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Polymers are soft macromolecules that can be structured and designed according 

to the need. The properties of these materials, however, are often limited due to purely 

organic nature of these macromolecules. Addition of an inorganic material into the 

polymer, however, results in a hybrid material with improved properties that are a 

combination of its constituents. In this dissertation, formation, processing, 

characterization and applications of two different polymer-inorganic hybrid systems 

are discussed, where order and dynamics of the hybrid material is driven by the 

polymer thermodynamics. The first system combines the block copolymer self-

assembly with functional inorganic nanoparticles to generate nanostructured and 

nanoporous thin films. The order in the nanoporous thin films is determined by 

quantitative image analysis. Nanoporous films are used as templates to generate 

epitaxial and heteroepitaxial single crystalline nanostructures on silicon substrates. 

The single crystalline nanostructures are characterized through various microscopy 

and diffraction techniques to determine the lateral order, crystal structure and 

orientation of the resulting nanostructures on the substrate. The second system 

combines a thermoresponsive polymer with charged clay nanoparticles to form hybrid 

hydrogels with improved mechanical properties. Additional porosity is induced into 

the gels for faster swelling kinetics. The resulting super-porous hybrid gels are used in 

a device that induces directed motion by inducing the volume phase transition locally 

and propagating the volume phase transitions through the length of the gel.
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CHAPTER 1 

INTRODUCTION 

 

Polymer-inorganic hybrid materials combine the best of two worlds, the soft 

nature of organic molecules that makes the structured assembly possible and the 

functional nature of the inorganic materials. Studying such hybrids is interesting from 

a fundamental research point of view as well as for development of applications. The 

properties of the hybrid materials are a combination of the constituent organic and 

inorganic components and can be tuned by the choice of constituents and their relative 

fractions in the hybrid. Ideally, each component adds new properties, e.g. inorganic 

nanoparticles when added to a polymer enhance its mechanical, electrical, thermal or 

responsive properties while keeping the soft nature of the organic macromolecules 

which allow it to be molded or structured. Additionally, the self assembly of organic 

macromolecules can be used to structure direct the inorganic materials resulting in 

ordered nanostructured hybrids or on removal of the organics, to porous functional 

inorganic materials. 

In this dissertation, I will discuss formation of functional nanocomposites, their 

processing, characterization and applications. Two different hybrid material systems 

will be discussed. The first system involves combining block copolymer self assembly 

with functional inorganic nanoparticles to generate nanostructured hybrid and porous 

surfaces. 

The second system employs thermoresponsive polymer-clay nanoparticle hybrid 

hydrogels, with superior mechanical properties than the neat polymer hydrogels while 

retaining the thermoresponsive nature of the polymer component. The application of 

such hybrids to generate motility devices will be discussed. 
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Block copolymer derived nanostructured surfaces 

Nanostructured surfaces combine material properties with structure at the 

nanometer length scale leading to higher surface area. Such materials provide a 

platform to perform fundamental studies to understand, e.g. the changes in material 

properties approaching very small scales and are quite useful for a variety of potential 

applications such as filtration, catalysis, plasmonics, or energy conversion and storage. 

Lithography, deposition and etching processes are commonly used to generate 

nanostructured surfaces. Although very well understood and developed, these 

processes are fast approaching their fundamental limits. An alternative are self-

assembly approaches which provide access to nanoscale features with greater ease and 

at less cost. Block copolymer self assembly1, where two linked polymer chains phase 

separate spontaneously at length scales of typically 5-50 nm, is a promising approach 

to generate functional nanostructured materials for the future2. 

Block copolymers are a class of polymers where two distinct polymer chains are 

covalently bonded. These chains when incompatible with each other phase separate at 

length scales comparable to the size of the chains (~ tens of nanometers)1 forming a 

wide variety of tunable phases. The morphology of the block copolymer melt is 

governed by the interaction between the two blocks as well as the size of the chains. 

The free energy of interaction between distinct polymer chains is determined by the 

Flory-Huggins equation3: 

 

                         

 

where øA and øB are the volume fractions of polymer chains A and B, NA and NB are 

the degree of polymerization of each polymer and χ is the monomer-monomer 

interaction parameter between the monomers of A and B. The first two terms 
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determine the entropic and the last term the enthalpic contribution to the free energy 

change when two polymer chains interact. Block segregation is favored due to their 

non-favorable enthalpic interactions counterbalanced by the loss in entropy due to 

localization of the interface between the blocks and chain stretching to maintain 

uniform density. Different phases have been predicted4, 5 and experimentally6 shown 

to exist for diblock copolymers of different volume fractions and thermodynamic 

parameters (χN), see the theoretical morphology diagram in Fig. 1.1. For a given block 

copolymer system, the volume fraction of the blocks determine the equilibrium 

morphology of the melt. The block chemistry could, however, be used to selectively 

swell one block of the copolymer with inorganic nanoparticles or precursors causing a 

phase formation different than the neat copolymer.  

Figure 1.1: Diblock copolymer morphology diagram5. 
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In this way, the entire morphology diagram could be mapped out by simply 

varying the inorganic content to change the effective volume fractions of the two 

domains7, see Fig. 1.2. The selective swelling is driven by the favorable enthalpic 

interaction between the polymer and additives (nanoparticles or molecular precursors). 

This selective swelling of a block not only changes the effective volume fraction of 

the block but also changes the effective interaction parameter between the blocks. For 

strong interactions (such as hydrogen bonding) between the inorganic nanoparticles 

and one block, the monomer-nanoparticle interaction parameter is negative8. Addition 

of nanoparticles is advantageous as their properties can be tuned separately before 

adding them to the block copolymer solutions to obtain hybrids of desired properties. 
 

 
Figure 1.2: Schematic showing morphologies obtained on addition of nanoparticles to 
a block copolymer. (A-F) TEM images of the morphologies obtained upon increasing 
the amount of aluminosilicate nanoparticles to PI-b-PEO7.  
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In the bulk, extensive research has been performed to structure direct silicates9, 

aluminoslicates7, transition metal oxides10, 11, high temperature non-oxides12 and 

metals13, 14 using block copolymers. In contrast, in thin films, fewer studies have been 

reported on block copolymer derived hybrid formation. In general, most studies have 

focused on low loadings of nanoparticles into the desired block, resulting in low 

nanoparticle densities. This is mainly due to often limited solubility of the inorganic 

nanoparticles in organic solvents and/or the lack of strong enthalpic polymer-

nanoparticle interactions. Furthermore, it often remains a challenge to synthesize 

uniform sized nanoparticles smaller than the block length of the polymer to prevent 

entropy driven segregation of nanoparticles15, 16. 

In this dissertation, I will present results on generating nanostructured thin films 

using block copolymer self-assembly with nanoparticles on surfaces. Assembly of 

three different block copolymer systems, (PI-b-PEO, PI-b-PDMAEMA and PS-b-

PDMAEMA) with two types of inorganic nanoparticles (sol-gel derived 

aluminosilicate and ligand stabilized platinum nanoparticles) in thin films will be 

discussed along with their processing and characterization. Finally, applications of 

these nanostructured surfaces towards generating single crystal nanostructured arrays 

as well as single crystal over layers will be discussed. 

 

Thermoresponsive-clay nanocomposites based motility device 

Transformation of energy into directed motion requires different forms of 

complexity at different length scales. Nature demonstrates several mechanisms for 

inducing motion, at different length scales, through various organisms. It is desirable 

to mimic these natural systems to make efficient devices for MEMS and microfluidics. 

The devices based on biological systems have demonstrated that directed motion can 

be induced using e.g. adenosine triphosphate (ATP) powered biomolecules such as 
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motor proteins17-19. However, the stringent physiological conditions required and 

complexity involved in integration with the synthetic components of the device often 

limits the applicability of such systems. In contrast, a responsive synthetic material, 

that can endure more severe conditions, may provide the necessary robustness and 

more freedom to tune parameters as per the requirement. Synthetic materials such as 

polymer hydrogels that respond to changes in the environment such as pH20, 21, 

temperature22, 23, electric field24 and light25 are ideal for such devices. The responsive 

nature of these hydrogels has been exploited to make devices useful for applications 

ranging from biotechnology26, 27 to microfluidics28, 29. 

Polymer gels are highly crosslinked networks of polymer chains which can hold 

large amounts of solvent in them. They can undergo volume phase transitions 

involving volume changes by releasing/uptaking solvent in their network, see fig. 1.3, 

induced by an external stimulus30. Volume phase transition is a process where the free 

energy is minimized through the balancing of three forces, generated by: rubber 

elasticity, polymer-polymer affinity, and ion pressure, collectively described as 

osmotic pressure31, summarized in the following equation3: 

.  

                   
ϕναανϕχϕ ln)ln1(

2
3])1ln([ 2 fkTkTnnkT

FFFF ielm

−−−++−=

∆+∆+∆=∆
 

 

where ∆Fm is the mixing energy of the polymer network with solvent, ∆Fel  the elastic 

energy, and ∆Fi the energy due to counter ions for ionic gels; n is the number of 

solvent molecules in the gel, ϕ=ϕ0 (V0/V) the volume fraction of the polymer network, 

V0 the gel volume as synthesized, V is the gel volume, ϕ0 the volume fraction of the 

polymer network as synthesized, χ the polymer-solvent interaction parameter, ν the 

total number of chains in the gel,  α = (V/V0 )1/3 the linear swelling ratio, k the 



 7

Boltzmann constant, T the absolute temperature, and f the number of counter ions per 

chain 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.3: Schematic showing transition between the collapsed and swollen state of a 
responsive polymer gel on applying stimulus. 

   

 The ratio of swelling/shrinking is determined by factors such as fraction of ions on 

the backbone and crosslinking density. These factors also determine whether the 

transition is discontinuous or continuous21. The hydrolysis time to ionize the chains is 

typically several days and is often the limiting step for applications where large 

volume changes are required. The mechanical properties of such purely organic 

materials are also quite limited with pure gels often breaking apart upon applying 

stress. Incorporating clay nanoparticles, however, significantly enhances the 

mechanical properties of the hybrid hydrogels. Additionally, the charges on the 

nanoparticle surface alleviate the need for additional hydrolysis required to induce 

large volume changes upon inducing phase transitions. 

In this dissertation, I will demonstrate a motility device based on thermoresponsive 

hybrid hyrogels that induces directed motion by breaking the symmetry of the volume 
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phase transitions of the hydrogel. The mechanism of motion is similar to that shown 

by an earthworm. 

 

Outline of the dissertation 

The dissertation is divided into 6 chapters: 

Chapter 2 discusses generation of nanostructured platinum (Pt) thin films using 

block copolymer self assembly combined with ligand stabilized Pt nanoparticles. The 

films were characterized using AFM and SEM to elucidate the structure of the films. 

The conductance of the film was measured to determine the interconnectivity of the Pt 

nanoparticles. 

Chapter 3 deals with generating block copolymer self assembly derived porous 

aluminosilicate thin films. The surface structure of the films was characterized by 

AFM and quantitative analysis of the order of the phase separated structure was 

performed using easy to read voronoi diagrams. The films were then used as templates 

to generate single crystal nanostructured nanopillar arrays through pulse laser 

irradiation and melt induced flow. 

Chapter 4 extends the approach from chapter 3 to grow nickel silicide 

heteroepitaxially on silicon where the pores generated through block copolymer self 

assembly provide necessary confinement to grow heteroepitaxial films with lattice 

mismatch. 

Chapter 5 deals with making a novel motility device using volume phase 

transitions of organic-inorganic hybrid gels. The motion is induced by breaking the 

symmetry of the phase transitions and propagating the thermal stimuli across the gel 

length. 

Chapter 6 presents conclusions of the dissertation and discusses the future 

directions. 
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CHAPTER 2 

“ONE-POT” BLOCK COPOLYMER DERIVED NANOPOROUS PLATINUM 

THIN FILMS2 

 

Abstract 

Porous metal films have high potential for use in applications such as catalysis, 

electrical contacts, plasmonics, and energy storage as well as energy conversion. 

Structuring metal thin films on the nanoscale to generate high surface areas poses an 

interesting challenge as metals have high surface energy. In this communication, we 

demonstrate formation of nanostructured metal thin films through spin coating of a 

mixture of block copolymers and ligand stabilized platinum nanoparticles. Plasma 

cleaning to remove the organics results in a conductive nanoporous platinum thin film. 

We expect that the method described here can be generalized to other metals and 

mixtures of metal nanoparticles. 

 

 

 

 

 

 

 

 

 

                                                 
2 Hitesh Arora, Zihui Li, Marleen Kamperman, Ulrich Wiesner, to be submitted  
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Introduction 

Block copolymer thin films are well studied for different block chemistries, sizes, 

and morphologies1. Their properties remain limited, however, due to the purely 

organic nature of these macromolecules, with a few exceptions2. In order to take 

advantage of block copolymers to structure inorganic functional materials at the 

nanoscale the block chemistry can be used to form e.g. metal rich domains3-5 or one 

block can be removed selectively while the remaining block acts as a mask or template 

to structure inorganic materials6-10. In the bulk, “one-pot”-type approaches have been 

developed where block copolymers are mixed with inorganic nanoparticles or 

precursors to obtain high inorganic loadings. This concept has been successfully 

applied to generate nanostructured hybrid bulk films of silicates and 

aluminosilicates11, 12, high temperature non-oxides13, transition metal oxides14 and 

metals15-17. Block copolymer hybrid formation has also been applied to thin films18-21. 

Most studies, however, have focused on low loadings of nanoparticles into the desired 

block, resulting in low nanoparticle densities. This is mainly due to often limited 

solubility of the inorganic nanoparticles in organic solvents and/or the lack of strong 

enthalpic polymer-nanoparticle interactions. Furthermore, it often remains challenging 

to synthesize uniform sized nanoparticles smaller than the block length of the polymer 

to prevent entropy driven segregation of nanoparticles22, 23. 

Here we report, on nanostructured metal thin films obtained through spin coating 

of solutions with high loadings of ligand stabilized metal nanoparticles (1-3 nm), 

structure directed by amphiphilic block copolymers. We demonstrate that after 

polymer removal, through appropriate plasma cleaning, metal nanoparticles form 

interconnected nanoporous networks as supported by electrical conductivity 

measurements. 
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Figure 2.1: Schematic showing block copolymer and ligand chemistry. 

 

Experimental section 

Materials and processing 

Figure 2.1 shows the block copolymers and ligand chemistry used in this work. 

The block copolymer and ligand stabilized nanoparticle synthesis has been described 

elsewhere15. In order to make films with high loadings of metal nanoparticles, block 

copolymer poly(isoprene-b-dimethylamino ethyl methacrylate) (PI-b-PDMAEMA, 

31,000 g/mol; 33 % wt. PDMAEMA, polydispersity index = 1.05) was mixed with 

ligand stabilized platinum nanoparticles in a weight ratio of 1:3.14 

(polymer:nanoparticles) in a solvent mixture of chloroform and methanol (9:1 wt./wt.). 

Solution concentrations of 0.8 wt. % and 1 wt. % [(polymer + nanoparticles)/solvent] 

were used to make films of 10-15 nm and 30 nm thickness, respectively. For films 

with low loadings of metal nanoparticles, poly(styrene-b- dimethylamino ethyl 

methacrylate) (PS-b-PDMAEMA, 34,200 g/mol; 14.6 % wt. PDMAEMA, 

polydispersity index = 1.08) was used with metal nanoparticles in a weight ratio of 

1:0.40 (polymer:nanoparticles) in chloroform. A solution concentration of 1 wt. % 

[(polymer + nanoparticles)/solvent] was employed to make these films. The solutions 

were spin coated on piranha cleaned silicon wafers at 3000 rpm for 60 sec at an 

acceleration of 3000 rpms under ambient conditions. 
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Characterization 

Atomic Force Microscopy: Atomic Force Microscopy (AFM) images were captured 

on a Veeco Nanoscope III in tapping mode with TappingMode. Etched Si probes 

(resonance frequency = 325 kHz, force constant = 37 N/m, tip radius of curvature = 10 

nm; all values nominal) were used under ambient conditions. 

 

Scanning Electron Microscopy: A Keck Field Emission SEM was used with an In-lens 

detector at 5 KeV to image the as-made and plasma cleaned films. 

 

Conductance measurements: The resistance measurements were performed on the as-

made and plasma cleaned samples using a I-V probe station with tungsten probes 

spaced 1 mm apart in Cornell Nanoscale Facility (CNF). 

  

Results and discussion  

High nanoparticle loadings  

Figures 2.2a,b show AFM and SEM images of ~ 30 nm thick as-spun films from 

solutions of PI-b-PDMAEMA and ligand stabilized Pt nanoparticles. The images 

clearly reveal a phase separated nanostructure. The bulk morphology of samples of 

similar compositions was found to have a hexagonal lattice (data not shown). The 

AFM height image in Fig. 2.2a reveals the presence of both the organic and inorganic 

components with the majority component (the hydrophilic block plus platinum 

nanoparticles) preferentially wetting the surface, causing a height difference between 

the two domains. In the SEM image, in Fig. 2.2b, the platinum nanoparticle rich 

hydrophilic domains show up much brighter than the purely organic hydrophobic (PI) 

domains, confirming that the majority component is comprised of metal nanoparticles. 
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Figure 2.2: AFM height image of (a) as-made film with high loading of metal 
nanoparticles, (c) as-made film with low loading of metal nanoparticles. SEM image 
of (b) as-made film with high loading of metal nanoparticles, (d) plasma cleaned film 
with low loading of metal nanoparticles.  

 

It is interesting to note that in the parent block copolymer the hydrophilic block 

PDMAEMA is the minority component (33 wt. %, see experimental section). Thus, by 

adding the ligand stabilized nanoparticles, from the present results the hydrophilic 

block is swollen selectively to convert into the majority component, consistent with 

earlier results in the bulk15, 24. 
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As-made samples were further treated to remove the organics. First, the samples 

were heated to 450 °C under N2 at a ramp rate of 5 °C/min and rapidly cooled to room 

temperature under N2, followed by plasma cleaning to remove residual carbon. The 

resulting films displayed nanoporosity but also showed growth of large metal 

nanoparticles combined with an increase in wall thickness, see supporting information 

Fig. 2.S1. Therefore, in further experiments the as-made films were plasma cleaned 

only without any additional heat treatment. In this way the majority of the organics 

could be removed and the growth of nanoparticles was limited resulting in a neat 

nanoporous platinum film with the walls containing individual nanoparticles, see Fig. 

2.3a,b. 

From SEM images the pore spacing in as-spun samples varied between 39 and 43 

nm. This is larger than the pore spacing of about 30 nm found in the corresponding 

equilibrated bulk samples (data not shown). The pore spacing in thin films further 

increased to ~54 nm when the film thickness was reduced to 10-15 nm through 

variations in the solution concentration, see experimental section. This suggests 

pinning of the film on the substrate limiting the lateral shrinkage of the film when the 

solvent evaporates, see supporting information Fig. 2.S2. The increase of pore spacing 

in thin films is expected as non-equilibrium morphologies are trapped through rapid 

solvent evaporation during spin coating. 
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Figure 2.3: (a)-(b) SEM images of plasma cleaned thin films with high loadings of 
metal nanoparticles. (c) I-V curve of plasma cleaned film of high loading of metal 
nanoparticles.   

(c) 
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Low nanoparticle loadings 

 Due to the low Tg (~ 215 K) of the PI block25, thin films of PI-b-PDMAEMA with 

less metal nanoparticles and majority PI were mechanically unstable. Therefore, PS-b-

PDMAEMA block copolymers containing a high Tg polystyrene block (Tg ~ 373 K)26 

were used for films with low loadings of metal nanoparticles. Thin films spin coated 

from dilute solutions of PS-b-PDMAEMA and ligand stabilized Pt nanoparticles 

showed worm-like/cylindrical morphologies. The AFM height image of an as-made 

sample, Fig. 2.2c, indicates that the PS block sticks out of the plane of the film. Upon 

plasma cleaning short worm-like structures are left behind, as revealed by SEM 

imaging, Fig. 2.2d. The characteristic spacing for these thin films (thickness ~ 30 nm) 

was found to vary between 40 and 45 nm as compared to a value of ~ 40 nm observed 

for bulk films (data not shown). 

 

Resistance measurements 

In order to test whether plasma cleaning leads to conductive metal films, resistance 

measurements were performed on as-made and plasma cleaned films of PI-b-

PDMAEMA with high loadings of metal nanoparticles using a two point probe 

(spaced apart 1 mm). The voltage across the films was varied while the current was 

measured. In as-made films very low currents (~ pA) were observed suggesting that 

the ligands and the block copolymers insulate the Pt nanoparticles form one another. 

In contrast, in the plasma cleaned films a voltage dependant current was detected, see 

Fig. 2.3c, indicating contact between Pt nanoparticles. From the inverse of the slope of 

the I-V curve in Fig. 2.3c, a resistance of 46.4 KΩ was derived. This value is higher 

than that of non-porous platinum films of similar thickness but is similar to the values 

observed for very thin (~2 nm) platinum films27. The higher resistance of our films is 

likely due to the high porosity and/or limited interconnectivity between the Pt 
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nanoparticles in the films, increasing the path length of the electron flow across the 

film. It could also in part be due to some residual organics left behind from the plasma 

cleaning step. 

In summary, in this communication we report on the direct one-pot formation of 

nanoporous platinum thin films by combining block copolymers with high loadings of 

ligand stabilized metal nanoparticles and leading to continuous platinum  films after 

removal of the organics. Different morphologies were obtained by changing the metal 

loadings into the hydrophilic blocks of two different amphiphilic block copolymers. 

Finally, the conductance of the films was measured demonstrating connectivity of the 

metal nanoparticles upon removal of the organics (polymers and ligands). We expect 

that the method can be generalized to other metals by e.g. synthesizing nanoparticles 

of different metals, alloys or even intermetallics. Such highly nanoporous and 

conductive metal thin films may find applications in areas like catalysis, plasmonics 

and sensing. 
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APPENDIX A 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 2.S1: (a)-(b) SEM images of pyrolysed thin films with high loadings of metal 
nanoparticles.  
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Figure 2.S2: SEM image of a plasma cleaned film with high loading of nanoparticles. 
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CHAPTER 3 

EPITAXIAL AND HETEROEPITAXIAL NANOSTRUCTURES ON SINGLE 

CRYSTAL SUBSTRATES FROM BLOCK COPOLYMER SELF-ASSEMBLY 

AND LASER INDUCED MELT FLOW2 

Abstract 

One of the key challenges in the field of nanostructured inorganic solids is the 

development of single crystal materials. We present results on the formation of 

nanostructured single crystals from porous aluminosilicate thin films on single crystal 

silicon substrates obtained in a self-assembly process with block copolymers as 

structure directing agents. When irradiated with an excimer laser beam, the resulting 

molten silicon fills the pores and solidifies epitaxially from the substrate. Removal of 

the template leaves the single crystal nanostructures behind. Furthermore, the template 

allows confined heteroepitaxy of crystals with lattice mismatch. Deposition of a 

stoichiometric mixture of amorphous material and irradiation allows growing 

nanostructured nickel silicide heteroepitaxy on single crystal substrates, not possible 

with standard lithographic and etching techniques. Irradiation through a mask provides 

access to hierarchically structured single crystal materials. The results suggest a 

general strategy towards mesostructured single crystal materials for a wide variety of 

applications including energy generation and storage. 

 

 

 

                                                 
2 Hitesh Arora, Phong Du, Jerome Hyun, David Muller, Michael Thompson, Ulrich Wiesner. To be 
submitted. 
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Introduction 

Since the first report from researchers at Mobil in 1992 of inorganic materials 

whose structure could be directed by self-assembled organic molecules the field of 

mesostructured inorganic solids has attracted considerable research interest1. Moving 

from small molecular weight surfactants to blocked macromolecular architectures as 

structure directing agents2 has connected the fields of inorganic chemistry and 

polymer science and has led to the development of materials as diverse as mesoporous 

silica3, mesoporous transition metal oxides4, mesoporous carbon5, and mesoporous 

metals6. 

All of these materials prepared by so-called bottom-up synthesis strategies are 

either amorphous or polycrystalline. One of the key remaining issues in the field is the 

development of single crystal mesostructured inorganic materials. Such materials may 

enable considerable advances in areas like energy generation and storage. For 

example, the charge carrier mobility in small dimensions is significantly reduced by 

grain boundaries which decreases charge collection efficiency in photovoltaic cells7. 

While large area patterned inorganic single crystals have been synthesized before, the 

patterns have been limited to the micron-scale8. Block copolymer thin films have been 

used as etching mask to generate inorganic nanostructures but the features can only be 

vertically aligned and are always open from the top9. Laser-induced melting of silicon 

and subsequent infiltration into a quartz mold has been previously described10. The 

process relied on so-called top-down lithography and etching to make a mold, 

however, with structural period of hundreds of nanometers. Moreover, the epitaxial 

relation of the resulting structures to the substrate was not described and 

crystallization upon cooling could seed at the mask surface resulting in a 

polycrystalline nanostructure. Additionally, generation of nanosructures requires 

applying pressure to imprint the mold into the substrate as it is being melted by a laser 
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pulse. This requires mask of good mechanical strength which could be a limiting step 

when scaling down the size of nanostructures and mask to several 10’s of nm. 

Directional rapid solidification and epitaxy have been described for semicrystalline 

block copolymer films but without any inorganic materials11. Hierarchically ordered 

oxide structures have been demonstrated before but the oxides were not single crystal 

materials12. 

In this work we used ordered mesoporous aluminosilicate thin films on Si to define 

and limit crystallization of Si with templates having periodicities on the tens of 

nanometer scale. Thin films were obtained in a bottom-up self-assembly approach 

using inorganic precursors structure directed by block copolymers. By excimer laser 

irradiation the template pores were filled with molten Si, which subsequently 

crystallized epitaxially from the substrate. Removal of the template led to single 

crystal nanostructures. Finally, laser irradiation through a mask provided access to 

hierarchically structured single crystal materials. 

The process we used is schematically shown in Fig. 3.1a-g. Bare Si wafers were 

spun coat with a mixture of prehydrolyzed metal alkoxides [(3-glycidyloxypropyl-) 

trimethoxysilane and aluminum sec-butoxide, 8:2] and poly(isoprene-b-ethylene 

oxide) (PI-b-PEO) block copolymer in organic solvents (THF:Chloroform, 1:1). 

Monolayers with inverse hexagonal mesostructure were formed13, with one inorganic-

rich domain (PEO + inorganic) and the other purely organic (PI). The organic 

components were subsequently removed by slow heating to 500°C, leaving an ordered 

mesoporous hexagonal array, with pores accessible from the top, Fig. 3.1a. For the 

block copolymers employed here, the nanopore lattice spacings were between 30 and 

35 nm depending on the polymer molecular weight. The physical film thickness after 

calcination was close to 15 nm, as determined by a combination of scanning electron 

microscopy and X-ray diffraction (data not shown). The mesopores were filled with Si 
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through use of 40 ns XeCl excimer pulsed laser irradiation (λ = 308 nm), Fig. 3.1h. 

The template itself is transparent with the laser light absorbed by the Si substrate. 

Time resolved reflectance (TRR) of the sample surface was monitored with a HeNe 

probe laser (λ = 650 nm) and was used to measure melt duration. At fluences (σ) 

above the melt threshold (~600 mJ/cm2), the semiconducting solid becomes a metallic 

liquid and the surface reflectance increases sharply14, Fig. 3.4a-d,  providing a 

fingerprint for understanding the details of the process. 
 

Figure 3.1 Schematic of single crystal Si nanostructure generation. (a) Porous 
template; (b)-(c) Experiment 1; (d)-(g) Experiment 2; (h) Laser annealing schematic. 
(i) Photograph of crystalline Si substrate with amorphous Si deposited (red arrow), 
spots after laser induced crystallization (green arrow) and bare crystalline Si (blue 
arrow). 
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In first experiments, sample I, the porous template was irradiated with the excimer 

laser at fluences sufficient to melt the underlying Si substrate. Because of rapid 

cooling into the substrate, the total melt-duration is limited to ~20-100 ns and the total 

time at higher temperatures is less than a few microseconds, preventing sintering 

collapse of the porous silica-type template. After laser irradiation, the aluminosilicate 

template was dissolved away using a 48 % HF solution to expose the resulting Si 

nanostructure, Figs. 3.1b and c. Auger spectroscopic measurements confirm no 

residual oxides with the remaining structures being pure Si (data not shown). Figs. 

3.2a and b show AFM images of sample I before and after irradiation with five 40 ns 

duration laser pulses and subsequent removal of the skeletal aluminosilicate. The 

AFM results suggest excellent pattern transfer from the template into Si. The images 

were quantitatively analyzed using analysis tools described elsewhere15 16. Figs. 3.2f 

and g show representative Voronoi diagrams of the aluminosilicate template and the 

resulting nanostructured Si array, respectively. The Voronoi diagram represents the 

number of nearest neighbors of a pore or resulting Si nanostructure after melting and 

is color-coded to facilitate identification of defects and grain boundaries16. The 

Voronoi-6 ratio, defined as the fraction of pores or resulting Si nanostructures with 6-

fold hexagonal nearest neighbor symmetry, provides a simple metric for sample 

comparison. As indicated by the increased number of defects in the Voronoi diagram, 

the transformation from pores to Si nanostructures increases disorder in the system. 

However, transfer of the template into Si structures is accomplished with a high yield, 

with greater than 90 % conversion of pores to Si nanostructures and only a 20 % 

decrease in the Voronoi-6 ratio, see Fig. 3.2k-sample I. 

 

 



 32

 

 

 

 

 

 

 

 

Figure 3.2 AFM images with respective height profiles. (a) and (c) porous templates; 
(b), (d) and (e) Si nanostructures. (f)-(j) Voronoi analysis of corresponding AFM 
images. (k) Table for sample I, II, III. RDF of (l) sample I, III and (m) sample II. Scan 
size for all AFM images is 1 µm and height scale bar is 30 nm. Scan area for Voronoi 
analysis is 2x2 µm2. 
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Although in these experiments the transfer fidelity was high in the lateral 

dimensions, section analysis of AFM images showed the resulting Si nanostructures to 

be only 1-2 nm high, see height profile in Fig. 3.2b. This motivated the development 

of a modified process in subsequent experiments enabling better filling of the pores 

thus forming taller Si nanostructures. To this end an amorphous Si (a-Si) overlayer, 

Fig. 3.1d-g, was deposited onto the template prior to laser annealing. Furthermore, the 

native oxide present at the bottom of the pore was first removed using Argon ions 

before sputter depositing a-Si in the same chamber and at the same base pressure. This 

creates direct contact between deposited a-Si in the pore and the crystalline Si (c-Si) 

substrate, Fig. 3.1e. As we will show below, laser irradiation at an energy density 

above the melt threshold of c-Si of sample films (sample II) prepared in this way 

resulted in epitaxial crystallization of Si nanopillars from the substrate inside the pore, 

Fig. 3.1f. Subsequent HF (48 %) treatment removed the oxide template leaving behind 

an array of single crystal nanopillars, Fig. 3.1g. The AFM image and Voronoi 

analysis, Figs. 3.2c-d and h-i, respectively, of the template and pillar array confirmed 

89 % pattern transfer and only 23 % decrease in the Voronoi-6 ratio, Fig. 3.2k-sample 

II. The average height of pillars was found to be 6-7 nm i.e. significantly higher than 

before, see height profile in Fig. 3.2d. 

The epitaxial crystallinity of the Si nanopillars was confirmed by imaging pillar 

cross sections with High Resolution Transmission Electron Microscopy (HR-TEM) 

and Scanning TEM (STEM), Fig 3.3.  The presence of lattice fringes in the pillars in 

congruence with the fringes in the substrate, Fig. 3.3a and b, clearly show the 

crystalline nature of the nanopillars. The epitaxial growth of the nanopillars was 

confirmed by STEM mode imaging where the Si substrate and nanopillar are both 

shown to be aligned along the [110] zone axis, Figs. 3.3c and d. A 2D Fast Fourier 
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Transform (FFT) pattern on the substrate and pillar, inset in Figs. 3.3c and d, show 

that the two areas share the [111] reflections. Due to an offset in depth that exceeds the 

16 nm depth of focus of the microscope, STEM mode images were taken with only the 

pillar, Fig. 3.3c, and only the substrate, Fig. 3.3d, in focus. Electron Energy Loss 

Spectroscopy (EELS) on the pillars, inset in Fig 3.3c, revealed the presence of a 

crystalline Si-L edge peak at 100 eV, also seen in the spectrum of c-Si-sub, see inset in 

Fig. 3.3d. The small peak at 108 eV in the spectrum in Fig. 3.3c is the signature for Si 

in silicon oxide that may have grown when the sample surface was exposed to air after 

HF acid treatment. 

In order to elucidate single crystal mesostructure formation mechanism, we 

performed a series of experiments (sample III) where the a-Si was deposited without 

etching the native oxide layer present at the bottom of the pore, thereby preventing 

direct contact between a-Si and c-Si substrate. The native oxide layer is expected to 

prevent molten Si from flowing through the pores. Deposited Si should thus remain 

confined to the pores (or on top of the template) when melted by the excimer laser 

pulse. This in turn should result in maximum height Si nanopillars (~15 nm). This was 

indeed observed, see AFM analysis Fig. 3.2e. Voronoi analysis of AFM data reveals a 

77 % pore to pillar conversion with 22% decrease in the Voronoi-6 ratio, Figs. 3.2j 

and k-sample III. 
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Figure 3.3: (a) and (b) TEM images of nanostructure cross section. The apparent shift 
at the interface is not a physical stacking fault but rather a contrast reversal in the 
phase-contrast image when the projected thickness of the sample changes – the 
substrate is thicker than the pillar and the electrons undergo a larger phase shift in the 
substrate. STEM images which do not suffer from contrast reversals with thickness for 
(c) nanostructure in focus and (d) Si substrate in focus. (e) Cross-section STEM of 
NiSi-Si interface with corresponding EELS spectra. Corresponding EELS spectra and 
FFT inset in (c) and (d). 
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For further quantitative data analysis, the radial distribution functions (RDF) of the 

AFM images were computed for the parent templates I and II as well as the resulting 

Si nanostructures/pillars, Figs. 3.2l and m. The RDFs of the unirradiated templates, 

Parent I-II, exhibit narrow first order maxima and multiple higher order peaks. For the 

case of no deposited a-Si, the RDF of the resulting Si surface nanostructure (sample I), 

shows very similar characteristics to the template with only slightly less power in each 

peak due to the slightly increased disorder. The same result was obtained for sample 

II. In contrast, sample III behaves quite differently. The RDF of this sample, i.e. of Si 

nanopillars formed from a template plus deposited a-Si with the native oxide still 

present, exhibits a first order maximum shifted to larger distances (r = 39 nm) as 

compared to the template (r = 31 nm) and a rapid decay without additional higher 

order peaks. When examining the AFM image in more detail at the local scale there 

were sequences of pillars with the expected nearest neighbor distance (i.e. r = 31 nm). 

However, they were surrounded by neighbors with distances closer to the expected 

second nearest neighbor value. This suggests that a significant number of pores simply 

did not get filled, consistent with the 37 % loss of centers from the Voronoi analysis. 

The corresponding RDF maximum indeed lies in-between the nearest and second 

nearest neighbor radii and may be caused by a slight deformation of the template 

toward the empty space upon Si melting. 
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Figure 3.4 (a) Time Resolved Reflectance signal on (I) bare Si at σ = 700 mJ/cm2, (II) 
bare Si at σ = 800 mJ/cm2, and (III) sample I at σ = 800 mJ/cm2. (b) Amorphous Si 
deposited on bare Si (I) first irradiation at σ = 700 mJ/cm2, (II) second irradiation at σ 
= 500 mJ/cm2 after (I), (III) second irradiation at σ = 700 mJ/cm2 after (I).(c) 
Amorphous Si deposited on bare Si (I) first irradiation at σ = 500 mJ/cm2, (II) second 
irradiation at σ = 500 mJ/cm2 after (I). (d) Sample II (I) first irradiation at σ = 700 
mJ/cm2, (II) second irradiation at σ = 700 mJ/cm2 after (I). Onsets of the TRR signal 
rise vary based on the time delay in data acquisition due to changes in the set up that 
occurred in between measurements. Optical micrograph (e) a copper TEM grid and (f) 
the resultant pattern on sample III (with deposited amorphous Si over the template) 
after laser exposure. (g) and (h) AFM images after HF treatment. Scan size is 2µm x 
2µm and the I–bar along the z-axis is 40 nm in (h). 
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To obtain insight into the Si melt transient behavior during laser annealing, we 

monitored the time resolved reflectance (TRR) of samples with and without the 

template and a-Si coating. Irradiated above the melt threshold, the reflectance of a bare 

c-Si substrate will jump as the melt first forms, will remain constant while the melt 

front propagates into the substrate, and finally decreases abruptly as the surface 

solidifies, see Fig. 3.4a I. Small changes in the reflectance prior to melt result from 

simple surface heating17. We investigated three other scenarios: (a) the c-Si substrate 

with the porous template, (b) the c-Si substrate with a-Si on top, and (c) the c-Si 

substrate with template and a-Si deposited on top.  With just the porous template (case 

a), the TRR signal remained very similar, though the melt duration increased by ~8 ns 

at σ = 800 mJ/cm2 (Figs. 3.4a II and III). On the time scale of the laser pulse and melt 

duration, the crosslinked silica-type template is not expected to undergo any 

significant structural change. The extended melt duration arises partially from the anti-

reflective nature of the porous template coating18, but also suggests incorporation of a 

low concentration of impurities (possibly oxygen or aluminium) during solidification. 

In case (b), with a-Si deposited directly on the c-Si substrate, the TRR signal 

strongly depends on the fluence.  With a lower melting temperature, the melt threshold 

for a-Si is less than that of c-Si19.  Epitaxial solidification can only occur for fluences 

sufficient to melt into the c-Si substrate (Fig. 3.4b I), with polycrystalline Si (poly-Si) 

resulting at lower fluences20. Transformation of the a-Si can be readily confirmed 

visually (Fig. 3.1i).  After irradiation above 700 mJ/cm2, samples behave similar to the 

bare substrate with melt threshold near 600 mJ/cm2 (Figs 3.4b II-III). However, for 

initial irradiations below the melt threshold for c-Si, e.g. at 500 mJ/cm2, a peak is 

observed in the TRR signal for case (b), Fig. 3.4c I. On irradiating the spot again at 

this fluence the peak remains (Fig. 3.4c II), suggesting the formation of poly-Si. 
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From these results we concluded that in order to epitaxially crystallize a-Si 

deposited in the template pores, case (c), sample had to be irradiated above the melt 

threshold of c-Si. Upon irradiation, Fig. 3.4d I, the reflectance first increased rapidly, 

then stayed constant followed by a steep first drop and finally further decreased 

gradually over several tens of nanoseconds. The drop in reflectance in two steps is 

likely due to the different time scales involved for heat transfer from molten Si to the 

substrate (i) within a pore (faster) and (ii) at the top of the template which is a poor 

heat conductor (slower). During a second irradiation at the same spot, Fig. 3.4d II, the 

reflectance signal exhibits a single peak and decay suggesting the absence of Si on top 

of the template. Because more a-Si was deposited than necessary to fill the pores we 

speculate that this could only happen if the deposited Si on top of the template flowed 

through the pores to move under the template displacing it upwards. The poor wetting 

properties21 between molten Si and aluminosilicate template might propel this surface 

tension driven flow of molten Si through the template. 

Interestingly, the pore sizes accessible through block copolymer self assembly can 

provide necessary confinement to grow heteroepitaxy on single crystal substrates for 

materials with moderate lattice mismatch. Here we demonstrate nickel silicide 

heteroepitaxy on c-Si-sub by sputter depositing amorphous stoichiometric NiSi 

(deposition rates were monitored using a crystal monitor and checked with XPS on the 

surface of the films) on the porous aluminosilicate templates, after removing any 

native oxide, and then crystallizing the silicide using the pulse laser melting of the 

silicide. The selective melting of the silicide minimizes the Ni diffusion or 

incorporation of Si from the substrate into the liquid phase, thus maintaining the 

correct stoichiometry in the pore. The epitaxial orientation of the strained NiSi lattice 

on c-Si-sub was confirmed by STEM images of the NiSi-Si interface, see Fig. 3.3e. 
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The EELS data collected on the pillar and the substrate clearly indicate presence of 

Ni-L-edge peak on the pillar and absence of Ni below the interface. These results 

clearly show efficacy of the process to generate NiSi heteroepitaxy within the 

confined pores of the template. 

Finally, the present bottom-up fabrication of epitaxially grown inorganic 

mesostructures was combined with top-down lithographic approaches to define 

specific areas thus providing access to hierarchical single crystal nanostructures. As a 

proof-of-principle experiment, a TEM grid was used as a simple mask during the laser 

irradiation process to form patterns on a micron scale, Fig. 3.4e. The grid was placed 

in contact with the sample surface to minimize loss of fidelity from the divergence of 

the homogenized incident laser beam (see Fig. 3.S1 in the supporting information for 

the laser setup). The resulting Si pattern after irradiation through the TEM grid, Fig. 

3.4f, indicates remarkable transfer. Template removal by HF and subsequent AFM 

imaging shows distinct squares of patterned material, Fig. 3.4g. Close-up images, Fig 

3.4h, of the square confirm Si nanostructures in the irradiated area and smooth flat Si 

in areas under the mask. As the image in Fig. 3.4g suggests and the AFM cross section 

analysis confirms, Fig. 3.4h, the pattern edges of the irradiated areas are significantly 

higher than the interior of the areas. Despite poorly controlled edge effects, this simple 

proof-of-principle experiment does demonstrate, however, that the placement of single 

crystal nanostructures can be controlled through simple imaging methods. Arbitrarily 

complex shapes should thus be accessible by leveraging the wealth of patterning 

techniques currently available. 

The results presented here give clear evidence that block copolymer directed 

inorganic mesopores can be transformed into single crystal mesostructures of various 

materials—currently demonstrated for Si and NiSi, but likely to be extensible to any 
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material with a reasonable melting temperature and liquid viscosity. Use of the 

polymer precursors offers tremendous variability in structural parameters, such as pore 

size, pore-to-pore correlation, pore wall thickness, etc. The symmetry of the phase is 

not restricted to hexagonal ordering since various structures are known to exist in the 

phase diagram of diblock copolymers, including simple cubic, lamellar, and cubic 

bicontinuous22. Furthermore, through masks an additional level of control on the 

micron length scale enables placement of these single crystal structures at predefined 

locations and in arbitrary shapes. This approach may open up a range of novel 

processing technologies for the generation of hierarchical ordered, mesoporous, single 

crystal materials. For example, extended 3D galleries may be accessible by repeated 

processing or flow into thicker films. Such galleries, etched of their silica skeletons, 

could enable formation of thick mesoporous and single crystal films for applications 

e.g. in energy generation and storage. 
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APPENDIX B 

Experimental section 

Porous Template: Porous templates were prepared using two PI-b-PEO block 

copolymers A and B with molecular weights of 38,700 g/mol (32 wt.% PEO) and 

27,300 g/mol (13.6 wt.% PEO), respectively, as described elsewhere 13. Pore-pore 

spacing for monolayer type films from these polymers were ~31 nm (polymer A, 

samples I and III) and ~35 nm (polymer B, sample II). 

Oxide removal and sputter deposition: Prior to sputter deposition on the templates, 

the native oxide was removed by in-situ back sputtering with argon ions at a base 

pressure of 2.3 x 10-7 torrs for 30 sec at removal rates of 9.55 nm/min. a-Si was 

sputtered in the same chamber and at the same base pressure for 85 sec at deposition 

rates of 12 nm/min. 12 nm of thermally evaporated a-Si was deposited on sample 3 

under ultrahigh vacuum without removing the native oxide. Stoichiometric NiSi was 

sputter deposited at base pressure of 2.3 x 10-7 torrs for 55 sec at deposition rates of 

18.6 nm/min. 

Laser Annealing: A 40 ns pulse duration XeCl excimer (304 nm) laser was used to 

melt Si. Reflectance of the sample surface was monitored using a 650 nm HeNe laser. 

The laser irradiated area on the sample was 3.5x3.5 mm2. Energy densities are 

referenced to a melt fluence of 600 mJ/cm2 for bare single crystal Si wafers.  Four 

irradiations at an energy density of 700 mJ/cm2 were used to melt the Si in samples II 

and III. Sample I was irradiated five times at an energy density of 800 mJ/cm2. The 

NiSi samples were annealed once at an energy density of 550 mJ/cm2 
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Hydrofluoric Acid treatment: Samples were treated with 48 % HF acid for 1-2 

minutes.  

Characterization: Atomic Force Microscopy (AFM) images were captured on a 

Veeco Nanoscope III in tapping mode with TappingMode Etched Si probes (resonance 

frequency = 325 kHz, force constant = 37 N/m, tip radius of curvature = 10 nm; all 

values nominal) under ambient conditions. HRTEM and STEM were performed on a 

Tecnai F20 microscope at 200 keV.  

TEM sample preparation : The TEM samples were prepared by a wedge-polishing 

and ion-milling method 23, whereby initially a bare Si piece was glued to the sample 

surface to prevent any damage that may occur to the pillars throughout the preparation 

process. The NiSi TEM sample was prepared using focussed ion beam. A protective 

carbon and platinum layer was deposited before milling the sample to protect the film 

from milling damage.  
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Figure 3.S1: Schematic of laser annealing setup 
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CHAPTER 4 

EPITAXIAL NiSi TABLE-LIKE FILMS ON SINGLE CRYSTAL 

SUBSTRATES BY LASER ANNEALING OF BLOCK COPOLYMER 

DERIVED POROUS THIN FILMS3 
 
Abstract 
 

Heteroepitaxy, the growth of a single orientation of a crystal over a crystalline 

substrate of other material, remains a challenge even for materials with a moderate 

lattice mismatch. Films develop misfit dislocations to accommodate the lattice 

mismatch resulting in large defect densities, and unstable film growth. Stable films 

might, however, be made if the epitaxial seeds were confined to small pores with the 

lattice allowed to relax as growth proceeds out of the pore, ultimately resulting in a 

defect-free crystalline film with a relaxed lattice at the surface. Here we demonstrate 

proof of this concept by growing nickel silicide heteroepitaxially on silicon substrates 

using a porous aluminosilicate template. These templates, with hexagonally arranged 

pores spaced 34.6 nm apart, were derived from block copolymer self assembly. 

Stoichiometric NiSi, UHV sputter deposited on the aluminoslicate templates, was laser 

annealed at fluences between 300 mJ/cm2 and 700 mJ/cm2. The resulting NiSi table-

like films were near single crystal with 2 orthorhombic epitaxial orientations of grains 

on Si, rotated 90° in-plane from each other. 
 
 
 
 
 
 

                                                 
3 Hitesh Arora, Sarmita Majumdar, Jerome Hyun, David Muller, Karen Kavanagh, Ulrich Wiesner, 
Michael Thompson. To be submitted  
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Introduction 

Silicon remains to be the material of choice for semiconductor based devices, 

however, in order to overcome its limitations, other materials need to be grown on Si. 

Heteroepitaxy, growth of oriented crystal of material on other crystalline material, 

enables this by having an intimate contact between 2 different materials with some 

crystal planes pointing in a common direction. Heteroepitaxial films on Si typically 

have defects due to lattice mismatch and/or thermal mismatch. Only a certain amount 

of strain can be accommodated by any material without generating defects or 

dislocations. This thickness, known as Matthews-Blakeslee critical thickness limit, is 

typically several nanometers above which the strain in the films is relieved through 

defects or dislocations. It is, however, possible to eliminate dislocations by limiting 

the extent of epitaxy as shown for nanowires1, 2 and by growth inside the pores3. The 

strain relaxation in this case occurs through lattice dilation over a few nanometers 

from the surface. 

Metal contacts on silicon are useful for interconnects and contact pads. The low 

resistivity NiSi phase is currently of great interest for contacts in semiconductor 

devices due to its low temperature processing, low resistivity and low consumption of 

Si4, 5. The Ni-Si binary phase diagram is complex and has a variety of phases forming 

at different temperatures (Fig. 4.1). Six of these phases (Ni3Si, Ni31Si12 or Ni5Si2, 

Ni2Si, NiSi and NiSi2) are known to be stable at room temperature with Ni2Si, NiSi, 

NiSi2 commonly observed in thin film reactions6. This increases the complexity of 

phase formation and its possible dependence on processing parameters and substrate 

variations such as dopant concentration, cleaning conditions. Typically, silicides are 

prepared through rapid thermal annealing (RTA) of thin films of Ni deposited on clean 

Si substrates. Thermal annealing causes a reaction between Ni and Si generating a 

complex phase sequence of nickel silicide formation7, 8. The NiSi phase is not in 
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equilibrium with Si and, at higher temperatures, it coverts into NiSi2 
9. Thinner NiSi 

films also tend to degrade at high temperatures through grain boundary grooving and 

agglomeration10-12. It is for these reasons that the processing conditions for the films 

needs to be carefully controlled. In a recent publication, morphological stability was 

achieved through alloying of the deposited Ni film with 40% Si resulting in large grain 

sizes13. 

 

Figure 4.1: Binary phase diagram of Ni-Si. 

 

Here, we demonstrate growth of a stable NiSi film within the pores and over a 

block copolymer derived porous template, resulting in a crystalline NiSi table-like 

film. Stoichiometric NiSi was UHV sputter deposited on Si substrates with block 

copolymer derived porous aluminosilicate templates. NiSi, melting temperature at 
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992 °C, was annealed in the liquid phase using an excimer pulsed laser to crystallize 

the amorphous as-deposited film remaining below the melt threshold of Si (1400 °C). 

This minimizes Ni diffusion into the substrate and prevents the consumption of Si to 

form Si rich phases. Upon laser annealing, epitaxy initiates from the pore with a 

strained lattice to match the Si lattice. With the absence of any lateral constraints, the 

film relaxes until reaching its equilibrium lattice structure. As the epitaxy grows out of 

the pore and over the template, crystals growing out of individual pores merge in 

collision boundaries. The growing grains are relaxed and the collision boundaries are 

not expected to be grain boundaries as long as the initial epitaxial alignment is the 

same and growth distances are small. In the case of orthorhombic NiSi on cubic Si, 

two equivalent epitaxial orientations exist and some of the collision boundaries will 

become grain boundaries between these orientations. 

 

Crystal structure and orientation on Si(100) substrates 

NiSi has an orthorhombic crystal structure (Fig. 4.2) with lattice constants: a = 

5.233 Å, b = 3.258 Å, c= 5.659 Å14. These lattice constant values are for films made 

using deposited Ni on Si and are not equilibrium values15. The equilibrium values of 

lattice constant reported are: a = 5.1752 Å, b = 3.321 Å, c = 5.6094 Å16 and are more 

relevant to our case. The melting point for NiSi is 992°C and, typically via solid state 

reactions forms around 350-400°C for deposited thin Ni films on Si. The NiSi films on 

Si have been found to have a unique off-normal fiber-like texture called as axiotaxy 

(an intermediate between heteroepitaxy and a random growth) resulting in a one-

dimensional periodic interface with the NiSi(202), (211), (103), (112) planes aligned 

at a tilt to Si(220) planes since the projected spacing between these planes is almost 

identical to projected Si(220) spacing 17-19. The net lattice mismatch with above 

orientations is 0.5-0.6 %.  
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Figure 4.2: Crystal structure of NiSi with lattice parameters. 

 

Experimental section 

Materials and processing 

Block copolymer derived porous aluminosilicate thin films were generated as 

described elsewhere20. The films were typically 15 nm thick with a pore spacing of 

34.6 nm. 17 nm of 1:1 atomic ratio of Ni and Si was sputter deposited in a UHV 

chamber after a short in-situ ion etch to remove any native oxide at the bottom of the 

pore. The rate of deposition was calibrated using a crystal monitor. The samples were 

then laser annealed using a homogenized 30 ns XeCl excimer pulse laser at fluence 

between 300-700 mJ/cm2. The excimer fluences were calibrated using surface 

reflectance of a bulk Si melt threshold at 600 mJ/cm2. 

 

Characterization 

2-point resistance measurements were performed on samples using IV probe 

station with tungsten probes spaced 1 mm apart. A Keck Field Emission SEM was 
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used with an in-lens detector at 5 KeV for imaging the as-deposited and annealed 

samples. 

Sample for plan-view TEM were prepared using wedge polishing at 3° angle and a 

dual beam FEI Focused Ion Beam was used for preparing cross-section TEM samples. 

A protective carbon and platinum layer was deposited on the sample to prevent 

damage to the NiSi film from the FIB. A Tecnai F-20 STEM, operated at 200 KeV, 

was used to image cross-section samples while a Hitachi TEM at 100 keV was used 

for plan-view imaging and electron diffraction. 

X-ray diffraction was collected using a rotating substrate with a constant incidence 

angle, see supporting information. 

 

 Results and Discussion 

As deposited, sputtered NiSi (1:1) films were conformal to the porous structure of 

the underlying template, with SEM images showing weak contrast from the 

underlying template. After pulse laser induced metling, films remain similarly smooth 

with no signs of agglomeration when observed under SEM, see Fig. 4.3a. 

Resistance measurements were performed across samples as a function of the laser 

fluence. The 2-point resistance (Fig. 4.3b) exhibited a dramatic drop for fluence above 

400 mJ/cm2, indicating the formation of low resistivity crystalline NiSi. At higher 

fluences the resistance remains unchanged suggesting a stable film formation. The 

absolute value of the NiSi film resistivity could not be determined due to the 

complicated table-like film (an oxide template between NiSi and Si) geometry and 

expected film thinning on top of the porous template. Nevertheless, qualitative trend 

of resistance variation with fluence is expected to be similar and the 2x drop in 

resistance with increasing fluence is consistent with that observed by others in the low 

temperature processing range13. 
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Figure 4.3: (a) SEM image of 17 nm NiSi thin film after laser annealing at 550 
mJ/cm2. Inset shows SEM image of the as-deposited film. (b) Resistance of films 
annealed at fluence between 300-700 mJ/cm2.  

 

Selected area electron diffraction and plan-view TEM, along Si(220) and Si(220) 

direction, on a wedge polished sample are shown in Fig. 4.4. Electron diffraction 

confirmed near single crystal orientation with no evidence of polycrystalline rings (Fig. 

4.4d). Indexing of reflections from the NiSi film indicate an epitaxial orientation of the 

NiSi b-axis parallel to Si[110] and NiSi[101] parallel to Si[110]. Because of the 

orthorhombic crystal geometry, there are 2 equivalent relaxed orientations of the 

pseudo-cubic NiSi that grows from the Si. The two orientations, shown in Fig. 4.4c, 

are just rotated 90° from each other about the surface normal. Calculated diffraction 

pattern from these orientations match experimentally observed reflections (Fig. 4.4e). 

This orientation was also confirmed through X-ray diffraction on a large area of the 

sample, with diffraction observed from NiSi(211), NiSi(020), Si(311) planes and an 

overlap of reflections from the NiSi(202) and Si(220) planes (see supporting 

information Fig. 4.S2). Due to the limited resolution of the detector (~0.1Å), the 

reflections from the planes of two different orientations could not be resolved. 

Therefore, the diffraction spot pattern only indicates presence of near-single crystal 

and absence of polycrystalline orientations in the NiSi film. 
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Figure 4.4: (a)-(b) Plan-view TEM images of a film annealed at 550mJ/cm2 taken 
along Si(220) and Si(220) zone axis. (c) Schematic showing NiSi orientations on Si 
substrate (cuboid on cube geometry). (d) Selected area electron diffraction pattern 
corresponding to TEM image in (a), with reflections from two orientations indexed. 
(e) Calculated electron diffraction from two orientations of NiSi film on Si. (f) Two 
NiSi lattice orientations on Si(110) and Si(110) projection. (g) d-spacing for relevant 
NiSi and Si planes. 

 

The plan-view TEM along the Si(220) and Si(220) zone axis also indicates 2 

orientations of NiSi grains with 2 sets of Moiré fringes oriented 90° in plane, with a 

spacing of ~ 20 nm, see Fig. 4.4a-c. These translational Moiré fringes are due to 

interference from NiSi(202) plane overlaying Si(220) planes, calculated using the 

relation between plane spacing and fringe spacing: 
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where d1 and d2 are the plane spacing of the Si(220) and NiSi(202). These two 

orientations with 90° rotations are explained by the 2 possible orientations of the 

relaxed NiSi lattice. The symmetry of an orthorhombic crystal (cuboid geometry) 

allows the strained cubic lattice to relax into 2 orientations, 90° apart, with a-axis (and 

c- axis) of 2 orientations in perpendicular direction (Fig. 4.4f). 

Cross-section STEM of the NiSi-Si interface also confirms epitaxial alignment 

within the pores of the template (Fig. 4.5). The lattice over the top of the template 

(overgrowth) showed fringes in the vertical direction only, likely due to sample 

curling about a horizontal axis. Presence of Ni in the pillar and overgrowth was 

confirmed by EELS with the spectra on the pillar and overgrowth showing a clear 

evidence of the Ni L-edge at 860 eV. 

 

 
 
 
 
 
 
 

 
Figure 4.5: STEM images of the cross-section of the sample annealed at 550 mJ/cm2, 
with FFT and EELS data on the substrate, pillar, and overgrowth.  
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At higher fluences, above 650 mJ/cm2, the underlying Si can be incorporated into 

the liquid and significant silicide was observed under the template, suggesting that a 

significant amount of molten silicide flows under the template when annealed at 

higher temperatures, see Fig. 4.S3. We believe this is due to surface force driven flow 

of molten silicide on the oxide template, driving the template towards the surface. 

Twinning defects were observed at the NiSi-Si interface in this case likely arising 

from NiSi crystallization over large areas without the confinement of the pores. 

In summary, block copolymer derived porous aluminosilicate templates were used 

to generate crystalline NiSi tables on single crystal Si substrates. Upon laser annealing, 

crystal growth proceeded epitaxially from the bottom of the pore, with NiSi crystals 

grown pseudomorphically. As the strain is relieved during growth through the pores, 

the NiSi crystal relaxed into 2 orientations with NiSi[101] parallel to the Si[110] and 

NiSi[010] parallel to Si[110]. The NiSi films obtained showed good morphological 

stability. Such crystalline table-like structures on single crystal structures may provide 

excellent platforms for generating large scaled areas of single or near-single crystal 

epitaxial nanostructured surfaces. Removal of aluminisilicate template would also 

yield galleries of crystalline NiSi and may open opportunities for fundamental studies 

in nanofluidics. 

 

Acknowledgements  

The authors acknowledge financial support of this research by NSF (DMR-

0404195) through the NIRT program. The research made use of facilities of Cornell 

Center for Materials Research (CCMR) with funding from the Materials Research 

Science and Engineering Center program of NSF (cooperative agreement DMR-

0520404), Cornell Nanobiotechnology Center (NBTC) supported in part by the STC 



 61

Program of the National Science Foundation under Agreement No. ECS-9876771 and 

Cornell Nanoscale Facility (CNF) supported by the National Science Foundation 

under Grant No. ECS-0335765. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 62 

APPENDIX C 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.S1: Illustration to show sample geometry for X-ray diffraction in the 
GADDS system.  
             
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.S2: 2-D X-ray Diffraction pattern of a sample annealed at 550 mJ/cm2 using 
the GADDS system. 
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Figure 4.S3: HRTEM of a sample annealed at 650 mJ/cm2. Schematic showing 
position of different materials observed in the TEM of the sample. 
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CHAPTER 5 

EARTHWORM INSPIRED LOCOMOTIVE MOTION FROM FAST 

SWELLING HYBRID HYDROGELS4 

Abstract 

Diverse motion mechanisms encountered in nature serve successfully as a guide 

for engineering efficient mobile devices used in cargo transport and force generation. 

We have previously demonstrated earthworm locomotion inspired directed motion and 

cargo transport using a pNIPA hydrogel based device. The motility mechanism 

involved sequential shrinking and swelling of segments of a long gel in a glass 

capillary, induced by volume phase transitions, through a simple temperature stimulus 

using peltier elements. The same effect is generated in the earthworm by flexing and 

stretching muscles along the body as it moves in its underground burrow. The 

shrinking segments move the body forward while the swollen segments anchor against 

the walls to prevent slippage. Here we show an improved device, using the same 

working principle, made of super-porous, mechanically robust organic-inorganic 

hybrid hydrogels (also known as nanocomposite hydrogels) which show large volume 

phase transitions above 32°C without requiring lengthy hydrolysis times. The gels 

demonstrate fast swelling kinetics with complete restoration of their initial size in 

short times, making the gels reusable for multiple cycles. This improved device, with 

its reusability, fast swelling kinetics and efficient slip-free motion, opens a variety of 

possibilities for applications in microfluidics, nanobiotechnology, small scale robotics 

and MEMS. 

 

                                                 
4 Reproduced with permission from: Hitesh Arora, Rahul Malik, Lilit Yeghiazarian, Claude Cohen, 
Ulrich Wiesner. Journal of Polymer Science, Part A: Polymer Chemistry, (2009), 47 (19), 5027-33. 
Copyright 2009 Wiley Periodicals, Inc. A Wiley Company. 



 67

Introduction 

Transformation of energy into directed motion requires different forms of 

complexity at different length scales. Nature demonstrates several mechanisms for 

inducing motion, at different length scales, in various organisms. Incorporating these 

mechanisms into microfluidics, micro electro mechanical systems (MEMS) and drug 

delivery systems for efficient directional motion and transport may fulfill the needs of 

these ever advancing fields. Although devices based on biological systems have 

demonstrated that directed motion can be induced using e.g. adenosine triphosphate 

(ATP) powered biomolecules such as motor proteins, the stringent physiological 

conditions required limit the applicability of such systems. The most promising 

biological approach is an inverted motility assay where the substrates are coated with 

Kinesin motor proteins. Directed motion of the microtubules was generated when 

Kinesin molecules, powered through hydrolysis of ATP molecules, “walk” on the 

microtubules with discrete 8-nm steps1, 2. Their charged ends have also been used to 

change the direction of motion upon applying external electric fields, a feature that has 

shown potential for molecular sorting3. Similar feat has been achieved by 

functionalizing microtubule segments with magnetic nanoparticles and applying 

external magnetic fields to steer the transport direction4. While these are fascinating 

approaches for inducing motion and cargo transport in a device using biomolecules, 

the stringent environmental conditions required and complexity involved in integration 

with the synthetic components of the device often limits their usability. In contrast, a 

responsive synthetic material, that can endure more severe conditions, may provide the 

necessary robustness and more freedom to tune parameters as per the requirement. 

Synthetic materials such as hydrogels that respond to changes in the environment such 

as pH5, 6, temperature7, 8, electric field9 and light10 are ideal for such devices. The 
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responsive nature of these hydrogels has been exploited to make devices useful for 

applications ranging from biotechnology11, 12 to microfluidics13, 14. 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 5.1: Schematic showing the mechanism of motion of cylindrical gels inside a 
capillary tube. 

 

Previously, we developed a prototype device based on thermoresponsive N-

isopropylacrylamide (NIPA) hydrogels (lower critical solution temperature (LCST) ~ 

32°C) that mimicked the earthworm locomotion15. The motility mechanism of our gel 

based device involved sequentially shrinking and swelling the segments of a 

cylindrical gel in a glass capillary, induced by volume phase transitions through 

simple temperature stimuli applied along the gel using peltier elements, see Fig. 5.1. 

The symmetry is broken by moving the locally induced phase transition from one end 

of the gel (end 1) to the other end (end 2) rather than applying it over the entire gel, 

thus generating forward motion of end 1 (shrinking cycle). Subsequent sequential 
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swelling of the segments, by reversing the stimulus, from the same end brings the gel 

to the original size and generates motion of the end 2, in the same direction (swelling 

cycle). A similar mechanism of locomotion is shown by an earthworm flexing and 

stretching muscles along its body to generate the same effect as shrinking and swelling 

in our case. The shrinking segments move the body forward while the swollen 

segments hold the surface to prevent the moving body from slipping. The initial 

device, capable of generating directed motion at velocities of the order µm/sec and 

cargo carrying capability, had limitations, however, pertaining to long hydrolysis 

times to induce large volume changes, low mechanical robustness of the moving parts, 

slow swelling kinetics and slippage at the walls leading to imperfect motion. Here we 

show a new device, based on the same working principle, which overcomes these 

challenges. The device is made of super-porous, organic-inorganic hybrid hydrogels 

that show large volume phase transitions above 32°C without requiring additional 

hydrolysis and show fast swelling kinetics that allow the gels to regain their initial size 

in short times. Additionally, by roughening the capillary walls through acid treatment 

and using smaller sized peltier elements, we were able to generate efficient slip-free 

motion, over multiple cycles and with velocities of order µm/sec. The mechanism 

shown here is different from other gel based devices where the motion is induced by 

using anisotropic substrates to break the symmetry16-18. In our case, symmetry 

breaking occurs through propagation of volume phase transitions over a long 

cylindrical gel, Fig. 5.1. We believe this significantly improved device, with efficient 

motion generation, will enable incorporation of this mechanism of motion into devices 

useful for various applications including sensors, pumps, cargo transport and cavity 

exploration19. 
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Experimental Section 

Hybrid gel synthesis 

Hybrid NIPA gels were synthesized as described elsewhere20. Laponite XLG clay 

particles (30nm in diameter and 1 nm in thickness) were used as multifunctional 

physical crosslink points for the NIPA polymer chains grown through free radical 

polymerization. The clay (0.4 g) was first exfoliated by stirring in water (28.5 mL) for 

30 min. after which the solution became clear. Then the NIPA monomer (3.5 g), 

purified by recrystallizing from hexane/toluene mixture, was dissolved. The initiation 

occurred at the face of clay particles as potassium persulphate (30 mg in 1.5 mL 

water)  and N,N,N',N'-tetramethylethylenediamine (24 µL) were added to the 

solution20. The radical polymerization then propagated to first form clay-brush 

particles which subsequently formed a network of NIPA chains crosslinked at the face 

of the clay particles20. Water was bubbled with N2 for 3 hours prior to addition of all 

other chemicals and O2 was prevented throughout the experiment. 

 

Heat treatment for synthesizing “fast” hybrid gels 

The capillaries, purchased from Chemglass with 1 mm in internal diameter, were 

injected with polymerizing solution and then kept in an oven at 50°C for 1 day. The 

gels were then washed with de-ionized water several times after which the capillaries 

were filled with water and sealed at the ends. The initial swollen gel length was 

typically between 2.5 to 4 cm. 

 

Glass capillary treatment 

The inside wall of the capillaries were roughened by immersing them in 48% 

hydrofluoric (HF) acid solution for 3 min. The capillaries were subsequently washed 

with water several times before injecting polymerizing solution in them. 
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SEM sample preparation and imaging  

After synthesis the gels were taken out of the capillaries and washed several times 

with de-ionized water. The gels immersed in water and completely swollen in a glass 

vial were then cooled to liquid N2 temperature and then dried under vacuum at -5°C 

for 2 days. The dried gels were sputter coated with a thin layer of Au-Pt. A Leica SEM 

was used at 5 KeV for imaging. 

 

Peltier element (PE) devices for heating and cooling  

Two separate prototype devices, with different sizes of peltier elements, were used 

for the experiments. The first had 9x9 mm2 size peltier elements while the second had 

4.2x4.2 mm2 size elements. Each element was connected in a parallel circuit to the DC 

power supply through an ON-OFF-ON toggle switch so that the same peltier element 

surface could be used for heating and cooling by reversing the direction of the 

current15. A DC voltage of 1.5 V was applied across each PE and within 10-15 

seconds the surface would heat up above the phase transition temperature of the gel. 

 

Experimental setup and procedure  

The setup included a series of peltier elements, over which the capillary with the 

gel rested. The size of the stimulated gel segment was typically ~ 1 mm larger than the 

size of the peltier element due to heat transfer in the longitudinal direction of the 

capillary and depended on the power supplied to the peltier elements. For standard 

gels, each segment was typically heated for 9 min. to ensure complete shrinking before 

heating the next segment. For their swelling cycles, the segments needed to be cooled 

for several hours before regaining their initial length. In the case of fast swelling gels, 

each gel segment was heated for 5 min. before heating the next segment. In their 
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swelling cycles, segments needed to be cooled for 9 min. before they regained their 

initial length. 

 

Results and discussion 

Robust Gel chemistry 

Standard NIPA gels with organic crosslinker (referred to as “standard gels” from 

hereon) are limited in their use due to poor mechanical properties21 and slow 

hydrolysis times6, which are typically several days, to generate large discontinuous 

volume changes upon phase transitions. In our previous experiments, standard gels 

were limited in their reusability during several shrinking and swelling cycles. Often 

gels would not come back to their full initial length and would stall after one or two 

cycles. In contrast, NIPA-clay based gels (referred to as “hybrid gels” from hereon) 

were reusable and showed remarkable mechanical properties due to the presence of 

inorganic clay particles20, 21, making them more suitable for applications involving 

cargo transport. Additionally, the hybrid gels were alleviated from the need of 

hydrolysis, showing large volume changes upon increasing the temperature above 

their lower critical solution temperature (LCST), without additional hydrolysis. This 

was extremely advantageous as unlike standard NIPA gels the gels could be used 

immediately after their synthesis. 

The polymerizing solution for hybrid gels was injected into glass capillaries 

(diameter = 1 mm) with the final swollen gel length between 2.5-4.0 cm. After a few 

washing steps to remove unreacted monomer, the gels were placed over a series of 9x9 

mm2 PE devices, see the experimental section. The length of the gel was monitored as 

it underwent shrinking and swelling cycles. In contrast to standard gels, the hybrid 

gels derived from exfoliated clay nanoparticles and NIPA were taken through several 
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shrinking and swelling cycles with full length recovery at the end of all the cycles, as 

shown with three shrinking and swelling cycles in Fig. 5.2a. 

 
Figure 5.2: Variation of gel length with time during shrinking and swelling cycles for: 
(a) standard hybrid gels, prepared at room temperature (inset is the first shrinking and 
swelling cycle with time on a log scale); (b) fast hybrid gels, prepared above the LCST 
of the gel. 

 

Fast swelling kinetics 

The gels for which the results in Fig. 5.2b were produced were not only robust but 

also were synthesized under special conditions to show fast swelling kinetics (they are 

hence referred to as “fast hybrid gels” hereafter). For conventional hybrid gels, the gel 

length decreased reasonably fast during shrinking cycles but increased very slowly 

during the swelling cycles: The shrinking cycle took close to 10 min. before the gel 

attained its completely collapsed length (~ 1.8 cm). The swelling cycle, in contrast, 

took ~ 900 min. to recover 77% of the initial gel length, see inset in Fig. 5.2a. The 

slow swelling kinetics is typical for hydrogels 22. In the present case, however, the 

swelling of segments may have been additionally slower due to (i) physical constraints 

imposed by adjacent segments and the glass walls, (ii) due to the slow collective 

diffusion rates of gel through water and, (iii) possibly due to the formation of a thin 
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skin layer preventing water from easily reaching the core of the gel23, 24. There are 

several physical and chemical methods to improve gel swelling kinetics by introducing 

inhomogeneities, which form interconnected pores, or macro-porosity into the gel 

network25. In our system, for experimental simplicity, we introduced heterogeneities 

by synthesizing the “fast hybrid gels” above their LCST, see the experimental section. 

Above the LCST, the chains become insoluble in water and phase separate to form 

domains rich in water surrounded with pNIPA chains26, 27. This indeed led to fast 

swelling kinetics of the gels as shown in Fig. 5.2b. The variation of gel length with 

time upon two shrinking and swelling cycles clearly shows faster swelling kinetics 

with 100 % gel length recovery in close to 30 min. as compared to conventional 

hybrid gels (prepared at room temperature) with similar initial length and very similar 

crosslink density (L/lo = 1.5 and 1.45 for standard and super-porous gel, respectively; 

where L is the initial length of the swollen gel and l0 is the length of the shrunken gel) 

while retaining good reusability, compare inset in Fig. 5.2a and Fig. 5.2b. 

SEM on freeze dried gel samples revealed that the pore structure is better defined 

and has higher pore density in fast hybrid gels as compared to the conventional hybrid 

gels prepared at room temperature, Figs. 5.3a-b. Although the SEM images suggest 

smaller pores in the gels synthesized above the LCST as compared to gels prepared at 

room temperature, the faster swelling kinetics can be explained if the synthesis at 

higher temperature leads to a higher number of interconnected pores forming channels 

that provide shorter routes for water entering the network, thus facilitating the gel 

swelling kinetics. Additionally, since both the conventional and fast hybrid gels have 

the same composition, it is likely that the latter have thinner walls which may also 

ease the penetration of water into the gel. It should be noted that the freeze-drying 

process can, in principle, lead to changes in pore structure and size from the original 

sample. These SEM images should thus only be used as a qualitative representation of 
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the pore structure on the surface of the gel that will allow water to penetrate into the 

gel. Pore sizes observed in these gels are consistent, however, with what was observed 

by others for fast swelling gels25. 
 

 

Figure 5.3: SEM images of freeze-dried samples of: (a) a standard hybrid gel, 
prepared at room temperature; (b) a fast hybrid gel, prepared above the LCST. 

 

Reducing slippage at the capillary walls  

In an earthworm, forward motion is generated by expansion of some segments 

while other segments hold on to the walls of the burrow. In our case, by following the 

ends of the fast hybrid gels with time during the shrinking and swelling cycles, we 

observed extensive slippage at the capillary walls, Fig. 5.4a-d. We categorize this 

slippage into 2 parts: (1) slip1: this slippage occurred at end 2 (right side of the gel in 

Fig. 5.4a-d) during shrinking cycles, Figs. 5.4a-b; and (2) slip2: this slippage occurred 

during swelling cycles where instead of only the second end, both ends moved 

towards the free surfaces, resulting in some degree of swelling in both directions, Figs. 

5.4b-c. Slip1, where the end 2 moved backwards during last stages of the shrinking 

cycle, was due to weak adherence of the swollen gel to the capillary wall. As the last 

few segments of the gel shrink, the swollen segments of the gel slipped on the walls 

and were pulled backwards towards the already shrunken segments. Slip2, where the 
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gel swells in both directions, initiated with the swelling of the first segment backwards 

towards the free surface (end 1) and upon swelling of subsequent segments resulting in 

the gel being pushed equally in both directions. This was the result of the lack of 

friction between the swollen gel and the capillary wall.  
 

 

 

 

 

 

 

 

Figure 5.4: Snapshots of gel motion during shrinking and swelling cycles to show the 
slippage at the capillary walls with: (a-c) a fast hybrid gel inside untreated capillary; 
(e-g) a fast hybrid gel inside capillary with rough walls. Movement of ends of the gel 
with time during a shrinking and swelling cycle for a fast swelling hybrid gel inside; 
(d) an untreated capillary; (h) inside a capillary with rough walls. Grey arrows 
between vertical lines in snapshots indicate direction and magnitude of motion during 
slippage.  

 

The overall slippage could be quantified by comparing forward motion of the 

center of the gel to the expected motion if there was no slippage (referred to as the 
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“ideal motion”). The forward motion with no slippage will result in gel center motion 

by L-l0 after one shrinking and swelling cycle. The deviation from the ideal forward 

motion could be quantified as the fraction of distance traveled by the center of the gel 

in the forward direction over that in the ideal motion. 

 

      
motion idealin  gel the of center by traveled distance 

motion realin  gel the of center by traveled distance
−= 1factorSlippage  

 

A slippage factor of 0 would imply ideal forward motion and a factor of 1 would 

imply isotropic shrinkage and swelling resulting in no forward motion. 

With the fast hybrid gels the slippage factor was determined to be ~ 0.7 when 

using capillaries as received, without any surface treatment, Fig. 5.4d. By treating the 

capillary walls, prior to the gel synthesis, with HF (48%) the walls were made rough. 

Indeed, we observed that the wall roughness prevented slippage, Fig. 5.4e-h. Slippage 

of end 2 was significantly reduced during the shrinking cycle and end 1 almost stayed 

fixed during the swelling cycle, Fig. 5.4e,f. Furthermore, by using smaller peltier 

elements (4.2x4.2 mm2 size versus 9x9 mm2), the size of the gel segment under 

stimulus was reduced resulting in reduced slippage due to swelling towards the free 

surface (end 1) of the first segments of the gel (slip 2), Fig. 4f,g. The same principle 

applied for the shrinking cycle, where the last segment moved backwards while 

shrinking (Slip 1). By making the size of the segment under stimuli smaller we were 

able to reduce the slippage related to the motion towards the free surface while 

swelling and shrinking. The slippage factor reduced to 0.19 with these changes in the 

surface roughness of the capillary walls and the size of the peltier elements, Fig. 5.4h. 

To summarize, during the shrinking cycle, end 1 moved forward and end 2 stayed 

fixed throughout and during the swelling cycle, end 2 moved in forward direction 

while end 1 moved only slightly backwards due to the swelling towards the free 
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surface, see supporting information. Reducing the slippage improves the device 

performance with fewer cycles required to move the gel over a given distance. 

 

Conclusions 

Our prototype device based on a thermo-responsive organic-inorganic hybrid 

hydrogel, reproducibly imitates locomotion shown by an earthworm, over many cycles. 

This device overcomes the shortcomings of our previous pNIPA gel based device 

which had poor mechanical properties, and required long post-synthesis hydrolysis 

times to enable large volume changes upon phase transition. The device demonstrated 

here exhibits high mechanical robustness of the clay nanoparticles-pNIPA 

nanocomposite gels and requires no hydrolysis time to observe large volume changes. 

It also demonstrates faster swelling kinetics as a result of introducing heterogeneities 

in the polymer network by synthesizing the gels at a temperature above their LCST. 

Additionally, the slippage in the motion of the gels was significantly reduced by 

making the walls of the capillary rough by HF etching, and by using smaller peltier 

elements to stimulate shrinking and swelling. 

The device we have shown here thus demonstrates reliability, robustness, and fast 

kinetics, essential characteristics for a microfluidics based device. It thus holds greater 

promise for future miniaturization experiments than our previous device. We 

anticipate that the principle described herein will be widely utilized in a variety of 

areas in biotechnology, microfluidics, small-scale robotics and drug delivery. 
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APPENDIX D 

 

 

 

Supporting information: Snapshots taken over 2 hours and 15 minutes, during the 
fast hybrid gel motion over 3 shrinking and 2 swelling cycles. 
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CHAPTER 6 

CONCLUSIONS 

 

In this dissertation, formation, processing, characterization and applications of two 

different polymer-inorganic hybrid materials were discussed. In the first system, block 

copolymer self assembly was used to structure direct inorganic nanoparticles (sol-gel 

derived aluminosilicate and ligand stabilized platinum nanoparticles) to generate 

hybrid thin films. Subsequently, the organic component was removed to leave behind 

porous inorganic thin films. The porous thin films were quantitatively analyzed to 

determine the order in the films. The porous aluminosilicate films were used to 

generate single crystal nanostructured arrays using pulsed excimer laser induced 

melting. Furthermore, the pores in the template were used to grow nickel silicide 

pillars heteroepitaxially on silicon. The growth of the crystal over the template 

allowed forming a relaxed NiSi lattice. The symmetry of the orthorhombic crystal 

induced relaxation of NiSi film into two orthogonal (90°) orientations. 

In the second system, volume phase transitions of nanocomposite (hybrid) 

hydrogels were used to generate locomotion of hydrogels inside glass capillaries. 

Hybrid hydrogels with thermoresponsive polymer chains cross-linked through clay 

nanoparticles and volume phase transitions at 32 °C were synthesized inside 

capillaries. Volume changes were induced locally using peltier elements. The volume 

phase transition was then propagated through the length of the gel, breaking the 

symmetry and inducing directional motion. The mechanism of locomotion was similar 

to that shown by an earthworm. Synthesizing the gels above the phase transition 

temperature resulted in super-porous gels that showed faster swelling kinetics. The 

capillary walls were roughened to increase the adhesion of the swollen gel on the 

capillary walls resulting in efficient slip-free gel motion. 
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Future Work 

 The length scales accessible through the block copolymer self assembly is 

controlled though the molecular weight of the block copolymer. Characteristic pore 

spacing in thin films, 30-40 nm for films used in this dissertation, could be further 

reduced to generate structures with spacing of 5-10 nm. This would enable 

fundamental studies such as crystallization within confined pores at these near-atomic 

length scales. Increasing the aspect ratio of the pores would also enable 3-dimensional 

analysis, through electron tomography, for elucidation of faceting at the crystalline 

nanostructure surface. 

 The process to grow heteroepitaxial crystals on silicon, shown here for 

orthorhombic NiSi, could also be applied to grow crystals exhibiting cubic symmetry 

such as germanium. Such a system would have only one relaxed orientation and may 

enable growing single crystals with few or no defects. 

 The hydrogel shrinking and swelling kinetics is a diffusion controlled process and 

scales with the critical dimension of the gel. In the system described in chapter 5, the 

critical dimension is the diameter of the gel. Through scaling down of the gel diameter, 

it may be possible to study the scaling relation and its possible breakdown as surface 

forces are expected dominate at small dimensions and strong adhesion to the walls will 

limit the gel motion. 




