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Centrifuge-aided Micromolding and Sintering of Micron- and Submicron-

sized Ceramic Features 

 
Hongfei Ju 

 

Abstract 

 

Microfabrication of ceramic features has become a critical issue in realizing the 

miniaturization of devices. Micromolding and sintering play critical roles in fabricating 

micron- and submicron-sized ceramic features using nanoparticles.  

Developed from soft lithography, replica molding has been proven a good method to 

prepare micron- and submicron-sized features. However, the fidelity of the features can be 

compromised by incomplete feature cavity filling and feature shrinkage during the forming 

process. In this study, centrifuge-aided micromolding is developed to prepare micron- and 

submicron-sized ZnO features. By introducing a centrifugal force, the shear-thinning behavior 

of the suspensions is utilized, and the cavity filling process and the diffusion of trapped air out 

of the features are accelerated. The drying shrinkage is decreased by increasing the density of 

the wet nanoparticle packing from the centrifugal process. The centrifugal force improves the 

fidelity of all the designed features. ZnO ridges from 0.4 μm to 2 μm size and rods of 1.6 μm 

size are prepared successfully. The wide applicability of this strategy has been demonstrated 

by preparing ZrO2 features via the same method. 

 Sintering process has a significant influence on the morphology and microstructural 

evolution of micron-sized ceramic features. When ceramic features decrease to much smaller 

sizes, such as in the micron range, the dominating sintering mechanism(s) can be different from 

those of the bulk at large scales. However, limited effort has been devoted to understanding the 

sintering behaviors. In this study, the as-prepared micron-sized ZnO ridges and rods were 

sintered at 950oC for different time in air atmosphere. The sintering process destructs the ZnO 

features via abnormal grain growth and surface roughening. Destruction prediction of features 

using sintering time is established based on grain growth. Feature surface roughening is further 

analyzed with respect to thermodynamic fundamentals.  

Because of the evaporation tendency during zinc oxide sintering, sintering atmosphere 

has a significant influence on the sintering behavior and feature fidelity. In this study, micron-

sized ZnO ridge features were sintered under air and argon atmospheres. Ridge size, line edge 

roughness, and grain size were characterized. Quantitative calculation of sintering behaviors 
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was performed in order to obtain fundamental understating of the micron-sized ZnO feature 

sintering. It is found that oxygen partial pressure is the deciding factor for the ridge feature 

evolution. ZnO evaporation and defects diffusion are responsible for the ZnO bulk and ridge 

sintering behavior differences. 
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Centrifuge-aided Micromolding and Sintering of Micron- and Submicron-

sized Ceramic Features 

 
Hongfei Ju 

 

General Audience Abstract 

In order to produce portable devices with small sizes, novel techniques are required to 

make small components, which is called microfabrication. Since ceramic materials are widely 

used in various electronic devices, microfabrication of small ceramic features has become an 

important issue. When ceramic nanoparticles are used as the raw material, the fabrication of 

ceramic features mainly consists of two processes: micromolding and sintering, which are the 

problems that this thesis focuses on. In the micromolding process, the loose nanoparticles are 

packed to form features with specific shapes. In the sintering process, the nanoparticles in as-

prepared features are bonded into a coherent and dense feature.  

For the micromolding process, a suspension made from the nanoparticles is poured into 

a mold with as-designed feature shape, and the dry feature is obtained after a drying process. 

In this study, the factors that will affect the shape of the features are studied. It is found that 

the major factors include completeness of the filling process and shrinkage during the drying 

process. By completing the micromolding process in a centrifugal machine, the micromolding 

process is accelerated, and the shrinkage during the drying process is decreased. Both the two 

aspects will benefit the feature quality. By using this technique, zinc oxide ridges from 0.4 μm 

to 2 μm size and rods of 1.6 μm size are fabricated successfully. It is also demonstrated that 

this technique can be applied to other ceramic materials. 

 Sintering process can convert packed nanoparticles into a coherent object, which can 

help us to obtain dense ceramic features. However, the sintering process will cause the change 

in feature shape. For large size ceramic bulks, the sintering theory has been well established to 

explain these changes. When the size of ceramic materials decreases to very small scale, such 

as micron size, new sintering theory is needed to explain the change of ceramic features in the 

sintering process. In this study, micron-sized zinc oxide ridges and rods were sintered at 950oC 

for different time. It was found that the sintering process will distort the shape of the zinc oxide 

features. Based on thermodynamic views, the corresponding new theory was established. 

Because zinc oxide is relatively easy to evaporate during sintering, sintering 

atmosphere will also affect the shape of the features. In this study, micron-sized zinc oxide 

ridge features were sintered under air and argon atmospheres. It was found that oxygen content 
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was the major factor that will affect the shape change. The corresponding theory was 

established to explain the effect of the sintering atmosphere based on thermodynamic views. 
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1 Introduction 

1.1 Soft lithography 

In order to realize the miniaturization of devices, effective microfabrication approaches 

are required for components with small sizes. In recent years, many microfabrication 

techniques have been developed to fabricate micron-sized features, such as soft lithography,1 

photolithography 2, focus ion beam milling 3, photomasking 4, and electron beam lithography 

5. Since the 1990s, many techniques and applications based on soft lithography have been 

developed to fabricate micro- and nano-structures (Fig. 1.1) 6. Since this strategy has been 

proved to be convenient, effective and low-cost, to date, many kinds of soft lithography 

techniques have been developed, such as replica molding 7, 8, decal transfer lithography 9, 

microtransfer molding 10, 11, nanotransfer printing 4, micromolding in capillary 12, nanoskiving 

13, and solvent-assisted micromolding 14. By using replica molding, as-designed features can 

be transferred to the surface of target samples directly (Fig. 1.1a), and microtransfer molding 

can fabricate the features on a substrate (Fig. 1.1b). By utilizing the capillary force, a faster 

movement of the prepolymer in the features space can be realized (Fig. 1.1c), and by 

introducing a wetting liquid layer, the movement of the prepolymer can be accelerated further 

(Fig. 1.1d). Among these techniques, replica molding has been proved the easiest and most 

efficient way to create simple features. 

 

Fig. 1.1. Schematic illustration of procedures for (a) replica molding (REM), (b) 

microtransfer molding (µTM), (c) micromolding in capillaries (MIMIC), and (d) solvent-

assisted micromolding (SAMIM) 6. 

For the preparation of micron- and submicron-sized features, various materials have 

been used, such as ceramics 15, 16, polymers 12, 17, carbon 18 and metals 19, 20. Microfabrication 

of ceramics plays an important role in meeting this increasing need 21. Currently, various 3D 
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ceramic patterns with different shapes have been prepared, and the size ranges from microns 

to nanometers 22, 23, 24. Kim et al fabricated fine-structured ZnO patterns made from mixtures 

of polyvinyl alcohol and ZnO nano-sized particles via replica molding (Fig. 1.2a) 25. Hampton 

et al prepared arrays of sub-500 nm inorganic oxide features using elastomeric 

perfluoropolyether molds 26. Veldhuis et al fabricated high-aspect-ratio structures of yttria-

stabilized zirconia via micromolding in capillaries (Fig. 1.2b) 15. These works prove the 

flexibility of the soft lithography strategy in applying for different materials and shapes.  

 

Fig. 1.2. Ceramic patterns prepared via micromolding (a: lines 25; b: grid 15).  

To create micron- and submicron-sized features using ceramic nanoparticle, 

suspensions of ceramic nanoparticles are prepared to accelerate the movement of the particles 

and increase the packing density. To improve the fidelity of the features, there are several 

requirements about the suspensions. First, in order to reduce the shrinkage during the drying 

process, a high solid loading (20 % at least) is preferable. Second, since the agglomeration will 

compromise the quality of ceramic features, well-dispersed suspensions are necessary. Efforts 

have been put on understanding the dispersion mechanisms properties of various nanoparticle 

systems, such as the roles of dispersant and the influence of particle size 27, 28. The effectiveness 

of utilizing different dispersion mechanisms simultaneously (e.g., electrostatic stabilization 

and steric stabilization) has been proved 29, 30. To get ceramic features with good fidelity, the 

absolute value of zeta potential should be no less than 25 mV 30. 

For the micromolding of ceramic features, two aspects should be considered: the 

patterning process and the drying process. The patterning process involves the filling of 

suspensions into feature spaces on the molds, and it will determine the fidelity of the ceramic 

features during the transfering from molds to samples. The drying process will dictate the 

dimensional changes resulting from the shrinkage. Currently, there are already some 

techniques that have been developed and utilized to fabricate ceramic features, such as pressure 

filtration 31, gravitational sedimentation 32, osmotic consolidation 31, and centrifugation 33. 

Among these techniques, only centrifugation can benefit the patterning and drying process at 
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same time. By introducing centrifugal force, the driving force for patterning will be increased 

and the shear-thinning properties of ceramic nanoparticle suspensions can be utilized. Thus, 

the patterning process can be accelerated and completed before the suspension loses the 

flowability due to evaporation of solvent. For drying process, the centrifugal process can 

increase the packing density of the nanoparticles in suspension, which will reduce the shrinkage 

during drying process. 

1.2 Sintering of ceramic materials 

Sintering is the most important step in the processing of ceramic materials. In this 

process, packed particles are bonded into a coherent object due to the thermodynamic tendency 

of decreasing its total surface and interface energy 34. As a major process, sintering has been 

used to fabricate various ceramic materials with tailored structures and functions, such as doped 

cerium oxide with high grain boundary density 35, nanocrystalline barium titanate ceramics 36, 

porous alumina ceramic 37 and dense (K, Na)NbO3-based ceramics with good mechanical and 

piezoelectric properties 38. Development of sintering techniques promotes the application of 

ceramic materials in a broad range of fields, such as fuel cell components 39, electronic 

packages 40, ceramic-based bioimplants 41, and thermal management 42.  

For sintering of dense materials, two key aspects have been focused on achieving full 

density and limiting the grain size. Because of the competitive relationship between 

densification and grain growth in consuming interface energy, high relative density and small 

grain size are hard to obtain simultaneously. Thus, a number of novel sintering techniques, 

such as high-pressure assisted sintering 43, two-step sintering 44, microwave sintering 45, flash 

sintering 46, sintering with thermal cycle modification 47, sintering in a reactive atmosphere 48, 

and spark plasma sintering 49, have been developed to prepare ceramic materials with  as-

desired structures and properties.  

During sintering, particles bond to form a predominantly coherent solid, which involves 

sample size change and evolution of microstructures 30, 50, 51, 52, 53, 54. In the past decades, many 

models and quantitative descriptions have been established and improved to explain the 

sintering behaviors of ceramic bulks. During sintering, the driving force for atoms transport is 

the difference in the chemical potential under curved surfaces. In order to describe this process, 

an ideal model of a powder compact is established to predict the sintering behavior (Fig. 1.3) 

55. Due to the chemical potential difference, atoms are transported from the grain boundary and 

the particle surface to the neck. When the material transports from the particle surface to the 

neck, the redistribution of material on the surface of particles will not cause densification. 
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When the material transport from the grain boundary to the surface of particles, densification 

and bonding will be induced. Based on the connectivity of the solid and pores, sintering is 

commonly divided into three stages: initial stage, intermediate stage, and final stage 34. For the 

initial stage, the kinetic equations can be expressed as 56:  

(
𝑥

𝑎
)𝑛 = 𝐹(𝑇)(

1

𝑎𝑛−𝑚)𝑡                                                            (1.1) 

where a is the radius of the particle, x is the radius of the neck between two particles, 𝐹(𝑇) is 

a function of temperature which includes a diffusion coefficient, and 𝑛 and 𝑚 are exponents 

depending on the transport mechanisms which majorly include surface diffusion, evaporation-

condensation, grain boundary diffusion and lattice diffusion. For the intermediate and final 

stages, the kinetic equations can be expressed as 56:  

1

𝜌

𝑑𝜌

𝑑𝑡
=

𝐾1(1−𝜌)𝑘

𝐺𝑚𝜌
                                                                    (1.2) 

where 𝜌 is the relative density, 𝐾1 is a constant, which includes surface energy, temperature, 

the diffusion coefficient, and molar volume, 𝑘 and 𝑚 are exponents depending on the transport 

path, and 𝐺 is the grain size. When the pores are attached to the grain boundaries, diffusion-

controlled grain growth can be expressed as: 

1

𝐺

𝑑𝐺

𝑑𝑡
=

𝐾2

𝐺𝑛(1−𝑝)𝑙                                                                    (1.3) 

where 𝐾2 is a constant, which contains boundary energy, diffusion coefficient, molar volume, 

and absolute temperature, and l and n are exponents. The intermediate stage is the major 

process of the sintering, where materials go through dramatic changes in densification and 

grain size. Based on the above basic equations, much effort has been devoted to obtaining more 

precise mathematical expressions for specific systems.  Based on the ideal model of a powder 

compact on sintering, Maximenko et al analyzed the neck growth rate between rigid spherical 

particles during sintering and estimated the value of diffusion coefficient in solid-state sintering 

57. Kang et al examined the classic geometrical model of final stage sintering (bcc-packed 

tetrakaidecahedral grains with spherical pores at 24 corners of a grain) and presented a new 

diffusion model and kinetic equations which explained the role of grain boundaries and the 

diffusion area in the densification process 58. Bernard-Granger et al studied the relationship 

between grain size and relative density and utilized it to analyze the sintering mechanism 59. 

Aiming at the coarsening in sintering, German studied the distributions of grain size and grain 

shape, and grain growth kinetics 60. These efforts improve the understanding of the sintering 

behaviors, especially about densification and grain growth. 
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Fig. 1.3. An ideal model of a powder compact on sintering. (a: The radius of the particle; x: 

the radius of the neck between two particles; r: the radius of curvature of the neck) 

In a sintering process, sintering mechanisms dictate sintering behaviors such as grain 

growth, densification, and pore elimination 61, 62. For solid-state sintering, the sintering process 

of particles is driven by the chemical potential difference resulting from the curved surface 34. 

For conventional ceramics, four main sintering mechanisms occurring at the atomic level are 

grain boundary diffusion, volume diffusion, surface diffusion, and evaporation-condensation 

63, 64, 65. Among them, diffusion via grain surface (surface diffusion) and evaporation-

condensation influence grain coarsening, while grain boundary diffusion and volume diffusion 

(trapped pore removal) are principally responsible for densification 63, 66, 67, 68. For a sintering 

process, all the sintering mechanisms work simultaneously. Different contributions of the 

mechanisms result in the various sintering behaviors. Therefore, understanding the 

contribution and roles of these different sintering mechanisms is a critical step in controlling 

the sintering behaviors of ceramic materials 61, 69, 70, 71. 

1.3 Sintering of micron-sized ceramic features 

With the miniaturization of various components and devices, understanding the 

sintering mechanisms and the related kinetics of small features (down to micron-size at least) 

becomes very important. When the sample size is down to micron size, researchers found some 

new sintering phenomena that were quite different from the bulk materials. For example, 

Martin et al patterned Pb(Zr0.52Ti0.48)O3 thin films by micromolding in capillaries, and found 

“double-peak” film topographies resulting from the nonuniform  densification of the gel matrix 

72. Veldhuis et al fabricated high-aspect-ratio micron- and submicron-sized yttria-stabilized 

zirconia patterns using micromolding in capillary and found that the sintering process resulted 
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in crystallization of the amorphous structures and more shrinkage 25. Rosqvist et al fabricated 

lead zirconate titanate thick films with lateral by replica micromolding and following sintering, 

and discussed the stochastical bending phenomenon of the features 73. Based on these works, 

it can be known that ceramic features show some special sintering behaviors that are not found 

in the sintering process of ceramic bulks. It demonstrates that sintering process has a quite 

different influence on the morphology, microstructure and properties of the ceramic features 

compared to the ceramic bulks. However, current research still stays on the discussion about 

the specific sintering behaviors, and the fundamental theory should be studied and established. 

When the feature size is down to the micron scale, contributions of the sintering 

mechanisms may differ markedly from those of larger size components because of the 

difference in the ratio of vapor/solid surface to solid/solid interface 74, 75, 76, 77, 78, 79. As a result, 

small size features may exhibit different microstructural evolution and densification rate in 

comparison to bulk samples. For example, an increase in vapor/solid surface will enhance the 

effect of surface diffusion and slow down the densification rate. So far, little attention has been 

paid to the densification and microstructural evolution of micron-sized features from sintering 

mechanism point of view. However, such understanding is necessary for predicting the 

sintering behaviors and outcomes of micron-sized ceramic features, which will benefit the 

fabrication of small-sized components with desirable properties. 

When grain size is comparable or larger than pattern size, because of the lack of grain 

boundaries, the major driving force of sintering is the curvature gradient of grain surfaces. Thus, 

the surface diffusion and evaporation-condensation mechanism will play more important roles 

in the sintering process of ceramic features in comparison to that of ceramic bulks. For surface 

diffusion, diffusion matter flux along free surfaces of particles 𝐽𝑠 can be expressed as 57: 

𝐽𝑠 = −
𝛿𝑠𝐷𝑠Ω𝛾𝑠

𝑘𝑇

𝑑𝐾

𝑑𝑠
                                                              (1.4)  

where 𝛿𝑠 is the thickness of the surface layer in which the diffusion takes place, Ω is the atomic 

volume, 𝛾𝑠 is the specific surface energy, 𝑘 is the Boltzmann’s constant,   𝐾 is the sum of the 

principal curvatures at the edge of the neck, 𝑠 is the curvilinear coordinate along the particle 

surfaces, and  𝑇 is the absolute temperature. For evaporation-condensation, the mechanism is 

affected directly by vapor pressure, which can be affected by activation energy, temperature 

and surface curvature. According to the Langmuir adsorption equation, the flux of deposited 

material can be expressed as 80: 

𝐽𝑑 = 𝛼(𝑃1 − 𝑃0)(
1

2𝜋𝑅𝑇𝑀
)1/2                                             (1.5) 
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where 𝛼 is the accommodation coefficient,  𝑃1is the vapor pressure over a small negative radius 

of curvature, 𝑃0 is a pre-exponential constant, 𝑉𝑚 is molar volume, 𝑀 is the molar weight, and 

𝑅 the gas constant. Since the fundamental sintering mechanisms are applicable for both bulks 

and features, the above models still can be used to estimate the atomic fluxes via the two 

sintering mechanisms and furtherly analyze the sintering behaviors of ceramic features. 

ZnO has been widely used in electronics, photonics, acoustics, and sensing due to its 

unique characteristics, including high excitation binding energy, wide bandgap, and desired 

piezoelectric response 81, 82. The sintering behaviors of bulk ZnO are well-known and 

understood 83, 84, 85, 86. However, the study of micron-sized ZnO components is scarce. Kim et. 

al investigated the shrinkage process of micron-sized ZnO patterns and found that the patterns 

were destroyed during the late stage sintering 25. Ye et. al. studied the sintering behaviors of 

submicron-sized ZnO features with ~50 vol% polyvinyl alcohol binder 87. Although we have 

gotten some information about the sintering behaviors of ceramic features, there are still some 

problems. First, the high binder content compromised the applicability of the related 

conclusions. Second, current progress still stays on the preliminary observation and theoretical 

analysis based on ceramic-polymer systems. Therefore, sintering study of pure micron-sized 

ZnO features has great application significance, for the ZnO material itself and the sintering 

process in general. 

1.4 Objective 

The ultimate objective of this work is to fabricate micron- and submicron-sized ceramic 

patterns with high fidelity and understanding the related micromolding and sintering 

mechanisms. For the micromolding process, the introduction of an extra centrifugal force has 

an influence on the driving force and patterning rate. The relationship between centrifugal force 

and pattern fidelity should be understood quantitatively and the conditions for getting ceramic 

patterns with high fidelity should be suggested. For the sintering process, the sintering 

behaviors of micron- and submicron-sized ZnO features are studied. The effects of geometry 

factors and sintering conditions are discussed. Feature evolution and surface roughening are 

explored and characterized. The difference in sintering behaviors between features and bulks 

is studied. Besides, different atmospheres are used to sinter micron-sized ZnO ridges. The 

effect of atmospheres on sintering is studied by analyzing the differences in the morphological 

and microstructural evolution. Fundamental theories and mathematic expression are 

established to explain the evolution of microstructures.   
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2 Centrifuge-aided Micromolding of Micron- and Submicron-

sized Patterns 

2.1 Introduction 

Device miniaturization requires effective approaches to fabricate components with 

small sizes. Microfabrication of ceramics has gained considerable attention due to its great 

potential to meet this increasing need 21. At the same time, soft lithography has attracted great 

interest in the fabrication of micro- and nano-structures since the 1990s 6. Using soft 

lithography, high-quality 3D patterns can be obtained on both planar and curved surfaces, and 

the size range is from microns to nanometers 22, 23, 24. To date, many kinds of soft lithography 

techniques have been developed, such as replica molding 7, 8, microtransfer molding 11, 88, 

micromolding in capillary 12, solvent-assisted micromolding 14, nanotransfer printing 4, decal 

transfer lithography 9, and nanoskiving 13. Various materials have been used to prepare micro-

features, such as polymers 17, 89, macromolecules 90, metals 20, 91, carbon 18, and ceramics 15, 92. 

When ceramic nanoparticles are used as the starting materials for microfabrication, the 

low flowability and extremely loose packing of particles limit the patterning ability. Proper 

suspensions with high particle mobility should be created in order to accelerate the particle 

movement into the features and pack densely. To produce micron and submicron-sized features 

from ceramic nanoparticle suspensions, two aspects should be closely examined: the filling 

process and the drying process. The filling process determines the replication capability of 

features from the patterning molds, and the drying process dictates the dimensional changes 

from the shaped wet particle packing to dry feature arrays. 

For the filling process, the colloidal suspension, as the carrier of particles, plays a 

critical role. Suspension flow behaviors directly affect the fidelity, surface roughness, and 

microstructures of the obtained features 93. Efforts have been devoted to understanding the 

dispersion mechanisms and dispersibility of various nanoparticle systems, such as the roles of 

dispersant and particle size 27, 28. To improve the quality of a colloidal suspension, strategies 

that utilize different dispersion mechanisms (e.g., electrostatic stabilization and steric 

stabilization) simultaneously have been proved effective 29, 30.  Related to the patterning driving 

force, several techniques have been developed to control the flow behavior, such as 

gravitational sedimentation 32, osmotic consolidation 31, pressure filtration 31, and 

centrifugation 33. In addition, features can be categorized as convex and concave. For convex 

features, the filling process can proceed from both the top and the side along with easier trapped 

air removal; fluid movement is the dominant factor in influencing the filling of the patterns. 
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For concave features, diffusion is the major process in removing trapped air because of the 

restriction of the feature architectures. 

For the drying process, in order to decrease the feature shrinkage, a suspension with 

high solids loading is preferred. However, the suspension with a high solid loading loses 

fluidity quickly as a result of solvent evaporation; the filling process should be finished in a 

short time. This can be accomplished either by increasing the patterning driving force or by 

improving the flowability of the suspensions. For shear-thinning suspensions, these two aspects 

can be achieved simultaneously. In addition, during the accelerated patterning process, 

particles can pack more densely, which may decrease the feature shrinkage during drying. 

In our previous work, ZnO rods of 250-750 nm size with an aspect ratio of ~ 1:1 were 

made by direct casting 94. However, because the diffusion of trapped air is slow, for larger size 

patterns (> 1 μm3), the diffusion process of trapped air into the suspension cannot complete 

before the suspension loses desired flowability due to evaporation of the solvent. Moreover, 

because of the increased surface area of the features during the filling process, large surface 

tension resists the filling process. Thus, extra driving forces need to be introduced to accelerate 

this process. 

In this study, centrifuge-aided micromolding was used to prepare micron- and 

submicron-sized ZnO features. The flow behavior of the ZnO suspension and the fidelity of 

the as-prepared features were characterized. The effects of the centrifugal force on the feature 

cavity filling process by the suspension and on the patterned feature shrinkage during the 

drying process were studied. The influence of the centrifugal force on the diffusion of trapped 

air was analyzed. The applicability of this method was also tested using a ZrO2 nanoparticle 

suspension.  

2.2 Experimental procedures 

2.2.1 Focus ion beam (FIB) patterning 

Micron- and submicron-sized feature patterns were made on a silicon wafer by focused 

ion beam (FIB) lithography (Helios NanoLab 600 Dual Beam, FEI Company, Hillsboro, OR). 

The FIB voltage was 30 kV and the beam current was 2.8 pA. Ridges with sizes from 2 μm to 

500 nm and rods with a size of 2 μm were patterned into arrays. Both kinds of features had an 

aspect ratio of ~ 1:1. The heights of the features were controlled by the patterning time and can 

be easily varied. 
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2.2.2 Preparation of poly(dimethylsiloxane) molds 

Sylgard silicone elastomer 184 (poly(dimethylsiloxane) (PDMS)) and the 

accompanying curing agent (Dow Corning Corporation, Greensboro, NC) with a weight ratio 

of 10:1 were mixed. After adding 3 wt% Triton X-100 (TX-100, C14H22O(C2H4O)n; Sigma-

Aldrich, St. Louis, MO) (based on the total weight of the silicone elastomer and the curing 

agent), the mixture was vacuumed in a chamber for 1 hr to deair the pre-polymer. Then the 

mixture was poured onto the patterned silicon wafer. The assembly was placed in vacuum until 

no bubbles were observed before being cured at 120°C for 2 hrs. After cooling to room 

temperature, the PDMS mold was carefully peeled off from the silicon wafer.   

2.2.3  Centrifuge-aided micromolding 

For the ZnO aqueous suspension used for the micromolding, ZnO nanoparticles 

(Nanostructured and Amorphous Materials, Inc., Houston, TX) with an average particle size 

of ~25 nm were used as the starting material. A poly(acrylic acid) (PAA) solution (Mw 1800; 

Aldrich, St. Louis, MO) was used as the dispersant and binder simultaneously. The suspension 

was prepared by batch addition of ZnO and 4.5 wt% PAA solution (based on the weight of the 

ZnO powder) into a diluted ammonia solution with a pH value of 11. Then, the mixture was 

dispersed by a vibratory mill (SPEX 8000 Mixer Mill; SPEX SamplePrep LLC, Metuchen, NJ) 

for 15 mins. This process was repeated three times to obtain a well-dispersed suspension with 

a solid loading of ~30 vol%. 

Centrifuge-aided micromolding was illustrated in Fig. 2.1. First, the as-prepared 

suspension was added into the PDMS mold. Then, the suspension-filled mold was fixed with 

an epoxy holder in a centrifuge tube. The centrifugal speeds were set from 0 to 10,000 rpm, 

respectively. After the centrifuge-aided micromolding, the mold with a deposited ZnO layer 

was taken out and the solvent layer on the top was removed. The drying process proceeded in 

air at room temperature for about 48 hrs. Finally, the dried ZnO sample with micron- to 

submicron-sized feature patterns was taken out from the PDMS mold. 

 



 11 

 

Fig. 2.1. Schematic of centrifuge-aided micromolding. 

2.2.4 Characterization 

Viscosity measurements of the suspensions were conducted using a rheometer with a 

cone-plate geometry (AR 2000; TA Instruments, New Castle, DE). The density of the 

suspensions is calculated based on the content. The relative density of the dry ZnO samples 

was measured by the Archimedes' method. Feature fidelity was evaluated using scanning 

electron microscopy (SEM, Quanta 600 FEG; FEI Company, Hillsboro, OR) to determine the 

line-edge roughness (LER) and inverse circularity (IC) of the features 95. In order to focus on 

the quality of the ridges, the broken parts of the ridges were avoided. To obtain LER for ridge 

features, software ImageJ with the plugin Analyze Stripes was used to determine the average 

feature size of the ridges and the corresponding standard deviation. First, a SEM image was 

cropped so that only the features were visible. Then the image was converted to greyscale and 

the contrast was heavily increased. The software established the position of each line based on 

the greyscale values and measured the distance in pixels between two lines. From the data, the 

ridge width and standard deviation of that measurement were isolated. The LER values 

represented the line-edge roughness as a percentage of the feature size.  

Inverse circularity (IC) represented the derivation of feature circularity from an ideal 

round shape, which was used as a gauge for the patterned rod dimensional fidelity. IC was 

calculated as follows. 

IC=4π×
Area

Perimeter2                    (1.1) 

IC value was similarly obtained using the Analyze Particles plugin in ImageJ.  
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2.3 Results and discussion 

2.3.1 ZnO suspension flowability 

In our previous work, 3 wt% PAA was used to obtain well-dispersed suspensions 94, 96, 

97, 98, 99. However, 4.5 wt% PAA was added in this study in order to resist the damage from the 

relative movement between the mold and the sample during the demolding process 100. Even 

with the increased PAA amount, Fig. 2.2 shows the viscosities of the as-prepared ZnO 

suspension decrease exponentially with the shear rate increase, a typical shear-thinning 

behavior. When the shear stress increases from 41.4 to 153.9 Pa, the viscosity decreases from 

7.7 to 0.27 Pa∙s, a 96.5% drop, demonstrating the non-Newtonian fluid characteristic of a 

decreasing viscosity trend with the shear rate. As a comparison, the zero shear rate viscosity 

for water and acetone are 0.894 mPa·s 101 and 0.306 mPa·s 102, respectively. Thus, the ZnO 

suspension is much more viscous than common liquids. On the other hand, an alumina 

suspension (30 vol% solid loading, 2 wt% PAA dispersant, pH 11) used for suspension casting 

has 3 Pa∙s viscosity 96, accordingly, the ZnO suspension is fluid enough under shear for molding. 

Specifically, for current system, the viscosity is controlled at no more than ~ 5 Pa∙s. During the 

feature cavity filling process at 0-10,000 rpm centrifugal speed, the shear stress-viscosity curve 

along the feature cavity surface can be calculated as shown in Fig. 2.6 based on the well-known 

Williamson model 103. The results indicate that the ZnO suspension should have low viscosities 

and thus high fluidity during the centrifuge-aided patterning process to quickly complete the 

feature cavity filling. After the suspension fills the feature cavities, the ZnO nanoparticle 

movement is driven by the pressure difference between the top and bottom of the features. The 

centrifugal force determines the pressure difference. Besides, based on our previous work, in 

order to obtain good dispersibility, ammonia is used to keep the pH value of suspension at 11 

so that the absolute value of zeta potential is >25 mV 94. Meanwhile, since ammonia will 

evaporate with the water during the drying process, no residue will be left in the dry samples.  
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Fig. 2.2. Viscosities of ZnO nanoparticle suspensions with 30 vol% solid loading and 4.5 

wt% PAA (The solid line is the fitting result using the Williamson model 103). 

2.3.2 Micron- and submicron-sized ridge and rod patterning 

Fig. 2.3 shows the SEM images of the ZnO ridges prepared under a centrifugal speed 

of 7000 rpm. Based on Fig. 2.2, for the ridges with the size of 1.9, 0.8 and 0.4 μm, the shear 

stress is 121.4, 51.1 and 25.6 Pa respectively, which means that a corresponding suspension 

viscosity of ~0.75, 5.8 and 10 Pa·s is involved in the cavity filling process. The sizes of the 

ridge features in Fig. 2.3a, 2.3b, and 2.3c are ~1.9, 0.8, and 0.4 μm respectively. For the ridges 

larger than 0.8 μm (Figs. 2.3a and 2.3b), intact features are obtained with no distortion. When 

the size of the ridges is 400 nm (Fig. 2.3c), defects can be found on parts of the ridges. This 

results from the relative movement between the pattern and the mold as to be explained next.  

 

Fig. 2.3. SEM top images of ZnO ridges prepared under 7,000 rpm centrifuge condition (a: 

1.9 μm ridges, b: 0.8 μm ridges, c: 0.4 μm ridges). 
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Fig. 2.4 shows the SEM image of the 2 μm ridge pattern prepared without any 

centrifugal force. Only incomplete features can be obtained. Based on the long holding time of 

the suspension in the PDMS mold (about two weeks), we conjuncture that the incomplete 

features are a result of incomplete micromolding and poor particle packing in the feature cavity. 

After drying, loose particle packing collapses and only part of the features are formed. With 

the aid of the centrifugal force, the increased driving force for the suspension filling of the 

feature cavities under the decreased viscosity of the suspension and the accelerated particle 

packing both contribute to the high fidelity of the ZnO ridges. 

 

Fig. 2.4. SEM image of the 2 μm ZnO ridge patterns prepared without any centrifugal force 

(top view). 

Fig. 2.5 shows the LER measurements of the ZnO ridges with different sizes. All the 

LER values are less than 5% and decrease with the feature size increase, consistent with the 

SEM images in Fig. 2.3. When the ridge size decreases from 1.9 to 0.4 μm, the LER value 

increases from 1.9% to 4.3%; the corresponding standard deviation also increases with the 

ridge size from 0.57% to 1.37%. However, the LER value is a relative number based on the 

size of the ridge. The absolute roughness values of the ridges with different sizes are very close 

due to the same suspension and micromolding process used. When the ridge size is down to 

~400 nm, the effect of large particles (~40 nm) on feature fidelity loss can be observed clearly.  
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Fig. 2.5. LER values of ZnO ridge arrays with different feature sizes. 

Fig. 2.5 shows that the LER value is still less than 5% when the ridge size is down to 

400 nm. In order for the patterns derived from the centrifuge-aided molding to be useful in a 

given device application, maximum values for LER needs to be established. Literature suggests 

that the LER limit is set at 10% of the feature sizes 104, 105, 106, which indicates that the features 

fabricated in this study are acceptable. 

The fundamental patterning process for the ridge features can be understood as follows. 

Because of the convex architecture of the ridge features on the mold, a fluid pressure difference 

is produced between the top and the bottom of the ridge cavities during patterning. The pressure 

pushes the liquid interface into the cavities and the trapped gas escapes out simultaneously. 

The linear flow rates can be estimated by 107:  

dl

dt
=

a2Pi

24ηl
                                                                (1.2) 

where l is the distance of the interface movement in time t, a is the ridge size, Pi is the pressure 

on the interface, η is the viscosity of the suspension. For the ridges, the filling rate should be 

affected by the pressure difference and the viscosity of the suspension. When the feature space 

is occupied by gas, the average pressure difference on the interfaces can be estimated by: 

Pi=ρG
a

2
                                                                  (1.3) 

where ρ is the density of the suspension (2.3 g/cm3) and G is the equivalent gravity acceleration 

in the centrifugal environment. On the other hand, because the ZnO suspension is shear-
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thinning, the viscosity decreases exponentially with increased shear stress. According to the 

Williamson model 103, the viscosity η can be estimated by: 

η=
η0

1+(kγ)n                                                                 (1.4) 

where η
0
 is the zero-rate viscosity (16.41 Pa∙s), k is s the consistence index (0.23), γ is the shear 

rate, n is the flow behavior index (0.84), the values of k and n are obtained by fitting the plot 

in fig. 2.2. In the current system, the shear stress can be estimated as the fluid pressure. Based 

on equations (1.3) and (1.4), the filling time is: 

t=
24ηl2

a2Pi
=

42.8ηl2

a3ρrK2 ×105                                                     (1.5) 

where r is the centrifugal radius, K is the centrifugal speed. Thus, the pattern filling time is 

proportional to the viscosity of the suspension and inversely proportional to the square of the 

centrifugal speed. The relationships of viscosity and pressure on the interface vs centrifugal 

speed for different ridge sizes are shown in Fig. 2.6. Both the feature size to be patterned and 

the centrifugal speed play significant roles in the suspension follow and cavity filling.  

 

Fig. 2.6. Effects of the centrifugal speed on pressure on the interface (dash line) and viscosity 

(solid line) for ridges with different size. 

Considering the ridges with different sizes, when the ratio between the width, height, 

and length are 1:1:10, the relationship between the feature cavity filling time and the ridge size 

is shown in Fig. 2.7. Ridges with smaller sizes need longer filling time due to the decreased 

pressure on the interface. As predicted, ridges with larger sizes need shorter filling time, and 

higher centrifugal speed can reduce the filling time. As a specific example, when the centrifugal 

speed is 7000 rpm, for 1 μm ridges, the pressure on the interface will increase from 0.01 Pa to 

64 Pa and the viscosity will decrease from 16 to 4 Pa·s compared to the micromolding in a 
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natural gravitational environment. In order to fill a 1 μm ridge space, the filling time decreases 

from 1,067 hrs to 2.5 mins. This also means that it is impractical to let the suspension fill into 

the micro-cavity under a gravitational environment. However, it is fairly easy to be achieved 

under a centrifugal molding condition.  

 

Fig. 2.7. Effects of the centrifugal speed on the filling time for ridges with different sizes 

(The points with cross marks are the calculated values based on the conditions used in the 

experiments). 

During the centrifuge-aided molding process, the deposited particles pack and form an 

interconnecting network. Different from the direct casting process without any centrifugal aid, 

an intermediate state is introduced between the suspension state and the dry state during the 

centrifuge-aided micromolding process, which can be called sediment state. With the increase 

of the centrifugal force, the applied pressure on the nanoparticle network increases 

correspondingly. As explained, the sediment state has a varying degree of particle packing 

depending on the centrifugal force. When the pressure exceeds a critical value, the particles in 

the network rearrange and the particle packing will irreversibly collapse to form a denser 

network 31. The mean centrifugal pressure PM is a power-law function of the average packing 

volume fraction ∅a of the particle sediment layer, which can be expressed as 108: 

PM=β∅a
n                                                                (1.6) 

where β  and n  are the coefficients that depend on the properties of the particles and the 

suspensions. In our work, the packing behavior of the ZnO suspension agrees with the power-

law function of equation (6). The parameters of β and n can be fitted to be 1.1×109 (MPa) and 

21, respectively. Higher centrifugal pressure will result in higher sediment packing fraction. 
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For the ZnO suspension at 7,000 rpm centrifugal speed (0.31 MPa pressure), the average 

packing volume fraction is 34.4 vol%, while at 3,000 rpm centrifugal speed (0.06 MPa 

pressure), the average packing volume fraction is 33.4 vol%. 

During the centrifuge casting, the suspension applies an increased pressure on the 

surface of the mold with the increase of the centrifugal speed. Higher centrifugal pressure also 

causes more elastic deformation of the PDMS mold. The ultimate compressive strength for 

PDMS is 28.4–51.7 GPa 109, which is strong enough to bear the compression from the ceramic 

suspension. Based on the understanding of fluid statics, the elastic deformation of the PDMS 

mold can be estimated by: 

σ=ρGh                                                            (1.7) 

D=
σ

E
v                                                             (1.8) 

where σ is the fluid static pressure on the mold, ρ is the density of the suspension (2.38 g/cm3), 

G is the equivalent gravity acceleration, h is the thickness of the suspension layer (5 mm), D is 

the amount of elastic deformation in the horizontal direction, 𝐸 is the compressive modulus, 

and 𝑣 is the Poisson ratio. For the current system, the PDMS mold is cured at 120 oC and has 

a compressive modulus of ~140 MPa with a Poisson ratio of 0.5 110. The PDMS elastic 

deformation at different centrifugal speeds is shown in Fig. 2.8. When the centrifugal speed 

reaches 10,000 rpm, the amount of the elastic deformation of the PDMS mold in the horizontal 

direction is ~0.47%. Considering the LER values of the ridges (1.9%-4.3%), the deformation 

can reach 25% of the LER value at most. So, the influence of the deformation on the LER 

values cannot be neglected. For the ridges with smaller sizes, this phenomenon will become 

more obvious due to the higher LER values. Thus, there is a high possibility that the fidelity of 

the ridges will be deteriorated at the centrifugal speed of 10,000 rpm. When the centrifugal 

speed decreases to 7,000 rpm, the deformation decreases to ~0.23%. The chance of feature 

damage is much lower. To minimize such elastic deformation, the highest centrifugal speed 

should be limited to 7,000 rpm in order to keep the deformation less than 0.25%. 
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Fig. 2.8. Elastic deformation of the PDMS mold in the horizontal direction at different 

centrifugal speed (The points with cross marks are the calculated values based on the 

conditions used in the experiments). 

Another aspect to consider is the strength of the cast samples. The cast wet samples 

have much lower strength than the dried samples. Even the dried green samples only have a 

strength less than 0.2-1.6 MPa 111, 112. For the wet samples, the strength would be even lower 

and damages can occur easily. The smaller size ridges cannot tolerate the stress because of 

their small sizes (and thus high stress) and are more likely to be damaged.  

Fig. 2.9 shows the SEM images of the rod patterns prepared with and without the 

centrifugal force. The average diameter is 1.58±0.10 μm. With the centrifugal force, all the 

features show well-defined round shapes. The average IC value is 0.92±0.02, which is close to 

that of the perfect rod, 1.0. In contrast, without the aid of the centrifugal force, only shallow 

plateaus can be found (Fig. 2.9b). The centrifugal force consistently facilitates the patterning 

process.  

 

Fig. 2.9. SEM images of ZnO rods with an average diameter of 1.58 μm prepared with (a: top 

view) and without the centrifugal aid (b: top view). 
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2.3.3 Trapped air diffusion during patterning 

As stated earlier, rods with a diameter from 200 to 750 nm were prepared using direct 

casting without any centrifugal force 94. However, the key problem is the removal of trapped 

air in the designed feature space. Micron-sized features need a long diffusion time (at least a 

few hours) to remove trapped air. Depending on the patterned feature size, the filling process 

can be controlled by the instability of the suspension-trapped air interface 113. The critical 

diameter can be estimated using the following equation 114: 

Dc=π√γ/G(ρs-ρg)                                                       (1.9) 

where γ is the surface tension of the suspension (59 mN/m) 94,  𝜌𝑠  is the density of the 

suspension and ρ
g
 is the density of trapped air. For a specific suspension, the critical diameter 

depends on the centrifugal speed and the relationship is shown in Fig. 2.10. In the current 

system, the interface stability is determined by the feature size and the equivalent gravity. The 

critical diameters at 3,000, 5,000 and 7,000 rpm should be 157, 94 and 67 μm. So, the stability 

of the suspension-trapped air interface is not of concern and will not be considered further. 

 

Fig. 2.10. Critical diameters at different centrifugal speeds (The points with cross marks are 

the calculated values based on the conditions used in the experiments). 

Trapped air removal depends on the diffusion process through the suspension. In this 

study, the introduction of the centrifugal force accelerates the diffusion by increasing the 

pressure at the suspension-trapped air interface. The diffusion rate is determined by the 

concentration gradient of dissolved air across the suspension from the trapped air location to 

the atmosphere. Since the atmosphere pressure is constant, the pressure of trapped air 

determines the diffusion rate, which can be estimated based on the Young-Laplace equation: 

P=
2γ

R
=

4γcosθ

d
+ρGh+P0                                               (1.10) 
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where θ is the contact angle (76o), d is the diameter of the rods, and P0 is the atmosphere 

pressure. The relationship between the pressure and the centrifugal speed is shown in Fig. 2.11. 

According to Henry’s law: 

C=kH, CP×P                                                           (1.11) 

where C is the concentration of dissolved air, kH, CP is the Henry’s law constant of air in water 

(1.0 × 10-3 mol/L/atm), and P is the pressure. When the centrifugal force is 7,000 rpm, the 

pressure increases from 130 kPa to 769 kPa. The concentration of air at the interface will 

increase from 1.30 × 10-3 mol/L to 7.69 × 10-3 mol/L. So, the concentration difference across 

the suspension increases from 0.29 × 10-3 to 6.68 × 10-3 mol/L. Since the diffusion rate is 

controlled by the concentration gradient of dissolved air near the interface, which is 

proportional to the concentration difference across the suspension 94, the diffusion rate will be 

accelerated by the centrifugal force.  

The relationship between the centrifugal speed and the diffusion time is shown in Fig. 

2.11. When the centrifugal speed is at 7,000 rpm the diffusion rate will increase by ~23 times. 

Thus, for a rod with the diameter of 2 μm, only 13 minutes are needed to complete the filling 

process. Without the centrifugal aid, the process could be prolonged to 5 hrs, the diffusion 

process will not be over until the evaporation of water becomes dominating, which leads to an 

air bubble locked-in system after drying.  

 

Fig. 2.11. Relationships between the pressure on the interface and the centrifugal speed 

(black) and between the diffusion time and centrifugal speed (blue) for the ZnO rods with 

different sizes (The points with cross marks are the calculated values based on the conditions 

used in the experiments). 
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2.3.4 Patterned array drying 

Fig. 2.12 shows the relative densities of the dried samples prepared under the 

centrifugal speed from 0 to 10,000 rpm, which range from 39.9% to 42.9%. When no 

centrifugal aid is used (the centrifugal speed at 0 rpm), some micron-sized air bubbles are 

trapped in the suspension because of the high viscosity of the suspension, and then in the dry 

samples, which slightly lowers the relative density. For the dry samples prepared with the 

centrifugal aid, similar relative densities are obtained for different centrifugal speeds, at ~41%. 

 

Fig. 2.12. Relative densities of dry ZnO samples prepared at different centrifugal speeds. 

During the drying process, the evaporation of the solvent water produces meniscuses at 

the liquid-vapor interfaces in the pores, which creates capillary compression and drives the 

internal solvent to flow to the interface. The exterior pressure that drives the shrinkage can be 

expressed by the following equation 115: 

PE=
2(γSV-γSL)

r
=

2γLV

r
                            (1.12) 

where γ
SV

 and γ
SL

 are the solid-vapor and solid-liquid interfacial energies, respectively, γ
LV

 is 

the liquid-vapor interfacial energy, r is the radius of the liquid/vapor meniscus. With the 

shrinkage of the wet ceramic body, the maximum capillary compression PM can be estimated 

as 115: 

PM=(γSV-γSL)
SP

VP
=

γLV cos θ SP

VP
=

γLV cos θ S ρb

1-ρR
                             (1.13) 
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where SP/VP is the surface-to-volume ratio of the pore space, S is the specific surface area, ρ
b
 

is the density of the dried green body, and ρ
R

 is the relative density. At the maximum capillary 

compression, the liquid radius of the meniscus is small enough to fit into the pore, and the 

ceramic green body stops to shrink. Then the exterior pressure PE equals the maximum 

capillary compression PM. For the ZnO suspension, assuming the interfacial energy of the 

liquid-vapor water is 0.072 J/m2 116, the relationship between the maximum capillary 

compression PM and the pore size r is shown in Fig. 2.13a. From the particle size and the 

relative density of the green body, the average pore size can be estimated to be ~14 nm. Thus, 

the corresponding average maximum capillary compression PM during the drying is ~10.3 MPa 

from Fig. 2.13a. This also means that some pores cannot be removed. In reality, the pore size 

has a distribution in the green body due to the size distribution of different particles and the 

agglomeration of some particles. When the pore sizes range from 10-50 nm, the compression 

on the ceramic body is 14.4-2.88 MPa; the stress in the drying process is nonuniform and can 

lead to defects. Therefore, it is important to create uniform particle packing during the 

patterning process and make sure the drying process proceeds homogeneously. 

Fig. 2.13. Relationships of compression vs pore size and green strength vs pore volume 

fraction (The points with cross marks are the calculated values based on the conditions used 

in our discussion). 

Since the wall of the pore consists of particles, the capillary compression pulls the 

particles together and can densify the samples. The theoretical strength 𝜎 of the green body can 

be estimated as 117: 

σ=
3π

16

1-p

p
S0

Vb

VP
                                 (1.14) 
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where p is the volume fraction of pores in the body, S0 is the cohesive or adhesive strength of 

the binder, the ratio Vb/Vp is related to the weight percent (w) of binder in the body by: 

Vb

VP
=

w

100-w

Dp

Db
                                  (1.15) 

where Db and Dp are the densities of the binder and the ceramic particles. Assuming the binder 

strength is 68.9 MPa 117, the relationship of the green strength 𝜎 vs. the pore volume fraction 

can be plotted as shown in Fig. 2.13b. With the increase of the particle packing density (or with 

the decrease of the pore volume fraction), the strength of the particle network increases 

correspondingly. In our prior work on nanoparticle suspension systems 111, the dried 

nanoparticle packing is 53% relative density; and the green strength is 0.34±0.05 MPa based 

on a specifically designed green strength measurement technique, close to the prediction of 

0.44 MPa in Fig. 2.13b. In the current system, since the same ZnO suspension is used for all 

the samples, a similar relative density of ~43% is obtained as shown in Fig. 2.12. The pore 

volume fraction is ~57 vol% and the green body strength is as low as ~0.30 MPa.  

 During drying, the shrinkage is determined by the particle packing change from the 

sediment state to the dry state. Fig. 2.14 shows the sediment density (wet sample relative 

density) and linear shrinkage during drying at different centrifugal speeds. When the 

centrifugal speeds are 3,000, 5,000, 7,000, and 10,000 rpm, the sediment densities are 33.4%, 

34.2%, 34.4%, and 36.2% respectively, and the corresponding linear shrinkages are 4.8%, 

5.4%, 6.5%, and 8.1% respectively. With increasing centrifugal speed, higher pressure on the 

sediment layer leads to denser particle packing at the sediment state. Lower sediment density 

sample has higher shrinkage and vice versa. The smaller shrinkage for the higher centrifugal 

speed condition could have also contributed to the higher feature fidelity (smaller LER and 

larger IC). However, as discussed earlier, when the centrifugal speed is too high, e.g., >7,000 

rpm, the deformation of the PDMS mold could set in.   
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Fig. 2.14. Sediment density (blue) of the ZnO sample prepared at different centrifugal speeds 

and the corresponding linear shrinkage (black) during drying. 

2.3.5 Applicability of centrifuge-aided micromolding to other systems 

Since the centrifuge-aided molding process is mainly related to the suspension 

properties, different nanoparticle suspensions should follow similar processing trends and this 

study should have wide applicability. The specific feature size limit and patterned feature 

quality can be estimated. For example, Fig. 2.15 shows the SEM images of ZrO2 features 

prepared by the centrifuge-aided micromolding for a similar ZrO2 suspension (particle size: 

~20 nm, solids loading: 25%, viscosity at the shear stress of 64 Pa: ~0.1 Pa·s). The sizes of the 

obtained ridges are 2.1, 0.9, and 0.4 μm. All the ridges show good fidelity, and the LER values 

are 4.0±1.1%, 3.5±0.5%, and 3.5±0.8%. For the rods, well-defined round shapes are observed 

and the average IC value is 0.89±0.02. Since the pattern quality is mainly related to the 

suspension viscosity (affected by particle size and other suspension properties) and the 

centrifugal conditions, these results show the generality and wide applicability of the 

centrifuge-aided micromolding process. The centrifuge-aided molding capability for other 

nanoparticle suspensions can be similarly predicted and realized. 
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Fig. 2.15. SEM images of ZrO2 patterns prepared using the same centrifuge-aided 

micromolding process at 7,000 rpm (a: 2.1 μm ridges, b: 0.9 μm ridges, c: 400 nm ridges, d: 

1.9 μm rods). 

2.4 Conclusions 

Micron- and submicron-sized ZnO patterns are prepared using centrifuge-aided 

micromolding. Centrifugal force increases the patterning driving force due to the shear-

thinning behavior of the ZnO nanoparticle suspension at high solids loading. ZnO nanoparticle-

based ridges with sizes from 0.4 μm to 2 μm and rods with a size of 1.6 μm are prepared with 

good fidelity. The LER values for all the ridges are less than 5% and decrease with the ridge 

size. The circularity for the rod features is around 0.9, which is close to that of a perfect rod. 

Centrifugal force reduces the drying shrinkage by increasing the sediment density of the as-

cast samples and accelerates the trapped air diffusion rate. Quantitative relationships between 

the feature size, patterning time, and centrifugal condition are established. The drying process 

and green body strength are explored. This centrifuge-aided micromolding process can be 

applicable to many other suspensions, as demonstrated by ZrO2 nanoparticle suspension 

patterning.  
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3 Roughening and Destructive Effects of Sintering on Micron-

Sized ZnO Features 

3.1 Introduction  

Microfabrication has become a critical approach in realizing the miniaturization of 

devices for diagnostics, microfluidics, and microelectronics 118, 119, 120. Many advanced 

techniques have been developed to fabricate micron-sized features, such as capillary molding 

12, replica molding 7, and microtransfer molding 10. Various micron-sized features, namely lines 

121, rods/pillars 25, 26, cross- and ring-shaped structures 15, and microwells 122, have been 

prepared successfully. The micron-sized features can be created not only from soft polymers 

but also from nanoparticle suspensions. The microfabrication of ZnO 94, Al2O3 
123, PbTiO3 

123, 

and SiC 124 ceramic features by soft lithographic micromolding has been demonstrated. 

However, the sintering behaviors of these small features can fundamentally change with 

size decrease, pose detrimental and unpredictable effects on the manufacturing feasibility of 

these components/devices, yet have not been examined. During the sintering process, the 

features will have dramatic morphological and microstructural evolutions because of 

densification and grain growth. Since sintering is driven by the chemical potential gradient and 

achieved by the diffusion of atoms via various sintering mechanisms 34, depending on the 

nature of the material and the sintering condition, one or more sintering mechanisms can play 

significant roles and lead to drastic microstructure and feature differences.  

Many efforts have been devoted to obtaining desired microstructures by controlling the 

related sintering mechanisms. Chen et. al. utilized a two-step sintering method to obtain fully 

dense cubic Y2O3 with a grain size of 60 nm 44. Luo et. al. prepared ZnO specimens with 

relative densities of >97% and grain sizes of ∼1 μm via flash sintering 125. Messing et. al. 

studied textured piezoelectric ceramics via templated grain growth 126. An et al realized the 

control of calcium hexaluminate grain morphology by using different starting calcium-rich 

powders 76. Kwon et. al. explored the effect of doping on anisotropic abnormal grain growth 

of alumina 127. These studies have demonstrated the critical role of thermodynamics in the 

sintering behaviors of ceramic materials. However, such understanding has not been extended 

to micron-sized features.  

ZnO has the unique characteristics of the wide bandgap, high exciton binding energy, 

desired piezoelectric response, and easy doping for applications in electronics, photonics, 

acoustics, and sensing 81, 128. The sintering behaviors of bulk ZnO ceramics are well-known 

and understood 83, 84, 85, 86. However, for micron-sized features, the sintering behaviors of ZnO 
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require renewed scrutiny due to the high surface area to volume ratio. The individual grains 

inside a small feature may grow to the scale of the feature size, and thus exert a huge influence 

on the feature morphology evolution. So far, only limited studies evaluated the morphology 

evolution of the sintered features. Kim et. al. investigated the grain size distribution and overall 

shrinkage of micron-sized ZnO features even though grains grew to the feature size and 

destroyed the features at late stage sintering 25. Ye et. al. examined the feature size and grain 

size for submicron-sized ZnO features. However, polyvinyl alcohol binder content as high as 

~50 vol% was used in order to maintain the fidelity of the ZnO features 87. To obtain a proper 

understanding of the sintering behavior of micron-sized ceramic features, more focused studies 

with well-defined features and systematic analysis are needed. 

In this study, well-defined and micron-sized ZnO green features are created based on 

an improved micromolding method with a centrifuge aid. The destruction effects derived from 

the feature sintering are investigated. Sintering behavior, feature evolution, and surface 

roughening are explored. Prediction of feature destruction is proposed with respect to sintering 

time. 

3.2 Experimental procedures 

3.2.1 Ceramic suspension preparation 

ZnO nanopowder (wurtzite structure, 20 nm; Nanostructured Amorphous & Materials 

Inc., Houston, TX) was used as the starting material. Poly(acrylic acid) (PAA) of 4.5 wt% (Mw 

1800; Aldrich Inc., St. Louis, MO) (based on the weight of the ZnO powder) was added as a 

dispersant and a binder simultaneously. A diluted ammonia solution (pH=11) was utilized as 

the dispersing medium. A well-dispersed ZnO suspension with a solid loading of ~30 vol% 

was obtained by a vibratory mill (SPEX 8000 Mixer Mill; SPEX SamplePrep LLC, Metuchen, 

NJ) after 45 min of mixing. 

3.2.2 Ceramic features creation 

The casting process was conducted via centrifuge-aided micromolding 129. First, the as-

prepared suspension was transferred into a polydimethylsiloxane (PDMS) mold with as-

designed features (2 μm ridges and 4 μm rods). Details of the mold making process can be 

found in our previous work 94. Second, the suspension-filled mold was fixed by a self-designed 

epoxy holder and put into a centrifuge tube. Third, the centrifuge-aided micromolding was 

carried out at a rotation speed of 7,000 rpm for 30 min (Sorvall Legend X1R, Thermo Fisher 

Scientific Inc., Waltham, MA). Finally, the PDMS mold with the deposited ZnO layer was 
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taken out and the solvent on the top was removed. The drying process of ~48 h proceeded in 

air at room temperature. The dried green ZnO body with features was ultimately separated from 

the PDMS mold. The sintering process was carried out at 950oC with the heating/cooling rate 

of 5oC/min in a box furnace (DT-31-FL-10-C front loading, Deltech Inc., Denver, CO). For the 

samples with ridges, the holding time was kept at 1 min, 10 min, 30 min, 1.5 h, 8 h, and 48 h, 

respectively. For the samples with rods, the sintering process was carried out at 950oC with the 

holding time set at 1, 10, 30, 60, and 480 min, respectively. 

3.2.3 Characterizations 

The relative densities of the sintered ZnO ceramic bodies were measured based on the 

Archimedes' principle. The sintered ridge features were examined using scanning electron 

microscopy (SEM, Quanta 600 FEG, FEI Inc., Hillsboro, OR). Line-edge roughness (LER) of 

the sintered ridges was estimated in order to assess the ridge fidelity 95 by using ImageJ 

software with the plugin Analyze Stripes. The broken parts of the ridges were not involved in 

the LER calculation. First, a SEM image was cropped to have the features only. Then the image 

was converted to greyscale by increasing the contrast, making sure that the ImageJ software 

evaluated the LER properly. Subsequently, the software established the positions of different 

feature edges using a fixed reference line and measured the pixel positions of different feature 

edges. From these data, each edge position and standard deviation of the feature were obtained. 

The high contrast image allowed the software to detect the feature edge position accurately by 

identifying the dark-bright pixel changes. The measurements recorded the feature length in 

pixels, excluding portions of the line where the software could not identify a transition. In this 

work, the pixels for each LER estimation were no less than 50. Each LER value represented 

the line-edge roughness as a percentage of the feature size. The circularity value represented 

the derivation of a featured shape from an ideal round shape, which was used as a gauge for 

the patterned rod dimensional fidelity. To calculate the circularity value, the area and perimeter 

of the rod profile from the rod SEM images were obtained first using the Analyze Particles in 

ImageJ. First, a SEM image was converted to greyscale so that the contrast was heavily 

increased. Then, the profile of a rod feature was selected using Color Threshold. Finally, the 

circularity value was obtained by analyzing the selected profile via Analyze Particles function. 

The equation for the circularity calculation was as follows: 

𝐶𝑖𝑟𝑐𝑢𝑙𝑎𝑟𝑖𝑡𝑦 = 4𝜋 ×
𝐴𝑟𝑒𝑎

𝑃𝑒𝑟𝑖𝑚𝑒𝑡𝑒𝑟2        (3.1) 



 30 

3.3 Results and discussion 

3.3.1 Ridge degradation observation 

Fig. 3.1a shows the SEM images of the green ZnO ridges. The arrangement of the ridges 

is well defined and the edges of the ridges are straight. The width of the ridges is ~2 μm. Since 

the ZnO particle size (~20 nm) is much smaller than the ridge size, the morphology of the 

particles does not show any influence on the fidelity of the ridges. Thus, the ZnO ridges 

reproduce the shapes and dimensions from the PDMS mold and maintain the high feature 

quality. Figs. 3.1b-e show the ZnO ridge features sintered at 950oC with different holding time. 

The sintering process causes the shrinkage of the ridges and grain growth. The shrinkage can 

be easily seen from the feature area decrease from Fig. 3.1a, to 3.1b, and then to 3.1c. The grain 

growth is demonstrated by the roughness increase of the ridge surfaces and the ridge edges. 

With an increase in the holding time, the shrinkage of the feature slows, and the feature area 

shows no visible decrease. However, the grains in the ridges grow dramatically, leading to 

rougher ridge edges and deterioration of the ridge fidelity. Specifically, at the holding time of 

8 h (Fig. 3.1d), some segments of the ridges become much thinner. With the holding time of 

48 h (Fig. 3.1e), the grain size within the ridge is almost equal to the width of the ridge, and 

just one grain resides in the ridge along the width direction. In addition, some gaps appear 

between the grains in the ridges and the integrity of the ridges is lost completely. The sintering 

process destructs the micron-sized ZnO ridges due to grain growth. Because of the wurtzite 

structure of the ZnO used, some grains in the ridges show hexagonal shapes (as marked in Fig. 

3.1e). Because of the preferential growth of the ZnO grains, the exposed surfaces belong to the 

crystallographic planes with low specific surface energies, such as (101̅0)  (0.84 J/m2), 

(0001) (1.68 J/m2), and (112̅0) (0.87 J/m2) 130. 
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Fig. 3.1. SEM images of ZnO green ridges with 2 μm width (a), ZnO ridges sintered at 

950 °C with different holding time of 1 min (b), 1.5 h (c), 8 h (d), 48 h (e), and the 

corresponding LERs (f). 

Fig. 3.1f shows the changes of the LER values for the sintered ZnO ridges with the 

sintering time. The feature fidelity of the 48 h sintered sample is almost lost (Fig. 3.1e) and the 

corresponding LER cannot be estimated. Thus, Fig. 3.1f just includes the LERs of the samples 

with sintering time between 1 min and 8 h. The average LER value at the green state is 2±1%, 

demonstrating the high fidelity of the ridges. However, the LER value increases dramatically 

to 9±1% with 1.5 h of sintering, and then to 10±2% with 8 h of sintering. During the sintering 

process, the ZnO ridge edges tend to become rougher continuously. Nonetheless, the LERs are 

still acceptable for many applications with the tolerance of the edge roughness within 10% 104, 

105, 106. 

The evolution of the ridges during sintering is strongly correlated with the densification 

and grain growth simultaneously. Since the surface of the ridges is comprised of the exposed 

surfaces of the grains, the ridge morphology and the LER value are affected by the size and 

shape of the grains. When the grain size is much smaller than the ridge width, the effect from 

the shape of the grains can be neglected. When the grain size is comparable to the ridge width, 

the grain shape starts to play a critical role in the ridge shape evolution. It should be mentioned 
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that the ZnO grains are mostly spherical from the initial powder and then become faceted with 

sintering. In addition, the shrinkage affects the evolution of the ridges in size and morphology. 

For the current system, the specific correlation between the ridge 

roughening/destruction and grain growth can be understood from Fig. 3.2. The grain size in the 

ridges increases to 0.4, 0.5, 0.9, and 2 μm when the holding time increases to 1 min, 1.5 h, 8 h, 

and 48 h, respectively. Different from the grain growth, the ridge size first decreases and then 

increases slightly with sintering, all within the standard deviation with no statistical 

significance. The corresponding ridge sizes are 1.8, 1.5, 1.6, and 1.7 µm, respectively. This, 

along with our ongoing work on polymer to ceramic pyrolysis of similar size features, points 

out an important finding: micron-sized features experience a constraining/self-limiting effect 

during high temperature thermal processes and cannot shrink. In the meantime, the overall 

feature area shrinks significantly in the first 1.5 h of sintering and the relative density increases 

from 55.8% to 95.7% (Fig. 3.2b). During this period, the growth of the ZnO grains has little 

influence on the ridge size.  

 

Fig. 3.2. (a) Changes of the ridge grain size and the ridge size at the sintering temperature of 

950 °C with different holding time; (b) changes of the linear shrinkage of the ridges and the 

bulks (primary y-axis) and the bulk relative density (secondary y-axis) at the sintering 

temperature of 950 °C with different holding time. 

The increase of the LER values in Fig. 3.1f can be correlated with the non-uniform 

dimensional changes of the ridges during sintering. As sintering continues grain growth 

progresses. When the grain sizes are comparable to the ridge size, the grains start to affect the 

size and fidelity of the ridges, and the bulk densification has little influence on the feature 

evolution due to the slow shrinkage rate in the high relative density range (>95%). In addition, 

the faceting of the ZnO grains leads to abnormal ridge widening, which causes the formation 
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of gaps along the micron-sized ridges as shown in Fig. 3.1e. This means that the diffusion of 

the ZnO species during sintering results in the disappearance of some parts of the ridges and 

the growth of other parts. Destructive sintering effect happens and the ridge size starts to show 

a surprisingly increasing trend.  

Based on Fig. 3.2, the degradation of the ridge fidelity occurs simultaneously with the 

densification. In this study, the ridge fidelity degradation begins within 1.5 h of sintering 

holding time. In the same period, the ratio between the grain size and the ridge width increases 

from 22% to 30%, and the LERs increase from 4% to 9%. This part of the sintering process 

can be seen as the period when the LER increases dramatically. 

Since the sintering destruction process is accompanied by the abnormal dimensional 

change of the ridges, the starting time of this phenomenon can be estimated by comparing the 

linear shrinkage difference between the bulk sample and the ridges. Before the abnormal grain 

growth starts to influence the ridge fidelity (1.5 hrs of sintering), the ridges and the bulk show 

similar linear shrinkage. When the grain growth starts to affect the ridge fidelity (8 hrs and 

later sintering), a difference in the linear shrinkages of the ridges and the bulk is created. In the 

current system, for the sintered sample with 1.5 h of holding time, the linear shrinkages for the 

bulk and the ridges are both ~25%. This means that the densification effect still plays the major 

role, and the destructive effect is not obvious. During the following sintering process, for the 

bulk, the linear shrinkage does not show any obvious increase because of the slow densification 

rate at the high relative density (>95%). However, for the ridges, an abnormal widening occurs 

instead of shrinkage. This special phenomenon indicates that grain growth starts to have a 

major impact on the microstructural evolution of the ridges, and the destructive process 

becomes significant. Especially, when the grain size is comparable to the ridge width, the grain 

growth easily leads to the intensive roughness of the ridges and the appearance of gaps in the 

ridges. After 8 h and 48 h of sintering, the ‘apparent’ linear shrinkages of the ridges decrease 

to ~20% and ~10%, respectively. Due to the small size of the ridges, there is not a reliable 

density measurement technique to compare the feature density and the bulk density difference. 

3.3.2 Prediction of ridge destruction 

Based on the above observations, grain growth directly leads to the destruction of the 

sintered ZnO ridges. The ZnO grain size can act as an indicator for the ridge fidelity evolution. 

According to the result for the ridges with 1.5 h of sintering time, when the grain size reaches 

30% of the ridge width (the sintered ridge size reaches 75% of the green ridge size), the grain 

growth begins to affect the fidelity of the ridges. When the sintering time is increased, the 
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destructive effect for the ridge feature is enhanced. According to the classical grain growth 

model, the grain size at a given time can be estimated by:   

𝐺𝑛 − 𝐺0
𝑛 = 𝐾0𝑡𝑒−

𝑄

𝑅𝑇 = 𝐾𝑡     (3.1) 

where 𝐺 is the grain size at time 𝑡, 𝐺0 is the initial grain size (starting particle size), 𝑛 is the 

kinetic grain-growth exponent, 𝐾0 is a preexponential constant, 𝑄 is the apparent activation 

energy for grain growth, 𝑅 is the universal gas constant, 𝑇 is the sintering temperature, and 𝐾 

is a grain-growth constant at a specific temperature. Since the starting particle size (20 nm) is 

much smaller than the grain size in the sintered ridges (>400 nm), 𝐺0
𝑛 can be neglected. The 

grain growth can be estimated by: 

𝐺𝑛 = 𝐾𝑡                  (3.2) 

The ridge fidelity destruction time t can be predicted based on the ridge growth adopted from 

grain growth model of equation (3.2), and expressed as follows: 

𝑡 =
𝑊𝑠

𝑛

𝐾
                  (3.3) 

where 𝑊𝑠 is the sintered ridge width. The value of n and K can be determined by regressive 

fitting based on the experimental data. For the current system, 𝑛 is 2.01, 𝐾 is 0.55. According 

to experimental observation, when 𝑊𝑠 reaches 1.5 μm width after 1.5 h sintering, which is 75% 

of the green ridge size, the destruction start to occur. Therefore, the prediction of the ridge 

destruction time related to the green ridge size can be plotted as in Fig. 3.3a. The feature 

destruction time increases with the green feature size. For the 2 µm size green ridges, the 

approximate destruction time is 4.1 h. So, when the holding time is increased to 8 h, the ridges 

can be observed with an obvious larger line-edge roughness as shown in Fig. 3.1d than that of 

the 1.5 h sintered ridges as shown in Fig. 3.1c. When the green ridge size decreases to 1 µm, 

the destruction time decreases to 1 h, meaning that smaller features are much more vulnerable 

to destruction during sintering, which can be confirmed from the 1.5 h sintered 1 µm green 

ridges in Fig. 3.3b. On the other hand, when the green ridge size increases to 4 µm, the sintering 

time for destruction can be as long as 16.5 h. That is why the 1.5 h sintered 4 µm ridges show 

near perfect fidelity as shown in Fig. 3.3c, due to the sintering time far away from the predicted 

destruction time. Based on the estimated destruction time, fidelity change of the ridges during 

the sintering process can be predicted. If the destruction time is shorter than the needed 

sintering time, it should be very unlikely to obtain good fidelity after the sample reaches the 

target relative density. Rather, if the destruction time is longer than the needed sintering time, 

good fidelity and desired relative density can be expected at the same time. 
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Fig. 3.3. (a) Relationship between the feature destruction time and the green ridge size for 

ZnO at the sintering temperature of 950 °C (The points with cross marks are the calculated 

values based on the conditions used in our discussion); ZnO ridge feature with 1 μm (b) and 4 

μm (c) width sintered at 950oC with 1.5 hrs holding time. 

3.3.3 Rod degradation observation 

Fig. 3.4 shows the SEM images of the ZnO rods prepared via centrifuge-aided 

micromolding before and after sintering. The green ZnO rods in Fig. 3.4a have good fidelity 

with the average diameter of ~4 μm and an aspect ratio of ~1:2. Each rod possesses a profile 

close to a perfect circle. Since the size of the ZnO nanoparticles (~20 nm) is much smaller than 

the rod diameter, the morphology of the particles does not have an obvious influence on the 

fidelity of the rods, as shown from a rod with a magnified image in Fig. 3.4a. With the 

centrifugal aided casting approach, the ZnO rods can be made near perfectly from the PDMS 

mold and maintain high feature quality.  
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Fig. 3.4. SEM images of green ZnO rods (a) and sintered ZnO rods with holding time of 1 

min (b), 10 min (c), 30 min (d), 60 min (e), and 480 min (f) at 950oC. 

Figs. 3.4b-f show the ZnO rods sintered at 950oC with different holding time. The 

morphology change and the grain growth with the holding time can be easily seen. The 

sintering results in the shrinkage of the rod patterns and the rod sizes. With the increase of the 

holding time, the rod pattern shrinks gradually, and the surface becomes rougher due to grain 

growth. When the holding time reaches 480 min, the grains have very large sizes and the rod 

shape is severely distorted from the round shape. This phenomenon will affect the usability of 

the structure and the properties of related devices. 

Based on the SEM images in Fig. 3.4, the circularity of the rods at different holding 

time is shown in Fig. 3.5. Before sintering, the circularity for the green rods reaches 0.90, very 

close to 1, meaning an almost perfect circle shape. After sintering with the holding time at 1, 

10, 30, 60, and 480 min, the corresponding circularity values are reduced steadily to 0.84, 0.83, 

0.78, 0.76, and 0.64, respectively. Longer sintering time leads to more significant circularity 

loss. For example, the circularity of the 1 min sintered rods is just 6% smaller than that of the 

green rods, whereas the circularity of the 480 min sintered rods is 26% less than that of the 

green rods. As seen from Fig. 3.4, the decreases in the rod circularity and the rod fidelity are 
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strongly associated with grain growth. Besides, with the wurtzite structure of ZnO, the grains 

tend to expose the low energy crystalline planes ( such as (101̅0) 130 ) more easily, and are 

likely to produce relatively sharp edges/corners on the sintered rod surfaces.  

 

Fig. 3.5. Change of circularity values with the sintering holding time. 

Fig. 3.6 shows the linear shrinkages of the ZnO rods and the bulk with different holding 

time. When the holding times are 1, 10, 30, 60, and 480 min, the corresponding linear 

shrinkages of the rods are 17.8±1.1%, 20.2±1.7%, 22.6±0.7%, 26.2±1.0%, and 27.2±4.6%, 

respectively; the corresponding linear shrinkages of the bulk are 13.6±0.5%, 19.3±0.3%, 

22.0±0.9%, 23.5±0.4%, and 24.8±0.5%, respectively. Both the rods and the bulk show fast 

shrinkage within the initial 60 min of the sintering time, and stabilize with longer sintering time 

after that. However, the rods always demonstrate a higher shrinkage than that of the bulk at the 

same sintering time. It means that the features have higher densification rates than the bulks. 
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Fig. 3.6. Linear shrinkage of the rods and the bulk with sintering time. 

Fig. 3.7 shows the relative density of the ZnO bulk with different sintering time. When 

the holding times are 1, 10, 30, 60, and 480 min, the corresponding relative densities are 

55.8±0.1%, 56.3±0.1%, 77.0±0.1%, 89.8±0.1%, and 96.8±0.3%, respectively. Drastic density 

increase occurs in the first 60 min of sintering. The trend in the relative density change for the 

bulk is the same as that of the shrinkage since the shrinkage is directly related to the relative 

density. Fig. 3.7 also shows the grain sizes in the ZnO rods and bulks with different holding 

time. When the holding times are 1, 10, 30, 60, and 480 min, the corresponding average grain 

sizes in the bulk samples are 0.17±0.07, 0.24±0.05, 0.55±0.31, 0.74±0.36 and 2.38±2.05 µm, 

respectively, and the corresponding average grain sizes in the rods are 0.15±0.04, 0.17±0.05, 

0.23±0.07, 0.30±0.10 and 0.69±0.21 µm, respectively. The increasing relative density and 

grain size for the ZnO bulk means that the densification is accompanied by grain growth during 

the sintering process, as widely understood. The grain growth in the rods has the same 

increasing trend as that of the bulk, but the grain size is smaller. Not surprisingly, the grain 

growth leads to the deformation of the rod profile (Fig. 3.4) and thus compromises the rod 

circularity (Fig. 3.5). 
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Fig. 3.7. Bulk relative density, bulk grain size, and rod grain size with different sintering 

time. 

3.3.4 Thermodynamic analysis of feature surface roughening 

Based on the Kelvin equation, considering the geometric factor only, a surface with 

negative curvature (concave) has a lower chemical potential than a flat or convex surface. The 

chemical potential difference leads to a flux of atoms from a flat or convex surface to a concave 

surface, which causes the flattening of both the concave surface and the convex surface. For 

the ZnO system, the small/sharp locations on the ridges will shrink and the large/round 

locations will grow during sintering. From the specific surface energy point of view, a surface 

with a higher specific surface energy has higher chemical potential. The chemical potential 

difference leads to a flux of atoms along the direction of decreasing specific surface energy 

and expands the surface region with lower specific surface energy. Crystallographic planes 

with a lower specific surface energy will preferentially grow to form a polyhedron with sharp 

edges. For an actual system, these two factors work simultaneously and the sintering behavior 

can be seen as a result of the competing effects due to the diffusion of the involving species. 

Eventually, the ridge loses its original shape, and surface roughening occurs. For the micron-

sized ZnO ridges, when the grain size is comparable to a ridge size, the ratio of the grain 

boundary area to the surface area becomes very small. Theoretically, based on the model of 

closely packed spheres, when the ratio of the grain size to the ridge size increases from 0.5 to 

1, the ratio of the grain boundary area to the surface area will decrease from 3 to 1. Thus, 

evaporation, surface re-condensation, and surface diffusion will modify the feature surface 
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morphology during the sintering process. The feature surface morphology evolution can be 

estimated by balancing the chemical potentials.  

As illustrated in Fig. 3.8, the tri-junction regions at two adjacent grains usually have a 

higher surface energy compared to the free surface due to the relatively disordered arrangement 

of atoms near the grain boundary, which increases the chemical potential 131, 132, 133. Meanwhile, 

these tri-junction regions usually have negative curvatures. Thus, the geometry and specific 

surface energy difference at these locations have opposite effects on the chemical potential, 

which drives the movement of diffusing species. When these two fluxes are equal, the net flux 

should be zero and the tri-junction region will reach a stable state.  

 

Fig. 3.8. Illustration of the tri-junction region using the (101̅0) plane of ZnO as an example. 

In order to simplify the problem, an ideal model can be proposed: the tri-junction region 

has a symmetric structure along the grain boundary, and the grain surfaces on both sides belong 

to the same family of crystal planes (see the illustration in Fig. 3.8). According to the Young-

Laplace equation, the change of chemical potential ∆𝜇𝑐 from the curvature of the surface can 

be expressed by: 

∆𝜇𝑐 = 2𝛾𝑠
𝛺

𝑅𝑠
       (3.4) 

where 𝛾𝑠 is the specific surface energy, 𝛺 is the molar volume, and 𝑅𝑠 is the curvature radius 

of the surface. The change of chemical potential ∆μ𝑠 from the difference in specific surface 

energy and grain boundary energy can be expressed by:  

∆𝜇𝑠 = ∆𝛾𝑠𝑆𝐴 = ∆𝛾𝑠
𝛺

𝑑
      (3.5) 

where ∆𝛾𝑠 is the specific surface energy difference, 𝑆𝐴 is the surface area occupied by one mole 

of ZnO, and 𝑑 is the atomic plane spacing. The equilibrium condition can be expressed as:  

∆𝜇𝑐 =
2𝛾𝑠𝑝

𝑅𝑠
= ∆𝜇𝑠 =

(𝛾𝑠𝑔−𝛾𝑠𝑝)

𝑑
     (3.6) 
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where 𝛾𝑠𝑔 is the specific energy of the grain boundary and 𝛾𝑠𝑝 is the specific surface energy of 

the grain surface. Assuming the curvature gradient and specific surface energy gradient are 

constant across the tri-junction region, the curvature radius of the region can be estimated by 

equation (3.6):  

𝑅𝑠 =
2𝛾𝑠𝑝𝑑

𝛾𝑠𝑔−𝛾𝑠𝑝
       (3.7) 

In the current system, 𝛾𝑠𝑔  is 1.77 J/m2 134, 𝛾𝑠𝑝  can be estimated using the specific 

surface energy of a crystallographic plane. Usually, the exposed crystallographic planes with 

low specific surface energies are (101̅0)(0.84 J/m2) (commonly exposed plane), (0001)(1.68 

J/m2), and (112̅0) (0.87 J/m2) 130. The corresponding values of lattice d spacing are ~0.14, 0.22, 

and 0.24 nm, respectively 135. Based on equation (3.7), the corresponding radius 𝑅𝑠 is 0.53, 

8.65, and 0.94 nm, respectively. This means that a tri-junction region with a curvature radius 

from several to dozens of nanometers will be obtained when the chemical potentials become 

equal. So, the lower the specific surface energy is, the smaller the curvature radius of the tri-

junction region is. The crystallographic plane with the lowest specific surface energy is most 

likely to be the exposed grain surface. The formation of this sharp tri-junction region should 

be a general phenomenon for any particle-based sintering system, as shown in Fig. 3.1e. Since 

this process is driven by the chemical potential difference, the decrease of the curvature radius 

will last until the balance is reached. The formation of the tri-junction region with a small 

curvature radius is realized by the movement of the atoms from the grain boundary region to 

the feature surface. When the centers of the two grains along the ridge are too far apart, the 

continuous loss of species at the grain boundary region will create a gap between the grains. 

It should be mentioned that the above analysis is based on an idealized situation; the 

obtained values for 𝑅𝑠 are not exact values. In a realistic situation, the orientations of the grains 

are random, and so are the crystallographic planes on both sides. Although these factors make 

it difficult to predict the exact curvature radius, the trend to form a sharp tri-junction region 

should be the same if evaporation, surface re-condensation, and surface diffusion become 

significant during the long time sintering process. The tri-junction regions are the most 

vulnerable locations to form a sharp angle, which increases the LER values. When the distance 

between the grains is large enough, there will be a feature break-up tendency, e.g., by forming 

gaps along the ridge length direction. 

Based on the above discussion, several strategies can be utilized to limit the feature 

destruction effect. First, since grain growth is the direct reason of feature breaking, strategies 

that can limit grain growth should be effective, such as two-step sintering 44, microwave 
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sintering 136, and grain growth inhibitor doping 137, 138, 139. For two-step sintering, the relatively 

low holding temperature can limit grain growth effectively. The fast heating of microwave can 

also limit the grains from growing too fast. Grain growth inhibitors can stay at grain boundaries 

to hinder grain boundary migration and thus grain growth. Second, for the ZnO system, the 

evaporation mechanism is usually activated at ~900 oC, lower sintering temperature can limit 

this mechanism and the corresponding feature breaking process 83. Finally, feature shapes and 

sizes will also affect the destructive effect. Obviously, large size features can sustain longer 

sintering time. For ridges, the two ends connected to the bulk can slow down the grain growth 

to a certain extent.  

3.4 Conclusions 

This study focuses on the sintering behavior of micron-sized ZnO features. Feature 

destruction occurs due to the abnormal grain growth. Feature destruction time and the 

corresponding relative density are predicted based on developed models. Surface roughening 

process is further explained based on the chemical potential difference between grain surface 

and grain boundary, which is correlated to the evaporation, surface re-condensation, and 

surface diffusion. This work provides the first guidance on predicting and controlling the 

sintering behaviors of micron-sized features. 
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4 Effects of Atmosphere on Evolution of Micron-sized ZnO 

during Sintering  

4.1 Introduction 

           In recent years, many microfabrication techniques have been developed to fabricate 

micron-sized features for miniaturization and portability of devices, such as photolithography 

2, soft lithography 1, photomasking 4, focused ion beam milling 3, and electron beam 

lithography 5. Many materials have been used to fabricate various micron- and nano-sized 

features, such as polymer 140, 141, metal 20, and ceramic materials 78. 

 For ceramic micron-sized feature fabrication, sintering plays a critical role in shape 

retention and microstructural evolution 25, 87, 142. Different from bulk ceramic sintering, the 

sintering behaviors of these features can fundamentally change with the decrease of their sizes. 

The most direct influence is the limitation imposed by grain growth. For the grains in the 

feature, their sizes cannot exceed the feature size. However, densification inevitably incurs 

grain growth. When grain growth is limited to single micron size or lower, the densification of 

micron-sized ceramic features will be affected; sometimes it is impossible to densify the 

features to the desired densities, as externally applied sintering driving force is not feasible, 

which presents a problem different from that of the bulk ceramics. In addition, with continuous 

sintering, the features will have dramatic morphological and microstructural evolutions. 

Constrained shrinkage may distort the original shape. When the grain size is comparable to the 

feature size, the influence of individual grains cannot be neglected. The changes in the shape 

and size of grains can completely alter the designed features. As a result, unpredictable effects 

on the manufacturing feasibility of these components/devices may happen. 

 ZnO exhibits special properties in chemistry, surface, and microstructure and has wide 

applications as varistors 143, gas sensors 144, transparent electrodes 145, and catalyst 146. Many 

sintering researches have been done to understand the relationship between sintering process 

and microstructural evolution 83, 85, 86, 147, 148, 149, 150, 151, 152.  Gupta  and  Coble studied the grain 

growth expression of pure ZnO from a phenomenal kinetic view 151, 152. Ewsuk et. al. 

demonstrated that grain boundary diffusion is the single dominant sintering mechanism in the 

intermediate sintering state of nanocrystallineand ZnO 85. Besides, one special feature for this 

material is the high vapor pressure (~2 kPa at 1000 oC) 153, compared to other ceramic material, 

such as alumina (~100 Pa at 2100 oC) 154. Hynes et. al.  proved that a higher specific surface 

energy may contribute to a faster densification rate and the mass transport via vapor phase will 
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increase above 950 oC 83. Meanwhile, the sintering atmosphere may affect the surface 

composition of the particles, and the changed surface chemical potential will affect mass 

transport via various sintering mechanisms. Although exiting results were obtained by these 

researchers, almost all these efforts are about bulk samples. For micron- or submicron-sized 

ZnO features, we have demonstrated that the change in shape and size of grains during sintering 

directly affects the morphology evolution of the features. When the grain size grows to 30% of 

the feature size, the subsequent grain growth will deteriorate or even destroy the fidelity of 

micron-sized ZnO ridges 155. In addition, with different atmospheres, the partial pressure of 

ZnO can change and act as another factor in influencing the small feature sintering behaviors. 

For example, the evaporation-condensation rate can be accelerated or decelerated 153, 156. 

Besides, compared to bulk, the evaporation effect of ZnO on the features can become much 

more significant 157. Especially in the final sintering stage, the evaporation effect on the features 

will be much more significant due to the much larger specific surface area in comparison with 

the bulk 158. Previously, with working the ZnO bulk, researchers put less attention to the role 

of the evaporation effect in the densification process. However, for small ZnO features, the 

evaporation effect will play a more important role, and both the sintering process and 

morphology evolution will be affected obviously 159. It means that new sintering models and 

math expression considering evaporation factor should be established to illustrate the role and 

effect of sintering atmospheres.  

 In this work, micron-sized ZnO ridges were sintered in different atmospheres. The 

evolution of the ZnO ridges was characterized by measuring the ridge size and grain size. The 

microstructure of the sintered ridges is visualized by 3D reconstruction. The effect of 

atmospheres on sintering was studied by analyzing the difference in the ridge integrity and 

microstructural evolution. Fundamental theories were established to explain the evolution of 

such microstructures.  

4.2 Experimental procedures 

4.2.1 Ceramic suspension preparation 

            ZnO nanoparticles (~20 nm; wurtzite structure; Nanostructured and Amorphous 

Materials, Inc., Houston, TX) were used to fabricate the micron-sized ZnO ridges via 

centrifuge-aided micromolding based on our previous work 160. 4.5 wt% poly (acrylic acid) 

(PAA) (Mw 1800; Aldrich, St. Louis, MO, based on the weight of ZnO powder) was used as a 

dispersant and a binder simultaneously. A diluted ammonia solution with a pH value of 11 was 

used as the dispersing medium. A well-dispersed ZnO suspension with a solid loading of ~30 
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vol% was obtained via a vibratory mill (SPEX 8000 Mixer Mill; SPEX SamplePrep LLC, 

Metuchen, NJ) after 45 mins of mixing. 

4.2.2 Ceramic features creation 

 The casting process was implemented via centrifuge-aided micromolding. First, the 

suspension was transferred into a PDMS mold with 2 μm ridge patterns. Second, the 

suspension-filled mold was fixed in a centrifuge tube by a self-designed epoxy holder. Third, 

the centrifuge-aided micromolding was conducted at a rotational speed of 7000 rpm for 30 min. 

Finally, the PDMS mold with the deposited ZnO nanoparticle layer was taken out and the extra 

solvent on the top was removed. The drying process of ~2 days proceeded in the air at room 

temperature. The dried ZnO green body with the 2 μm ridges was ultimately demolded from 

the PDMS mold. The atmosphere sintering process was carried out at 1000 oC with different 

holding time and the same heating and cooling rate of 5 oC/min in a box furnace (DT-31-FL-

10-C front loading, Deltech, Denver, CO). High purity argon (purity: 99.999%, oxygen content: 

~1 ppm, Airgas, Christiansburg, VA) and dry air (oxygen content: ~21%, Airgas, 

Christiansburg, VA) were used as the sintering atmospheres and the corresponding partial 

pressures of oxygen were 0.0001 and 21.1 kPa, respectively.  

4.2.3 3D reconstruction 

The microstructures of the sintered ZnO samples were characterized by FIB-SEM 3D 

analysis using a dual beam FIB microscope (FEI Helios 600 NanoLab, Hillsboro, OR). Before 

the FIB cutting, the sample was coated with a gold layer (~10 nm) using a sputter coater 

(208HR High Sputter Coater, Cressington Scientific Instruments Ltd., Watford, England).  

After the sample was placed inside the FIB microscope, a 1 μm circular Pt layer was deposited 

on the target ZnO feature in order to provide more conductivity, which should also avoid the 

milling of the ZnO surface structure and waterfall artifact during the FIB cutting. The electron 

beam current was 22 nA, and it took around 4 min to deposit the Pt layer. Before serial cutting, 

several cleaning cuttings with an interval of 50 nm were done using 93 pA current under 30 

kV voltage. 

After all the preparation was done, the cross-section of the ZnO rod was cut off layer 

by layer with a spacing of 10 nm using 93 pA current under 30 kV voltage, and an SEM image 

was taken under optimal contrast and brightness after each slice was removed. A good contrast 

was critical for the image digitization and 3D reconstruction. 30 slices were collected from the 

middle part of the feature. 
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The 3D reconstruction was realized using the software Amira 5.4.1 (Visage Imaging, 

Inc., San Diego, CA). First, after loaded into the software, the slice images were aligned 

roughly by the AlignSlice module. All the areas outside the area of interest (the ZnO ridge) 

were cropped out. The selection of different microstructure components (grains and pores) was 

completed in Segmentation mode. In order to improve the accuracy of the selection, the 

procedure was completed manually. Then, grains and pores were labeled and colored 

separately. A 3D model consisting of all the labeled microstructure components was shown by 

using SurfaceGen command. Quantitative 3D microstructural data, including the volume of 

each component, was extracted based on the 3D model. More information, including relative 

density, was obtained based on the extracted data via a basic calculation. 

4.2.4 Characterization 

 The relative densities of the green and sintered ZnO bodies were measured based on 

the Archimedes' principle. The morphology of the sintered ridges was examined by scanning 

electron microscopy (SEM, Quanta 600 FEG; FEI Company, Hillsboro, OR). Line-edge 

roughness (LER) of the sintered ridges was estimated in order to assess the ridge fidelity 95 by 

using ImageJ software with the plugin Analyze Stripes. The broken parts of the ridges were 

not involved in the LER calculation. First, a SEM image was cropped so that only the features 

were visible. Then the image was converted to greyscale and the contrast was heavily increased. 

The software established the position of each line based on the greyscale values and measured 

the distance in pixels between two lines. From the data, the ridge width and standard deviation 

of that measurement were isolated. The LER values represented the line-edge roughness as a 

percentage of the feature size. 

4.3 Results and Discussion 

4.3.1 Sintering of ZnO bulk 

            The sintering atmosphere has a continuous influence on the densification of the bulk 

ZnO ceramic. Fig. 4.1 shows the relative densities of the ZnO samples sintered in argon and 

air atmospheres at 1000oC. When the sintering time is kept at 1, 90, and 480 min, the relative 

density of the ZnO bulk sintered in argon are 66.30±1.67%, 86.36±0.68% and 92.37±1.06%, 

respectively, and the relative density of the ZnO bulk sintered in air atmosphere is 65.90±0.76%, 

79.12±1.65% and 89.87±1.58%, respectively. With the short sintering time of 1 min, their 

relative densities are very similar, and the sintering atmosphere does not affect the densification 

obviously. When the sintering proceeds to longer holding time, the difference in the relative 
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density becomes more obvious. The argon atmosphere accelerates the densification of the bulk 

ZnO in comparison with the air atmosphere.  

 
Fig. 4.1. Relative densities of the sintered bulk ZnO samples with argon and air atmospheres 

at 1000oC. 

During the ZnO sintering process, ZnO decomposition and defects formation will 

matter greatly for densification and grain growth 161. On one aspect, the decomposition can not 

only lead to the evaporation and roughen the surface, but also trigger the zinc interstitial defects. 

One other aspect, thermodynamics also produces the defects automatically, which has been 

confirmed to be mainly the oxygen vacancy 162, 163. The oxygen vacancies tend to have the 

larger diffusion speed than that of zinc interstitials due to the lighter mass of oxygen atom than 

that of the heavier mass of zinc atom. Therefore, the lower diffused zinc interstitials finally 

determine the mass transportation and contribute the densification during the ceramics 

sintering process 164. In this work, the evaporation effect from the ZnO decomposition as well 

as the induced Zn interstitial diffusion will be considered for the explanation of the sintering 

behavior difference between ZnO bulk and ridges. The chemical reaction of ZnO 

decomposition and the defect reaction of Zn interstitial formation can be expressed as follows: 

𝑍𝑛𝑂(𝑠) ⇋ 𝑍𝑛(𝑔) +
1

2
𝑂2(𝑔)                                              (4.1) 

𝑍𝑛(𝑔) ⇋ 𝑍𝑛𝑖
⋅ + 𝑒′                                                    (4.2) 

When the equilibrium states are achieved for reactions (4.1) and (4.2), the corresponding 

equilibrium constants K1 and K2 can be obtained as follows 161: 

𝐾1 = 𝑃𝑍𝑛𝑃𝑂2

1

2                                                             (4.3) 



 48 

𝐾2 = [𝑍𝑛𝑖
⋅][𝑒′][𝑃𝑍𝑛]−1                                                   (4.4) 

where, 𝑃𝑍𝑛 is the partial pressure from the Zn gas, 𝑃𝑂2
 is the partial pressure from O2 gas, [𝑍𝑛𝑖

⋅ ] 

is the concentration of Zn interstitials, [𝑒′] is the concentration of electrons. With the 

combination of equations (4.3) and (4.4), the [𝑍𝑛𝑖
⋅] concentration can be obtained as:   

[𝑍𝑛𝑖
⋅ ] = √𝐾1𝐾2 𝑃𝑂2

−
1

4                                                   (4.5) 

The densification processes in Fig. 4.1 show typical semilogarithmic relationships, 

which can be expressed as 166:  

𝑑𝜌

𝑑𝑡
=

𝐾

𝑡
                                                                         (4.6) 

where 𝜌 is the density and 𝐾 is the constant. K has the expression: 

𝐾 =
𝐴𝐷𝑍𝑛 γ𝑠𝑣𝛺

𝛼𝑘𝑇
                                                              (4.7) 

where A and α are constants, 𝐷𝑍𝑛 is diffusion coefficient of Zn interstitial (2.44×10-11 m2/s) 

which are obtained by curve fitting and calculation, γ𝑠𝑣 is the surface energy of solid/vapor, Ω 

is atomic volume of Zn interstitial (1.41×10-31 m3), k is the Boltzmann constant (1.381×10-23 

JK-1), T is the absolute temperature (1273 K). The value of 𝐾 can be determined by measuring 

the slope of 𝜌 vs log(𝑡) in the sintering process.  

 After integration of equation (4.6), it can be expressed as: 

𝜌 = 𝜌0 + 𝐾Ln(t)                                                         (4.8) 

where ρ is the density, 𝜌0 is the initial density. If both sides are divided by the theoretical 

density of ZnO with ρ, equation (4.8) can be changed to:  

𝐷 = 𝐷0 + 𝐾∗Ln(t)                                                         (4.9) 

where D= ρ/ρ∗, which is the relative density; 𝐷0 = 𝜌0/ρ∗, which is initial relative density; 

𝐾∗ = 𝐾/ρ∗. Now, based on the plot in Fig. 4.1 of the relative density and time, the parameter 

𝐾∗ of the bulk ZnO ceramic sintered in different atmospheres of air and Ar can be obtained by 

curve fitting. 

Based on the above equations, it can be found that only surface energy can be affected 

by the change of the defects concentration on the surface. It is assumed that the sintering 

atmosphere affects the densification rate by changing the surface energy. In air atmosphere, 

the surface energy is ~2.8 J/m2. By comparing the densification rate in argon and air, the surface 

energy in argon atmosphere can be estimated, which is ~4.2 J/m2 167. 

4.3.2 Sintering of ZnO ridges 

The sintering atmosphere affects the morphology evolution of the ZnO ridges during 

sintering. Fig. 4.2 shows the ZnO ridges sintered in air and argon atmospheres at 1000oC. The 
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ridges sintered in both air and argon experience obvious shrinkage. Compared to the ZnO 

ridges sintered in air, the ridges sintered in argon show more and faster feature fidelity loss. 

Especially, when the sintering time increases to 8 hrs, the ridges sintered in argon even lose 

continuity. The argon atmosphere has a more destructive effect on the micron-sized ZnO 

features. The grains also grow differently for the Ar and air sintered samples. The Ar sintered 

samples show faster grain growth compared to the Air sintered samples.   

 

   

   

Fig. 4.2. SEM images of the sintered ZnO with 1 min sintering time in air (a) and Ar (d), 1.5 

hrs sintering time in air (b) and Ar (e) and 8 hrs sintering time in air (c) and Ar (f). 

The effect of the sintering atmospheres on the feature fidelity can be characterized 

quantitatively from two aspects: ridge width and line edge roughness. Fig. 4.3a shows the LER 

values of the ZnO ridges sintered under different conditions. When the sintering time is 1, 90, 

and 480 min, the LER values of the ZnO ridges sintered in Ar are 2.60±0.44%, 4.57±1.01% 

and 6.71±1.71%, respectively, and the LER values of the ZnO ridges sintered in air are 

2.46±0.92%, 5.58±0.83% and 13.6±4.60%, respectively. Based on our previous work 155, the 

change of LER value is directly affected by the grain size. Since the Ar atmosphere accelerates 

grain growth in comparison to the air atmosphere, the ZnO ridges sintered in Ar show higher 

LER values, demonstrating that faster grain growth leads to more feature fidelity loss. At longer 
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sintering time of 480 min, the discontinuity of the ZnO ridges increases the LER value 

dramatically.  

 

Fig. 4.3. (a) LER values of the sintered ZnO ridges in different atmospheres and (b) average 

ridge sizes of the sintered ZnO ridges in different atmospheres. 

Fig. 4.3b shows the ridge sizes of the ZnO samples sintered in air and argon 

atmospheres at 1000oC. When the sintering time is 1, 90, and 480 min, the ZnO ridge size in 

argon is 1.63±0.02, 1.46±0.03 and 1.02±0.06 μm, respectively, and the ridge size of the ZnO 

features sintered in air is 1.96±0.02, 1.79±0.04 and 1.68±0.03 μm, respectively. The ridge 

width for the samples sintered in the Ar atmosphere is always smaller than that sintered in the 

air atmosphere at the same sintering time. With the sintering time increase, the Ar-sintered 

ridge features show smaller width than that of the air-sintered ridges.  

Another important observation is that the ZnO bulk and features shrink differently (Fig. 

4.4). As an example, after the 480 min sintering in argon and air atmospheres, the linear 

shrinkage values of the features are 47.42% and 25.53%, respectively; whereas, the linear 

shrinkage values of the bulks are 23.62% and 22.40%, respectively. As ZnO material has the 

intrinsic decomposition and evaporation effect during sintering 153, it is another reason for the 

so large apparent linear shrinkage value of 47.42%. Therefore, the combination of the 

densification and the evaporation contribute the final reduction of the sintered ridge width. 
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Fig. 4.4. Apparent linear shrinkages of the bulks and features sintered in air and Ar. 

4.3.3 Evaporation and densification analysis of ZnO ridges 

For the reduction of ridge size, two processes work simultaneously: the densification 

process resulting from sintering and decomposition process resulting from decomposition. The 

effect of the decomposition process can be estimated by comparing linear shrinkage values of 

the features and bulks. For the 8 hrs sintering in argon and air atmospheres, the linear shrinkage 

values of the features are 37.42% and 14. 29%, respectively; the linear shrinkage values of the 

bulks are 11.07% and 9.82%, respectively. Increasing of the linear shrinkage values results 

from the mass loss due to the decomposition. The sintering atmosphere will affect the 

decomposition rate of ZnO during sintering. For the decomposition of ZnO, based on equations 

(4.1) and (4.2), the reaction rate 𝑣𝑃 can be expressed as: 

𝑣𝑃 ∝ 𝑃𝑂2

𝑑                                                              (4.10) 

where, 𝑃𝑂2
 is the concentration of the oxygen, 𝑑 is the reaction order. Based on equations 

(4.10), the net reaction rate in a specific surface area can be estimated by: 

𝑣 = 𝑘1[𝑂2]𝑏                                                          (4.11) 

where 𝑑𝑚  is the mass change in 𝑑𝑡  and 𝑘1  is the reaction rate constant. In argon and air 

atmospheres, the increase of decomposition rate will be reflected in the linear shrinkage value 

of the features. The linear shrinkage resulting from the decomposition is defined as extra 

shrinkage 𝑆𝑒. The value of 𝑆𝑒 can be obtained by calculating the difference between the actual 

linear shrinkage and the linear shrinkage resulting from densification.  Since the grain size is 

much smaller than the ridge size, the linear shrinkage from densification can be estimated by 
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the linear shrinkage of the bulk. The relationship between extra linear shrinkage from the 

decomposition process and oxygen partial pressure can be expressed as:  

𝑆𝑒 = 𝑘1[𝑂2]𝑏                                                          (4.12) 

Based on the experimental result in fig. 4.3b, the value of b is ~-0.14 and the value of 

𝑘1 is ~-0.0088. For air atmosphere, the redeposition rate is relatively high, the effect of the 

decomposition on sintering behaviors are not obvious. For argon atmosphere, the partial 

pressure is much lower than that of air atmospheres. The effect of the decomposition on the 

feature size is much more obvious.  

4.3.4 3D reconstruction of sintered ZnO ridges 

The densification rate difference resulting from scale and atmosphere is demonstrated 

by 3D reconstruction techniques. Fig. 4.5a and 4.5b show the cross-sections of the sintered 

ZnO ridges in air and Ar, respectively. It is obvious that grains grow much faster in Ar 

atmosphere compared to air atmosphere. Based on the series (30 slices) of the cross-section 

images, the microstructures of the ridges are reconstructed and the corresponding relative 

densities are obtained. The relative densities of the ridges sintered in air and Ar are 91.3% and 

93.2%, respectively. It is proved that the ridges have higher densification rates than the bulks 

and Ar atmosphere can accelerate the densification rate in comparison to air atmosphere.  

 

Fig. 4.5. Slice view of the ridges sintered in air (a) and Ar (d); 3D reconstruction and the 

corresponding pore structure images of a part of the ridges sintered in air (b, c) and Ar (e, f). 
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4.4 Conclusions 

Micron-sized ZnO ridges were sintered in air and argon atmosphere. Obvious 

differences are found in densification rate and size change of the ZnO ridges. Argon 

atmosphere accelerates the densification rate by increasing the vacancy concentration on the 

grain surface. Besides, in the argon atmosphere, the enhanced decomposition of ZnO will cause 

extra reduction of the ZnO ridge size. The effect of oxygen particle pressure on densification 

and size reduction of the ZnO feature is analyzed quantitatively. The evaporation effect and Zn 

interstitial are combined to lead the sintering difference in air and argon. 
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5 Conclusions 
 

In this thesis, micron- and submicron-sized ceramic patterns (from 2 μm to 400 nm) 

with high fidelity are fabricated via centrifuge-aided micromolding. For 2 μm ridges, when 

7000 rpm condition is used, the introduction of centrifugal force increases the patterning rate 

by ~ 20000 times and reduces the linear shrinkage by ~ 4% during the drying process. Ideal 

models are established to explain the patterning process, and quantitative relationships between 

the feature size, patterning time, and centrifugal condition are established. Sintering behaviors 

of the ceramic features are different from that of ceramic bulks, including faster densification 

and slower grain growth. Feature destruction and surface roughness occur due to the abnormal 

grain growth. With a sintering process at 950 oC with 8 hrs holding time, the LER value of 2 

μm ridges increases from 2% to 10% and the circularity of 2 μm rods decreases from 0.90 to 

0.64. Feature destruction time can be predicted based on grain growth. For 2 μm ridge, the 

destruction time at 950 oC is about 4.1 hrs. Surface roughening process is further explained 

based on the chemical potential difference between grain surface and grain boundary. Sintering 

atmosphere has a significant influence on the morphological evolution and densification rate 

of micron-sized ZnO ridges due to evaporation tendency. Oxygen particle pressure affects 

densification rate of the ZnO bulk and size reduction of the ZnO feature. Low oxygen content 

in the sintering atmosphere will result in a faster densification rate and more mass loss. 

Fundamental theories and mathematical expressions are established to explain and predict the 

difference in densification rate of the bulks and size reduction of the features. 
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