

studies.  
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Figure 3-6: Ratio of diffuse region depth to saturated region depth with anisole diffusion time at 

different total solids loading levels at 40 vol% ZnO. 

 

For the anisole absorption front movement rates (both the saturated region front movement 

rate and the diffuse region front movement rate), the solids loading has no clear influence (see 

supplementary data). Overall, the saturated region front movement rate decreases from 3.4 µm/min 

to 0.5 µm/min with the anisole absorption time increase from 0 to 60 minutes. The diffuse region 

front movement rate quickly decreases from 8.6 µm/min to 4.3 µm/min in the first 30 minutes of 

anisole absorption. After that, the diffuse region front movement rate stabilizes at 0.3 µm/min.  

 When comparing the laser confocal microscopic images for the suspensions with varying 

ZnO:PMMA ratios, there is no discernable trend for the anisole penetration region depths in the 

PDMS stamp. The plot is omitted for brevity (see supplementary data). This means that the solids 

behave similarly in the anisole absorption and solid consolidation process. The different shapes 

and consolidation behaviors of ZnO particles and PMMA chains do not play a significant role. 

 

3.4.4. Comparison of model and experimental data 

 

 Using the laser confocal microscopic data and the experimental anisole absorption 

measurements, we can compare our data to the proposed model for anisole absorption. Fig. (3-7) 
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shows the data points from 2, 4, 6, and 8 vol% solids loading suspensions compared to the model 

predictions (solid lines) based on Eqs. (3-4) and (3-5).  

 Different equations are selected based on the different diffusion behavior shown in Fig. (3-

7) between the high and low solids loading suspensions. In the case of the 6 vol% and 8 vol% 

solids loading suspensions the data follows Eqs. (3-3) through (3-6) as the stamp is more prone to 

anisole absorption/saturation. The first time point at 5 minutes appears lower than the curve for 

the 6 and 8 vol% suspensions because the onset of swelling has not occurred yet. For the 

suspensions with 2 and 4 vol% solids loading, only Eq. (3-4) can be fit well as anisole absorption 

is subdued and the PDMS stamp swelling is less. Fig. (3-7) is consistent with the larger saturation 

region depth observed in Fig. (3-5) for the high solids loading suspensions. The softening effect 

of solvent saturation is the likely reason for this difference. This conjecture is supported by the 

laser confocal micrographs which show a larger saturated region for suspensions with high solids 

loading. It is likely that higher solids loading suspensions form a lower density solid structure, 

allowing more anisole to diffuse into the PDMS stamp, and thus creating a larger anisole saturation 

zone. Subsequently, as the suspension solids loading increases, the rate of anisole diffusion into 

the PDMS increases, causing localized swelling in the PDMS. For the suspensions with lower 

solids loading, the experimental data agree with the model for non-Fickian diffusion through a 

rubbery-elastic polymer. For the suspensions with high solids loading, the data agree more with a 

sigmoidal diffusion curve, reflecting the rubbery-viscous behavior of a swelling polymer. It is 

because of this reasoning that the equation for diffusion in rubbery polymers has been chosen for 

the 2 and 4 vol% suspensions, while the equation for diffusion through viscous polymers has been 

chosen for the 6 and 8 vol% suspensions. 

 Fig. (3-7) is consistent with the larger saturation region depth observed in Fig. (3-5) for 

high solids loading suspensions. Higher solids loading suspensions likely form a less dense solid 

structure, allowing more anisole to diffuse into the PDMS stamp, and thus creating a larger anisole 

saturation zone. This difference in the anisole absorption behavior suggests that as solids loading 

increases, the rate of anisole diffusion into the PDMS increases, causing localized swelling in the 

PDMS. This localized swelling results in a transition of the PDMS stamp from viscoelastic 

behavior to viscous behavior. 
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Figure 3-7: Relative anisole saturation in the PDMS stamp during suspension stamping based on 

the experimental measurements and model prediction for a 40 vol% ZnO suspension. 

 

3.5. Conclusions 

Understanding the relationship between the suspension drying and solvent diffusion 

behavior through the stamp is crucial to designing suspension stamping procedures. The diffusion 

pattern of anisole into a PDMS stamp under conditions that mimic imprint patterning of a ZnO 

nanoparticle and PMMA polymer co-suspension is thus studied and compared to a proposed 

diffusion model. The model accounts for all of these phenomena and has a good match to the 

experimental data. Two anisole absorption regions: saturated region and diffuse region, are 

observed. The suspensions with higher solids loadings lead to larger anisole saturation region but 

have no impact on the depth of the diffuse region in the PDMS stamp. Higher solids loadings also 

cause local swelling in the PDMS stamp due to decreased rate of anisole migration through the 

build-up of solids. This swelling changes the diffusion behavior of the anisole through the PDMS. 

High solids loading suspensions experience a sigmoidal relationship when comparing relative 

anisole saturation with the square root of time. Lower solids loading suspensions exhibit a linear 

relationship when comparing relative anisole saturation to the square root of time. Solids 
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composition has no clear effect on the anisole diffusion behaviors. These results will allow an 

improved imprint lithography process for higher-fidelity nanoparticle-polymer feature formation.  
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Chapter 4: Suspension-based Imprint Lithography of ZnO-PMMA Hybrids 

Abstract 

Imprint lithography has been explored as a method to transfer arrays of patterned features 

onto pure polymers and polymer/metallic nanoparticle composites. Despite the success of this 

method for those materials, it has never been achieved on the sub-micron scale with polymer-oxide 

particle hybrids. This study patterns ZnO-PMMA (poly(methyl methacrylate)) hybrids via imprint 

lithography from co-suspensions of PMMA and ZnO nanoparticles in anisole from 1 vol% to 20 

vol% ZnO solids loading. ZnO nanoparticles are functionalized with nonanoic acid to disperse the 

nanoparticles in anisole with dissolved PMMA. The feature fidelity of the patterned arrays 

decreases with increasing ZnO content according to line-edge roughness (LER) and inverse 

circularity (IC) measurements. This decrease in feature fidelity indicates an increase in particle 

agglomeration as the ZnO particle content increases. Even at the lowest feature fidelity, all ZnO 

contents result in usable features with LER below 10% of the feature size. The surface rough (SR) 

of the features also increases with the ZnO solids loading. The amount of the ZnO nanoparticles 

enhances the photoluminescence intensity. Low degree of ZnO nanoparticle agglomeration is 

critical for the enhanced photoluminescence intensity, Larger feature size and features with higher 

total volume enhance the photoluminescence response. The ZnO solids loading at 500 nm feature 

size needs to be 10 vol% or higher. When the ridge size increases to 1 µm, ZnO solids loading as 

low as 1 vol% is feasible. The method of lithographic patterning of nanoparticle-polymer 

suspensions can be applied to a wide variety of hybrid systems for functional device uses and 

opens many applications including optical devices and biomedical screening.   

4.1. Introduction 

Patterning is a necessary step in the fabrication of many devices such as integrated circuits, 

information storage devices, micro-electrochemical systems (MEMS), miniaturized sensors, and 

micro-optical components [1-6]. Current techniques for direct patterning of nano-scale features is 

limited to time-consuming and often expensive methods such as photolithography, E-beam 

lithography, and focused ion beam lithography [5, 6]. Imprint lithography is a relatively new and 

exciting technique that offers a lower-cost alternative to these patterning methods. 
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During traditional imprint lithography, a polymer resist material is patterned by pressing a 

mold or a stamp onto a resist material. This mold is typically an elastomer and often poly(dimethyl 

siloxane) (PDMS). The final product of imprint lithography is a polymer film patterned with the 

inverse of the mold patterns [5-9]. This technique is also attractive because the mold can be reused 

[5]. Variations to this technique typically change the method of curing or softening the precursor, 

keeping the imprinting step the same. Using imprint lithography, polymer resists such as 

poly(methyl methacrylate) (PMMA) can cleanly produce an array of 150 nm round features in less 

than 15 minutes [5]. However, the overwhelming limitation of imprint lithography techniques is 

that they typically require a pure polymer as the patterned material, restricting the applications of 

the patterned arrays. 

Suspension-based imprint lithography expands on traditional imprint lithography by using 

a colloidal suspension of particles in place of the pure polymer precursor and has been successfully 

carried out using a variety of nanoparticles with varying feature sizes. However, small features are 

only created using metallic nanoparticles [10-16]. Li et al explored imprint lithography of pure 

polymer films and achieved feature sizes of 40 nm. The minimum achievable feature size is 

compromised when any variety nanoparticles are introduced into the system. For example, Ko et 

al used imprint lithography on suspensions of silver nanoparticles and achieved a minimum feature 

size of 130 nm. The challenge of creating small feature sizes is greater when using oxide 

nanoparticles. Yamauchi et al used suspension stamping with silica particles. However, the feature 

sizes were no smaller than 5 µm. Furthermore, most literature concerning this technique cites the 

use of metallic nanoparticle suspensions [13, 15, 16]. While effective for metallic nanoparticles, a 

direct suspension of oxide nanoparticles cannot be used for sub-micron features due to the brittle 

nature of the resulting film. In order to use oxide nanoparticles for suspension stamping, a hybrid 

suspension of oxide particles and polymer must be used.  

From a different perspective, even though studies have shown that it is possible to create 

hybrids of inorganic nanoparticles and polymers [17-20], the particle to polymer volume ratio is 

often very low, rarely exceeding 5 vol% [20, 21]. This is partially due to the intended applications 

of the hybrid, such as for transparent UV shielding, but is mainly limited by the agglomeration of 

the nanoparticles at high solids loadings. The most obvious reason for particle agglomeration is 

the incompatibility between the polar surface of the particles and the non-polar polymer.  
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To overcome this problem, the particles must be functionalized such that they become non-

polar prior to being suspended in an organic solvent. This functionalization provides a surfactant, 

non-polar layer surrounding each particle that allows the particles to be dispersed in an organic 

solvent [22-26]. In the case of alumina, as studied by J. Liu et al, functionalization significantly 

reduces viscosity above 5 vol% particle loading in non-polar solvents, which is an indicator of 

improved dispersion [25]. Nakayama et al explored the use of carboxylic acid-based surfactants 

on TiO2 nanoparticles and also found that functionalization improves the dispersibility of TiO2 in 

non-polar solvents [23].  

Increasing the particle to polymer ratio and creating microscale patterns can increase the 

functionality of particle-polymer hybrid films. For example, in the field of photoluminescence 

(PL), an increased presence of quantum dot particles, such as ZnO, can enhance the PL response 

of the film due to an increase in active photoluminescent sites in the material [19, 27-29]. 

Uthirakumar et al reported a 10-fold increase in PL intensity from 4 wt% to 50 wt% ZnO loading 

in poly(fluoresceinyl terephthalate-co-bisphenol A terephthalate (FTBT))-ZnO hybrids [30]. 

Patterned arrays of various size features can also enhance the photoluminescent response due to 

an increased contrast between the top and bottom of the feature [31, 32]. With enhanced PL 

contrast, a number of devices will have increased sensitivity thanks to high-resolution emission 

from particle-polymer hybrid materials. Waveguides [31, 32], biomedical diagnostic devices [33], 

and LEDs [34] are particularly of interest. 

In this study, nonanoic acid is used to functionalize ZnO nanoparticles prior to their 

suspension in an anisole solvent. The effects of suspension methods on feature fidelity are 

compared by examining the LER and SR of each feature. ZnO content is varied to determine the 

solids loading effect on feature fidelity from suspension stamping. Feature size effects on feature 

fidelity are also evaluated. The photoluminescence responses of different ZnO nanoparticle 

loadings with different feature sizes are also studied as a potential application for this patterning 

method.   

 

4.2. Experimental Procedure 

4.2.1. ZnO particle synthesis 
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ZnO nanoparticles were synthesized using a combustion method. Zinc nitrate hydrate 

(Zn(NO3)2, Alpha Aesar, Ward Hill, MA) and sucrose (C12H22O11, Alfa Aesar, Ward Hill, MA) 

were combined according to the following reaction equation with φ=1.5. 

 𝑍𝑛𝑂(𝑁𝑂3)2 +
5𝜑

24
𝐶12𝐻22𝑂11 +

5(𝜑−1)

2
𝑂2 → 𝑍𝑛𝑂 +

55𝜑

24
𝐻2𝑂 +

5𝜑

2
𝐶𝑂2 + 𝑁2 (4-1)  

DI water was added to the zinc nitrate and sucrose at a concentration of 15 mL/g of 

reactants. The solution was stirred at room temperature until all the reactants were completely 

dissolved. After that, the solution was poured into a beaker to 20% full. Then, the beaker was 

placed in a furnace (Thermolyne 47900, Thermo Scientific, Asheville, NC) at 450oC for 30 min 

until the reaction was complete and the resulting powder was entirely whitish-yellow in color. A 

fine metal mesh screen was placed on top of the beaker to avoid splattering while the solution was 

boiled and combusted. This combustion method produced a polycrystalline ZnO nanopowder with 

a particle size of 30 nm. Fig. (4-1) showed the XRD analysis and SEM micrograph of the resulting 

powder, respectively. The highest intensity peak was from the (101) plane of ZnO with other lower 

intensity peaks from (100), (002), (101), (102, 210), (103), and (212) planes, indicating that the 

powder had a wurtzite structure. 

 

Figure 4-1: (a) XRD pattern and (b) SEM image of the as-combusted ZnO powder. 

 

4.2.2. Suspension preparation 

 

The synthesized ZnO nanoparticles were suspended in DI water at a concentration of 0.02 

g/mL. To ensure that no residual soft agglomerates were present from the combustion procedure, 

the suspensions were subjected to 15 min of vibratory milling (SPEX 8000 mixer/mill, Metuchen, 

NJ) and 30 min of ultrasonic vibration. After letting the solution settle for 1 hour, the supernatant 
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was collected and the remaining sediment was suspended in DI water again. This process was 

repeated until no particles were present in the supernatant. This process ensured that no large 

agglomerates were present in the ZnO powder. Nonanoic acid was then added to the supernatant 

at 0.0017 g/mL of supernatant. The solution was then placed in an ultrasonic bath for 30 minutes 

to ensure the surface modification of the ZnO particles. Due to the adsorption of nonanoic acid 

onto the ZnO particle surface, the particles became hydrophobic and sedimented out of the water. 

The nonanoic acid should be present in the final powder at a ratio of 0.01g/g of ZnO powder. This 

was calculated by dividing the surface area of each ZnO particle by the area of the carboxylic head 

on the nonanoic acid molecule and multiplying by the total amount of ZnO. It was assumed that 

the carboxylic acid group of the nonanoic acid had adsorbed onto every hydroxyl group present 

on the surface of the particles. This was confirmed by comparing the mass before and after being 

heated to 400oC for 5 hours. After rinsing the modified ZnO powder with DI water and ethanol, 

the powder was dried overnight on a hot plate at 90oC. 

The powder was then dispersed with dissolved PMMA (M.W. 120,000, Sigma-Aldrich, St. 

Louis, MO) in anisole. The ZnO content of the final hybrid film was studied at 1 vol%, 5 vol%, 

10 vol%, 15 vol%, and 20 vol%. The volume of the surfactant was excluded from these 

calculations. The total solids loading in the suspension was kept constant at 2 vol%. The 

suspension was ball milled for 30 min in a SPEX mill (SPEX 8000 mixer/mill, Metuchen, NJ) and 

then placed in an ultrasonic bath for 30 min. 

 

4.2.3. Stamp fabrication and suspension stamping 

 

A Si wafer was patterned via a dual beam focused Ga+ ion beam microscope (FIB, FEI 

Helios 600 Nano Lab, Hillsboro, OR). The patterns were chosen to be arrays of rods and ridges 

that were 250 nm, 500 nm, 750 nm, and 1 μm in size so that the final film would produce rods and 

ridges of the same dimensions. Figs. (4-1a) and (4-1b) show the SEM images of the as-patterned 

Si wafer with 1 μm rods and ridges as examples of these features. The aspect ratio for all the 

features was 1:1. The size of the ridge was measured as the width across each ridge. 
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Figure 4-2: Tilted SEM images of a Si wafer patterned with 1 µm ridges (a) and rods (b). 

 

The PDMS stamp was created from a base compound and curing agent (Sylgard 184, Dow 

Corning Corporation, Midland, MI). The two components were homogeneously mixed at a 10:1 

mass ratio with an additional 3 wt% TX-100 (C14H22O(C2H4O)n, Sigma-Aldrich, St. Louis, MO). 

TX-100 was added in order to alter the surface chemistry of the stamp to ease demolding. The 

PDMS was then poured onto the patterned Si wafer and placed in a vacuum chamber to remove 

air bubbles. After degassing, the PDMS was cured by heating to 100°C for 45 min. 

A thin film of the suspension was coated onto a glass substrate before applying the stamp 

at 175 kPa in a pressure vessel filled with compressed air. The stamp was then used to imprint the 

patterns onto a film of the prepared suspension. The stamp was then demolded after approximately 

1 hr when the film had fully dried. 

 

4.2.4. Feature fidelity and roughness evaluation 

 

Feature fidelity was evaluated using scanning electron microscopy (SEM, LEO (Zeiss) 

1550, Thornwood, NY) and atomic force microscopy (AFM, Veeco BioScope II, Plainview, NY) 

to determine the LER, IC, and SR of the features.  

In order to obtain LER for each patterned ridge feature, software package ImageJ in 

conjunction with the plugin Analyze Stripes was used to determine the average feature size of the 

ridges and the standard deviation of those measurements. Fig. (4-3) shows an example of the LER 

measurement, taken from the 1 µm ridges for the 15 vol% ZnO suspension. First, an SEM image 

was cropped so that only the features were visible. Then the image was converted to greyscale and 

the contrast was heavily increased so that the ImageJ software can better evaluate the LER. The 

software then established the position of each line based on the greyscale values and measured the 
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distance in pixels between each line. From this data, the ridge width and standard deviation of that 

measurement was isolated. The LER values represent the line edge roughness as a percentage of 

the feature size. 

 

 

Figure 4-3: LER measurement steps: (a) SEM image of imprinted features, (b) high contrast 

version, and (c) ImageJ output of line positions based on greyscale threshold values. 

 

The following equation described the precision of this measurement [35]. In this study, 50 

measurements were taken, yielding 10% precision. 

  
Δ𝜎𝐿𝐸𝑅

𝜎𝐿𝐸𝑅
=

1

√2𝑛
                                                          (4-2)  

where σLER was the standard deviation of the edge positions, and n is the number of measurements.  

Inverse of circularity (IC) represented the derivation of circularity from the ideal shape, 

which was used as a gauge of patterned rod feature dimensional fidelity. Inverse circularity IC was 

calculated as follows. 

  𝐼𝐶 =
1

4𝜋
(
𝑃𝑒𝑟𝑖𝑚𝑒𝑡𝑒𝑟2

𝐴𝑟𝑒𝑎
)                                                     (4-3) 

As the edge of the rods became more distorted, the area to perimeter squared ratio would 

increase, raising the inverse circularity of the feature. Inverse circularity was similarly determined 

using the Analyze Particles plugin in ImageJ.  

Surface roughness was measured directly via AFM and determined using the average 

roughness value for a 15 μm by 15 μm area at 3 random locations on the film.  

 

4.2.5. Photoluminescence measurement 
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Photoluminescence (PL) was measured using a laser confocal microscope (Zeiss LSM 510, 

Thornwood, NY). A 458 nm argon laser was used to excite the ZnO-PMMA film. The film was 

prepared by adding 4-(Dicyanomethylene)-2-methyl-6-(4-dimethylaminostyryl)-4H-pyran  

(DCM, Sigma Aldrich, St. Louis, MO) dye to enable the use of a more readily available excitation 

wavelength. A long pass filter of 515 nm was used to collect the PL intensity data. The intensity 

of the light that passed through this filter was recorded over a 2-dimensional area, along with the 

intensity of transmitted light.  

4.3. Results and Discussion 

4.3.1. Particle functionalization 

 

ZnO nanoparticles have a naturally polar surface that prevents their good dispersion in non-

polar organic solvents such as anisole. The surface of each particle must be functionalized with a 

surfactant so that an effective non-polar layer is formed. Fatty acids are often used to achieve this 

purpose because of the carboxylic acid head and the non-polar carbon chain tail [22-26]. For this 

study, nonanoic acid has 9 carbon atoms in the carbon chain, which is approximately 1.4 nm long. 

Compared to the ZnO nanoparticle size of 30 nm, this surfactant should only increase the ZnO 

nanoparticle apparent size by 2.8 nm in diameter. Our work also shows that nonanoic acid yields 

good suspension stability when anisole is used as the dispersing solvent for ZnO nanoparticles 

[22].  

The adsorption method of nonanoic acid onto the surface of oxide particles has been 

studied [22-26]. Namely, there are three possible structures of carboxylate coordinated to the ZnO 

surface [36]. First, carboxylate is bound to one Zn center in a monodentate (esterlike linkage) 

mode. Second, the carboxylate could be bound to one Zn in a chelating bidentate mode. Finally, 

the carboxyl group could bind with each of its oxygen atoms to two Zn atoms, yielding the bridging 

bidentate mode. Fig. (4-4) shows the FT-IR spectra for different ZnO dispersion methods. The 

data include plain ZnO nanoparticles, ZnO nanoparticles that have been dispersed in anisole 

without nonanoic acid, ZnO nanoparticles where nonanoic acid is added directly in anisole, and 

ZnO nanoparticles that have been functionalized with nonanoic acid and then dissolved in anisole. 

Based on the peak position representing the carboxylate salts at 1530 cm-1 and 1340 cm-1, nonanoic 
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acid adsorption mechanism is carboxyl group binding to two Zn atoms through each of its oxygen 

atoms, yielding the bridging bidentate mode.  

 

Figure 4-4: FT-IR spectra from ZnO particles with different treatment: Plain dry ZnO particles, 

ZnO particles that have been in anisole with no dispersant, ZnO particles in anisole with nonanoic 

acid added as a simple dispersant, and ZnO particles functionalized with nonanoic acid in anisole.  

 

The broad peak at 3100-3600 cm-1 is attributed to the -OH stretching mode from the 

hydroxyl groups on the surface of the ZnO particles [37]. The peaks at 2900 cm-1 and 2850 cm-1 

are attributed to C-H stretching from some residual anisole and the non-polar tails of nonanoic 

acid [38]. As explained earlier, the peaks at 1530 cm-1 and 1340 cm-1 are attributed to the 

carboxylate salt formed upon the adsorption of nonanoic acid onto the ZnO particles [39]. The 

relative increase in the carboxylate peak for the functionalized sample indicates that there is a 

stronger attachment of nonanoic acid for the functionalization method than using nonanoic acid as 

a simple dispersant in the suspension. Functionalization and drying the particles before use, rather 

than simply adding nonanoic acid in the suspension, enable the particles to obtain an even coating 

of the surfactant. Functionalizing the particles separately also allows for the exclusion of any large 

agglomerates present in the initial ZnO powder.  As such, functionalization and drying prior to 

dispersion in anisole was the technique chosen for all subsequent preparations of ZnO-PMMA co-

suspensions. 

 

4.3.2. Effect of the ZnO:PMMA ratio on feature fidelity and feature roughness 
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Fig. (4-5) shows the normalized LER measurements of the ridge features from the 1 vol%, 

5 vol%, 10 vol%, 15 vol%, and 20 vol% ZnO solids loading hybrids. The data show that the LER 

increases with the ZnO content in the ZnO-PMMA hybrids. The 250 nm features have the largest 

LER from 3.26% to 5.90% of the feature sizes among all the feature sizes. The 500 nm, 750 nm 

and 1000 nm feature size arrays have the LER values in the 1% to 4% range. The LER values 

increase with the ZnO solids loading from 1 vol% to 20 vol%. The variability of the LER 

measurements also increases with decreasing feature size and increasing ZnO content. The 

standard deviations of the features at 20 vol% ZnO are approximately quadrupled compared to 

those at 1 vol% ZnO across all feature sizes. This again points to more agglomeration at high ZnO 

content, leading to poorer quality of the patterned features. 

 

Figure 4-5: LER of ridge features with feature sizes from 250 nm to 1 µm and ZnO content from 

1 vol% to 20 vol%. 

Nonetheless, all ZnO content levels from 1 vol% to 20 vol% and all feature sizes from 250 

nm to 1 µm result in an LER value less than 10% of the original feature sizes. In order for the 

patterns derived from the suspension stamping to be useful in a given device application, maximum 

values for LER must be established. Literature suggests that the LER limit be set at 10% of the 

feature sizes [35, 40, 41], which indicates that features fabricated in this study are acceptable. 

Fig. (4-6) shows the SEM images of the ridge features with different ZnO contents and 

feature sizes. At all ZnO solids loadings, the ridges show high fidelity. At 1 vol% and 5 vol% ZnO 
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contents and for 250 nm feature sizes, ridge distortion is more likely to occur, indicated by the less 

than straight ridge profiles. This is consistent with the LER measurements in Fig. (4-5). It is a 

consequence of the stamp feature deformation during the imprint process, which occurs due to the 

low nanoparticle content and thus more compliant nature of the ridges. Smaller ridge size is also 

more susceptible to minor stress variation during the lithographic process. As the ridge size 

increases, the features are very straight. However, when the ZnO content increases to 20 vol%, the 

features show more distortion at all feature sizes. This is due to the increased agglomeration of 

ZnO nanoparticles, which increases the feature surface modulation and thus LER.  

 

Figure 4-6: SEM images of ridge features with varying ZnO content and feature size. 
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Fig. (4-6) also shows that small ridge patterns have a self-cleaning effect. ZnO particle 

debris is more visible for larger size features, especially at 20 vol% solids loading. This is because 

during the pattering process, it is more difficult for the large size particle clusters to flow past the 

stamp features and become part of the patterned features. However, as the feature size increases, 

the space for the particle cluster movement is eased and they can move into the patterns and get 

trapped there. In addition, the presence of agglomerates increases with the ZnO solids loading in 

the ZnO-PMMA hybrids. Agglomerates are present in the 20 vol% ZnO sample at all feature sizes. 

This means that even with the ZnO surface functionalization, the formation of agglomerates in the 

suspension still increases when the particles are close to each other. If the dispersion of the ZnO 

particles could be improved further, the LER should be further lowered. In this study, 20 vol% 

solids loading represents the ZnO content limit for the ZnO-PMMA hybrids using the imprint 

lithography technique. Further increase in the ZnO content would result in greater agglomeration 

and severely compromised feature fidelity. Still, the current 20 vol% solids loading is at least 5 

times higher than the results from existing studies and represents significant opportunities for the 

functional use of devices [20, 21]. 

Fig. (4-7) shows the inverse circularity of the rod features for the 1 vol%, 5 vol%, 10 vol%, 

15 vol%, and 20 vol% ZnO hybrid patterns. Smaller size features have higher inverse circularity; 

higher ZnO solids loading in general leads to higher IC values. For the 250 nm features, the IC 

increases from 1.5 to 2.4 when the ZnO content increases from 1 vol% to 20 vol% ZnO. At 500 

nm, 750 nm and 1 μm feature sizes, again the 1 vol% ZnO conditions show the lowest IC and thus 

the most circular rod features. There is no significant change in IC as the ZnO content increases 

from 5 vol% to 20 vol%. Overall, the inverse circularity is fairly small (< 3) and the rod feature 

shape is maintained. The smaller standard deviation for the larger sizes features is likely due to the 

stronger resistance to feature deformation during the patterning process. Fig 7 demonstrates that 

despite the presence of agglomerates in the hybrids with higher ZnO content, feature inverse 

circularity is acceptable.  
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Figure 4-7: Inverse circularity of rod features for varying ZnO content and feature size. 

 

 Fig. (4-8) shows the SEM images of the rod features with varying ZnO content and feature 

size. At all ZnO solids loading, the rods show high fidelity. There is no visible distortion of the 

rod features. This is likely due to the overall small size of the rods compared to the ridgers and 

thus less exposure to inhomogeneous stress. Different from the ridge features, at smaller rod sizes, 

such as 250 nm, the agglomerates are present, even though sparsely. As the rod size increases, the 

presence of ZnO particle debris/agglomerates stay about the same at each solids loading level. This 

is likely due to the large spacing between the rods compared to that of the ridges. The large size 

agglomerates can easily flow past the stamp features during the pattern formation and get trapped 

inside the patterns. In addition, the agglomerate presence increases with the ZnO solids loading in 

the ZnO-PMMA hybrids. At 1 vol% solids loading, only 1-2 agglomerates are present in the 

patterned array. As the ZnO content increases to 20 vol%, the agglomerates are prevalent at all 

feature sizes. Again, the ZnO surface functionalization can only present agglomeration to a certain 

extent. In this case, 20 vol% of ZnO solids loading in the ZnO-PMMA is the upper limit. If the 

dispersion of the ZnO particles could be improved further, the IC may not be affected much but 

the surface cleanness of the pattern could be drastically improved.  
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Figure 4-8: SEM images of rod features with varying ZnO content and feature size. 

 

Overall, nanoparticle-polymer suspension imprint lithography works best when the amount 

of agglomerates is small. One approach is to keep the ZnO content low, the other is to select a 

suitable feature size so that the pattern self-cleaning effect is maximized. Regardless, improved 

methods to reduce the nanoparticle agglomerated are highly desired.  

 

4.3.3. Effect of the ZnO content on surface roughness 
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In our work, it has been determined that the roughness of the features themselves were 

nearly identical to the roughness values for unpatterned areas. As such, the SR values are given 

for each ZnO content represent the SR for all feature sizes present on each film. The data show 

that the ZnO content directly affects the surface roughness as seen in Fig. (4-9). At 1 vol% ZnO 

solids loading, the surface rough is 18 nm. At 5 vol% ZnO solids loading, the surface roughness 

is 23 nm. At 10 vol% ZnO solids loading, the surface roughness is 33 nm. At 15 vol% ZnO solids 

loading, the surface roughness is 39 nm. At 20 vol% ZnO solids loading, the surface roughness is 

71 nm. The surface roughness increase is roughly linear up to 10 vol% ZnO, after which the surface 

roughness increases drastically. This is in agreement with our other data which also suggests that 

agglomeration is taking place after 10 vol% ZnO. Increasing the ZnO content not only increases 

the presence of particles, but also larger agglomerates as those particles inevitably interact and 

attract to each other.  

 

Figure 4-9: Surface roughness of PMMA-ZnO films with varying ZnO content. 

 

Despite the presence of agglomeration, an overall roughness of 70 nm is still usable for 

many applications. For example, for 700 nm or larger features, many devices only require the 

surface roughness to be at or below 10% of the feature size.  

 

4.3.4. Feature size effect on photoluminescence 
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Fig. (4-10) shows the confocal microscopic images for the 1 µm ridge arrays at different 

ZnO solids loading levels. The ridge locations have much higher photoluminescence intensity, 

with the periodicity of the initial patterns. As the solids loading increases, the sharpness of the 

bright photoluminescence response band improves. Theoretically, the photoluminescence 

response of the patterned ZnO-PMMA arrays should be affected by the feature sizes and the ZnO 

solids loading. The presence of the patterned features introduces extra surface area and therefore 

increases the scattering of incident light. As the active species of the system, the amount of ZnO 

present directly affects the intensity of the photoluminescence response. 

 

Figure 4-10: Laser confocal microscopic images of 1 µm ridge and 1 µm rod patterns at different 

ZnO solids loadings, showing higher photoluminescence intensity of the ridges with the periodicity 

of the initial patterns. Letters (a)-(e) show the confocal images for 1, 5, 10, 15, and 20 ZnO vol%. 

 

Fig. (4-11) shows the photoluminescence intensities of 1 µm size ridge and rod features. 

The photoluminescence band center-to-center distance represents one period of the pattern, 

corresponding to the pattern design. The periodicity of the photoluminescence intensity response 

is obvious, with the peaks at 1 µm apart for the ridges (Fig. (4-11a)) and 2 µm apart for the rods 

(Fig. (4-11b)), reflecting the initial pattern design. As expected, the extra surface area created by 

the patterned feature enhances the photoluminescence response. The effect of the ZnO solids 

loading is most detectable at this feature size.  

5 vol% 10 vol% 

1 vol% 
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Figure 4-11: Photoluminescence intensity along the 1 µm ridge (a) and rod (b) features at different 

ZnO solid loading levels. 

 

For the ridge features (Fig. (4-11a)), the sharpness of the photoluminescence peaks 

increases with increasing ZnO content until 15 vol%. Then the peak height decreases at 20 vol% 

ZnO solids loading. The increasing trend from 1 vol% to 15 vol% ZnO content can be explained 

based on the ZnO response to the incident light. Higher ZnO content leads to stronger 

photoluminescence response. However, at 20 vol% ZnO, agglomeration becomes significant, 

especially for the relatively large volumes of the ridges. Some of the agglomerates have a tendency 

to be removed during the stamping process (what we call self-cleaning effect). Thus, the actual 

ZnO solids level is likely lower than 20 vol%. Thus, weaker photoluminescence response is 

observed.  

For the rod features (Fig. (4-11b)), the peak sharpness increases consistently from 1 vol% 

to 20 vol% ZnO solids loading. For the 1 and 5 vol% ZnO solids loading, there is almost no 

photoluminescence intensity difference. This can be explained based on the ZnO content effect. 

At low ZnO solids loading levels, due to the relatively smaller size of the rods compared to the 

ridges, the amount of ZnO present is not sufficient enough to create any difference in 

photoluminescence. On the other hand, the relatively small volume of the rods also cancels some 

of the agglomeration effect. Thus, the 20 vol% ZnO solids loading condition shows the highest 
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intensity peaks. This agrees with the inverse circularity data reported earlier and is due to inability 

for large agglomerates to fit in the rods.  

As the feature size is decreased, the photoluminescence response of the features becomes 

weaker and more difficult to detect against the background noise. This is evident in Fig. (4-12), 

which shows the photoluminescence intensity results of 750 nm and 500 nm ridge and rod sizes. 

At 750 nm ridge size (Fig. (4-12a)), the 1 and 5 vol% ZnO solids loading samples have very low 

photoluminescence responses when compared to the background noise. As the ZnO solids loading 

levels of 10-20 vol%, the photoluminescence peak intensity keeping increasing. At 750 nm rod 

size (Fig. (4-12b)), the photoluminescence intensity peaks are not detectable until at 20 vol% ZnO 

solids loading. Fig. (4-12c) shows that the photoluminescence response is further decreased for 

the 500 nm features. Only the patterned ridges at or above 10 vol% ZnO have discernable features. 

Fig. (4-12d) shows that no photoluminescence response peaks can be obtained for the 500 nm rod 

features. Furthermore, none of the 250 nm feature samples (ridges and rods) show any discernable 

photoluminescence response. It is possible that this is because the feature size being smaller than 

the 458 nm excitation wavelength. However an attempt was made to compensate for the 

wavelength by spacing the 250 nm ridges 1 µm apart, but there was still no detectable pattern.  

 



86 

 

 

 

Figure 4-12: Photoluminescence intensity as a function of solids loading for (a) 750 nm ridge, (b) 

750 nm rod, (c) 500 nm ridge, and (d) 500 nm rod features. 

 

The photoluminescence (PL) response of the patterned features shows that the ZnO-

PMMA films have the potential to be used for a variety of applications including optical devices 

and biomedical screening.  Based on Figs. (4-10), (4-11), and (4-12), this potential arises from two 

distinct characteristics of the patterned surfaces. First, the amount of the ZnO nanoparticles 

enhances the photoluminescence intensity via interactions with oxygen vacancies and free-carriers 

on the particle surface. Low degree of ZnO nanoparticle agglomeration is critical for the enhanced 

photoluminescence intensity, Second, the shape and size of the patterned features play an 

important role. Larger feature size and features with higher total volume (such as ridge vs. rod) 

enhance the photoluminescence response. In this study, it shows that ridge sizes up to 500 nm can 
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be used for such purpose. The ZnO solids loading at 500 nm feature size needs to be 10 vol% or 

higher. When the ridge size increases to 1 µm, ZnO solids loading as low as 1 vol% is feasible.  

4.4.  Conclusions 

In this study, ridge and rod features of 250 nm to 1 µm sizes have been successfully 

patterned by imprint lithography with ZnO-PMMA hybrid materials. The ZnO content in the 

hybrids range from 1 vol% to 20 vol%. The feature fidelity of the resulting features has been 

measured via LER for the ridge features and inverse circularity for the rod features, respectively. 

The LER is 3.26% to 5.90% of the feature sizes at all solids loading levels. The IC increases from 

0.5 to 2.8 when the ZnO content increases from 1 vol% to 15 vol%, then shows a decrease to 1.7 

at 20 vol% ZnO. The surface roughness increases from 18 nm at 1 vol% ZnO solids loading to 71 

nm at 20 vol% ZnO solids loading. At 20 vol% ZnO solids loading, agglomeration in the hybrids 

is a significant impedance to high fidelity feature reproduction. ZnO nanoparticles with and low 

degree of agglomeration enhance the photoluminescence intensity. Larger feature size and features 

with higher total volume enhance the photoluminescence response.  
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Chapter 5: PMMA-ZnO Hybrid Arrays Using In-situ Polymerization and 

Imprint Lithogrpahy 

Abstract:  

Imprint lithography has been explored as a method to transfer arrays of patterned features 

onto pure polymers and polymer/metallic nanoparticle composites. However, it has never been 

achieved on the sub-micron scale with polymer-oxide particle hybrids. This study uses in-situ 

polymerization and imprint lithography to form ZnO-PMMA hybrid patterns. The polymerization 

temperature is varied to study its effects on feature fidelity, film flexibility, and its 

photoluminescent response. LER decreases with the polymerization temperature except for the 

very low ZnO solids loading level. For a given polymerization temperature, the feature fidelity of 

the patterned arrays decreases with increasing ZnO content according to line-edge roughness 

(LER) measurements, inverse circularity and surface roughness. This decrease in feature fidelity 

indicates an increase in particle agglomeration as the particle content increases. The elongation at 

failure decreases with the polymerization temperature and the ZnO content increases while the 

bending radius increases with then. Even at the lowest feature fidelity, the features resulting from 

all ZnO contents result in usable features with LER below 10% of the feature size across all ZnO-

PMMA compositions. The inverse circularity of the rod-type features was found to be less than 2 

across all features. The surface roughness testing yielded similarly good results, with the roughest 

sample under 75 nm. The PL response was also measured on the films. The presence of patterned 

arrays of rods only slightly increases the PL intensity, particularly for the 500 nm and 750 nm 

feature sizes. The presence of ridge features results in decreased PL intensity. 

5.1. Introduction 

As devices become more and more miniaturized, micro-scale patterning becomes a key 

step in the fabrication of integrated circuits, information storage devices, micro-electrochemical 

systems (MEMS), miniaturized sensors, and micro-optical components [1-6]. Current techniques 

for the direct patterning of nano-scale features is limited to time-consuming and often expensive 

methods such as photo-lithography, E-beam lithography, and focused ion beam lithography [5, 6]. 

Imprint lithography is a relatively new and exciting technique that offers a lower-cost alternative 
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to these patterning methods. This process produces features in parallel by patterning all features 

on the stamp at one time. This not only drastically reduces processing time, but also cost due to 

the re-usability of the stamp. Suspension-based imprint lithography is an alternative to traditional 

lithography that involves pressing a patterned PDMS stamp into a suspension film and letting the 

film dry before demolding [7]. The final film will take on the inverse of the patterned features on 

the stamp. By patterning the hybrid films, device fabrication becomes a simpler and less expensive 

process than more traditional manufacturing methods. 

While imprint lithography has been carried out on a variety of material systems including 

metallic nanoparticles and pure polymers the imprinting of polymer-oxide nanoparticle hybrids 

has not been achieved. Li et al explored imprint lithography of pure polymer films and achieved 

feature sizes of 40 nm. This resolution in feature size is reduced when any variety of nanoparticles 

are introduced into the system. Ko et al used imprint lithography on suspensions of silver 

nanoparticles and achieved a minimum feature size of 130 nm. The challenge of creating small 

feature sizes is greater when using oxide nanoparticles. Yamauchi et al used suspension stamping 

with silica particles. However, the feature sizes were no smaller than 5 µm. Furthermore, most 

literature concerning this technique cites the use of metallic nanoparticle suspensions [8-10].  

While effective for metallic nanoparticles, a direct suspension of oxide nanoparticles 

cannot be used for sub-micron features due to the brittle nature of the resulting film. In order to 

use metal oxide nanoparticles for suspension stamping, a hybrid suspension of the oxide particles 

and flexible matrix such as a polymer must be used. Fortuitously, polymer-oxide hybrid materials 

are used as the foundation for many innovative materials and devices such as transparent UV 

shielding, non-volatile memory devices, temperature sensors, as well as a number of MEMS 

devices [11-19].  

The fabrication of polymer-oxide hybrid materials is challenging because the particles must 

be homogenously dispersed within the polymer matrix. It is particularly difficult to achieve a good 

dispersion for particles with a polar surface, such as oxide nanoparticles due to an incompatibility 

with the non-polar organic solvents that are usually used to dissolve the polymer [20, 21]. Because 

of this incompatibility, the volume percent of oxide nanoparticles in a polymer matrix is limited 

to < 5 vol% [13, 15, 22-24]. When using non-functionalized ZnO nanoparticles for dispersion in a 

polymer matrix, the particle loading was only ~1.5 vol% ZnO. When ZnO nanoparticles were 

functionalized with oleic acid, only 2 vol% ZnO in PMMA was achieved [23]. Methacrylic acid 
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was used as a coupling agent to ensure good dispersion of TiO2 in PMMA, but only 2.3 vol% TiO2 

was dispersed in PMMA [22].  

A combination of particle functionalization and in-situ polymerization has great potential 

to overcome these limitations and extend the maximum solids loading attainable in the resulting 

hybrid materials. Particle functionalization adsorbs a surfactant to the surface of each particle and 

creates an effective non-polar surface that can be dispersed in organic solvents [20, 21, 25]. In the 

case of Al2O3, functionalization significantly reduces suspension viscosity in non-polar solvents 

which is an indicator of improved dispersion. In-situ polymerization involves mixing 

functionalized particles with a monomer and solvent, and then initiating polymerization with the 

suspended particles so that the particles are imbedded in a polymer matrix after polymerization is 

complete [22, 23]. This provides a physical hindrance to particle agglomeration as the polymer 

chains form around them as well as the high viscosity of the final suspension. In-situ 

polymerization has the added advantage that the final patterned arrays are flexible which lends 

itself to use in flexible electronics and wearable devices. Flexibility can be quantified by examining 

the young’s modulous on a stress-strain curve as well as the maximum bending radius of the hybrid 

films.  

 In this study, varying levels of functionalized ZnO nanoparticles are suspended in a PMMA 

matrix via in-situ polymerization at different temperatures. The resulting material is then patterned 

using imprint lithography with feature arrays ranging from 250 nm to 1 µm feature sizes. The 

effects of polymerization temperature and ZnO:PMMA volume ratio on pattern flexibility, feature 

fidelity, and patterned surface roughness are studied. The effects of the ZnO:PMMA ratio and 

feature size on the photoluminescence response of the films are also evaluated. The overall feature 

fidelity and the photoluminescence response of the in-situ polymerized hybrid films are compared 

to co-suspensions of PMMA and ZnO nanoparticles. 

5.2. Experimental procedure: 

5.2.1. Synthesizing ZnO particles 

 

ZnO nanoparticles were synthesized using a combustion method. Zinc nitrate hydrate 

(Zn(NO3)2, Alpha Aesar, Ward Hill, MA) and sucrose (C12H22O11, Alfa Aesar, Ward Hill, MA) 

were combusted according to the following reaction equation with φ=1.5. 
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DI water was added to the zinc nitrate and sucrose at a concentration of 15 mL/g of reactants. 

The solution was stirred at room temperature until all the reactants were completely dissolved. The 

solution was then poured into a beaker so that the beaker was 20% filled and placed in a furnace 

(Thermolyne 47900, Thermo Scientific, Asheville, NC)  at 450oC for 30 min until the reaction was 

complete and the resulting powder was entirely whiteish-yellow in color. A fine metal mesh screen 

was placed on top of the beaker to avoid splattering while the solution boiled and combusted. This 

combustion method produced a uniform polycrystalline ZnO nanopowder with a particle size of 

30 nm. XRD analysis indicated that the powder is of a polycrystalline wurtzite structure. 

 

5.2.2. Functionalizing the particles 

 

The aforementioned ZnO particles were suspended in DI water at a concentration of 0.02 

g/mL. To ensure that no residual soft agglomerates were present from the combustion procedure, 

the suspensions were subjected to 15 min of ball milling using a SPEX mill (SPEX 8000 

mixer/mill, Metuchen, NJ) followed by 30 min of ultrasonic vibration. After letting the solution 

settle for 1 hour, the supernatant was collected and the remaining sediment was suspended in DI 

water again. This process was repeated until no particles were present in the supernatant. This 

process ensured that no large agglomerates were present in the ZnO powder. Nonanoic acid was 

then added to the supernatant at 0.0017 g/mL of supernatant. The solution was then placed in an 

ultrasonic bath for 30 minutes to ensure the surface modification of the ZnO particles. Due to the 

adsorption of the nonanoic acid onto the ZnO particle surface, the particles became hydrophobic 

and sedimented out of the water. 

To remove excess nonanoic acid, the modified ZnO powder was rinsed twice with DI water 

and once with ethanol, the powder was dried overnight on a hot plate at 90oC. The final nonanoic 

acid content was 0.01 g/g of ZnO. 

 

5.2.3. In-situ polymerization 
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The functionalized ZnO was added to a glass vessel with equal volumes of MMA monomer 

(Methyl Methacrylate, Sigma Aldrich, St. Louis, MO) and anisole (Fisher Scientific, Pittsburgh, 

PA). This mixture was placed in an ultrasonic bath for 30 minutes to ensure thorough mixing 

before adding AIBN (2,2′-Azobis(2-methylpropionitrile), Sigma Aldrich, St. Louis, MO) at 10 

wt% of the monomer amount to initiate polymerization which is higher than most procedures 

because the inhibitor in the as-received MMA monomer was not removed[23]. The glass vessel 

was then sealed under an argon atmosphere to ensure an inert environment in the polymerization 

vessel. The initiated polymerization mixture was heated on a hot plate and stirred for 5 hours to 

complete the polymerization process which was deemed complete when the viscosity appeared to 

stop increasing. The amount of ZnO added to the mixture was controlled in order to vary the 

ZnO:PMMA ratio at values of 0.5, 1, 5, 10, and 15 vol%. The polymerization temperature was 

studied at 65oC, 75oC, 85oC, and 95oC. These temperatures were chosen because it was observed 

that small changes in polymerization temperature had a large effect on the final film flexibility and 

they are centered around conventional polymerization temperatures[23]. 

 

5.2.4. Stamping procedure 

 

A Si wafer was patterned via a dual beam focused Ga+ ion beam microscope (FIB, FEI 

Helios 600 Nano Lab, Hillsboro, OR). The patterns were chosen to be arrays of rods and ridges 

that were 250 nm, 500 nm, 750 nm, and 1 μm in size so that the final film would produce rods and 

trenches of the same dimensions. The aspect ratio for all the features was 1:1. The size of the ridge 

was measured as the width across each ridge. 

The PDMS stamp was created from a base compound and curing agent (Sylgard 184, Dow 

Corning Corporation, Midland, MI). The two components were homogeneously mixed at a 10:1 

mass ratio with an additional 3 wt% TX-100 (C14H22O(C2H4O)n, Sigma-Aldrich, St. Louis, MO). 

TX-100 was added in order to alter the surface chemistry of the stamp to aid the demolding of the 

PDMS stamp. The PDMS was then poured onto the patterned Si wafer and placed in a vacuum 

chamber at 70 Pa for 30 min to remove air bubbles. After this degassing step, the PDMS was cured 

by heating to 100°C for 45 min. 

The stamp was then used to imprint the patterns onto a film of the prepared suspension. A 

thin film of the suspension was coated onto a glass substrate before applying the stamp at 175 kPa 
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in a pressure vessel filled with compressed air. The stamp was then demolded after approximately 

1 hour when the film fully dried. 

 

5.2.5. Evaluating feature fidelity and roughness 

 

Feature fidelity was evaluated using atomic force microscopy (AFM, Veeco BioScope II, 

Plainview, NY) and scanning electron microscopy (SEM, LEO (Zeiss) 1550 field-emission SEM, 

Thornwood, NY) to determine line edge roughness (LER) and overall surface roughness (SR) of 

the features.  

In order to obtain LER for each patterned ridge feature, software package ImageJ in 

conjunction with the plugin Analyze Stripes was used to determine the average feature size of the 

ridges and the standard deviation of those measurements. First, an SEM image was cropped so that 

only the features were visible. Then the image was converted to greyscale and the contrast was 

heavily increased so that the ImageJ software can better evaluate the LER. The software then 

established the position of each line based on the greyscale values and measured the distance in 

pixels between each line. From this data, the ridge width and standard deviation of that 

measurement was isolated. The LER values represent the line edge roughness as a percentage of 

the feature size. The following equation described the precision of this measurement [26]. In this 

study, 50 measurements were taken, yielding 10% precision. 

 
Δ𝜎𝐿𝐸𝑅

𝜎𝐿𝐸𝑅
=

1

√2𝑛
                                                          (5-2)  

where σLER was the standard deviation of the edge positions, and n is the number of measurements.  

Inverse of circularity (IC) represented the derivation of circularity from the ideal shape, 

which was used as a gauge of patterned rod feature dimensional fidelity. Inverse circularity IC was 

calculated as follows. 

  𝐼𝐶 =
1

4𝜋
(
𝑃𝑒𝑟𝑖𝑚𝑒𝑡𝑒𝑟2

𝐴𝑟𝑒𝑎
)                                                     (5-3) 

As the edge of the rods became more distorted, the area to perimeter squared ratio would 

increase, raising the inverse circularity of the feature. Inverse circularity was similarly determined 

using the Analyze Particles plugin in ImageJ.  

By comparing the patterned and unpatterned areas, it was determined that the roughness of 

the features themselves were nearly identical to the roughness values for unpatterned areas. Thus, 
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SR was measured directly via AFM and determined using the average roughness value for a 15 

μm by 15 μm area at 3 random locations on the film.  

 

5.2.6. Evaluating film flexibility 

 

Film flexibility was evaluated by both a tensile test and by measuring the minimum 

bending radius of the films. The polymerized suspensions were poured into a PDMS mold to create 

a film. The film was then dried for 30 min at 60oC on a hotplate. After drying, the films were 

peeled off of the PDMS and trimmed to 13.5 x 8.0 mm. The final thickness of each of the dried 

films was 0.2 mm. For both tests, the film was glued to the arms of a digital caliper with a gap of 

11.5 mm. The tensile test was conducted by opening the caliper until the film failed. The final 

distance was noted and used to calculate the elongation at failure. For the bending test, the caliper 

was pushed together until the film failed, or when the caliper arms touched. The film was then 

photographed and evaluated for minimum bending radius as shown in Fig. (5-1). The bending 

radius was measured.  

 

Figure 5-1: Bending radius test for ZnO-PMMA hybrid film with 10 vol% ZnO. 

 

5.2.7. Photoluminescence measurement 

 

Photoluminescence (PL) was measured using a laser confocal microscope (Zeiss LSM 510, 

Thornwood, NY). A 458 nm argon laser was used to excite the ZnO-PMMA film. The film was 

prepared by adding 4-(Dicyanomethylene)-2-methyl-6-(4-dimethylaminostyryl)-4H-pyran  

(DCM, Sigma Aldrich, St. Louis, MO) dye at a concentration of 3mg/mL of suspension to enable 

the use of a more readily available excitation wavelength. A long pass filter of 515 nm was used 
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to collect the PL intensity data. The intensity of the light that passed through this filter was recorded 

over a 2-dimensional area, along with the intensity of transmitted light.  

5.3.  Results and discussion 

5.3.1. Polymerization temperature effect on feature fidelity 

 

The temperature during in-situ ZnO-PMMA polymerization has a direct impact on the 

PMMA’s molecular weight. Typically, as the polymerization temperature increases, the molecular 

weight decreases due to the increased thermal energy in the system causing more active 

macromolecules to form. More active and growing chains mean that the average molecular weight 

is limited as the monomer is consumed and converted into the polymer [27]. It has been 

demonstrated that the molecular weight of a polymer depends greatly on the polymerization 

temperature. Mainly, the higher the polymerization temperature, the lower the molecular weight 

of the final polymer [27]. This is due to the increase in chain starting monomers resulting from 

higher thermal energy present in the system as the increased thermal energy allows more 

monomers to begin the free-radical polymerization process [27]. An increased number of chain 

starting monomers with a fixed number of total monomers can only lead to lower molecular weight 

polymer chains post polymerization.  

In this study, the chain length of the PMMA can affect the ZnO dispersion since large 

polymer chains inhibit good ZnO nanoparticle dispersion by physically decreasing the amount of 

entanglement within the hybrid film. When this happens, ZnO nanoparticles are more likely to 

agglomerate or phase-separate from the polymer chains. Large agglomerates or separated ZnO 

nanoparticles will negatively affect feature fidelity by introducing rough feature surfaces, or even 

broken features.  

Fig. (5-2) shows the feature fidelity of 500 nm ridges by measuring the LER of each feature, 

which shows the deviation of each feature from the ideal pattern. For the 1 vol% ZnO features, the 

LER increases with the polymerization temperature. At such a low ZnO loading, the nanoparticle 

effect on the LER is negligible. Lower polymerization temperatures and thus longer polymer 

chains offer slightly better feature fidelity. In addition, the feature fidelity is high for all the 1 vol% 

ZnO features. Once the ZnO content is increased to 5 vol% and higher, the LER decreases with 

the polymerization temperature. The standard deviations are also fairly large. The widespread 
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presence of ZnO nanoparticles compromises feature fidelity because the 30 nm size on the surface 

adds texture to the PMMA-ZnO hybrid. In general, higher ZnO loading leads to larger LER. The 

inconsistent LER values at 65oC polymerization temperature show that this temperature is beyond 

the usable polymerization temperature for this system. At 15 vol% ZnO, the largest LER values 

and standard deviations are obvious. The effect of the polymerization temperature is not 

observable because the feature fidelity is already so degraded by agglomeration and the high ZnO 

content.  

 

Figure 5-2: LER values of patterned 500 nm ridge arrays with different ZnO solids loadings at 

different polymerization temperatures. 

 

Overall, the LER values for all the ZnO solids loadings and polymerization temperatures 

are <7.5% of the original feature sizes. In order for the patterns derived from the suspension 

stamping to be useful in a given device application, maximum values for LER must be established. 

Literature suggests that the LER limit be set at 10% of the feature sizes [26, 28, 29], which 

indicates that features fabricated in this study are acceptable. 

Fig. (5-3) shows the inverse circularity of patterned 500 nm diameter rods with different 

ZnO solids loadings at different polymerization temperatures. Except for the 1 vol% ZnO solids 

loading, higher polymerization temperature generally increases the inverse circularity. On one 

hand, 1 vol% solids loading leads to very highest inverse circularity. This is likely due to the more 

compliant nature of the high polymer content hybrid, which has low resistance to shape 

deformation during the imprint lithography. On the other hand, when the ZnO solids loading 

increases to 15 vol%, the inverse circularity is also high. This is due to the increasing ZnO 
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agglomeration, which causes more agglomeration of ZnO nanoparticles and thus inverse 

circularity increase. Overall, the inverse circularity is fairly small (<2) and the rod feature shape is 

maintained. The smaller standard deviation for the larger sizes features is likely due to the stronger 

resistance to feature deformation during the patterning process. Fig. (5-3) demonstrates that despite 

the presence of agglomerates in the hybrids with higher ZnO content, feature inverse circularity is 

acceptable. 

 

 

Figure 5-3: Inverse circularity values of patterned 500 nm diameter rods with different ZnO solids 

loadings at different polymerization temperatures. 

 

Combining the results in Figs. (5-2) and (5-3), it can be claimed that 85oC is the most 

desired PMMA polymerization temperatures while other temperatures lead to higher levels of 

feature distortion.  

 Fig. (5-4) shows the surface roughness of the ZnO-PMMA hybrids at different 

polymerization temperatures with varying ZnO contents. The data shows that the ZnO content and 

polymerization temperature are directly related to the surface roughness of the patterns. Increased 

ZnO solids loading consistently results in increased SR. At 65°C polymerization temperature, the 

SR increases from 22 nm to 40 nm when the ZnO solids loading increases from 1 vol% to 15 vol%. 

At 75°C polymerization temperature, the SR increases from 11 nm to 36nm when the ZnO solids 

loading increases from 1 vol% to 15 vol%. At 85°C polymerization temperature, the SR increases 

from 12 nm to 29 nm when the ZnO solids loading increases from 1 vol% to 15 vol%. At 95°C 

polymerization temperature, the SR increases from 52 nm to 65 nm when the ZnO solids loading 
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increases from 1 vol% to 15 vol%. From 65°C to 85°C polymerization temperature, the SR 

consistently decreases. At 95oC , however, the SR increases for all the solids loading levels by a 

factor of approximately 2.75 when compared to the 85°C results. This means 85°C again is the 

preferred polymerization temperature for most desired feature quality.  

 

Figure 5-4: Surface roughness of ZnO-PMMA films by polymerization temperature with varying 

ZnO content 

 

The SR change vs. ZnO solids loading and PMMA polymerization temperature can be 

understood as follows. At a given polymerization temperature, higher ZnO solids loading tends to 

create more agglomeration and thus high SR. From a different view point, the molecular weight 

of a polymer is known to decrease with increasing polymerization temperature. This is due to the 

extra thermal energy increasing the number of active monomer sites that begin to form polymer 

chains. The more active monomers there are in the system, the shorter the final molecular weight 

will be due to the nature of having more polymer chains with a fixed number of monomers. This 

also affects the rate of polymerization. Lower temperatures lead to slower conversion rates as the 

monomer becomes a polymer. The low rate of conversion allows ZnO particles to fall out of 

suspension and form agglomerates within the monomer solutions, while a faster conversion rate 

will trap the ZnO particles in the viscous polymer mixture before they have a chance to 

agglomerate and precipitate. At high polymerization temperatures, the polymer itself becomes very 

inflexible and is less likely to form a continuous, smooth viscous polymer solution. This roughness 

not only directly affects the SR but also can cause ZnO agglomerates to create even greater SR. 
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Despite the presence of agglomeration, an overall roughness of <70 nm is still usable for 

many applications. For example, for 700 nm or larger features, many devices only require the 

surface roughness to be at or below 10% of the feature size.  

 

5.3.2. Polymerization temperature effect on feature flexibility 

 

In addition to feature fidelity, polymerization temperature can also affect the patterned 

array flexibility. In this study, the film flexibility results based on the tensile are shown in Fig. (5-

5). The net elongation of the film before tensile failure (tearing) is denoted as “elongation at 

failure”. Fig. (5-5) shows that the elongation at failure (film flexibility) decreases with increasing 

polymerization temperature and also decreases with increasing ZnO content. At 1 vol% solids 

loading, the elongation at failure decrease from 12% to 8% when the polymerization temperature 

increases from 65°C to 95°C. At 5 vol% solids loading, the elongation at failure decrease from 7% 

to 5% when the polymerization temperature increases from 65°C to 95°C. At 10 vol% solids 

loading, the elongation at failure decrease from 5% to 3% when the polymerization temperature 

increases from 65°C to 95°C. At 10 vol% solids loading, only the elongation at failure results for 

65°C polymerization temperature can be obtained at 2%; the three “X” denote where the film had 

a brittle failure and no net elongation could be measured.  

 

Figure 5-5: Elongation at failure at room temperature for films with varying ZnO content and 

polymerization temperature with an original composition of 50% anisole. 
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The decrease in the patterned film flexibility due to the polymerization temperature 

increase can be attributed to the polymerized chain length as discussed earlier. Lower 

polymerization temperature leads to longer polymer chain length and higher polymer molecular 

weight, which result in a more flexible polymer than shorter chains because the difference in 

contour length and RMS end-to-end distance is larger which means the amount the chains can be 

stretched out is increased. Thus, lower polymerization temperatures result in more flexible 

polymers than higher polymerization temperatures. It is interesting to note that the final molecular 

weight of the PMMA was not directly measured. This means that there could still be unreacted 

monomers in the suspension which were inhibited from forming chains due to the high viscosity. 

It would be worthwhile to study this using a technique such as FTIR to determine if there are any 

remaining double bonded carbons, indicating the presence of monomers, or gel permeation 

chromatography (GPC) to determine the size of the PMMA molecules more directly. It would also 

be useful to study the glass transition temperature of the PMMA at different polymerization 

temperatures which can be expected to increase with increasing molecular weight [30]. The effect 

of ZnO content is due to the presence of the particles themselves as well as agglomeration. The 

stresses around each particle hinder the elongation of the film without tearing. As ZnO content 

increases, film flexibility decreases due to the increasing stresses from the ZnO particles embedded 

in the polymer matrix. This effect worsens as the amount of agglomerates increases in the film.  

Fig. (5-6) shows another aspect of the PMMA-ZnO hybrid film flexibility, the (minimum) 

bending radius. There is a clear trend of increasing bend radius with increasing polymerization 

temperature. At 1 vol% solids loading, the bending radius increase from 1.5 mm to 2 mm when 

the polymerization temperature increases from 65°C to 95°C. At 5 vol% solids loading, the 

bending radius increase from 1.5 mm to 4.5 mm when the polymerization temperature increases 

from 65°C to 95°C. At 10 vol% solids loading, the bending radius increase from 2 mm to 7 mm 

when the polymerization temperature increases from 65°C to 95°C. At 15 vol% solids loading, 

only the bending radius for 65°C polymerization temperature can be obtained at 7.5 mm. The data 

show not only that lower polymerization temperatures yield more flexible films, but also that the 

influence of polymerization temperature increases greatly with ZnO content. This suggests that 

higher ZnO contents and polymerization temperature are detrimental to obtaining bendable ZnO-

PMMA hybrid films. The drastic changing temperature point is 95°C.  
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Figure 5-6: Minimum bend radius data by polymerization temperature and ZnO content for films 

with an original anisole content of 50 vol%. 

 

Overall, lower polymerization temperatures yield more flexible films due to their higher 

molecular weight. The degree to which the polymerization temperature affects the film flexibility 

is also related to the ZnO content in the film, which is once again related to the amount of 

agglomeration present in the film. A higher concentration and size of agglomerates lead to added 

stress in the film that impede flexible movement of the polymer. To obtain bendable hybrids, the 

ZnO solids loading should be controlled at ≤ 10 vol%.  

 

5.3.3. ZnO content and feature size effect on feature fidelity 

 

 Similar to the polymerization temperature, the ZnO content in the ZnO-PMMA hybrids 

can affect the feature fidelity due to different extent of ZnO dispersion. As the ZnO:PMMA ratio 

increases, the likelihood of particle agglomeration increases. Fig. (5-7) shows the LER 

measurements of different size ridges in films with 1 vol%, 5 vol%, 10 vol%, and 15 vol% ZnO at 

the polymerization temperature of 85oC. The error bars represent the standard deviation of the 

measurements for each feature in the array. In general, the LER increases with the ZnO content 

increase from 1 vol% to 20 vol%. At 250 nm ridge width, the LER increases from 2.5% to 7.7% 

of the feature size when the ZnO solids content increases from 1 vol% to 15 vol%. At 500 nm 

ridge width, the LER increases from 1.6% to 4.1% when the ZnO solids content increases from 1 

vol% to 15 vol%. At 750 nm ridge width, the LER increases from 0.9% to 3.0% when the ZnO 
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solids content increases from 1 vol% to 15 vol%. At 1 µm ridge width, the LER increases from 

0.9% to 3.4% when the ZnO solids content increases from 1 vol% to 15 vol%. In general, smaller 

feature size leads to higher LER, with the 250 nm rigdes having the largest LER. In addition, at 

smaller ridge width of 250 nm, the ZnO content has a more drastic effect on the LER; at larger 

ridge width of 500 nm to 1 µm, the ZnO content has a less drastic effect on the LER. This means 

that increasing ZnO content from 1 vol% to 15 vol% has an adverse effect on the feature fidelity 

and the smaller features are more susceptible to feature distortion. When viewed in conjunction 

with the SEM images in Fig. (5-8), it is evident that agglomeration is increasingly present in the 

polymerized films as ZnO content increases. This supports the idea that LER is strongly affected 

by particle agglomeration. The presence of large amounts of ZnO nanoparticles or agglomerates 

distort the ridge features.  

 

Figure 5-7: Line-edge roughness of ridges with varying feature size and ZnO content. 

 

Fig. (5-7) also shows that the variability in the LER measurements from each ridge feature 

increases with increasing ZnO content. At 250 nm ridge width, the standard deviation increases 

from 0.6% to 3.2% when the ZnO solids content increases from 1 vol% to 15 vol%. At 500 nm 

ridge width, the standard deviation increases from 0.35% to 2.27% when the ZnO solids content 

increases from 1 vol% to 15 vol%. At 750 nm ridge width, the standard deviation increases from 
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0.16% to 1.55% when the ZnO solids content increases from 1 vol% to 15 vol%. At 1 µm ridge 

width, the standard deviation increases from 0.21% to 1.60% when the ZnO solids content 

increases from 1 vol% to 15 vol%. This shows that feature fidelity decreases with increasing ZnO 

content.  

For most applications, a LER of <10% of the feature size would be acceptable. LER effect 

on  various properties of MOSFET devices is low if the LER is below 5 nm for a 50 nm wide 

features [28]. While most features have an LER far below 10% of the feature size, the 250 nm 

features just barely meet this benchmark at 15 vol% ZnO. This means particularly for smaller 

features, there is a limit to how much ZnO can be present in the hybrid. Nonetheless, even the 

maximum LER values for each ZnO loading are still well below 10% of the feature size. 

Fig. (5-8) shows the SEM images of the ridge arrays with varying ZnO content and feature 

size. In conjunction with the LER results in Fig. (5-7), it is evident that agglomeration is 

increasingly present in the polymerized films as the ZnO content increases. This supports the idea 

that LER is strongly affected by particle agglomeration. The presence of large amounts of ZnO 

nanoparticles or agglomerates distort the ridge features.  At 250 nm ridge size, the ridge distortion 

is more likely to occur at high ZnO contents. This is a consequence of the stamp feature 

deformation during the imprint process. As the ridge size increases, the features are very straight. 

Fig. (5-8) also shows that small ridge patterns have a self-cleaning effect. ZnO particle debris is 

more visible for large size features. This is because it is more difficult for the large size particle 

clusters to flow past the stamp features during the pattern formation. However, as the feature size 

increases, the space for the particle cluster movement is eased and they can be more easily trapped 

inside the patterns. In addition, the particle cluster (agglomerate) presence increases with the ZnO 

solid content in the ZnO-PMMA hybrids. The agglomeration is clearly present in the 15 vol% ZnO 

sample at all feature sizes. This means that even with the ZnO surface functionalization, the 

formation of agglomerates in the suspension still increases when the particles are close to each 

other. If dispersion of the ZnO particles could be improved further, the LER could be lowered. 

This represents a limit in the ZnO content for the ZnO-PMMA hybrids using the imprint 

lithography technique. Further increase in the ZnO content would result in greater agglomeration. 

Consequently the lower fidelity features would become unusable. 
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Figure 5-8: SEM images of ridge arrays with varying ZnO content and feature size. 

 

Fig. (5-9) shows the inverse circularity of rod features with varying ZnO content and 

feature size. There is an increase in inverse circularity with the rod size decrease. Inverse 

circularity for the 250 nm rod features is highest. At 250 nm feature size, the IC is 1.3, 1.6, 1.6 and 

2.1 for 1, 5, 10, and 15 vol% ZnO, respectively. At 500 nm feature size, the IC is 1.2 for 1 vol% 

ZnO, 1.3 at 5 vol%, 1.3 at 10 vol%, and 1.8 for 15 vol% ZnO. For the 750 nm feature size, the IC 

is 1.1 for 1 vol% ZnO, 1.2 at 5 vol%, 1.4 at 10 vol%, and 1.6 for 15 vol% ZnO. At 1 µm feature 

size, the IC is 1.1 for 1 vol% ZnO, 1.1 at 5 vol%, 1.3 at 10 vol%, and 1.5 for 15 vol% ZnO.  

However, the IC is smaller for the 10 vol% and 15 vol% ZnO solids loadings. This can be explained 

as follows. At low ZnO solids content, the rod features are more compliant due to the higher 

amount of PMMA. They are prone to distortion under inhomogeneous stress. At high solids 

loading level, ZnO agglomeration is more serious, which also leads to more feature distortion.  
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Figure 5-9: Inverse circularity of rod features with varying ZnO content and feature size. 

 

Fig. (5-10) shows the SEM images for each set of rod features. At 1-10 vol% ZnO solid 

loading, the rods show high fidelity. Different from the ridge features, at smaller rod sizes, such 

as 250 nm, the agglomerates are invisible. As the rod size increases, the presence of ZnO particle 

debris/agglomerates continuously increase. This shows the increasing challenging environment for 

the ZnO nanoparticles to be uniformly dispersed among the PMMA chains. In general, the particle 

cluster (agglomerate) presence increases with the ZnO solids loading in the ZnO-PMMA hybrids. 

The agglomeration is clearly present in the 15 vol% ZnO sample at all feature sizes. Again, the 

ZnO surface functionalization can only prevent agglomeration to a certain extent. In this case, 15 

vol% of ZnO solids loading in the ZnO-PMMA is the upper limit. If the dispersion of the ZnO 

particles could be improved further, the IC may not be affected much but the surface cleanness of 

the pattern could be drastically improved. 
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Figure 5-10: SEM images of rods of varying feature size imprinted on films of varying ZnO 

content. 

 

Even though LER and IC are two totoally different gauges of measuring feature fidelity  

for different shape features, when comparing inverse circularity by feature sizes, there is a more 

pronounced effect on feature fidelity than with the ridge features. This may be due to the fact that 

the rod features are confined in 3 dimensions instead of 2. Rod features could be more susceptible 

to distortion because the patterned area of a single feature is smaller and therefore more affected 

by the presence of agglomerates.  

 

5.3.4. Feature size and ZnO content effects on photo-luminescence response 
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Fig. (5-11) shows the confocal microscopic images for the 1 µm ridge arrays at different 

ZnO solids loading levels. The ridge locations have much higher photoluminescence intensity, 

with the periodicity of the initial patterns. As the solids loading increases, the sharpness of the 

bright photoluminescence response band improves. Theoretically, the photoluminescence 

response of the patterned ZnO-PMMA arrays should be affected by the feature sizes and the ZnO 

solids loading. The presence of the patterned features introduces extra surface area and therefore 

increases the scattering of incident light. As the active species of the system, the amount of ZnO 

present directly affects the intensity of the photoluminescence response. 

 

 

Figure 5-11: Laser confocal microscopic images of 1 µm ridge and 1 µm rod patterns at different 

ZnO solids loadings, showing higher photoluminescence intensity of the ridges with the periodicity 

of the initial patterns. Letters (a)-(e) show the confocal images for 1, 5, 10, and 15 ZnO vol%. 

 

Fig. (5-12) shows the photoluminescence intensities of 1 µm size ridge and rod features. 

The photoluminescence band center-to-center distance represents one period of the pattern, 

corresponding to the pattern design. The periodicity of the photoluminescence intensity response 

is obvious, with the peaks at 2 µm apart for the ridges (Fig. (5-12a)) and 4 µm apart for the rods 

(Fig. (5-12b)), reflecting the initial pattern design. As expected, the extra surface area created by 

the patterned feature enhances the photoluminescence response. The effect of the ZnO solids 

loading is most detectable at this feature size.  

5 vol% 10 vol% 
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Figure 5-12: Photoluminescence intensity along the 1 µm ridge (a) and rod (b) features at different 

ZnO solid loading levels. 

 

For the ridge features (Fig. (5-12a)), the sharpness of the photoluminescence peaks 

increases with increasing ZnO content until 10 vol%. Then the peak height decreases at 15 vol% 

ZnO solids loading. The increasing trend from 1 vol% to 10 vol% ZnO content can be explained 

based on the ZnO response to the incident light. Higher ZnO content leads to stronger 

photoluminescence response. However, at 15 vol% ZnO, agglomeration becomes significant, 

especially for the relatively large volumes of the ridges. Some of the agglomerates have a tendency 

to be removed during the stamping process (what we call self-cleaning effect). Thus, the actual 

ZnO solids level is likely lower than 15 vol%. Thus, weaker photoluminescence response is 

observed.  

For the rod features (Fig. (5-12b)), the peak sharpness increases consistently from 1 vol% 

to 10 vol% ZnO solids loading before again, decreasing at 15 vol%.  

As the feature size is decreased, the photoluminescence response of the features becomes 

weaker and more difficult to detect against the background noise. This is evident in Figs. (5-5) 

through (5-13), which shows the photoluminescence intensity results of 750 nm ridge and rod 

sizes. At 750 nm ridge size (Fig. (5-13a)), the 1 vol% ZnO solids loading sample has very low 

photoluminescence responses when compared to the background noise. As the ZnO solids loading 
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level increases from 5 vol% to 10 vol%, the photoluminescence peak intensity increasing, before 

decreasing at 15 vol%.  

At 750 nm rod size (Fig. (5-13b)), the photoluminescence intensity peaks are not detectable 

except at 10 vol% ZnO solids loading. All other samples could not be isolated from the background 

noise. Furthermore, none of the 250 nm feature samples (ridges and rods) show any discernable 

photoluminescence response. It is possible that this is because the feature size being smaller than 

the 458 nm excitation wavelength. However an attempt was made to compensate for the 

wavelength by spacing the 250 nm ridges 1 µm apart, but there was still no detectable pattern.  

 

 

Figure 5-13: Photoluminescence intensity as a function of solids loading for (a) 750 nm ridges, 

and (b) 750 nm rods. 

 

The photoluminescence (PL) response of the patterned features shows that the ZnO-

PMMA films have the potential to be used for a variety of applications including optical devices 

and biomedical screening.  Based on Figs. (5-11), (5-12), and (5-13), this potential arises from two 

distinct characteristics of the patterned surfaces. First, the amount of the ZnO nanoparticles 

enhances the photoluminescence intensity via interactions with oxygen vacancies and free-carriers 

on the particle surface. Low degree of ZnO nanoparticle agglomeration is critical for the enhanced 

photoluminescence intensity. Second, the shape and size of the patterned features play an 

important role. Larger feature size and features with higher total volume (such as ridge vs. rod) 

enhance the photoluminescence response. In this study, it shows that ridge sizes as small as 750 

nm can be used for such purpose. The ZnO solids loading at 750 nm feature size needs to be 5 
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vol% or higher. When the ridge size increases to 1 µm, ZnO solids loading as low as 1 vol% is 

feasible.  

5.4. Conclusions 

In-situ polymerization was used to imprint rod and ridge features on hybrid films of PMMA 

and ZnO with 1 vol%, 5 vol%, 10 vol% and 15 vol% ZnO. The feature fidelity of these features 

was evaluated by measuring the LER and circularity of the ridge and rod-type featured 

respectively. LER decreases with the polymerization temperature except for the very low ZnO 

solids loading level. For a given polymerization temperature, the feature fidelity of the patterned 

arrays decreases with increasing ZnO content according to line-edge roughness (LER) 

measurements, inverse circularity and surface roughness. This decrease in feature fidelity indicates 

an increase in particle agglomeration as the particle content increases. The elongation at failure 

decreases with the polymerization temperature and the ZnO content increases while the bending 

radius increases with then. Even at the lowest feature fidelity, the features resulting from all ZnO 

contents result in usable features with LER below 10% of the feature size across all ZnO-PMMA 

compositions. The inverse circularity of the rod-type features was found to be less than 2 across 

all features. The surface roughness testing yielded similarly good results, with the roughest sample 

under 75 nm. At and above 15 vol% ZnO, the films exhibited a large degree of agglomeration, 

which negatively affected feature fidelity. The PL response was also measured on the films. It was 

found that the presence of patterned arrays of rods only slightly increased the PL intensity, 

particularly for the 500 nm and 750 nm feature sizes. The presence of ridge features resulted in 

decreased PL intensity.  
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Chapter 6: Fabrication of Sub-Micron Features on Polymer-Derived SiOC 

via Imprint Lithography 

Abstract: 

 Silicon oxycarbide (SiOC) is a unique class of materials with great potential for facile 

manufacturing of complex shaped high temperature parts and devices. In this study, we examine 

the characteristics of micron-sized ridge and rod patterns of SiOC created by imprint lithography. 

Feature fidelity, shape change, and shrinkage are studied as a function of pyrolysis condition and 

feature size. All the features have acceptable surface fidelity under the pyrolysis conditions 

studied. However, pronounced rounding and flattening of patterned features are observed as the 

pyrolysis temperature increases or the feature size decreases. Based on the Kelvin and Gibbs-

Thomson equations, we can predict the feature evolution and show that the feature rounding and 

flattening are due to surface diffusion and evaporation-condensation. As a result, the features 

also have more linear shrinkage than the bulk. 

6.1. Introduction: 

 Taking advantage of the liquid precursor nature, polymer-derived ceramics have been 

used as a unique manufacturing method for the shaping of ceramic micro-parts at a low cost and 

high throughput [1-4]. The polymer precursors used are generally polysiloxane-based and both 

SiOC and SiCNO ceramics are obtained [1, 5, 6]. Polyhydromethylsiloxane (PHMS) and 

divinylbenzene (DVB) can be patterned before pyrolysis to produce interesting ceramic parts 

such as micro gears, MEMS, or even heat flux sensors [3, 4, 7-10]. With imprint lithography, 

patterns with feature sizes as small as 200 nm can be formed. This means that small sensors or 

integrated circuits are achievable with polymer-derived ceramics [4, 11].  

During pyrolysis, polysiloxane precursors decompose with evaporative release of radical 

groups and gases; the remaining material condenses to form a glassy mixture of SiOC and C [1, 

8, 9, 12]. This amorphous material further undergoes phase separation at >1000°C pyrolysis 

temperatures, forming SiO2 and even SiC. The nanostructural evolution of polymer-derived 

SiOC has been previously studied and shown to vary with pyrolysis temperature [1, 13-17]. At 

pyrolysis temperatures below 1200˚C, the SiOC exhibits an amorphous structure. At 1200°C and 

above, SiO2 nanoclusters begin to form. A positive correlation is found between the pyrolysis 
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temperature and the size of SiO2 nanoclusters, and even graphitic C and crystalline SiC regions 

at higher temperatures [1, 14-17].  The size of these crystalline regions is reported with some 

variation but is usually on the order of 1-20 nm [14, 15, 17]. The evolution of these phase-

separated species and microstructures influences many properties of the SiOC ceramics such as 

electrical conductivity, piezoresistivity, and semiconductor behaviors [1, 14, 17]. For example, 

percolated networks of free carbon within a SiOC ceramic can yield electrical conductivity [1].  

However, with the component size decrease and the phase-separated domains potentially as large 

as 20 nm [14], there could be an effect on the fidelity of patterned submicron features. In 

addition, the mechanisms of the feature shape evolution and the ability to predict the feature 

shape change with pyrolysis conditions are non-existent.   

Relevant applications for patterned SiOC are high-temperature or harsh environment 

components such as gas turbine engines, high-temperature electronics, and various sensors. The 

application temperatures can easily reach 750oC or higher [18, 19]. Various sensors such as tip-

blade clearance in turbine engines as well as pressure and temperature sensors all need to 

withstand the demanding environments [18, 19]. Polymer-derived SiOC is a perfect candidate for 

facile manufacturing of such components due to the easy processing nature of the liquid polymer 

form before being pyrolyzed into the final products. However, it is unknown what kind of feature 

fidelity and scalability these effects have down to the sub-micron range. While parts with a size 

on the order of several microns have been made, only one reference has reported features below 

1 μm [20]. Due to the drastic shrinkage during the polymer to ceramic conversion with up to 

35% volumetric shrinkage, it is unknown what kind of shrinkage scalability these effects have 

down to the sub-micron range [1, 6].   

 This study examines the effect of pyrolysis temperature on the feature fidelity of different 

feature sizes ranging from 1μm down to 250 nm. The feature shape evolution is predicted based 

on thermodynamic fundamentals using a numerical analysis. The shrinkage scalability is studied 

with changing pyrolysis temperature. 

6.2. Experimental Procedure 

6.2.1. PHMS preparation 
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 In this study, PHMS (Gelest Inc., Morrisville, PA) was chosen as the precursor, DVB 

(Sigma-Aldrich, St. Louis, MO) was used as the crosslinking agent, and 2.1–2.4% platinum–

divinyltetramethyldisiloxane complex in xylene (Pt catalyst, Gelest Inc., Morrisville, PA) was used 

as the catalyst. First, DVB was added into PHMS at 60 wt% relative to the PHMS and magnetically 

stirred at 400 rpm for 30 min to form a homogeneous mixture. Next, the diluted Pt catalyst (5 ppm 

relative to PHMS) was introduced into the mixture before being stirred for an additional 30 min at 

400 rpm.  

 

6.2.2. Stamp fabrication 

 

A Si wafer was patterned via a dual beam focused Ga+ ion beam (FIB, FEI Helios 600 

Nano Lab, Hillsboro, OR). The patterns were chosen to be arrays of rods and ridges that were 250 

nm, 500 nm, 750 nm, and 1 μm in size so that the final film would produce rods and ridges of the 

same dimensions. The aspect ratio for all the features was 1:1. The size of the ridge was measured 

as the width across each ridge. A PDMS (ploydimethylsiloxane) stamp was created from a base 

compound and a curing agent (Sylgard 184, Dow Corning Corporation, Midland, MI). The PDMS 

was then poured onto the patterned Si wafer and placed in a vacuum chamber to remove air 

bubbles. After degassing, the PDMS was cured by heating to 100°C for 45 min. 

 

6.2.3. PHMS Stamping 

 

 A substrate of PHMS +DVB was first created by adding several drops of the 

PHMS/DVB/catalyst mixture into a glass petri dish on a hot plate set to 140°C. A thin film of the 

PHMS/DVB/catalyst mixture was then spread onto the substrate using a pipette. Finally, the 

PDMS stamp was placed onto the coated substrate and allowed to crosslink on the hot plate for 1 

hr before demolding. 

 

6.2.4. Feature Fidelity evaluation 
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Feature fidelity was evaluated using scanning electron microscopy (SEM, LEO (Zeiss) 

1550, Thornwood, NY) to determine the line edge roughness (LER) and inverse circularity (IC) of 

the features.  

In order to obtain LER for each patterned ridge feature, software package ImageJ in 

conjunction with the plugin Analyze Stripes was used to determine the average position of the 

ridge edge and the standard deviation of those measurements. First, an SEM image was cropped 

so that only the features were visible. Then the image was converted to greyscale and the contrast 

was heavily increased so that the ImageJ software can better evaluate the LER. The software then 

established the position of each line based on the greyscale values and measured the distance in 

pixels from the edge of the image to the line. From this result, the line position and standard 

deviation of that measurement was isolated. The LER values represented the line edge roughness 

as a percentage of the feature size. 

     The following equation described the precision of this measurement [21]. In this study, at 

least 50 measurements were taken, yielding a minimum of 10% precision. 

nLER

LER

2

1







                                  (6-1)  

where σLER was the standard deviation of the edge positions, and n is the number of measurements. 

IC represented the derivation of a feature from an ideal round shape, which was used as a 

gauge for the patterned rod feature fidelity. Inverse circularity IC was calculated as follows. 

Area

Perimeter
*

4π

1
IC

2

                                       (6-2)  

As the edge of the rods became more distorted, the ratio of the perimeter2 to the area would 

increase, raising the IC of the feature. IC was similarly determined using the Analyze Particles 

plugin in ImageJ. 

 

6.2.5. Feature Fidelity evaluation 

 

In order to evaluate the validity of the mathematical model for the surface curvature, feature 

cross-sections were obtained for both the 500 nm rod and 500 nm ridge feature arrays after 

undergoing pyrolysis at 1400°C. This vertical cross-section was cut using the same FIB instrument 

as discussed in Section 2.2. The beam conditions were 30 kV and 0.26 nA. 
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The simulated 3D ridges and rods were obtained by creating images representing 20 

horizontal slices of the features based on the dimensions predicted by the model to be discussed in 

Section 3.2. Each slice was created by taking the predicted width of each feature at 20 distinct 

points along its height and making a rectangle or circle which represented the horizontal cross-

section of the ridge or rod, respectively. The slices were stacked up and then converted to a smooth 

surface using the “SurfaceGen” feature of the software Amira (version 5.4.1), creating arrays of 

the simulated 3D features. 

6.3. Results and Discussion 

6.3.1. Feature size effects 

 

Fig. (6-1) shows the correlation between the feature size and the feature fidelity (LER and 

IC) as a function of the pyrolysis temperature from 800 to 1400°C. In general, the pyrolysis 

temperature has a more pronounced effect on the fidelity of very small features. Both LER and IC 

increase with decreasing feature size. The LER values vary from 1.03 to 3.61%. The IC values 

vary from 1.11 to 1.43. Even with such feature fidelity changes, all the features remain relatively 

smooth - less than 5% LER – and meet the general device needs as the LER limit is generally set 

at 10% of the feature sizes [21-23]. 
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Figure 6-1: LER and IC values as a function of feature size for 800, 1000,1200 and 1400˚C. SEM 

images of ridge-type features across various sizes and pyrolysis temperatures. Scale bar represents 

2 μm. 

  

Pyrolysis temperature also impacts the feature fidelity. For the same feature size, from 

800°C to 1200°C, there is an incremental increase in LER with increasing pyrolysis temperature. 

As an example, for the 500 nm features, the LER increases from 2.7% to 3.0% and then to 3.4%, 

for the pyrolysis temperatures of 800°C, 1000°C, and 1200°C. At 1400°C, there is a drop in LER 

to 1.3% because the features become smooth (Fig. (6-1c)). For the other feature sizes of 250 nm 

and 750 nm, the same decreasing trend can be observed. For the 1000 nm features, the LER 

increases with the pyrolysis temperature up to 1200°C. At 1400°C, the features become so 
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smoothed out that they cannot be quantified. This phenomenon can be explained by the increase 

in surface diffusion at this high temperature (Section 3.2); it smooths out rough spots or other 

artifacts from the imprinting process. Although the edges of the array are distorted, the remaining 

features are very smooth. 

The inverse circularity is also similarly affected by the pyrolysis temperature. At 800°C 

pyrolysis temperature, the IC increases in a linear fashion from 1.11 for the 1 μm features up to 

1.18 for the 250 nm features. At 1000°C pyrolysis temperature, the IC increases in a linear fashion 

from 1.13 for the 1 μm features up to 1.23 for the 750 nm features. At 1200°C, the IC increases 

from 1.17 for the 1 µm size feature to 1.43 for the 250 nm feature. The slope of the IC also increases 

with the pyrolysis temperature from 9.33x10-5 nm-1 for the 800˚C pyrolysis condition, to 1.33xe-4 

nm-1 for the 1000˚C pyrolysis condition, up to 3.07x10-4 nm-1 for the 1200˚C pyrolysis condition. 

The 1400˚C features again became too smooth to be measured due to the surface diffusion effect 

(Section 3.2). 

As seen in Figs. (6-1a) and (6-1b), the feature fidelity loss with the pyrolysis temperature 

increase holds true up to 1200°C, after which the feature LER and IC decrease drastically to values 

lower than those even after the 800°C pyrolysis. This is mainly due to the smoothing effect from 

surface species evaporation and surface diffusion as to be discussed in Section 3.2. Fig. (6-1c) 

shows the SEM images of the features after pyrolysis. After 1400°C pyrolysis, the surface of the 

features become smooth due to surface diffusion (Section 3.2). Another major observation is the 

distortion at the array edges. This distortion can be explained based on the shrinkage-induced stress 

during pyrolysis.  At the green state and the 800°C pyrolysis condition, the features have high 

fidelity and the ridges have equal spacing. As the temperature increases to 1400°C, the conversion 

from the polymer to ceramic progresses, the evaporation, surface diffusion, and rearrangement of 

the involving species induce inward movement of the patterned array edges, leading to either 

curved pattern edges or connection with the rod features. At the same time, the surfaces of the 

features become smoother. Thus, even though the LER and IC decrease to very low values, the 

patterned arrays have lost their features at the edges. 

 

6.3.2. Feature shape evolution 
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The pyrolysis temperature has a very pronounced effect not only on the feature fidelity but 

also on the feature shape evolution. In our work, it has been repeatedly observed that as the 

pyrolysis temperature increases the features become more rounded and eventually flatten out. Figs. 

(6-1a) and (6-1b) even show the total disappearance of the small features. Fig. (6-2) shows an 

example of the cross sections of the 500 nm ridges (a) and rods (b) after the 1400°C pyrolysis. As 

seen, both types of features flatten to a certain extent. The overall feature shape changes can be 

numerically predicted based on the SiOC system and the pyrolysis condition as shown beneath 

each experimental image and will be explained in Section 3.2.  

 

Figure 6-2: Rounded and flattened (a) ridges and (b) rods along with the 3D reconstructed ridges 

and rods from the simulation. All the data are for the 500 nm features pyrolyzed at 1400°C. 

 

The rounding and flattening phenomena for the patterned SiOC features are related to two 

main processes: the local partial pressure difference for the gases evaporating from the surfaces of 

high local positive curvature and condensing onto regions of high local negative curvature, and 

the self-diffusion of the species within SiOC [24, 25]. When considering evaporation-

condensation, it is prudent to begin with the Kelvin equation.  

rRT

V

p

p m2
ln

0











        (6-3) 

where p is the equilibrium pressure over a curved surface, p0 is the partial pressure over a flat 

surface, γ is the surface energy, Vm is the molar volume, r is the radius of curvature, R is the gas 

constant, and T is temperature. From here, the flux of atoms being emitted from areas of higher 

curvature (θout) as a function of the local pressure and the flux of atoms being deposited onto areas 

of lower curvature (θin) as a function of the local pressure can be calculated [24, 25]: 
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𝜃𝑜𝑢𝑡 =
𝑃𝑐𝑜𝑛𝑐𝑎𝑣𝑒

(2𝜋𝑚𝑘𝑇)
1
2

                     (6-4) 

𝜃𝑖𝑛 =
𝑃𝑐𝑜𝑛𝑣𝑒𝑥

(2𝜋𝑚𝑘𝑇)
1
2

        (6-5) 

where m is the molecular weight, and k is the Boltzmann constant. For example, we can estimate 

the partial pressure of CO gas evolving from the SiOC system as it pyrolyzes by taking values 

from literature (p0). At 1200˚C, the partial pressure of CO is roughly 0.1 atm [26]. Using the net 

flux, we can determine the normal velocity of the surface due to evaporation-condensation [25]. 

𝑣 =
𝑝0Ω

(2𝜋𝑚𝑘𝑇)
1
2

[1 − exp (
𝛾𝛺

𝑘𝑇
)]              (6-6) 

where Ω is the molecular volume of 1 molecule of SiOC. Turning to surface diffusion, the Gibbs-

Thomson chemical potential relates the chemical potential μ to the surface curvature K: 

𝜇(𝐾) = 𝐾𝛾Ω          (6-7) 

The surface velocity can be derived from the Nernst-Einstein relation. 

𝑣 =
𝐷𝑠𝛾Ω2𝑋𝑠

𝑘𝑇

𝜕2𝐾

𝜕𝑠2            (6-8) 

where Ds is the self-diffusion coefficient of carbon in SiOC and Xs is the number of atoms per unit 

of surface area. The final feature surface movement velocity due to both evaporation-condensation 

and surface diffusion is the addition of Eqs. (6-6) and (6-8). It is important to note that several of 

these material properties are temperature dependent, including the surface energy γ and the self-

diffusion coefficient Ds. 

In order to find a value for the surface energy density γ at room temperature with limited 

resources, we can construct a simple sessile drop test in which a combination of Young’s equation 

and the Good-Girifalco equation  [27] can be used: 

𝛾𝑆𝐿 = 𝛾𝑆𝑉 − 𝛾𝐿𝑉 cos 𝜃                       (6-9) 
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These two equations together allow us to eliminate γSL, leaving us with only the value for 

γLV, which we can determine through literature, and γSV, which is the value of interest. By 

combining these equations, we can solve for γSV using only the known surface tension of air and 

water and the contact angle of water on the SiOC surface.  



127 

 

𝛾𝑆𝑉 − 𝛾𝐿𝑉 cos 𝜃 = 𝛾𝑆𝑉 + 𝛾𝐿𝑉 − 2
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(𝛾𝑆𝑉𝛾𝐿𝑉)1/2                     (6-11) 

Now that we have a value for γSV at room temperature, we can approximate its value at 

any given temperature using the following equation [28]: 

𝛾(𝑇) = 𝛾0(1 −
𝑇

𝑇∗)                                (6-12) 

where γ0 is the surface energy at 0oC and T* is the critical temperature where the interface 

becomes unstable. To calculate Ds, we can use the classic Arrhenius equation: 

𝐷𝑠 = 𝐷0 ∗ exp (−
𝑄

𝑅𝑇
)                  (6-13) 

Here, Q is the activation energy for diffusion, and D0 is the maximal diffusion 

coefficient. 

For the patterned features, the curvature change over time and the rate of change depend 

on the pyrolysis temperature and the feature size. Mullins predicted the rate of the feature shape 

change over time given a set of material and environmental conditions [24], which was expanded 

upon by several authors. Here we can start from this theory and predict the change in the surface 

profile of the periodic features from the onset of rounded corners to the eventual sinusoidal shapes 

[25, 29-35]. Using the velocity equations below we can estimate how the positions of a series of 

discrete points along a surface will move to alter the feature shapes after a certain number of time 

steps. 

For the initial rounding of the feature corners, we need to look to a more direct numerical 

solution to the classic Mullins theory [25]. First, we can define a series of points with a position ri 

= (xi,yi). Because the points are very close together, we can assume that the local arc length, Δs, is 

simply the distance between two points under examination: Δs = |ri-ri-1|. The curvature at any given 

point is given by: 

𝐾𝑖 = 2 ∗
|𝑇𝑖+1−𝑇𝑖|

Δ𝑠𝑖+Δ𝑠𝑖+1
       (6-14) 

𝑇𝑖 = (𝑟𝑖 − 𝑟𝑖−1)/Δ𝑠𝑖     (6-15) 

The velocity at any point can then be written as: 

𝑣𝑖 =
2𝐷𝑠𝛾Ω2𝑋𝑠

kT
(
𝐾𝑖+1−𝐾𝑖

Δ𝑠𝑖+1
−

𝐾𝑖−𝐾𝑖−1

Δ𝑠𝑖
) (

1

Δ𝑠𝑖+1+Δ𝑠𝑖
) + 𝜃0Ω[1 − exp (

𝛾𝛺𝐾𝑖

𝑘𝑇
)]   (6-16) 
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The position of the points on the surface can be calculated over each time iteration with a 

simple relationship: 

𝑟𝑖(𝑡 + Δ𝑡) = 𝑟𝑖(𝑡) + 𝑣𝑖Δ𝑡𝑛𝑖                            (6-17) 

Here, ni is the surface normal vector: 

𝑛𝑖 = (−𝑦𝑖+1 + 𝑦𝑖 , 𝑥𝑖+1 − 𝑥𝑖)/|𝑟𝑖+1 − 𝑟𝑖|)        (6-18) 

In this study, Eqs. (6-3) through (6-18) are programmed to calculate the feature surface 

shape changes and the results are given in Fig. (6-3) as a function of the pyrolysis temperature, the 

holding time at peak pyrolysis temperature, and the feature size.  

Fig. (6-3a) depicts the feature shape changes for the 500 nm features after 1400°C pyrolysis 

temperature for different time. The features round and flatten quickly within 30 minutes of 

pyrolysis. With longer holding time at 1400°C, the features continue to smooth and flatten out but 

the rate keeps decreasing. After 2 hours, the features are still identifiable, but rounded and 

shortened. Overall, we can observe an even and steady degradation of the feature shape over time.  

Fig. (6-3b) shows the feature shape changes with the pyrolysis temperatures after 2 hr 

holding. The features first experience rounded top corners and then rounded and flattened profiles. 

The shape change is non-leaner. At 800°C, the shape change is localized at the feature corners. 

Then the feature center height even increases at 1200°C. After that, significant feature rounding 

occurs. The corner rounding is in effect for the entirety of the pyrolysis even though the holding 

time effect (Fig. (6-3a)) at the peak pyrolysis temperature is much less than the pyrolysis 

temperature effect (Fig. (6-3b)). 

As to the feature size effect, Fig. (6-3c) shows that the 500, 750, and 1000 nm features only 

show rounded corners after pyrolysis at 1400°C for 2 hours. The 1000 nm features might even 

have some slight height increase. However, the 250 nm features experience a much higher degree 

of rounding and flattening, to an almost invisible profile. The aspect ratio falls only 2% for the 

1000 nm features but 90% for the 250 nm features.  
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Figure 6-3: Feature shape changes as a function of (a) pyrolysis holding time at 1400°C pyrolysis 

temperature for 500 nm size features, (b) pyrolysis temperature for 500 nm features, and (c) 

feature size at 1400°C pyrolysis temperature. 
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Since the simulations are carried out in 2D. To visualize the feature shape changes in 3D, 

Amira software was used to expand the 2D profiles into 3D. The results for the ridges and the rods 

are given in Figs. (6-2a) and (6-2b), along with the tilted and crosscut SEM images of the actual 

500 nm features. The actual features and the reconstructed 3D features based on the simulations 

show very consistent results.  

 

6.3.3. Shrinkage Scalability 

 

During the pyrolysis at <800°C, the PHMS+DVB polymer precursors decompose and H-

containing radials evaporate [36] [37]. Between 450°C and 600°C, the weight loss reached 11.21% 

corresponds to both siloxane products but also a large fraction of methane, ethylene, ethane, and 

benzene-based volatile species such as styrene and/or xylene or toluene. The emission of light 

hydrocarbon species, such as CH4 with a well distinguished peak on the thermogravimetric curve 

at 595°C, is very likely due to the breaking of Si-CH3, or -CH2-CH2- bonds in the polymer and not 

derived from aromatic structures. The aromatic rings remain unaffected and are not fragmented by 

heat but condense at higher temperatures through loss of hydrogen attached to the periphery of the 

aromatic carbon atoms, leading to larger polyaromatic molecules. Continuous increase in the 

pyrolysis temperature above 600°C produces a new CH4 thermogravimetric peak up at 700°C, 

whereas H2 progressively increases until 800°C, but is even still present at 1400°C.  

Drastic shrinkage of the bulk samples and patterned features are expected due to the mass 

loss. At pyrolysis temperatures of 800–1100°C, SiOC consists of a homogeneous network of 

mixed Si–C–O tetrahedra and free C species [5]. With further pyrolysis, carbothermal reduction 

starts around 1350°C, with mainly an escape of CO and also SiO or CO2 [38]. During the pyrolysis 

at 1100°C–1400°C, main reactions take place as follows [39]: 

SiOC→SiO2(amorphous)+C(graphite) + SiC(β)             (6-19) 

SiO2(amorphous) + 3C(graphite) → SiC(β) + 2CO(g)↑      (6-20) 

 Eq. (6-19) represents the SiOC phase separation into amorphous SiO2, SiC(β), and graphite 

(~1300℃). Eq. (6-20) indicates that at T>1300℃, carbothermal reaction occurs between SiO2 and 

graphite, producing SiC(β) and CO gas. We can estimate the partial pressure of CO gas evolving 

from the SiOC system as it pyrolyzes. At 1200°C, the partial pressure of CO is roughly 0.1 atm 

[26]. As a combined result, the features shrink during the pyrolysis.  
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Fig. (6-4) shows an increasing trend in shrinkage for different size features as the feature 

size decreases. The shrinkage differences for the different size features and the bulk are also 

shown. The bulk shrinkage is generally smaller than that of the features, especially at lower 

pyrolysis temperatures. For the ridge features at 800°C pyrolysis temperature, the shrinkage 

increases from 19.4% to 24.1% as the feature sizes decreases from 1 µm to 250 nm. At 1000°C 

pyrolysis temperature, the shrinkage increases from 22.3% to 27.6% as the feature sizes decreases 

from 1 µm to 250 nm. At 1200°C pyrolysis temperature, the shrinkage increases from 24.9% to 

29.3% as the feature sizes decreases from 1 µm to 250 nm. At 1400°C pyrolysis temperature, the 

shrinkage increases from 28.3% to 31.6% as the feature sizes decreases from 1 µm to 500 nm. The 

shrinkage value cannot be measured for the 250 nm size features due to the extensive volatile 

species evaporation and feature shape flattening. For the rod features, the pyrolysis temperature 

and the feature size effects on the shrinkage is less dramatic even though the trend is the same. At 

800°C pyrolysis temperature, the shrinkage is ~24% for all the feature sizes. At 1000°C pyrolysis 

temperature, the shrinkage is ~25.5%. At 1200°C pyrolysis temperature, the shrinkage increases 

from 25.7% to 28% as the feature sizes decreases from 1 µm to 250 nm. At 1400°C pyrolysis 

temperature, the shrinkage increases from 30.3% to 22.3% as the feature sizes decreases from 1 

µm to 500 nm while the shrinkage cannot be measured for the 250 nm size features, again due to 

the extensive volatile species evaporation and feature shape flattening. 
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Figure 6-4: Linear shrinkage of the ridges (a) and rods (b) with different feature sizes. 

 

The fundamental cause for this accelerated feature shrinkage vs. the bulk can be understood 

based on the fact that the smaller features have more exposed surface area, leading to increases in 

surface diffusion and evaporation of volatile gases during pyrolysis, as discussed earlier in this 
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section. We believe that the large shrinkage originates from two folds. One is the SiOC structural 

reorganization induced by the loss of hydrogen and free carbonaceous species. It may have caused 

the resulting SiOC to organize into more condensed structures. The second cause is the accelerated 

carbothermal reaction and thus C loss in the form of CO as expressed by Eq. (6-20). Smaller 

features are more sensitive to this geometry-induced evaporation effect as shown in Fig. (6-5a) 

and causes more shrinkage.  

Another contribution to the increased feature shrinkage is the surface diffusion induced 

feature flattening. After the mass diffuses away from the sharp edges of the features, the feature 

size decreases as shown in Figs. (6-3) and (6-4). Features with a smaller initial size will flatten 

more quickly. While the overall width of the feature at the half height of the ridge or rod remains 

the same, the height of the feature is changing as a function of the initial feature size. Overall, the 

shrinkage for the individual features increases with decreasing feature size.  

As a generalization, the linear shrinkage can be plotted as a function of the surface area to 

volume ratio. At 800°C pyrolysis temperature, the bulk shows much lower shrinkage than the 

features. As the pyrolysis temperature increases, the shrinkage difference between the bulk and the 

features decreases to a certain extent but remain. Overall, the 1 μm features shrink at a similar 

amount as the bulk at 1400°C. This is believed to be due to the more complete removal of the 

evaporative species from the bulk at high temperatures.   
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Figure 6-5: (a) Surface area to volume ratios for various feature sizes. (b) Linear shrinkage vs. 

surface area to volume ratio for different pyrolysis temperatures, the rod type features are 

represented by “o” and the ridge-type features by “●” 

 

6.4.  Conclusions 

In this study, we have successfully created sub-micron feature arrays from polymer derived 

SiOC with good fidelity. Features as small as 250 nm are preserved during pyrolysis with 

temperatures up to 1200°C. Larger features from 500 nm to 1 μm size are preserved with pyrolysis 

temperatures up to 1400°C. A numerical simulation has been used to describe feature shape 

evolution with respect to pyrolysis peak temperature holding time, pyrolysis temperature, and 

feature size. Feature smoothing and flattening increase with the pyrolysis temperature increase and 

the feature size decrease. The linear shrinkage of the features is larger for smaller size features and 

all the features have larger shrinkage than that for the bulk, suggesting that the surface area to 

volume ratio directly influences the mass loss and the feature dimension decrease. 
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Chapter 7: Monte Carlo Simulation Modeling of Nanoparticle-Polymer Co-

Suspensions 

Abstract: 

Creation of high quality and novel polymer-particle nanocomposites to a large extent 

depends on understanding the behaviors of individual polymer chains and particles, especially at 

the mixing state in a liquid solvent. Simulations can help identify critical parameters and equations 

that govern the suspension behaviors. This study is the first attempt to understand the 

agglomeration processes of ZnO nanoparticle and PMMA polymer co-suspensions through a 

constant number Monte Carlo simulation. A modified DLVO theory is used to describe the 

particle-particle interactions that lead to agglomeration. The average agglomerate size and number 

are measured as a function of suspension resting time, particle to polymer volume ratio, polymer 

chain length, and suspension drying. The agglomerate size increases persistently with the resting 

time and particle content increase, ranging from 1.2 μm for the 1 vol% particle content suspension 

to 4.6 μm for the 20 vol% particle content suspension after 30 minutes of suspension resting. The 

agglomerate size distribution for all of the particle contents follows a lognormal distribution. As 

polymer chain length increases, agglomeration also becomes more aggressive. If drying is 

accounted for and thus the solids loading continually increases, the suspension becomes much 

more stable due to increases in viscosity and depletion stabilization. 

7.1 Introduction 

Molecular dynamics simulations, the most common class of simulation techniques, are a 

powerful tool that precisely describes a physical situation with different interacting entities. While 

this is the preferred method for creating an accurate model of particle level interactions, molecular 

dynamics is extremely computationally expensive. Monte Carlo simulation offers much faster 

computation for large systems by using random sampling to produce a result with a statistically 

acceptable error [1-3]. This makes the Monte Carlo approach ideal for modeling nanoparticle-

polymer interactions in a liquid suspension because the simulated volume can include large 

numbers of particles and polymer chains. A Monte Carlo simulation can be carried out multiple 

times in order to reduce the error of the results within a reasonable computation timeframe. 



140 

 

In the case of a polymer-nanoparticle co-suspension, a variety of interactions must be 

accounted for, including forces between polymer chains and between individual particles, and the 

confounding interactions of polymer chains and particles. Molecular dynamics and other 

simulations have offered great insight into how colloidal suspensions behave under a variety of 

conditions, but the focus is mainly on aqueous suspensions [4-6]. Non-polar co-suspensions of 

nanoparticles and polymers are exceedingly difficult to study due to a lack of electrostatic 

interaction and the added complications posed by agglomeration and the complex interaction of 

an entangling network of polymer chains [1].  

Classic DLVO theory describes particle-particle interactions within a medium and 

accounts for two main interaction potentials: van der Waals forces and electrical double layer 

forces [1]. This includes both the interactions between surface atoms and the electrostatic 

interaction of two charged surfaces. In non-polar media, the electrical double layer can be ignored 

due to the inability of the medium to transfer the charge through the space between the two objects; 

however, van der Waals forces alone cannot accurately describe suspensions of particles in non-

polar media.  

DLVO theory can be modified to account for particle settling, steric repulsion, and low-

polarity suspension media. The modifications must account for particle settling, steric layers on 

the particles, and polymer chains [1, 3]. First, it is important to recognize that large agglomerates 

will settle out of a suspension due to gravity. Traditional DLVO theory does not account for this 

as it assumes that individual particles remain in a suspension at all times. Second, particles with a 

steric layer have significantly different Hamaker constants that directly affect the van der Waals 

forces [7, 8]. A steric layer on the particles also increases the effective radius and therefore has a 

very significant effect on short-range interactions [8]. Finally, low-polarity solvents have a 

profound effect on particle-particle interactions as the electric forces are not able to be transferred 

through the suspension itself [3, 9]. With these factors considered, the DLVO theory can be tailored 

to describe an environment in which sterically-stabilized particles are suspended in a non-polar 

fluid.  

Incorporating polymer chains into this model to reflect a co-suspension of nanoparticles 

and polymers is another challenge. There are different theories pertaining to how the polymer 

chains affect particle stability. The most easily observable change is viscosity increase. As more 

polymer chains are introduced, particularly high molecular weight polymers, the viscosity 
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increases, which should be beneficial to the stabilization of the particles. However, there is also 

the potential for depletion flocculation, a phenomenon where an osmotic pressure is created by a 

lack of polymer chains between particles [10-13]. This osmotic pressure can act as a stabilization 

or destabilization force depending on the concentration and molecular weight of the polymer [10, 

14].  

Additionally, long polymer chains can entangle and introduce phase separation as larger 

and larger clusters of entangled polymer chains are formed [15-17]. Depending on the degree of 

entanglement and the volume ratio of particles to polymer, the polymer chains also impose a 

physical impediment to the motion of the particles. Polymer entanglement is also directly related 

to the suspension viscosity [18-21]. A large degree of entanglement results in a more viscous 

suspension. At a low solids loading, there is very little entanglement due to the dispersing nature 

of the chains. As the solids loading increases, the chains will move and entangle at higher and 

higher rates, non-linearly affecting the suspension viscosity and thus slowing down the 

agglomeration of nanoparticles [22]. This is also in direct conflict with the propensity of 

nanoparticles to agglomerate at high volume concentrations. The conflict is especially difficult to 

overcome if the nanoparticles need to be dispersed in a solvent prior to mixing with the polymer 

where agglomeration can occur. This complex relationship must be accurately described and 

understood in order to appropriately model nanoparticle agglomeration in these environments. 

This study is the first attempt to determine the degree of agglomeration in nanoparticle-

polymer co-suspensions by a Monte Carlo simulation. The focus is to estimate the agglomeration 

behaviors of nanoparticle-polymer co-suspensions. It considers both the interactions between 

particles and the influence of polymer chains on particle agglomeration. Solids loading effect has 

been modelled through the suspension drying process. The final surface roughness results are 

compared against experimental results from sedimentation studies.  

7.2 Fundamental principles 

7.2.1 Modeling methods 

Fig. (7-1) describes the steps and principles of the simulation. Inspired by previous research 

[1], this simulation estimates the final average agglomerate size by solving for the average 

agglomeration frequency of all particle pairs in a simulated area. Borel's strong law of large 

numbers, which states that the average of a sufficient number of randomly and independently 
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selected values from a distribution will approach the expected value, allows us to simulate a 

relatively small area and expect those results to be similar to the behavior of the suspension as a 

whole [23, 24]. This approach saves hours and even days of simulation time while still accurately 

describing the nanoparticle agglomeration behaviors. Modifications have been made where 

appropriate to incorporate the influence of a non-aqueous suspension as well as sterically stabilized 

particles and the presence of polymer chains. 

 

Figure 7-1. Flowchart of the Monte Carlo simulation steps. 

 

The size of the simulation box varies in order to accommodate the changing size of the 

agglomerates while the number of particles and/or agglomerates is held constant at 1,000. Polymer 

chains, when not directly modeled, are represented in the viscosity equations. The average 

agglomerate size will continue to increase over time in an unstable suspension but tend to stabilize 

over the course of 10 simulated hours if the suspension becomes stable. The total simulation time 
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tfinal is determined by the suspension state when the agglomerate size stops significantly changing 

[1].   

 

7.2.3 Modeling Equations 

 

In order to determine which nanoparticle pairs will agglomerate, the agglomeration 

frequency, kij , for two particles i and j can be calculated based on the Smoluchowski coagulation 

theory, which solves for total agglomeration attempts �̂�𝑖𝑗 [1]:  

�̂�𝑖𝑗 = 𝑘𝑖𝑗𝑛𝑖𝑛𝑗                            (7-1) 

where kij is the agglomeration frequency according to Brownian motion, and ni and nj are the 

number frequency of particles i and j, respectively. kij can be described as follows [1]: 

𝑘𝑖𝑗 =
𝛽𝑖𝑗

𝑊𝑖𝑗
                     (7-2) 

where βij and Wij are the collision frequency according to the Brownian motion and the stability 

ratio, respectively. The collision frequency βij according to the Brownian motion is dependent on 

the Boltzmann constant (k), temperature (T), viscosity (η), and size of the interacting particles (r) 

[1]. 

𝛽𝑖𝑗 =
2𝑘𝑇

3𝜂
(𝑟𝑖 + 𝑟𝑗) (

1

𝑟𝑖
+

1

𝑟𝑗
)                           (7-3) 

The stability ratio Wij is the ratio of the number of collisions that result in agglomeration 

to the total number of collisions. This can be re-written in the following form [1]: 

𝑊𝑖𝑗 = 2∫ exp
[
Φ𝑇,𝑖𝑗

𝑘𝑇
]

𝑠2 𝑑𝑠
∞

2
                           (7-4) 

Where ΦT,ij is the total interaction energy between i and j, k is the Boltzmann constant, s = 

2Rcc/(ri+rj) where Rcc is the particle center to center distance, and T is temperature in Kelvin. 

The total interaction energy is largely dependent on the van der Waals force [1]: 

Φ𝑣𝑑𝑤,𝑖𝑗 = −
𝐴ℎ

6
[

2𝑟𝑖𝑟𝑗

𝑅𝑐𝑐
2−(𝑟𝑖+𝑟𝑗)

2 +
2𝑟𝑖𝑟𝑗

𝑅𝑐𝑐
2−(𝑟𝑖−𝑟𝑗)

2 + ln(𝑅𝑐𝑐
2 −

(𝑟𝑖+𝑟𝑗)
2

𝑅𝑐𝑐
2−(𝑟𝑖−𝑟𝑗)

2)]   (7-5) 

However, the Hamaker constant (AH) must be calculated for each combination of solids 

and fluid [7]: 

𝐴𝐻 =
3𝑘𝑇

4
(
𝜖𝑠(0)−𝜖𝑓(0)

𝜖𝑠(0)+𝜖𝑓(0)
)
2

+
3ℎ𝜔

32𝜋√2

(𝑛𝑠
2−𝑛𝑓

2)
2

(𝑛𝑠
2+𝑛𝑓

2)
3/2                              (7-6) 
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where εf(0) and εs(0) are the dielectric constants of the fluid and solids, respectively, h is Planck’s 

constant, nf and ns are the refractive indices of the fluid and solids, respectively, and ω is the 

rotational frequency. 

 The steric layer thickness must be considered when altering the values in Eq. (7-5) to 

accommodate the particle separation and effective particle radius. This can be done as follows [8]:  

𝑟 = 𝑟0 + 𝐿𝑠𝑡𝑒𝑟𝑖𝑐               (7-7) 

where Lsteric is the steric layer thickness, and r0 is the original particle radius. The steric layer forces 

particles apart, making the minimum separation distance twice the width of the steric layer. An 

extreme repulsive force is exerted when another particle is placed to cause the steric layers to 

overlap. This results in an osmotic pressure Π between two overlapping surfactant brushes, which 

is described as follows [25]: 

Π =
𝑘𝑇

(
1

Γ
)

1
2

[(
2𝐿𝑠𝑡𝑒𝑟𝑖𝑐

𝑥
)

9

4
− (

𝑥

2𝐿𝑠𝑡𝑒𝑟𝑖𝑐
)

3

4
]                         (7-8) 

where Γ is the average distance between attachment points, x is the separation distance of two 

particles. In order to find the energy potential of this interaction, we must take into account the 

overlapping volume wherein this interaction takes place. This can be approximated by the 

overlapping volume of two spheres of radius ri and rj, respectively. The interaction is also affected 

by the polymer chains. Primarily, the chains will retard the movement of the particles until the 

particle/polymer volume ratio is high enough. The viscosity of the suspension will increase with 

added polymer chains, even though it has also been shown that the entanglement of the polymers 

is only present at relatively low particle:polymer ratios [17].  

Before we can directly calculate the polymer chain entanglement effect, we must consider 

a number of properties of the dissolved polymer chains. It is important to note that for this study 

the solvent is assumed to be a theta solvent for the polymer. Each polymer chain is constructed by 

a random walk. From the first monomer, a random directional vector is generated and then 

normalized to the monomer diameter. Each additional monomer is placed by generating another 

random vector, and then adding it to the previous directional vector. The two vectors (old and new) 

are weighted by a straightness factor and a 1-straightness factor, respectively. The straightness 

factor was 0.7 for this study so that the root mean square end-to-end distance was the same as the 

polymer used in our experimental verification, poly(methyl methacrylate) (PMMA), which has a 

characteristic ratio of C∞ = 9.2 [26, 27]. 
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The global movement of a polymer chain is simply Brownian motion where the distance 

in any one cardinal direction is [1]: 

𝑑𝑥,𝑦,𝑧 = 𝑃 ∗ √2 ∗ 𝐷 ∗ 𝑡𝑎𝑔𝑔                (7-9) 

𝐷 =
𝑘𝑇

6∗𝜋∗𝜂∗R𝑔
            (7-10) 

where P is a probability factor based on a normal distribution, D is the diffusion coefficient, η is 

viscosity, and Rg is the radius of gyration: 

𝑅𝑔 = 𝑙 (
𝑁

6
)

3

5
                             (7-11) 

where l is the length of each segment, and N is the number of monomers in the chain. 

As the polymer chains move, there is a chance that they become entangled. Entanglement 

status is determined by how many times a polymer chain comes close to another chain. There is 

no clear definition on exactly when a polymer chain becomes entangled. However, various studies 

have attempted to identify a mathematical definition based on persistent and tight contacts along 

the mean-free path of a chain [20, 28-30]. If one polymer chain has a run of monomers all in close 

proximity to a similar number of monomers in the second chain, a point of contact can be assumed. 

Convention would suggest that if 3 or more of these points of contact exist along a single polymer 

chain, that chain can be considered entangled [20]. While more complex theories of entanglement 

exist [28, 30-32], this approximation is used to reduce the computational expense of the model. 

Future study would be useful to determine if this approximation yields a similar entanglement 

molecular weight to current literature values for PMMA of ~30,000 [33].  

Another way to improve on this model would be to allow tangles to de-tangle. In 

conventional models, entangled chains follow a reptation-type movement because their movement 

is restricted by other polymer chains present in the tangle. This snake-like movement continues 

until the polymer exits the tangle after a relaxation time, τ [29, 34]. Again, for lack of 

computational resources, this was ignored, and all tangles were assumed to be permanent. This 

establishes a worst-case scenario in terms of agglomeration growth, resulting in slightly larger 

agglomerates. The decisions to simplify the polymer portion of this model do not have an 

appreciable affect on the agglomeration behavior results, a claim that is supported by Figs. (7-7) 

through (7-11). 

It is also important to know the size and shape of a polymer chain in order to establish a 

zone of exclusion for entangled chains. In order to approximate the shape of any given polymer 
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chain, an ellipsoid is drawn around the chain such that 95% of its monomers are included in the 

ellipsoid. To do this, we first calculate a shape tensor, Qα,β, based on the variance and covariance 

of the positions of the monomers relative to the chain’s center of mass [29]: 

𝑄𝛼,𝛽 =
1

𝑁
∑ (𝑀𝛼,𝑛 − 𝑀𝛼,𝑐𝑚)(𝑀𝛽,𝑛 − 𝑀𝛽,𝑐𝑚)𝑁

𝑛=1                         (7-12) 

α and β determine the components of the position matrix M (x, y, or z), n is the current monomer, 

and cm denotes the center of mass. From this matrix we compute: 

0.2 ∗ [

𝑥 − 𝑥𝑐𝑚

𝑦 − 𝑦𝑐𝑚

𝑧 − 𝑧𝑐𝑚

] ∗ 𝑄𝛼𝛽
−1 ∗ [(𝑥 − 𝑥𝑐𝑚) (𝑦 − 𝑦𝑐𝑚) (𝑧 − 𝑧𝑐𝑚)] = 1            (7-13) 

This gives us an ellipsoid in the form of ax2 + by2 + cz2 + dyz + ezx +fxy =1, assuming that 

it is centered around the mass center of the polymer chain. This ellipsoid is especially important 

for establishing the so-called zone of exclusion. Any particle trapped in the ellipsoid containing 

entangled polymer chains is prohibited from agglomerating with particles outside of the ellipsoid. 

Additionally, particles outside of the ellipsoid are forbidden from entering the ellipsoid via 

Brownian motion or Stokes settling. This would increase the effective concentration of particles 

outside of the polymer entanglements.  

As to the actual effect of the polymer chains on the interactions of the individual 

nanoparticles, depletion flocculation or stabilization is the key mechanism for changing the 

agglomeration behavior of the suspension. The interaction energy of flocculation can be calculated 

and added to the van der Waals interaction [14]: 

Φ =
−3𝑑𝜙𝑘𝑇

2𝜎
+

𝑑𝜙2𝑘𝑇

10𝜎
(12 − 45𝜆 + 60𝜆2)             for h < σ                          (7-14a) 

Φ =
𝑑𝜙2𝑘𝑇

10𝜎
(12 − 45𝜆 + 60𝜆2 − 30𝜆3 + 3𝜆5)     for σ ≤ h ≤ 2σ                  (7-14b) 

Φ = 0                                                                     for h > 2σ                        (7-14c) 

where d and σ are the particle and polymer diameters, respectively, x is the separation distance of 

two particles, ϕ is the polymer volume fraction, and λ is the scaled length λ=(h-σ)/σ. Together, 

Eqs. (7-1) through (7-8) and Eqs. (7-14a-c) describe the particle-particle interactions and the 

influence of the polymer chains. All of these interactions are considered in the calculation of the 

agglomeration frequency. Once this value is calculated for all the particle pair interactions in the 

system, they are summed. A random number between 0 and this summed value is generated. The 

pairs are summed again, and when this random value is reached, the particle pair is selected for 

agglomeration. 
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After the pair is selected, the time it takes to complete this agglomeration is calculated 

through the agglomeration frequency and that time is the time step value tagg. This value is added 

to the total simulation time tfinal. After the particles are agglomerated, both the polymer and particle 

movements are calculated based on the Brownian motion using Eq. (7-9) and Stokes settling 

velocity as shown in Eq. (7-15) [1]: 

𝑣𝑠,𝑖 =
2(𝜌𝑝−𝜌𝑓)(1−𝜙𝑖)𝑔𝑟𝑖

2

9𝜇
                (7-15) 

where ρp and ρf are the densities of the particles and fluid, respectively, ϕ is the volume fraction of 

the particles in the suspension, g is the acceleration due to gravity, r is the particle radius, and  is 

the suspension viscosity. 

 Suspension drying can be simulated by increasing the solids loading over time based on 

the drying behaviors observed in a previous study concerning the solvent uptake behavior of a 

ZnO-PMMA suspension in the presence of a polydimethylsiloxane (PDMS) stamp [35]. The solids 

loading over time follows a cubic function that takes 25 minutes to complete. During these 25 

minutes, the solids loading and viscosity increase. 

7.3 Results and Discussion 

7.3.1 Interaction Potentials 

 

This simulation study is based on the physical experiments described in detail elsewhere 

[36]. Briefly, the system involves a co-suspension of ZnO nanoparticles and PMMA in anisole 

with nonanoic acid as a particle surfactant (~1 nm surface brush thickness). The suspension 

conditions are as follows: a ZnO particle diameter of 30 nm, a nonanoic acid steric layer with a 

thickness of 1 nm, a PMMA degree of polymerization ranging from 500 to 5,000, and the ZnO 

content in the ZnO and PMMA mixtures ranging from 1 to 20 vol% ZnO. The total solids loading 

of both the particles and polymer in anisole is held constant at 2 vol%. 

The interaction energy contributions from the van der Waals forces, steric repulsion, and 

depletion stabilization are shown in Fig. (7-2) as a function of particle-particle separation distance.  
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Figure 7-2: Interaction potentials as a function of particle-particle separation distance in the ZnO-

PMMA co-suspension with a total solids loading of 2 vol%. 

 

As expected, the van der Waals force is always negative and increases dramatically as 

particles approach each other within 2 nm.  

The effect of the free polymer chains on the interaction potential is primarily reflected by 

the depletion forces. When the particle separation distance is on the order of the radius of gyration 

of the polymer, which is ~3 nm for PMMA with a Mw of 100,000, there is an absence of these 

chains to cause a negative osmotic pressure. The free polymer chains only influence the particle 

interactions at separation distances less than 10 nm apart. For particles in close proximity, but far 

apart enough to allow the chains to be present between them, there exists a positive osmotic 

pressure that acts as a repulsive force. Once the particle separation greatly exceeds the radius of 

gyration (~12 nm), the effect of the polymer can be entirely ignored [14].  At the low solids loading 

of 2 vol% considered in this simulation, the polymer predominantly imposes an attractive force, 

which increases rapidly when the particle-particle separation distance decreases to <5 nm.  

In Fig. (7-2), the only repelling interaction between the particles is the steric stabilization. 

When two particles approach each other, the repulsive force increases asymptotically at ~2 nm. 

However, in this study, the steric layer represents the minimum separation distance between 
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particles and it is not practical to rely on the steric interaction potential to maintain the suspension 

stability. If the steric layer can be increased until it exceeds the distance where Van der Waals 

forces and polymer depletion are strongly attractive, the suspension could be stabilized. This would 

require a steric layer thickness of at least 2 nm. Further results on this would be reported later.   

On the combined interaction potential curve in Fig. (7-2), a potential “well” exists between 

2 nm and 6 nm separation distance, which means that when the particles move close together via 

Brownian motion or by an attractive force, the particles are very likely to form an agglomerate. 

When the particle-particle separation distance is greater than 4 nm, there is a very small (almost 

negligible) repulsive force for the 2 vol% ZnO-PMMA suspension. This means that the 

predominant mechanism for nanoparticle repulsion in a non-polar solvent is steric stabilization. 

This happens when the steric layers on both particles come in contact, the physical hindrance 

asymptotically increases to extremely large values. As long as the particles can repel and separate, 

agglomeration can be avoided. However, it is very likely that the particles have already become 

‘attached’ through the potential “well”, and agglomeration is already initiated. This observation is 

consistent with the persistent agglomeration for the 2 vol% solids loading suspensions in this work.  

Fig. (7-3) shows the interaction potentials of the suspensions at different total solids 

loading (ZnO nanoparticles+ PMMA chains) conditions. As the total solids loading increases, the 

positive energy barrier at ~5 nm particle-particle separation distance becomes more dominant. This 

means that at high total solids loading levels, particles have to overcome a high energy barrier 

before the steric layers come into contact and create repulsion. A high solids loading up to ~40 

vol% appears to be a good starting condition for a stable suspension. If the solids loading is too 

high, such as 50 vol%, it would be impossible to make those suspensions. Even for the suspensions 

with 40 vol% solids loading, the viscosity can be too high and make the processing impossible 

based on our experimental work [35, 36]. Thus, for this work, all the agglomeration simulations 

(except for the drying process) are conducted at 2 vol% total solids loading, to be consistent with 

our earlier experimental work [35, 36]. 
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Figure 7-3. Total interaction potentials as a function of particle separation distance for a 

suspension with 2-50 vol% solids loading. 

 

7.3.2  Agglomeration size distribution 

 

In our experiments, 30 minutes of simulation time represents the maximum amount of time 

that the suspensions sit idle before being patterned into features on solid films [36]. The specific 

patterning process involves spreading a thin layer of the suspension onto a glass substrate, before 

placing the coated glass on top of a patterned PDMS mold wherein the suspension would dry 

rapidly, in as little as 20 minutes.  Fig. (7-4) shows the progression of agglomeration with 

increasing ZnO content. As the ZnO content in the ZnO+PMMA co-suspension increases from 1 

to 20 vol%, the average agglomerate size as well as the largest agglomerate size increase. The 

agglomerate size is the smallest for the 1 vol% ZnO suspension as shown in Fig. (7-4a). As the 

ZnO content increases, the average agglomerate size keeps increasing. These data show that above 

5 vol% ZnO (Fig. (7-4b)), it becomes very difficult to control agglomeration, and that for the 

suspensions with higher than 10 vol% ZnO (Fig. (7-4c)), our experiments show that it is not 

practical to be used for hybrid feature patterning. This concurs with the heavy agglomeration seen 

for the 15 and 20 vol% ZnO  conditions in Figs. (7-4d) and (7-4e) [36].  
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Figure 7-4. Simulation boxes for the 1, 5, 10, 15, and 20 vol% ZnO (on the basis of ZnO+PMMA) 

suspensions at 30 minutes of simulation time. The suspension total solids loading is 2 vol%. 
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Figs. (7-4d) and (7-4e) show that not only the average agglomerate size increases at high 

ZnO content, but the maximum agglomerate size relative to the average agglomerate size also 

increases. This is because larger agglomerates experience higher attractive van der Waals forces 

than the smaller agglomerates as shown in Eq. (7-5).  

Fig. (7-5) shows the agglomerate size distributions of the suspensions at different ZnO 

contents after 30 simulated minutes. The average agglomerate size increases with increasing ZnO 

content, from 1.5 μm for 1 vol% ZnO, to 2.9 μm for 5 vol% ZnO, to 3.4 μm for 10 vol% ZnO, to 

4.2 μm for 15 vol% ZnO, and to 4.6 μm for 20 vol% ZnO. All of the agglomerate size distribution 

curves fit a loosely lognormal distribution, which is typical of nanoparticle suspensions [37]. The 

tail on the lognormal distribution becomes more exaggerated as the ZnO content increases. This 

indicates that the maximum agglomerate size is increasing in relation to the average size. This 

effect can be seen visually in Fig. (7-4) as discussed, where the higher ZnO content conditions 

show a wider range of agglomerate size, while the lower ZnO content conditions show a narrower 

range of agglomerate sizes. In real practices, for features significantly smaller than the average 

agglomerate size, the particle content in those features will be reduced. For features smaller than 

the minimum agglomerate size, feature fidelity will be compromised. 

 

Figure 7-5: Agglomerate size distribution and lognormal fitting for different ZnO contents at 30 

minutes of simulation time for the ZnO-PMMA co-suspensions. 
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The changes in the average agglomerate sizes over time at different ZnO contents are 

shown in Fig. (7-6). They increase with the ZnO content as expected based on our previous 

experimental results [36]. At the beginning, the increase is drastic but slows down at longer 

suspension resting time. As the ZnO content increases in the suspension, the agglomeration size 

shows a slightly lower dependence on the ZnO content. This is most likely because agglomeration 

events are happening at near maximal rates, increasing the ZnO content cannot make as big a 

difference.  

 

Figure 7-6: Average agglomerate size over time with varying ZnO content. 

 

It is also important to note that our simulation shows that the Stokes settling starts to exceed 

the Brownian motion when the agglomerate size approaches between 2 and 2.5 μm, which can be 

determined by tracking the Brownian motion and Stokes settling distances in the simulation code. 

This is not to say that larger agglomerates could form, but rather that the growth will be limited by 

the size of the suspension container and how far the agglomerates can travel before they completely 

settle on the bottom of the container. This may have influenced the average agglomerate size at 

high ZnO contents. Fig. (7-6) also indicates that a suspension should be used for consolidation to 
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solid state as soon as it is made. Any resting would cause agglomerate formation. Regardless, these 

suspension conditions are unstable, as the agglomeration size continues to grow rather than 

leveling off [1]. It means that if the suspension were left in a container for long enough time, the 

majority of the particles would settle out rather than remain suspended.  

 

7.3.3 Chain length effect 

 

  Fig. (7-7) shows the average agglomerate size change vs. the simulation time for different 

PMMA chain lengths in the co-suspensions. The length of the polymer chains has a pronounced 

effect on the agglomerate size. Longer polymer chains result in larger agglomerates. The 

agglomerate size increases from 13.9 μm, to 14.5 μm, to 15.2 μm, and to 15.7 μm for 500, 1000, 

2500, and 5000 monomers, respectively after 30 minutes of the simulation time. In reality rather 

than simulation, there are two corresponding scenarios. One is to start the nanoparticle-polymer 

co-suspensions by using different chain length polymers. The other is forming different chain 

length polymers by in-situ polymerization, where the ZnO particles are mixed with a monomer 

solution before initiating a free radical polymerization process. For the former, apparently a shorter 

chain polymer is recommended in terms of agglomeration behavior, but in terms of the final 

flexibility of the hybrid,  the molecular weight must stay above the entanglement molecular weight, 

which for PMMA is about 300 monomers long [33]. For the latter, the polymer chain length can 

grow slowly over ~5 hours before a suspension can be used. This allows more time for the co-

suspensions to sit while polymerization occurs, which will lead to more time for agglomeration 

and should be minimized.  
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Figure 7-7: Average agglomerate size over time with varying number of monomers in the polymer 

chains. 

 

The fundamental cause for the larger agglomerate size under longer polymer chain length 

is primarily due to the depletion stabilization, where a smaller radius of gyration yields a larger 

stabilization effect. More monomers in polymer chains increase the osmotic pressure between 

particles. Eq. (7-14b) shows this effect numerically. 

It should also be mentioned that the polymer chain length and the co-suspension 

temperature are closely connected. The co-suspension temperature directly influences the 

suspension stability through the fundamentals in Section 2 (Eqs. (7-3) through (7-15)). Higher 

temperature leads to more agglomeration for a given polymer chain length because of the increase 

in amplitude of the Hamaker constant and subsequently the van der Waals potential as seen in Eq. 

(7-5). However, high temperature leads to shorter polymer chains for in-situ polymerization [38]. 

This means that it is important to optimize the in-situ polymerization temperature to produce the 

smallest agglomerates possible.  

 

7.3.4 Drying effect 
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A suspension undergoes a variety of changes during drying to solid state. In this simulation 

study, the drying process takes roughly 25 minutes at ambient conditions. The time and rate of the 

solids loading increase is directly taken from previous experiments [35]. The most prominent 

change is the solids loading increase. Due to the higher solids loading, the viscosity also increases 

due to the increased concentration of particles and polymer chains, as well as increased polymer 

chain entanglement. While the increased solids loading alone would increase agglomeration, the 

increases in the suspension viscosity and the polymer entanglement hinder agglomeration. The 

simulated agglomerate size change with the suspension drying time is shown in Fig. (7-8).  

 

Figure 7-8: Average agglomerate size change during drying for different ZnO content suspensions. 

 

 For the 1 vol% ZnO condition, the final agglomerate size is 100 nm, which is ~3 times that 

of the primary particle size. At 1, 5, and 10 vol% ZnO conditions the agglomerate size is very 

stable at the end of the drying process, with a standard deviation of less than 25 nm. Average 

agglomerate size and the standard deviation steadily increase for the 15 and 20 vol% ZnO 

conditions. In addition, the agglomerates grow quickly at the end of the drying process, likely due 

to the close proximity of the nanoparticles at the high solids loading conditions. Even the increases 

in viscosity and polymer entanglement are not enough to inhibit agglomeration. 
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Fig. (7-9) is a visual representation of the data in Figs. (7-8) and (7-10) (which will be 

discussed later). Most notably, the upper agglomerate sizes for the 15 and 20 vol% ZnO conditions 

are much larger. In addition, the agglomerate size distribution is very wide for the 15 and 20 vol% 

ZnO contents but relatively narrow for the 1 and 10 vol% ZnO conditions. The wider range of 

agglomerate sizes should allow the high ZnO content conditions to pack efficiently despite their 

large average size.  
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Figure 7-9: Simulated dry sample agglomerate distributions at different ZnO contents: (a) 1 vol%, 

(b) 5 vol%, (c) 10 vol%, (d) 15 vol%, and (d) 20 vol%. 
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Fig. (7-10) shows the agglomerate size distributions for the 1, 5, 10, 15, and 20 vol% ZnO 

suspensions after drying. The average agglomerate sizes for the samples with 1, 5, 10, 15, and 20 

vol% ZnO contents are 100 nm, 192 nm, 287 nm, 460 nm, and 534 nm, respectively. Similar to 

the non-drying case, the tail for the lognormal distributions becomes more exaggerated for the 

higher ZnO content conditions. This is consistent with the results in Fig. (7-9). The agglomerates 

are not only smaller, but also have tighter size distributions than their counterparts from the non-

dried suspensions. Particularly at 1 vol% ZnO content, there are a very large number of small 

particles and very few larger particles. These size distributions show us that even though the 

suspensions themselves might be ultimately unstable, the drying process can help to prevent 

further agglomerate growth. The suspensions of this nature should be used as quickly as possible 

after preparation to yield the best possible results. 

  

Figure 7-10: Agglomerate size distributions after suspension drying. 

 

In order to further validate the simulation results, dried ZnO-PMMA hybrid surface 

roughness is measured using atomic force microscopy (AFM) and compared with the results from 

the simulation (Fig. (7-11)). For the simulation results, it is obtained by choosing a random plane 

within the simulation box. After that, random x and y locations are chosen, and the resulting 

positive z location can be found for each particle that intersected with the plane. In this way, the 
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AFM results are simulated. Fig. (7-11) shows that the results from the two approaches are very 

similar, confirming the validity of the simulation.  

 

Figure 7-11: Comparison of the surface roughness for the actual ZnO-PMMA samples and the 

simulation results. 

 

7.4. Conclusions 

Simulations of ZnO-PMMA co-suspensions in anisole are conducted based on a unique 

Monte Carlo approach. Interparticle energy potentials are considered from the contributions of 

attractive van der Waals forces, repulsive steric forces, and depletion forces that can be attractive 

or repulsive depending on interparticle distance and polymer content in the suspension. The ZnO 

agglomerate size has a strong dependence on the ZnO content in the ZnO-PMMA co-suspensions 

and a slightly less dependence on the PMMA polymer length. Regardless, agglomerate size 

increases continuously with the ZnO content and the polymer length. The more stable suspensions 

and smaller agglomerate sizes with the total solids loading increase (by simulating the suspension 

drying) are attributed to increased suspension viscosity and depletion stabilization. The simulated 
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surface roughness values are consistent with the measured results. This work provides a new and 

unified approach to understanding the nanoparticle-polymer co-suspension stability and 

agglomeration in nonpolar organic solvents.  
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Chapter 8: Summary and Future Work 

8.1.  Summary 

Suspension imprint lithography was used to make micron and sub-micron featured on polymer-

nanoparticle hybrid films. Specifically, a ZnO-PMMA system was used to create features ranging 

from 250 nm to 1 μm. This was successfully carried out for both commercially prepared PMMA 

and in-situ polymerized PMMA that was fabricated in the lab. The ZnO nanoparticles were 

fabricated via a combustion synthesis method that created 20-30 nm in diameter. The feature 

fidelity was evaluated via surface roughness, and either inverse circularity or line-edge roughness 

for rod-type and trench-type features, respectively. It was shown that for low ZnO content (1-10 

vol% of the final dry film) yielded promising results for all feature sizes, with LER values below 

10% of the feature size, and IC values of less than 2.0. For relatively higher ZnO content (15-20 

vol%), significant agglomeration hindered the feature fidelity for 250 nm and 500 nm features. 

The larger features approaching 1 μm in size were still acceptable in terms of fidelity but were 

heavily agglomerated which might hinder device-level applications. This ZnO content effect was 

exaggerated for in-situ preparation methods. It is likely that this is due to the elevated temperatures 

during suspension preparation, and the lengthy 5-hour period during in-situ polymerization while 

the particles had more time to agglomerate. 

 The incompatibility of the ZnO particles, the PMMA, and the anisole was overcome by 

functionalizing the particles with nonanoic acid. The carboxylic acid at the head of the fatty acid 

attaches itself to the ZnO particle via a bridge-chelating bond. This behavior was confirmed 

through FTIR where very little free carboxylic acid was found, and instead a carboxylate group 

was found to be plentiful, indicated good attachment to the particles.  

The solvent diffusion behavior was studied to better describe the suspension drying. It was 

found that the PDMS stamp became saturated and then swelled in the presence of anisole. This 

explains the quick drying times for the suspension. At first, the solvent diffusion follows a fickian 

behavior, and then switches to a non-fickian behavior as the PDMS swells and softens, becoming 

saturated with solvent. This behavior leads to drying times on the order of 30 minutes, which is 

favorable for manufacturing large quantities of patterns.  



166 

 

A constant number Monte Carlo simulation was carried out to help describe the 

agglomeration behavior of the ZnO particles in the co-suspension. It was found that a combination 

of Van der Waals forces, polymer depletion, and steric repulsion governed the agglomeration 

frequency. The simulation matched the experimental trends for both temperature an ZnO content. 

The average agglomerate radius for the best simulation conditions (1 vol% ZnO, 300 K, 

commercial polymer) was shown to be approximately 650 nm after 30 minutes of simulation time. 

The worst simulation conditions (20 vol% ZnO, 368 K, in-situ polymerization) yielded an average 

agglomerate radius of nearly 3 μm in the same amount of time. The final distribution of particle 

sizes followed a log-normal distribution as is typical of nanoparticle suspensions.  

Finally, the stamping method was extended to polymer-derived SiOC ceramics. These 

samples were stamped and allowed to crosslink prior to pyrolysis. The features were stable for 

pyrolysis temperatures up to 1000˚C, showing a significant increase in feature distortion above 

1200˚C. It is proposed that surface diffusion and evaporation condensation cause the small features 

to smooth out, trending towards a flat surface. For the sampled that survived pyrolysis, they were 

shown to be stable at operating temperatures ranging from 500˚C to 1000˚C. 

8.2. Future work 

Moving forward, the suspension must be optimized. A variety of conditions can be altered 

to improve the suspension quality such as the initial nanoparticle quality, polymer selection, and 

functionalizing agent. The combustion method for making ZnO nanoparticles, while better than 

commercial preparation, is still highly agglomerated, and the particle size is large compared to the 

feature sizes we are attempting to make. A sol-gel method of particle synthesis would produce 

smaller, monodisperse particles which will greatly improve the suspension from the beginning of 

fabrication.  The steric layer can also be improved. Using the Monte Carlo simulation, we can 

select a steric layer thickness that yields a lower agglomeration frequency and then select a 

surfactant that has approximately the same length. The most appropriate steric layer thickness 

would be one that is long enough to block particles from getting close enough to get trapped in 

attractive potential wells, but not so long that is prevents the solids loading from increasing. From 

the interaction energy equations in section 7.2.3, a layer that is 3 nm thick seems to be a good place 

to start. The polymer can also be changed to something more flexible, or possibly even a polymer 

that can be dissolved in polar solvents in which the ZnO particles will suspend more easily. Even 
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if PMMA is still being used, the degree of polymerization can be minimized to reduce depletion 

flocculation, while still being above the entanglement molecular weight to ensure that flexibility 

is maintained during an in-situ polymerization process. 

In terms of application, the substrate material can be altered in order to allow it to be printed 

as a flexible film.  Suspension stamping has been used for metal nanoparticles to make flexible 

electronics in previous research and the method shows promise for adapting for other nanoparticle 

systems [1, 2]. 

By using a flexible substrate that has placed on a rigid substrate but not adhered to it, the 

rigid substrate can be removed after the stamping process to leave behind a flexible patterned film. 

The flexibility of the final film can be evaluated to determine the maximum curvature it can 

withstand before feature damage occurs. A change in polymer to something more flexible than 

PMMA would facilitate this process.  

The suspension stamping technique can also be altered to be used for device level 

fabrication. Field effect transistors (FET) are a class of transistors made from a semiconducting 

layer [3-9]. Typically, ohmic conductors are used as electrodes providing an electron source and 

drain for the transistors. The source and drain are mounted on a doped substrate with a dielectric 

separating it from semiconductor layer. The suspension stamping process can be used to print a 

layer patterned ZnO semiconductor with trenches where the source and drain electrodes need to 

be. An ohmic metal can be sputter coated onto the ZnO film, filling the trenches and leaving behind 

a residual layer on the top that can be polished away. 

 

 

Figure 8-1: Schematic of an FET made from a ZnO-PMMA hybrid material 

 

There are a number of requirements to fabricate such a device. Firstly, the electrodes must 

be good electrical conductors and follow Ohm’s law meaning they have a linear relationship 

between the voltage of an applied electrical signal and current flowing through them [10]. 

Secondly, the source and drain must be electrically insulated as to avoid current leakage [2]. 

Thirdly, the doped substrate and semiconductor must have opposite majority carriers so that 
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electrons can flow from the source to the drain when an electric field is applied to the gate [4, 5].  

Finally, the substrate and semiconductor must be separated by a dielectric material [5-7]. 

If these requirements are met, when a positive voltage is applied to the gate, the electron 

holes in the p-doped substrate travel to the interface of the substrate and dielectric (or isolator). 

The dielectric becomes polarized so that a positive charge is collected at the interface of the organic 

semiconductor and the dielectric. This charge attracts electrons from the n-type semiconductor, 

forming an n-channel that allows electrons to flow from the source to the drain. By controlling the 

gate voltage, the voltage and current of the source and drain can be tailored to a range of desired 

values. 

The suspension stamping process will be used to print the ZnO semiconductor onto the 

substrate and dielectric. In the ZnO film must contain trenches that can be filled with an ohmic 

conductor to form the source and drain electrodes before polishing away the excess material. 

The substrate and dielectric material are usually highly p-doped silicon with a layer of silicon 

dioxide thermally grown onto the surface. The source and drain material can be any ohmic 

nanoparticle such as gold-palladium. The ZnO semiconductor must contain a large number of 

oxygen vacancies to increase carrier mobility. This can be achieved by annealing the ZnO film in 

nitrogen and hydrogen environment.  

The performance of the transistor can be measured by measuring and controlling the 

current and voltage readings at the source, gate, and drain. The electrical resistivity of the 

electrodes must also be measured to ensure efficient conduction of electricity. The semiconductor 

analyzer to evaluate these parameters is available at Virginia Tech.  

With the capability to create electrodes as small as 250 nm with the ease and cost-

effectiveness of suspension stamping, producing small-scale transistors provides for an 

opportunity to lower the cost of computing technology. While modern field effect transistors are 

as small as 45 nm, the manufacturing process is expensive and tedious, utilizing photolithography 

as the main patterning technique.  

In previous literature, this process for making FETs has been studied and proved successful 

for transistors approximately 1-2 µm in size. Work on this subject related to suspension stamping 

was stunted in the mid 2000’s due to limitations in feature size capability. Now, with a refined 

suspension stamping technique, the possible transistor size using this method has decreased by an 

order of magnitude. Due to the success of larger scale transistors fabricated by employing this 
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technique, it is reasonable to expect that smaller transistors can also be made using suspension 

stamping to fabricate the transistor electrodes. 
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