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TEM  -  Transmission Electron Microscopy 

YSZ  -  Yttrium Stabilized Zirconia 

XPS  - X-ray Photoelectron Spectroscopy 
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Summary & Motivation 

 

Nanotechnology has been hailed as integral to solving the problems of future generations.  By its very nature, 

it belongs not only to the unseeably small, but also the techniques relevant to its masterful manipulation.  It is 

this manipulation that so much of current scientific research is centered and also the work herein.  These 

studies of nano-techniques are as important to new devices as the instruments used to drive their existence 

into being.  Much as tools such as hammer and nails can build a house, the correct technique, not the tool, is 

the defining ingredient in its construction.   

 

The overarching technique in this work was lithography.  The name lithography gets its name from rather 

ancient origins, being an amalgamation of the Greek words for stone and writing.  The technique was to take a 

flat stone with very few defects and paint a design on it with hydrophobic oil.  The stone was then dipped in a 

nitric acid solution to cause the non-painted areas to become hydrophilic.  At the end, the stone possessed a 

design which was hydrophobic on a surface which was hydrophilic, thus allowing hydrophobic ink to be 

selectively placed with high precision and regularity onto paper.  This two hundred years old technique lends 

little to the lithography of modern science except for the concept of fine pattern transfer.        

 

To that end, two main instruments were used in the lithography process, several instruments were then 

employed to analyze those results, and a multitude of techniques were attempted during the optimization.  

Specifically, an electron beam and a nanoimprinter were the two instruments driving the lithography.  Electron 

beam lithography (EBL) works by directing electrons to certain locations for certain periods of time on to an 

electron sensitive film which is then developed to reveal the design, essentially writing with electrons.  

Nanoimprint lithography (NIL) is the process of pressing a film with a stamp replete with nanoscale features 

and then removing excess material to reveal the design.  Both forms of lithography have advantages and 

disadvantages with regards to their implementation in next generation devices.  EBL takes days to finish 

writing an intricate circuit design onto a six inch wafer, however its ability to make inexpensive one-off devices 

is considerable compared to expensive large-scale photolithography masking techniques.  NIL is seen as 

favorable to large-scale production due to its quick turn-around time of minutes, although the ability to control 

finer design elements is difficult.                              
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The film used in the lithography process was that of mixture of metal salts, polymer, and water, called a 

precursor.  The metal salts were initially lanthanum, strontium, and manganese nitrates then later lanthanum, 

strontium, and manganese acetates.  The specific amount of metal salts introduced into the mixture yielded a 

film of La0.7Sr0.3MnO3 (LSMO) when annealed in an oven.  The conditions of the annealing were such that the 

organic species present in the film were released and the inorganic metals had sufficient thermal energy to 

form a LSMO crystal.  The polymer used was polyvinyl alcohol (PVOH) due to its ability to harden under low 

heat, becoming water insoluble.  This low heat came in the form of focused electrons and hot silicon molds.  

The mechanism responsible for the hardening of the PVOH is the due to physical cross-linking of the polymer 

chains.  The reason why a polymer which can be hardened locally is important to the EBL procedure is that 

the water solubility of the film.  With this ability, arrays can be made water insoluble and thus will remain after 

developing the film in water.  The importance to the NIL procedure of having a polymer in the precursor is 

critical insomuch that without it, no pattern transfer can occur.  A novelty of this work is the nanoimprinting of a 

PVOH based precursor film, which stands in contrast to the vast majority of NIL done on and PMMA [1-5].   

 

LSMO was the oxide crystal used in this work due to its interesting physical properties.  This perovskite mixed 

valence crystal has a Curie temperature of 370 K, the ability to change electrical resistance dramatically under 

applied magnetic field, high electrical conductivity at high temperatures, half metallicity for spin conduction, a 

highly anisotropic magnetic nature, and the ability to alter its physical properties when strained [6-14].  Current 

applications of LSMO are centered on solid oxide fuel cells, however many future applications have been 

imagined [15-17].  These include magnetic memory sites and components in spin transistors.  This coupled 

with the explosion in new research regarding oxides and in particular multiferroics, drove the motivation to 

fabricate LSMO nanocrystals in a controlled and economic way [18-20].     

 

The method in which the thin film was formed comes from taking a drop of precursor and placing it on top of a 

spinning substrate.  This process is called spin coating and is an inexpensive method of forming thin films as 

opposed to other high cost vacuum methods.  The substrates used in this work were single crystal substrates 

(SCS) by and large and silicon occasionally for optimization purposes.  Specifically the SCS used were 

lanthanum aluminate (LAO), strontium titanate (STO), and yttrium stabilized zirconia (YSZ).  These SCS allow 

for the growth of single crystalline epitaxial LSMO when its thin film precursor is annealed on top, this umbrella 

procedure being called chemical solution deposition (CSD).  It must be stressed that this work was inspired by 

the electron beam experiments on silicon, but it was thought to create interesting functional nanostructures, 

oxide single crystal substrates would need to be used [21-23].  The unit cell of STO and LAO is very similar to 

that of LSMO, thus a contorted cube-on-cube growth occurs, however the unit cell of YSZ is very different to 

that of LSMO.  These non-conventional substrates’ negative attribute is their highly insulating nature which 

makes writing with electrons more difficult.                  
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The instruments employed in the analysis of the results by lithography were principally the scanning electron 

microscope (SEM), the atomic force microscope (AFM), and the transmission electron microscope (TEM).  The 

SEM was used first to detect that the lithography was successful and that nanostructures were made.  The 

surface was then probed with an AFM to determine the morphology with nanometer precision.  Finally, to 

observe the crystalline nature of the nanostructures, a thinned slice was analyzed with a TEM.  Other 

instruments were also employed to confirm the metal stoichiometry being inductively coupled plasma (ICP), x-

ray diffraction (XRD), x-ray photoelectric spectrometry (XPS), and electron energy loss spectrometry (EELS) .        

 

Specifically regarding the structures formed in the electron beam lithography process, a morphological 

relationship was observed with dosage, distance between nearest neighbor (pitch), and the substrate used.  

Dosage here refers to amount of time in which a singular location was exposed with electrons, due to the 

current remaining constant; the larger the dosage, the wider the diameter of spot affected by electrons.  When 

electrons initially were focused onto a single point on the precursor film, a nanosized depression was observed 

with AFM, called here a nanocavity.  The film was then developed in water, the film was largely removed 

except for singular sites on the film which were irradiated with focused electrons, called here nanoislands.  

When the substrate with nanoislands was annealed at high heat for many hours, crystals were formed where 

the nanoislands were, called here nanodots.   

 

If the dosage was low enough, only a small area would become a nanoisland and thus a small nanodot would 

form.  Typically, the morphology of this nanoisland was round, however when purposefully made highly 

elliptical and sufficiently isolated, nanowires were seen to grow instead of nanodots when annealed.  On the 

other end of the spectrum, when the dosage was sufficiently high, and surrounded by neighbors of appropriate 

distance, nanowires formed.  These nanowires formed at the edge of the area that was irradiated and are 

orientated on the surface of the substrate.  Both the nanodots and nanowires were made into cross-sectional 

lamellas so as to observe with TEM and EELS.  It was noted that the nanostructures grew epitaxially on the 

surface of the single crystal substrate.  However elemental analysis showed the oxide crystals to be devoid of 

manganese.  The origin of this phenomenon is not entire understood, but was thought to lie with the electron 

radiation itself. 

 

The reason for this hypothesis is that structures formed from nanoimprint lithography were observed to have 

epitaxial grown LSMO crystals with the correct amount of manganese.  The nanostructures formed from NIL 

were as varied as those of EBL.  The stamp used in this work was covered with nanoscale pillars, such that 

when pressed into the precursor film tiny depressions were formed.  These depressions are called here 
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nanopores.  These nanopores had depths less than that of the film, thus to remove the remaining film between 

the bottom of the nanopore and the top of the SCS, an etching step was performed.  This etching was highly 

directional due to the applied field inside the reactive ion etcher (RIE).  The anisotropic etching removed the 

material perpendicular to the substrate plane preferentially.  Two different gases were used in etching the 

residual layer of the nanopores.  Highly chemically reactive oxygen plasma was used to etch down to the 

substrate, thereby making what is called here nanoholes.  When non-reactive argon plasma was fed into the 

RIE, a series of positive structures were observed, called here nanocaps.  The understanding of the formation 

of the nanoholes is straight forward, however for the nanocaps, a bit of conjecture is required.  It is 

hypothesized that the imprinting process locally compresses the film, thereby making certain sections more 

impervious to mechanical etching.  Finally organic components are removed from both the nanoholes and 

nanocaps when annealed at high heat for an extended period.   

 

It must be said that this body of work was the product of a collaboration between the Institut Català de 

Nanotecnologia (ICN), the Institut de Ciència de Materials de Barcelona (ICMAB-CSIC), and the Centro 

Nacional de Micoelectronica (CNM).  The majority of the lithography experiments were carried out in the 

cleanroom at the CNM with solution preparation performed at the ICMAB.  This was due to the vast amounts 

of experience at the ICMAB in oxide film formation on insulating single crystal substrates by chemical means 

and the superior technical knowledge at the CNM in nanofabrication tools.  The work was under the framework 

of the Consolider project Nanoselect (CSD2007-00041).  The core of this project is the study of self-

organization at the nanoscale, generation of novel functional oxides, and new lithographic routes.         

 

The goal of this work was to determine the correct technique, using electron beam and nanoimprint lithography 

along with chemical solution methods, to form arrays of LSMO nanocrystals on insulating single crystal 

substrates.  This was partially accomplished with EBL and fully accomplished with NIL.  The side phenomenon 

of nanowire growth gives insight into the surprising nature at the nanoscale and speaks to the intrinsic 

difficulties of nanocrystal synthesis.  Future work in this area would consist of exploring other oxide 

combinations.  Initial work imprinting and irradiating a precursor consisting of strontium and titanium 

isopropoxide, forming SrTiO3 when annealed as a film, was performed.  The results showed the formation of 

nanodots similarly to the EBL experiments with the LSMO precursor as well as the ability to create a 

nanoperforated film from a stamp.  Thusly, it is thought that other oxide combinations and stoichiometries 

could also be successfully nanostructurated with the techniques described herein.    

         

This work is organized as follows: Chapter 1 discusses the techniques involved in the precursor solution 

preparation and analysis, thin film preparation and analysis, general overview regarding electron beam and 

nanoimprint lithograph, and explanation of instruments used.  Chapter 2 delves into the results of electron 
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beam lithography with regards to nanodot fabrication and its intermediate species along with analysis of their 

crystalline nature.  Chapter 3 describes two methods involved with the generation of nanowires from electron 

beam lithography efforts.  Chapter 4 centers around the positive and negative nanostructures made by 

nanoimprint lithography of the LSMO precursor.  
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Summary & Motivation 

 

Nanotechnology has been hailed as integral to solving the problems of future generations.  By its very nature, 

it belongs not only to the unseeably small, but also the techniques relevant to its masterful manipulation.  It is 

this manipulation that so much of current scientific research is centered and also the work herein.  These 

studies of nano-techniques are as important to new devices as the instruments used to drive their existence 

into being.  Much as tools such as hammer and nails can build a house, the correct technique, not the tool, is 

the defining ingredient in its construction.   

 

The overarching technique in this work was lithography.  The name lithography gets its name from rather 

ancient origins, being an amalgamation of the Greek words for stone and writing.  The technique was to take a 

flat stone with very few defects and paint a design on it with hydrophobic oil.  The stone was then dipped in a 

nitric acid solution to cause the non-painted areas to become hydrophilic.  At the end, the stone possessed a 

design which was hydrophobic on a surface which was hydrophilic, thus allowing hydrophobic ink to be 

selectively placed with high precision and regularity onto paper.  This two hundred years old technique lends 

little to the lithography of modern science except for the concept of fine pattern transfer.        

 

To that end, two main instruments were used in the lithography process, several instruments were then 

employed to analyze those results, and a multitude of techniques were attempted during the optimization.  

Specifically, an electron beam and a nanoimprinter were the two instruments driving the lithography.  Electron 

beam lithography (EBL) works by directing electrons to certain locations for certain periods of time on to an 

electron sensitive film which is then developed to reveal the design, essentially writing with electrons.  

Nanoimprint lithography (NIL) is the process of pressing a film with a stamp replete with nanoscale features 

and then removing excess material to reveal the design.  Both forms of lithography have advantages and 

disadvantages with regards to their implementation in next generation devices.  EBL takes days to finish 

writing an intricate circuit design onto a six inch wafer, however its ability to make inexpensive one-off devices 

is considerable compared to expensive large-scale photolithography masking techniques.  NIL is seen as 

favorable to large-scale production due to its quick turn-around time of minutes, although the ability to control 

finer design elements is difficult.                              
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The film used in the lithography process was that of mixture of metal salts, polymer, and water, called a 

precursor.  The metal salts were initially lanthanum, strontium, and manganese nitrates then later lanthanum, 

strontium, and manganese acetates.  The specific amount of metal salts introduced into the mixture yielded a 

film of La0.7Sr0.3MnO3 (LSMO) when annealed in an oven.  The conditions of the annealing were such that the 

organic species present in the film were released and the inorganic metals had sufficient thermal energy to 

form a LSMO crystal.  The polymer used was polyvinyl alcohol (PVOH) due to its ability to harden under low 

heat, becoming water insoluble.  This low heat came in the form of focused electrons and hot silicon molds.  

The mechanism responsible for the hardening of the PVOH is the due to physical cross-linking of the polymer 

chains.  The reason why a polymer which can be hardened locally is important to the EBL procedure is that 

the water solubility of the film.  With this ability, arrays can be made water insoluble and thus will remain after 

developing the film in water.  The importance to the NIL procedure of having a polymer in the precursor is 

critical insomuch that without it, no pattern transfer can occur.  A novelty of this work is the nanoimprinting of a 

PVOH based precursor film, which stands in contrast to the vast majority of NIL done on and PMMA [1-5].   

 

LSMO was the oxide crystal used in this work due to its interesting physical properties.  This perovskite mixed 

valence crystal has a Curie temperature of 370 K, the ability to change electrical resistance dramatically under 

applied magnetic field, high electrical conductivity at high temperatures, half metallicity for spin conduction, a 

highly anisotropic magnetic nature, and the ability to alter its physical properties when strained [6-14].  Current 

applications of LSMO are centered on solid oxide fuel cells, however many future applications have been 

imagined [15-17].  These include magnetic memory sites and components in spin transistors.  This coupled 

with the explosion in new research regarding oxides and in particular multiferroics, drove the motivation to 

fabricate LSMO nanocrystals in a controlled and economic way [18-20].     

 

The method in which the thin film was formed comes from taking a drop of precursor and placing it on top of a 

spinning substrate.  This process is called spin coating and is an inexpensive method of forming thin films as 

opposed to other high cost vacuum methods.  The substrates used in this work were single crystal substrates 

(SCS) by and large and silicon occasionally for optimization purposes.  Specifically the SCS used were 

lanthanum aluminate (LAO), strontium titanate (STO), and yttrium stabilized zirconia (YSZ).  These SCS allow 

for the growth of single crystalline epitaxial LSMO when its thin film precursor is annealed on top, this umbrella 

procedure being called chemical solution deposition (CSD).  It must be stressed that this work was inspired by 

the electron beam experiments on silicon, but it was thought to create interesting functional nanostructures, 

oxide single crystal substrates would need to be used [21-23].  The unit cell of STO and LAO is very similar to 

that of LSMO, thus a contorted cube-on-cube growth occurs, however the unit cell of YSZ is very different to 

that of LSMO.  These non-conventional substrates’ negative attribute is their highly insulating nature which 

makes writing with electrons more difficult.                  
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The instruments employed in the analysis of the results by lithography were principally the scanning electron 

microscope (SEM), the atomic force microscope (AFM), and the transmission electron microscope (TEM).  The 

SEM was used first to detect that the lithography was successful and that nanostructures were made.  The 

surface was then probed with an AFM to determine the morphology with nanometer precision.  Finally, to 

observe the crystalline nature of the nanostructures, a thinned slice was analyzed with a TEM.  Other 

instruments were also employed to confirm the metal stoichiometry being inductively coupled plasma (ICP), x-

ray diffraction (XRD), x-ray photoelectric spectrometry (XPS), and electron energy loss spectrometry (EELS).        

 

Specifically regarding the structures formed in the electron beam lithography process, a morphological 

relationship was observed with dosage, distance between nearest neighbor (pitch), and the substrate used.  

Dosage here refers to amount of time in which a singular location was exposed with electrons, due to the 

current remaining constant; the larger the dosage, the wider the diameter of spot affected by electrons.  When 

electrons initially were focused onto a single point on the precursor film, a nanosized depression was observed 

with AFM, called here a nanocavity.  The film was then developed in water, the film was largely removed 

except for singular sites on the film which were irradiated with focused electrons, called here nanoislands.  

When the substrate with nanoislands was annealed at high heat for many hours, crystals were formed where 

the nanoislands were, called here nanodots.   

 

If the dosage was low enough, only a small area would become a nanoisland and thus a small nanodot would 

form.  Typically, the morphology of this nanoisland was round, however when purposefully made highly 

elliptical and sufficiently isolated, nanowires were seen to grow instead of nanodots when annealed.  On the 

other end of the spectrum, when the dosage was sufficiently high, and surrounded by neighbors of appropriate 

distance, nanowires formed.  These nanowires formed at the edge of the area that was irradiated and are 

orientated on the surface of the substrate.  Both the nanodots and nanowires were made into cross-sectional 

lamellas so as to observe with TEM and EELS.  It was noted that the nanostructures grew epitaxially on the 

surface of the single crystal substrate.  However elemental analysis showed the oxide crystals to be devoid of 

manganese.  The origin of this phenomenon is not entire understood, but was thought to lie with the electron 

radiation itself. 

 

The reason for this hypothesis is that structures formed from nanoimprint lithography were observed to have 

epitaxial grown LSMO crystals with the correct amount of manganese.  The nanostructures formed from NIL 

were as varied as those of EBL.  The stamp used in this work was covered with nanoscale pillars, such that 

when pressed into the precursor film tiny depressions were formed.  These depressions are called here 
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nanopores.  These nanopores had depths less than that of the film, thus to remove the remaining film between 

the bottom of the nanopore and the top of the SCS, an etching step was performed.  This etching was highly 

directional due to the applied field inside the reactive ion etcher (RIE).  The anisotropic etching removed the 

material perpendicular to the substrate plane preferentially.  Two different gases were used in etching the 

residual layer of the nanopores.  Highly chemically reactive oxygen plasma was used to etch down to the 

substrate, thereby making what is called here nanoholes.  When non-reactive argon plasma was fed into the 

RIE, a series of positive structures were observed, called here nanocaps.  The understanding of the formation 

of the nanoholes is straight forward, however for the nanocaps, a bit of conjecture is required.  It is 

hypothesized that the imprinting process locally compresses the film, thereby making certain sections more 

impervious to mechanical etching.  Finally organic components are removed from both the nanoholes and 

nanocaps when annealed at high heat for an extended period.   

 

It must be said that this body of work was the product of a collaboration between the Institut Català de 

Nanotecnologia (ICN), the Institut de Ciència de Materials de Barcelona (ICMAB-CSIC), and the Centro 

Nacional de Micoelectronica (CNM).  The majority of the lithography experiments were carried out in the 

cleanroom at the CNM with solution preparation performed at the ICMAB.  This was due to the vast amounts 

of experience at the ICMAB in oxide film formation on insulating single crystal substrates by chemical means 

and the superior technical knowledge at the CNM in nanofabrication tools.  The work was under the framework 

of the Consolider project Nanoselect (CSD2007-00041).  The core of this project is the study of self-

organization at the nanoscale, generation of novel functional oxides, and new lithographic routes.         

 

The goal of this work was to determine the correct technique, using electron beam and nanoimprint lithography 

along with chemical solution methods, to form arrays of LSMO nanocrystals on insulating single crystal 

substrates.  This was partially accomplished with EBL and fully accomplished with NIL.  The side phenomenon 

of nanowire growth gives insight into the surprising nature at the nanoscale and speaks to the intrinsic 

difficulties of nanocrystal synthesis.  Future work in this area would consist of exploring other oxide 

combinations.  Initial work imprinting and irradiating a precursor consisting of strontium and titanium 

isopropoxide, forming SrTiO3 when annealed as a film, was performed.  The results showed the formation of 

nanodots similarly to the EBL experiments with the LSMO precursor as well as the ability to create a 

nanoperforated film from a stamp.  Thusly, it is thought that other oxide combinations and stoichiometries 

could also be successfully nanostructurated with the techniques described herein.    

         

This work is organized as follows: Chapter 1 discusses the techniques involved in the precursor solution 

preparation and analysis, thin film preparation and analysis, general overview regarding electron beam and 

nanoimprint lithograph, and explanation of instruments used.  Chapter 2 delves into the results of electron 
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beam lithography with regards to nanodot fabrication and its intermediate species along with analysis of their 

crystalline nature.  Chapter 3 describes two methods involved with the generation of nanowires from electron 

beam lithography efforts.  Chapter 4 centers around the positive and negative nanostructures made by 

nanoimprint lithography of the LSMO precursor.  
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2.  Oxide Nanodots 
 

The road to the generation of oxide nanodots has come from two main avenues, the top-down approach 

where expensive instruments make arrays, and the bottom-up approach which is largely uncontrolled but 

inexpensive.  The expense of the instruments aside, a major disadvantage to the top-down to this technique is 

the speed in which structures are written and the number of steps required in the lithography process.  The 

advantage of using a top-down approach is that intricate designs of nanodots may be written in a controlled 

way.  The bottom-up approach comes mainly by way of the use of solutions and spin coating.  It produces 

nanostructures very quickly and with little up front cost, however the placement and nature of the 

nanostructures is left to chance.  The tactic used in this work is to use the best of both worlds and thus be 

inexpensive while highly controllable.  This control can be used to make a litany of nanoscale devices in ways 

a bottom-up approach could never emulate.  The method used in this work to that end is focusing electrons to 

write arrays of oxide nanodots on single crystal substrates.   

 

The systems of oxides that were studied here was largely La0.7Sr0.3MnO3 and later partly SrTiO3 as a proof-of-

concept for general applicability.  The LSMO was derived from acetate and nitrate based precursors; this was 

due to project beginning by using nitrate as the counter ion and then later shifting to the use of acetates.  

Regardless of the counter ion used, the immediate result of radiating with electrons on to the precursor film 

was the production of nanocavities due to the presence of PVOH.  These small nano-sized craters directly 

beneath where the electrons were focused are studied in-depth due to their interesting morphology.  

Underneath the nanocavities, hardened areas were formed which were revealed when cleaned with water.  

This water developed sample left a series of, what is referred to here as, nanoislands.  This sample was then 

annealed in an oven at high temperature for local phase formation and crystallization, which are called here 

nanodots.  Nanocavities, nanoislands, and nanodots are shown to be dosage dependent as well as 
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morphologically dependent on the neighboring sites.  It must be noted that all the samples in this chapter 

contained two percent by weight PVOH in the precursor solution as well as being spin coated to yield a film 

thickness of around two hundred nanometers.            

 

2.0.1  Motivation 
 

Arrays of functional oxide nanodots generated from electron beam lithography have been thought to be a key 

component for next generation integrated circuit design.  One particular characteristic of LSMO which has 

excited researchers is that of colossal magnetoresistance (CMR).  Magnetoresistance is the observation that 

through a change in magnetic field, the resistance of a material switches between insulating and conductive 

states.  The much smaller but similar effect of giant magnetoresistance (GMR) is behind all the magnetic 

spinning hard disks which are now so prevalent.  CMR hints at the possibility of ultra small, low power 

magnetic memory.  The most promising emerging technology which uses CMR is that of magnetic tunnel 

junctions (MTJ). 

 

A device which employs a MTJ has two layers of a CMR material separated by an insulator such that when a 

local magnetic field is felt by one of the layers, its resistance changes and thus allows or forbids an electron 

from tunneling through that insulator.   The ability to change only a single layer’s resistance comes from the 

idea that the layers have different magnetic coercivity and thus one is more susceptible to a small magnetic 

field.   This spin valve is based on the principal that electrons with a particular spin, regardless if they are 

under the presence of a strong potential, do not want to travel to another material with opposite spin state 

predominance.  Possibly MTJ devices in the future will employ two layers of LSMO which will have been 

written in very precise locations with controlled morphology.     

 

The technique described in this chapter is a combination of recent effort made by scientists in the fields of 

electron beam lithography and oxide nanostructuration.  This growing community of researchers has origins in 

the sudden availability of relatively inexpensive methods to control where and how electrons were written onto 

a film.  This came in the form of add-on modules which could be purchased relatively cheaply and fitted to the 

already existing infrastructure of SEM’s.  This allowed groups who normally would not have had access to the 

ability to write with electrons, an opportunity to fabricate nanostructures by lithography.  This in turn facilitated 

a myriad of devices with feature sizes unimaginable to researchers a generation ago.  
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As far as oxide nanostructures go, the main driving inspiration for their research was from the amazing bulk 

properties they had.  Typically these inorganic ceramics were made from powder and then sintered.  These 

bulk materials gave way to thin films made by various forms of deposition.  Eventually it was possible to create 

nanowires and nanodots through a self-assembly process.  Unfortunately, while these methods were 

inexpensive, the control of exactly where a oxide nanostructure would grow was impossible.  Of late, the 

possibility to generate oxide nanostructures at a desired location from top-down methods became a reality.  At 

the fore front of this push is the electron beam lithographic method.   

    

2.0.2  Current State of Research 
 

As was just illustrated, the lure of colossal magnetoresistance has allowed researchers to conjure up potential 

devices which use LSMO.  However, there are several other controllable properties which are of interest 

concerning oxides.  For instance, researchers have recently begun to become interested in controlling domain 

walls in LSMO.  The creation of domain walls in LSMO by electron beam was investigated for the first time in 

2001 at IBM.  They found that the resistance increased dramatically when a domain wall was created or 

annihilated [1].  It has been noted that domain wall scattering can cause systematic resistance alterations in 

manganite nanostructures at half tesla magnetic fields [2].  This is highly important for the fabrication of future 

magnetic track memory devices.   

 

Another important property in memory devices is the Curie temperature, where a material goes through a 

phase change from ferromagnetic to paramagnetic.  It was observed that as the annealing temperature for sol-

gel derived polycrystalline nanoparticles of LSMO is increased, the Curie temperature also increases [3].  

Understanding better the nature of resistive switching of LSMO is also important for future devices.  A group in 

Germany under Kalkert el al has shown bipolar resistive switching between LSMO nanopillars and has 

revealed tunnel magnetoresistance with four distinct resistive states [4].  Lee et al from Korea have confirmed 

that modulating the oxygen vacancies at the manganese oxide layer induces resistive switching on aluminum 

substrates [5].  Perhaps the most difficult to fabricate but which yield the most control are superlattices.  These 

superlattices have been shown to have a magnetic field-induced metal to insulator transition which is induced 

when LSMO nanodots are separated by monolayers of LSMO [6].  This type of configuration might be possible 

with the procedures outlined in the work.  Researchers in the Ukraine under Ulyanov et al also found 

ferromagnetic phases differences between the inside and outside of LSMO nanoparticles. They showed that 

below a characteristic dimension, this phase stratification became energetically unfavorable and thus 

destroying the double exchange between layers [7].  Another interesting piece of research points to a tunable 

metal/insulator transition in LSMO films by altering the density of LSMO nanodots on the surface of a film [8].      
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An avenue in which researchers have recently explored was that of variations in physical properties stemming 

from the reduction in size from bulk down to nano.  Similarly, a wide variety of properties are possible in LSMO 

which are determined by strain, local composition, types of defects, size of the nanoparticles, and orientation 

on the crystal [9].  For confined geometries of LSMO, interesting physical properties can develop.  When 

comparing LSMO made from sol-gel versus ceramic powder fabrication, the former was shown to have a 

slightly lower metal/insulator transition temperature and is thought to be due to its relatively smaller grain size 

[10].   A group led by Guo has made a half micrometer wide bridge of LSMO by EBL efforts and has observed 

that the metal-insulator transition temperature decreased as the width of the bridge was lessened [11].  LSMO 

nanoparticles of various dimensions were fabricated to test for any variation in magnetization and resistivity.  It 

was found that resistivity, Curie temperature, and ferromagnetic ordering increased when the size decreased 

[12].   

 

Clearly the generation of LSMO nanodots is paramount to their continued study.  The method used in this 

work for their generation was based on the principal that PVOH would cross-link under the presence focused 

electrons.  It was found in 1989 that when polyvinyl alcohol was acetalized, it was able to be easily cross link 

by electron beam and that depending on the structure of the acetal group, the easy of cross linking was altered 

[13].  Another group used nitrates instead of acetates and found that when LSMO was mixed with PVOH it 

was shown to be both a positive and negative resist depending on the dosage of the electron beam used [14].  

However, the commonality between them was the PVOH and thus can be used in the absence of either 

nitrates or acetates.  Abarques et al have done just that, such that a nanocomposite consisting of PVOH and 

silver nanoparticles was patterned by EBL for plasmonic devices. They note that to develop a device suitable 

for plasmonic circuitry, a material needs to have a high concentration of nanoparticles relative to the matrix 

[15].     

 

2.1  Nanocavities – After Electron Beam  
 

The immediate effect of radiating with an electron beam upon the LSMO precursor film was the formation of a 

nanocavity at the focal point.  This local absence of film is observable with the AFM but not with the SEM due 

to the nature of the SEM emitting electrons which would in-affect alter the local environment.  With the AFM, 

one can probe the film and observe morphologically features without altering the surface.  The resulting 

nanocavities vary slightly when radiating on more insulating substrates at higher dosages.  This is due to the 

normal surface charging that is present from applying such high amounts of electrons on a single spot.   
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Figure 2-1  Nanocavities generated by electron beam at four different dosages and at various pitches.  The 

pitches were 6 µm, 3 µm, 1.5 µm, and 0.75 µm, while the dosage was 1.5, 15, 150, 1500 pC.  The substrate 

was STO, the counter ion was acetate. 

 

 Two different regimes were observed when focusing electrons on to the precursor and are thus described as 

low and high dosage regimes.  The low dosage regime gave nanocavities in the sub 15 nm range, while the 

high regime was around 80 nm respectively, as in figure 2-1.  While classifying the regimes stems more from if 

the annealed nanodots would generate nanowires as an array or not, one can observe different mechanisms 

at work immediately after radiation in both regimes.  This is clearly seen in the low dosage regime when the 

dosage is increased, another angle in the slope is observed, and finally at max dosage a multitude of distinct 
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features are noted as seen in figures 2-3 and 2-5.  In the high dosage regime two different resultant 

nanocavities were observed, a flat bottom one on STO, and a long elongated on YSZ.   

 

The study of these nanocavities are of interest here due to it illuminating the complex mechanism of focused 

electrons interacting with PVOH and the counter ions.  The idea that nitrates in conjunction with PVOH and 

LSMO cause an auto combustion reaction by focused electrons has been reported [14].  The chemical 

mechanism dictates that the high heat made by focusing an electron beam is enough to combust the film 

locally.  Perhaps this concept in and of itself could be used to further a nanofabrication procedure by using the 

form of the nanocavities to make a soft mold.     

          

2.1.1  Low Dosage Morphology 
 

In figure 2-2 the local morphological changes are visible as the dosage is increased.  The dosage dependence 

of the nanocavities suggests that the morphology is linearly dependent on the amount of electrons focused 

onto the film.  This linear dependence in the low dosage regime is indicative of an electron activated 

combustion process, where the more electrons added, the more of the film combusts.  Graphically this can be 

seen in figure 2-33.  The consistence of the nanocavities at a specific dosages shows a variance of around 

two nanometers.  This variation in morphology is thought to stem from the inherent auto-combustion process 

and not the amount of electrons being emitted onto the surface.  One could imagine that a small explosion on 

the surface of the film would yield variations in surface depth and width.  It was reported in 2008 that LSMO 

nanoparticles could be generated by applying microwave radiation to a solution of metal nitrites and that the 

microwaves made the nitrate solution combust [16].     
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Figure 2-2  Low dosage array of nanocavities showing dosage dependence and consistency. The pitches were 

1.25 µm, while the dosage ranged from 0.05 to 0.14 pC in increments of 0.01 pC.  The substrate was STO, the 

counter ion was nitrate. 

 

In the lowest energy regime, the morphology of the nanocavities is characterized by a small depression.  The 

resultant form is dependent on the dosage, the distance between nanosites, and is influenced by the type of 

counter ion used.  This can be seen clearly in figure 2-3 where one sees on the left an isolated nanocavity and 

on the right a pair of nanocavities.  The distance to the next nanocavity is five micrometers on the left hand 

side of figure 2-3, thus the morphology seen here is truly the resultant deformation of only that stream of 

electrons.  This is in contrast to the nanocavities observed when the nanocavities are spaced close together 

on the right hand side.  This closeness causes an overlap in the effective radiation an individual nanosite 
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encounters.  This overlap does effect the finally morphologically outcome of the annealed nanodot as will be 

demonstrated here.     

 

  

Figure 2-3  Left: single isolated nanocavity.  Right: two nanocavities with 750nm pitch.  Nanocavities 

generated by the low dosage of 1.5 pC. The substrate was STO, the counter ion was acetate.  

   

In figure 2-3, one notes the form taken by the thin LSMO-Ac precursor film after radiating with electrons.   On 

the left, one sees a completely isolated nanocavity which was formed by an single stream of electrons at 1.5 

pC.  On the right is the product of two streams of electrons separated by 750 nm at the dosage as the isolated 

site.  One notes that a commonality between both images is the central column where the beam was focused.  

This central column, as it will be discussed in the next section, could be the top part of the hardened 

nanoisland or it could be simply a splash of precursor.  The diameter of this central column is on the order of 

100 nm and the height it reaches is roughly eight nanometers.  The depth of the cavity caused by the electron 

impact in both cases was approximately fifteen nanometers.  One also notices there exists an overlapping 

effect when the two beam sites are sufficiently close together.  This overlap is observed by the reduction in the 

film between the two sites by around seven nanometers.  The diameter of the affected area is on the order of 

one micrometer, so it stands to reason that when the two nanocavities are closer than that, a cumulative effect 

is seen.  This cumulative effect is observed in the width of the affected area when the two nanosites are 
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separated by 750 nm.  On the right of figure 2-3, one sees that the width of the affected zone is two 

micrometers, however this would be 1750 nm if there was no stacking effect from the two beams.  This 

observation of a non-linear response to electron beams when the pitch is sufficiently small must be taken into 

account when writing large close-packed arrays.    

  

   

Figure 2-4  Morphology of low dosage nanocavities on LSMO nitrate based film LSMO. Left: pitch of 3 µm at 

0.05 pC. Right: pitch of 1 µm at 0.15 pC.  Nanocavities generated by the low dosage of 1.5 pC. The substrate 

was STO, the counter ion was nitrate. 

  

When the same dosage was applied to a film whose counter ions were nitrates, this results are seen on the 

left of figure 2-4.  One can see a central column similar to those found when radiating on to the LSMO-Ac film.  

The pitch here was two micrometers and it appears that the overlap at this pitch is not influencing neighboring 

nanocavities.  Here also a linearity is seen in the slope of the nanocavity.  When the dosage is increased to 

1.5 pC, there exists a threshold at which above that point, a bifurcation in the slope is observed.  This point 

can be seen on the right of figure 2-4, where two slopes exist.  The slope at the bottom is more steep than the 

slope at the top.  Their slopes are 1/30 at the top and 1/5 at the bottom.  One theory is that the flash point of 

PVOH is lower than the nitrate and acetate components, thus when slightly heated by passing current, the 

polymer decomposes first.  Another morphological difference between the acetate and nitrate precursors is the 
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disappearance of the central column at higher dosages.  Where the central column is clearly visible on the left 

of figure 2-4, on the right hand side the feature is gone.  The disappearance of the central column is consistent 

at all higher dosages for the nitrate based films.   

    

2.1.2  High Dosage Morphology 
 

  

Figure 2-5  Nanocavities formed by high dosage electron beams. Left: an isolated site. Right: two sites with 

750nm pitch.  Generated by the dosage of 1500 pC. The substrate was STO, the counter ion was acetate.   

 

When the dosage is increased significantly to 1500 pC, the resultant formed nanocavities differ significantly 

from those generated from less potent dosages as can be seen in figure 2-5.  Namely, the high dosage 

nanocavities are deeper, wider, and they possess ridges where the lower dosage ones did not.  The feature of 

a central column is still present however, their height has increased to twenty nanometers.  The overall 

dimensions of the impact site have increased to roughly 70 nm high and 2250 nm wide.  For the double 

nanocavity site separated by 750 nm, the width has enlarged to 2500 nm.  The width should have been 3000 

nm for the double site if the process was linear, however that was not the case.  Interestingly, the width for 
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double low dosage nanocavity sites are larger than expected, while those in the high dosage regime lower 

than expected.   

 

A possible explanation for this observation is that the film is not undergoing a similar decomposition than when 

exposed to low dosage beams.  It is suspected that when the first nanocavity is formed, the electrons from 

another close-in high dosage beam could not further decompose the surrounding area with weak secondary 

electrons and could only drive a high aspect ratio cavity from the primary electrons.  This non-linearity in 

decomposition can be observed morphologically from the AFM line scans.  In figure 2-4 one notices a curious 

ridge approximately 50 nm from the bottom of the nanocavity.  This ridge marks a bifurcation in the way the 

precursor is decomposed in the presence of focused electrons.   

 

For the low dosage regime, the slope is 1/25.  On the outer part of the high dosage nanocavity, the slope is 

1/15, whereas this slope increases even further at the inner part with 1/8.  Thus, the outer part of the high 

dosage nanocavity is more similar to the low dosage morphology than the inner part is.  Therefore, both the 

outer part of the high dosage nanocavity and the low dosage nanocavity are probably formed from similar 

mechanisms.  This leads to the conclusion that when the dosage is increased beyond a certain point, the 

LSMO-Ac film ablates in a dissimilar way to the low dosage manner.   

 

Another interesting observation concerning the double nanocavity is that there appears to be a small lip of five 

to ten nanometers high which has raised the immediate film above that of the surrounding film.  The lip is more 

pronounced in the bottom right line scan in figure 2-5.  Here it appears that film has swollen due to the 

introduction of two close-in high dosage beams.  The effect is seen more in the double than single high 

dosage nanocavity case.  Naturally, this leads to the inquiry of where the film went after radiation.  Perhaps 

this lip can explain where some of the film went.  If the film directly beneath the beam were to change in 

density and if it were to be pushed away from the beam, then the walls of the nanocavity would be raised.  

However, this does not account for all the mass of film that disappeared.  Some of the mass could have 

become ablated and decomposed as gas.  It is also entirely possible that the some of the mass condensed 

and traveled further into the film, perhaps as the central column.  The two mechanisms under which the 

LSMO-Ac film decomposes under focused electrons are not entirely clear.  What is clear is that focused 

electrons act as a catalyst to the combustion reaction between the components of the film.  This reaction 

causes the underlying film to become cross-linked, and thus able to withstand a solvent bath, however a 

consequence to this is the ablation of material.   
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Figure 2-6  High dosage nanocavities made on nitrate LSMO film. Left: STO substrate. Right: YSZ substrate 

with pitch of 5 µm. Generated by dosage of 1500 pC.   

 

The resultant nanocavities left on a LSMO-nitrate film from high dosage electron radiation can be seen in 

figure 2-6.  Here the differences between radiating with high dosage on very insulating and slightly insulating 

substrates are seen.  Mainly this morphological difference comes in the form of an elongated nanocavity.  The 

cause of this anisotropic elongation is the charge build-up on the surface of the YSZ.  This charge build-up 

forces the electron beam off of the initial starting point and on to an adjacent less charged area.  The 

nanocavity found on the YSZ sample is more flat than that of the YSZ sample.  This is thought to stem from 

the increased time in which the electron beam has in contact with the film in a concentrated form.  The more 

conductive STO substrate allows for a larger amount of electrons to impinge on one point as compared to the 

YSZ substrate.  When writing with low dosages on YSZ, morphologies similar to that of LAO and STO are 

seen due to a lack of extreme localized charge build-up.    

 

These nanocavities also do not display the central column which was present in the acetate films at this high 

dosage.  However, what now is present instead of the central column on the STO sample is a two hundred 

nanometer flat region.  This is significant for the reason that it brings insight into the mechanisms at work in the 
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lithography process.  The observation that the bottom of the nanocavity can be either a positive, flat, or 

negative feature speaks to the interplay between temperature and precursor composition.    The cause of this 

discrepancy can be thought to stem from central column being nothing more than a splash of precursor and 

not the top of the nanoisland.  The sharp nanocavity floor of the YSZ sample could be caused by insufficient 

temperature and spacial confinement to melt an isotropic section of the film, however energetic enough 

conditions to destroy the central column.       

 

2.2  Nanoislands – After Water Development 
 

After the LSMO precursor has been radiated with focused electrons at predetermined locations and durations, 

the non-radiated film must be removed.  To do this, the sample is submerged in water which acts as a solvent.  

The water removes the vast majority of non-cross linked film while leaving the cross-linked film in place.  The 

duration of rinsing the sample in water depends on the substrate in which the film was written.  For the STO, 

LAO, and silicon substrates, the process lasts approximately thirty seconds while for the YSZ a short 

submersion of five seconds is performed.  These temporal requirements to these procedures were determined 

from optical micrographs which showed that above these substrate dependent rinsing times, the nanoislands 

started to separate from the given substrate.  Furthermore, the developed films were analyzed with AFM 

afterwards to determine the amount of remaining film which was still present.  This was determined by the 

roughness of a given non-radiated section.  If the substrate was very rough in these regions, the sample was 

cleaned for a longer time until a balance was achieved.  The cause for this substrate dependent debonding is 

unclear, however what is clear is that one cannot leave the sample sonicating in water for an extended period 

of time or else all nanoislands will disappear. 

 

In this section, the morphological effect on the sample will be remarked upon after water development.  Here it 

will be shown that the general shape of the final nanodot is taken from the cone of radiation which is 

observable once the surrounding film has been removed.  This cone shape is the product of the electron beam 

focusing very near to the film’s surface and thus the reverse of this shape cross links the polymer.  One can 

think of this process in similar terms to how light is focused from a lens and how the light leaves that focal 

plane.   

 

2.2.1  Low Dosage Morphology 
 

The morphology of the nanoislands alters drastically as dosage and pitch are varied.  At the very lowest 

dosages, the height grows slightly with an increase in dosage.  However, it soon reaches an asymptote and 
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thus a maximum height is reached at slightly higher dosages as can be seen on the left of figure 2-7.  This 

observation is explained by the premise that the more electrons focused onto a site the more that site will 

cross-link and adhere to the substrate.  This occurs until a certain dosage is reached and thereafter the height 

of the nanoisland reaches a maximum due to the geometrical considerations of the film.  Graphically this can 

also be seen in figure 2-33.   

 

The nanoislands belonging to the low dosage regime can be seen on the left hand side of figure 2-7.  There at 

the lowest dosages one can see that the maximum height has not been reached and that there is still a 

proportionality to height from dosage.  It can also be seen that when the maximum height is reached, the 

nanoislands still grow however in a fashion perpendicular to the beam direction.  These particular nanoislands 

were close packed and made from a nitrate based LSMO precursor.  What is clear is that the nanoislands 

formed directly underneath where the electrons were incident and formed a cone thusly.     Also what is visible 

in the AFM image is that the tops of the nanoislands become more flattened as the dosage increases.  This is 

a natural artifact stemming from the base growing wider while the height remaining constant.  It is unknown the 

maximum height that nanoislands may reach, however one could postulate that with a much thicker film, the 

maximum height would scale proportionally.   

 

On the right hand side of figure 2-7, one sees a series of nanoislands generated from a range of dosages at 

various pitches on acetate based LSMO.  The dosages were 1.5, 15, 150, 1500 pC and resided at pitches 

750, 1500, 3000, and 6000 nm.  There exists an interesting interplay between dosage and pitch which this 

AFM image portrays.  When analyzing the right hand side of figure 2-7, one notices that as the pitch 

decreases, the two nanoislands begin to merge.  This is the result of the spray of electrons overlap per site.  

This overlap causes a lack of non-radiated precursor and thus disenabling the surrounding region to be 

cleared.  The general consequence of this observation is that there exists a minimum distance for which 

isolated nanosites may be written at a given dosage, while the specific consequence is that combined system 

is too large for isolated nanostructures to form, such as 750 nm for 0.1 pC on LSMO-nitrate.  Obviously, at a 

pitch of 6000 nm it is essentially an isolated nanosite and thus it can be certain that the morphology of said 

nanoisland is as it would be with no radiation overlap from neighbors.  This gives an opportunity to analyze the 

morphology of the single and double nanoislands at low and high dosages.       
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Figure 2-7  Left: low dosage nanoislands on STO from LSMO-Nt. Dosage were 0.05 to 0.14 pC with a pitch of 

1.25 µm.  Right: nanoislands on STO from LSMO-Ac.  Dosages were 1.5, 15, 150, 1500 pC , pitches were 6, 

3, 1.5, 0.75 µm.  

    

In order to more closely examine the morphology of the nanoislands from the previous image written on 

acetate based LSMO, a series of more closely zoomed in AFM images were made.  First the effect of low 

dosage electron beams will be analyzed when isolated and then as a close-in pair in figure 2-8.  On the left 

hand side, one sees what is the resulting morphology after a water cleaning of a singular, essentially non-

neighboring, electron beam onto a film of LSMO-Ac.  Here one can see the nanoisland is almost 140 nm tall 

and 375 nm in width and has a generally cone-like shape.  One can also see the lack of surrounding material 

next to the nanoisland by virtue of the the linescan along the bare substrate floor showing low roughness.  It 

must also be pointed out that the form of this solitary nanoisland is very cone-like in nature.  This contrasts 

with the pair of nanoislands seen on the right hand side of figure 2-8.  There the form is more truncated, as if 

the top section of both nanoislands has decomposed.  This may be a consequence of being roughly 50 nm 

smaller height than the isolated nanoisland.  If the pair of nanoislands had their angled edges continue 50 nm 

higher, than the form would have been a non-truncated cone.  The width of the individual dots in the pair 

remained the same as that of the isolated nanoisland.  One can observe that the original intended pitch of 750 

nm has been retained after electron beam radiation and cleaning.  If the system was linear in scaling, then the 

closest pitch that could be obtained with this dosage would then be roughly 400 nm.  However, the electrons 
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do not interact with the precursor in a linear fashion and thus at a pitch of 400 nm, the spacing between the 

nanostructures cannot be consistantly cleaned free.  Another consideration is that with a close-in formation, 

charging effects of radiating a large field of nanosites, and secondary electron spill, a practical limit to how 

close-packed the nanosites can be at this dosage is on the order of 750 nm.            

 

     

Figure 2-8  Nanoislands formed by low dosage electron beams. Left: an isolated site. Right: two sites with 

750nm pitch.  Generated by the dosage of 1.5 pC. The substrate was STO, the counter ion was acetate. 

 

2.2.2  High Dosage Morphology 
 

When the dosage is augmented to 1500 pC, the morphological ramifications to the film are significant.  One 

can clearly see that both the individual and pair of nanoislands increase in width substantially in figure 2-9.  It 

is true that there are intermediate structures between the low and high dosages explored here, however these 

structures do not produce isolated triangular nanodots nor oriented nanowires, so they were not studied in 

depth.  This has occurred due to the increase in the amount of electrons which have traveled through the film 

as the exposure time was increased.  These electrons may be thought of traveling in two possible different 

modes at high dosage, one where the beam remains perfectly still over the course of ten seconds and the 
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secondary electrons are the ones broadening the nanoisland, or one where the beam itself is moving in a 

transient way and therein the primary electrons are making the nanoisland wider.  The base width recorded by 

the AFM for the isolated nanoisland was 1250 nm while its height was seen as just under 120 nm.  This gives 

an aspect ratio of one tenth whereas for the lower dosage nanoisland is was roughly one third, thus the 

structures have become more two dimensional as dosage in increased.   

 

Comparing the single to double high dosage nanodots case in figure 2-9, one notices that at 750 nm pitch the 

cross-linking has clearly overlapped.  There one sees two nanoislands sharing a common interior and thus this 

would be unsuitable for the purposes set out for this project.  For the pitch to be as small as possible with the 

high dosage set about here, the nanosites would have to be around 1500 nm.  Of course, as it will be seen in 

the next section, the nanodots made from high dosages are not optimal for the fabrication of controlled single 

crystal LSMO.   

 

     

Figure 2-9  Nanoislands formed by high dosage electron beams. Left: an isolated site. Right: two sites with 

750nm pitch.  Generated by dosage of 1500 pC. The substrate was STO, the counter ion was acetate.   
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Another feature seen in the high dosage nanoislands is the central bump extending some twenty nanometers 

from the flat area on top.  This feature constitutes the point at which the primary radiation entered into the film 

and thus the surrounding film was cross-linked by secondary electrons.  The reason why this central bump is 

higher than that of surrounding film is perhaps due to the secondary electrons being much more diffuse in their 

approach to the film.  Another theory is that the central column in the non-developed film is the same as that of 

the central bump.   

 

Another interesting feature of these high dosage nanoislands is the existence of a raised ridge along the edge 

of the structure.  Also twenty nanometers in height, this ridge could be the result of a more complex 

mechanism.  If the precursor cross-linked in a more conventional manner, then the top part of the nanoisland 

would be flat or gaussian.   An explanation for this non-conventional morphology is that the film undergoes a 

non-conventional decomposition where the film initially is cross-linked from a small amount of radiation but 

with continued radiation, either compresses or becomes more slightly more soluble.  This model holds that as 

the shutter is allowed to be open and radiation pours down on the site, the sharp point of the insoluble cone 

becomes more volcano-like.  The volcano-like structure then widens as the radiation continues, driving the 

mouth of the volcano ever wider until a point is reached where the ridge diminishes in height.  At this point the 

central part of the nanovolcano hardens even more whereas the rest of the cross-links in the structure start to 

weaken.  This can be seen on the left hand side of figure 2-10 in the case of radiation on LSMO-Nt.    
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Figure 2-10  A series of volcano-like nanoislands from LSMO-Nt on STO.  Left: pitch of 5 µm and dosages of 

150 and 1500 pC. Right: isolated nanoisland with dosage of 2500 pC.   

 

On the left of figure 2-10 one is able to note how the height of the nanoislands decreases as dosage increases 

for nanoislands made from LSMO-Nt.  The suspected mechanism is the non-linear decomposition of the 

precursor under the presence of concentrated electrons.  This effect is highlighted in the figure on the right 

hand side of figure 2-10.  The AFM linescan shows a similar structure to that of the lower dosage volcano-like 

nanoisland in the sense that the ridges of the mouth are higher than the center.  However, one key difference 

between the two morphologies is the inclusion of a central raised caldera ring.  This ring appears to stem from 

an excessive amount of electrons being focused in the center of the nanosite.  This radial symmetry of the 

raised ridge, the lower plateau, and the central caldera ring are symptomatic of a non-linear reaction to 

electron radiation.  Mainly, the raised ridge forms from the lowest dosage secondary radiation, while the higher 

dosage secondary radiation forms the plateau by compressing the precursor locally, the central caldera forms 

from lower dosage primary radiation turning the precursor into a crystal, and finally the very center of the 

nanoisland is destroyed from the highest dosage of primary radiation.   

 



97 

 

     

Figure 2-11  Volcano-like forms of nanoislands from LSMO-Nt on STO.  Left: pitch of 2 µm at dosage of 1.0 

pC. Right: pitch of 2 µm at dosage of 1.5 pC. 

 

This complex interplay is also highlighted by small changes to the dosage.  This comes in the form seen in 

figure 2-11, where the volcano-like nanoisland morphology is drastically altered by the edition of only a slight 

increase in dosage.  One observes by AFM how the mouth of the volcano-like nanoisland deepens 

considerable and the overall width increases negligibly.  This illustrates the non-typical response the nitrate-

based precursor has to focused electrons.   

 

2.3  Nanodots – After Oven Treatment 
 

In spite of the interesting yet complex mechanics which yield nanoislands, they are but an intermediate state in 

the final goal of achieving arrays of single crystalline LSMO nanodots.  In order to do this one must anneal the 

sample at high temperature at an extended period of time.  Essentially what this oven treatment does is 

increase the molecular mobility significantly while removing organic components from the nanoislands.  The 

removal of all organic components, thus leaves only the inorganic species of La, Mn, Sr, and oxygen to form 

nanocrystals.  It has been observed by Zou et al that the line width of sol-gel derived LSMO micropatterns was 
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reduced by thirty percent when annealed [17].  It was thought that this removal of organic components is 

relatively destructive for the nitrate based LSMO and less so for the acetate based one [18].  The mechanism 

of organic removal is an important one due to the single crystal’s final morphology being so critical.  To that 

end, the ramp rate of the annealing process must be a slow, non-dramatic one, to insure the morphological 

preservation of the nanoisland.       

 

In figure 2-12 one notices that after annealing the height of the nanodots has been reduced.  One can see the 

close-up images of the single and double low dosage nanodot in figure 2-13 as well as the high dosage ones 

in figure 2-14.  What is clear is that distance between neighboring nanodots is an influencing factor on the final 

morphology in that when they are too close, they form a continuum.  Also, as it was noted with the 

nanocavities and nanoislands, the dosage has directly influenced the dimensions of the final nanodots.  Thus, 

if a specific desired height for a nanodot were desired, then the dosage could be tuned to bring about that 

dimension as seen in figure 2-33.  These final nanodots do not possess any organic components and are 

solely composed of inorganic species.  Consequently, when observing the morphology of these nanodots, one 

must bear in mind that these are poly or single crystalline species.  However, this cannot truly be ascertained 

until observed with a high resolution TEM, however many inferences solely from morphology can be put forth.  

For instance, if the nanodot is highly triangular in form, this is typically perceived as more likely single 

crystalline than not.  Conversely, if there are several undefined angles on a nanodot, this is seen as more 

probably a polycrystalline structure.  This rough guide can serve in the choosing of candidate nanodots in 

which to inspect with the TEM. 
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Figure 2-12  Array of nanodots from LSMO-Ac on STO annealed at 1000C 4h at dosages of 1.5, 15, 150, and 

1500 pC.  The pitch was 6, 3, 1.5, and 0.75 µm.

  

2.3.1  Low Dosage Morphology 
 

When more closely analyzing the low dosage nanodots present in figure 2-13, one notices the decrease in 

height from 120 nm as a non-annealed nanodot to roughly 10 nm when annealed at 1000C for four hours from 

the figure 2-13.  Another reduced dimension is that of the width from 375 nm to 175 nm after the high 

temperature treatment.  With this one can clearly see that the resultant morphology is one of a smaller 

structure than that after water cleaning.  This is directly due to the loss of organic mass in the form of the 

PVOH and the acetate counter ion as well as the formation of the denser crystal.  One is also confronted by 
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the decrease in height relative to the decrease in width.  This is similar to what happens for film growth, the 

majority of the contraction is in the vertical direction.  

 

  

Figure 2-13  Nanodots formed by low dosage electron beams and annealed at 1000C for 4h. Left: an isolated 

site. Right: two sites with 750nm pitch.  Dosage was 1.5 pC. The substrate was STO, the counter ion was 

acetate. 

 

In the double nanodot case, the pair appears to be well isolated despite the small spacing of 750 nm between 

them.  As was mentioned previously, the spacing for a pair of nanodots may be lessened considerably from 

the 750 nm seen in figure 2-13, however when making a large array of these nanodots, charging will affect the 

manner in which electrons are projected on to the substrate and thus would make a pitch smaller than this 

unsuitable for single crystal fabrication.  When noting the morphological differences between the singular and 

double nanodot sections, there exists more similarities between the two configurations than was the case for 

the nanocavities and nanoislands.  Also the height and width of all three nanodots appears very similar, thus 

highlighting that the minimum pitch at this dosage may be lowered to 750 nm with no discernible alteration of 

the nanocrystal versus the ideal isolated case for a small size array.   

 



101 

 

  

Figure 2-14  Nanodots formed by high dosage electron beams and annealed for 500C for 4h. Left: an isolated 

site. Right: two sites with 750nm pitch and dosage of 1.5 pC. The substrate was STO, the counter ion was 

acetate. 

 

The manner in which a non-annealed nanoisland becomes an annealed nanodot is a complex one.  For that 

reason, an AFM image was taken after four hours at the intermediate temperature of 500 C.  This was to 

analyze the intermediate morphology of the nanodots after the organic components were liberated.  Although 

at 500 C for four hours the metal constituents have not yet formed a crystal and thus the nanodot has not fully 

compressed, insight can be gained.  The length of time at this intermediate temperature allows the PVOH, 

acetates, and water to move to the surface of the nanodot and into the oxygen atmosphere.  Shinde et al has 

investigated the temperature when the LSMO phase formation starts to be 575C for a nitrate based LSMO 

precursor in the presence of PVOH [19].  This AFM also lends insight into the retention of the cone-like form 

and that all further reduction in mass comes at the expense of height lost and not width.  As one can see in 

figure 2-14, the height of the nanodots at this stage are twenty nanometers in height and roughly 200 nm in 

width.  Thus the decompression of the nanodot due to crystalline formation is roughly ten nanometers or half 

its volume.  Also this leads to the conclusion that the organic components in the nanoisland were 

approximately 75% of the volume.          
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The morphology of the individual low dosage nanodots have been observed to be triangular in nature when 

performing e-beam lithography with the nitrate based LSMO precursor on single crystal substrates.  A close-up 

of this formation can be seen in the AFM on the left of figure 2-15.  Here the growth of the nanodot clearly has 

a high degree to which it has conformed to the crystal substrate.  Observing the morphology of the triangular 

nature of the low dosage isolated nanodot signifies a higher likelihood of being single crystalline and epitaxial 

than an amorphous nanodot does.  The angle in which the base of the triangular are oriented is parallel with 

the cut of the STO substrate in which they have grown.  The angle of the side facets of the nanodot also hints 

at a non-isotropic structure, with one being steeper than the other.  A metrological difficulty of obtaining the 

true facet angle is also seen here when using a relatively blunt AFM tip combined with the noise in the system.    

 

 

Figure 2 – 15  Nanodots on YSZ made from a nitrate based LSMO and annealed at 900C for 4h. Left: 

triangular nanodot from dosage of 0.15 pC. Right: non-triangular nanodot on YSZ and substrate terraces from 

dosage 0.05 pC.

 

On the right hand side of figure 2-15, one also observes the atomic planes of the single crystal substrate 

beneath the grown nanodot.  The surface roughness being so low as to see the atomic planes was brought 

about by vigorous water cleaning.  This particular nanodot was one of the smaller ones that was observed, at 

3.0 1.5 
0.75 6.0 
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90 nm in width and 16 nm in height.  The triangular nature of the nanodot is not observed here and it is unclear 

if this is a consequence of the diminished size, however triangular nanodots were observed on YSZ.   

 

An array of nanodots written on nitrate based LSMO with a pitch of 750 can produce a high concentration of 

structures on a substrate.  This was demonstrated on the left of figure 2-16.  Here the pitch is just below the 

limit of what would be considered a continuous corrugated surface or an ultra high density of isolated 

nanodots.  On the right hand side of figure 2 -16, one sees the height dependence on dosage from a LSMO-Nt 

sample.  The heights encountered range from 15 to 45 nm with a pitch of 1250 nm so as to insure little 

influence from a neighboring site but close enough to compare the full range on one AFM image.  The 

individual dosages of the nanodots are relatively similar, only varying by a few nanocoulombs.  This strong 

morphological susceptibility to dosage has the advantage that a specific height can be written but it has the 

disadvantage that any slight fluctuation to the dosage will give a wide spread to heights at a given value.         

 

  

Figure 2 - 16  Series of nanodots on STO after annealing for 900C for 4h made from 2 wt% PVOH LSMO-Nt 

with film thickness of 175 nm. Left: pitch of 750 nm and dosage 0.15 pC. Right: pitch of 1250 nm and dosage 

of 0.05 to 0.14 pC at steps of 0.01 pC.   
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2.3.2  High Dosage Morphology 
 

When the dosage increased significantly such that the aperture is open so as to give 1500 pC, the cone-like 

morphology changes into a far different shape.  This can be seen in figure 2-17 where the sample was 

annealed for 4h at 500C on the left hand side and 1000C for 4h on the right hand side.  Thus one can see the 

dimensional changes the isolated high dosage nanoisland evolves to take on.  Compared to the low dosage 

nanodots, these high dosage ones obviously processes a greater amount of cross-linked precursor material to 

begin with as was noted in the images taken after washing with water.  This starting configuration alters the 

way in which the organic components are released.  Another consideration is that the composition of the 

nanoisland is not uniform in its density.  The clearest consequence of this can be seen in the central bump 

which was relatively small as a nanoisland, but increased in relative size after the intermediate annealing.  

This central bump is observed to be one third of the total height of the isolated high dosage nanodot, whereas 

previous to being placed in the oven it was one sixth the total height.           

 

   

Figure 2-17  Left: a high dosage nanodot after annealing at 500C for 4h. Right: same nanodot after 1000C for 

4h.  Generated by dosage of 1500 pC. The substrate was STO, the counter ion was acetate. 
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The original height was 120 nm and this was reduced to 30 nm after partial annealing and to 20 nm after a 

complete annealing step.  This result shows a similar mass loss after heating at 500C as the low dosage case, 

however the height here is composed largely by the central bump, and thus does not fully explain the complex 

dynamics at work.  The plateau of the high dosage nanodot previously was 100 nm while after partial 

annealing falls to less than 20 nm.  Concerning the width of the partial nanodot, a reduction of 250 nm was 

observed to reach one micrometer in width.   

 

On left hand figure of 2-18 one sees the effect of annealing two nanodots with spacing of 750 nm at 500C for 

4h.  Namely the feature of the central bump for each nanodot in the case of the intermediate annealing is seen 

along with the same plateau as the single nanodot.  Thus the fact that the two nanodots shared a common 

border did not alter the form found in the isolated case in a significant way.  The height of the major features, 

as well as the width, are in line with the single intermediate nanodot.  The footprint of both nanodots together 

is equal to slightly more than the width of two halves of an individual nanodot plus the pitch, and thus it is 

concluded that there was a small but noticeable overlapping effect of having written the two nanodots so close 

together.  Another feature previously not seen in the intermediate isolated nanodot case was that of a 

decreased height on the plateau between the two nanodots.  This is symptomatic of another local density 

inhomogeneity due to a reduced local dosage or it could be a consequence of the fact that the two nanodots 

are being reduced in width relative to their centers. 

 

On the right hand side of figure 2-18, it is noted that intermediate nanodot has now lost all its form except for 

the outline of precursor material that it previously had.  Here one notices that that the material that previously 

was continuous prior to high temperature annealing has devolved into several of smaller nanodots.  The main 

reason why the continuous proto-nanodot cannot form a fully crystalline large nanostructure is due to energy 

considerations.  Therein the energy to form an epitaxial nanodot with such a footprint would be highly 

energetically unfavorable while a system of several smaller nanodots is favorable.  One can garner that the 

method in which to grow controlled isolated nanodots using a series of high dosage dots is not advisable.       
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Figure 2-18  Left: two high dosage nanodots with pitch 750 nm after annealing at 500C for 4h. Right: same 

nanodot after 1000C for 4h.  Generated by dosage of 1500 pC. The substrate was STO, the counter ion was 

acetate.  

 

Of course, the interesting byproduct of writing these high dosage nanodots in close formation is spontaneous 

formation of nanowires.  This can be clearly seen to be the case in figure 2-19 where nanodots are written in a 

three by three configuration and small nanowires have grown to the side.  More on the growth of nanowires is 

discussed in the next chapter, however suffice to say that the mechanism for their growth is also quite 

complex.  One hypothesis is that the high dosage nanodots possess already formed nanocrystals prior to 

annealing, therein this would allow them to act as seeds for the nanowire growth in the surrounding 

unassembled material.   

 



107 

 

 

Figure 2- 19 Nanodot array with pitch of 2000 nm and dosage 20 pC on nitrate based LSMO after four hours 

annealing at various temperatures. Left: nanodots after 600C. Center: nanodots after 800C. Right: nanodots 

after 1000C.   

 

2.3.3  TEM Results for Structures Grown on LAO 
 

In order to understand the elemental composition and crystalline structure of the annealed nanodots, one must 

go beyond simple morphological measurements.  To gain a deeper understanding of the nanodots, one needs 

to observe it with a TEM and EELS.  This allows for the precise confirmation of the elemental composition 

inside the nanodot as well as determining the degree of epitaxy on the substrate.  In figure 2-20 one can see 

the AFM image of a single nanodot which belonged to an array.  This nanodot is clearly triangular in nature 

and is around 35 nm in height and 100 nm in length along the short side.  Its sharply angled morphology was 

thought to be indicative of epitaxial growth on the substrate, thus it was an ideal candidate for inspection with 

high resolution TEM.  The sample itself was cut with a low energy FIB and then polished until electron 

transparent.   
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Figure 2-20  Annealed nanodot on LAO showing anisotropic triangular nature suitable for FIB lamella 

fabrication.  Triangular nanodots made from a nitrate based LSMO and annealed at 1000C for 4h. Triangular 

nanodot from dosage of 0.15 pC.   

 

This crystalline nature of the nanodot was successfully observed with the TEM even though the majority of the 

nanodot was made amorphous probably due to the cutting process.  The part which was spared this 

amorphization was the very edge of the nanodot as can be seen in figure 2- 21.  From this perfectly intact 

sliver of nanodot, it was confirmed that the nanodot was single-crystalline.  On this spot an EELS linescan was 

performed to confirm the presence of Mn and La.  Strontium was not one of the elements which was possible 

to observe due to the low voltage used to eject the electrons.   
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The result of the electron energy loss spectroscopy was that lanthanum was present however manganese was 

not.  This was not a wholly unexpected result due to other reported work showing a migration of manganese 

on single crystal substrates [20].   Although the reports had shown that manganese was present however 

below the nanodot as either a film or as an inclusion.  It was reported La/Sr oxide nanodots formed 

spontaneously on a LSMO thin film which was prepared by a chemical route on STO.  These oxide nanodots 

were thought to form due to the cooperative effect involving the minimization of the elastic strain energy and a 

thermodynamic instability of the LSMO phase [21].  LSMO films thickness has also been reported to be a 

dependent variable as to whether La/Sr oxide nanodots form at the film substrate interface or as outcroppings 

[22].  The presence of any manganese at any location on the lamella was not detected.  This indicated that 

either there was no manganese in the precursor when spin coated or that at some point in the lithography 

process, the manganese had disappeared.  The likelihood that no manganese was present in the spin coated 

film is remote due to thin films using the same precursor being made and LSMO being detected by x-ray 

analysis.   

          



110 

 

 

Figure 2- 21   Left: Overview of nanodot on substrate. Right: Zoom of edge of nanodots showing amorphous 

and crystalline parts.  Triangular nanodots made from LSMO-Nt on LAO and annealed at 1000C for 4h.  

Dosage was 0.15 pC.   

3.0 µm 

0.75 µm 
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2.3.4  TEM Results on YSZ 
 

The first TEM lamella that was made for the project was on LAO.  One of possible explanations as to where 

the manganese disappeared to was into the LAO substrate.  This was thought to have occurred due to the low 

degree of lattice mismatch between the LAO substrate and the LSMO crystal [23].  This interface would allow 

for an easy migration of metal constituents in a high mobility environment such as the conditions used for 

annealing.  Thus, the manganese could have migrated into the LAO substrate, remaining undetected due to 

their small absolute amount, thereby leaving the oxide nanodot depleted.  Hence, the solution to this 

envisioned migration was to grow the nanodot on a substrate with a high lattice mismatch.  This would not 

permit the migration of manganese away from the nanodot and therefore leave the nanodot with the original 

ratio of metals, forming LSMO instead of LSO.   

 

In figure 2-22 one can observe a series of nanodots on the left which were cut out of the YSZ substrate to form 

the lamella seen on the right.  One notices on the left hand side the elongation of the nanodots which stems 

from the substrate not being perfectly orthogonal to the beam coupled with astigmatism.  One can see two 

nanodots visible in the cross sectional view of the lamella.  It was hoped that the this lamella would have 

several thinned LSMO nanodots which would be visible to a TEM.  As a side note, making a TEM lamella on 

YSZ substrates is a difficult task due to surface charging and that it requires a much larger amount of gold to 

be deposited onto the sample than a LAO or STO substrate.  This large amount of gold can be seen in figure 

2-22. 
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Figure 2 - 22  Left: a series of nanodots written onto YSZ. Right: a thinned lamella for TEM inspection showing 

two nanodots.  Elliptical nanodots made from a nitrate based LSMO and annealed at 1000C for 4h.  Dosage of 

0.15 pC.   

In figure 2 - 23, images generated with the TEM of a nanodot written on YSZ are visible.  On the left, one can 

observe the gold surrounding the epitaxially grown nanodot and the facet angles of the direction it grew.  On 

the right, a close-up of the interface between substrate and nanodot is displayed showing epitaxy.  On the left 

hand side of figure 2-24, the left hand Fourier transform of the crystal on YSZ is seen along with the numerical 

values of the atomic planes.  On the right of figure 2-24, the Fourier transform of the nanodot grown on LAO is 

also seen and its atomic planes can be compared to that grown on YSZ.  One can see that it appears that the 

crystals are different due to their non-similar atomic plane spacings.  The reason a ring is visible in the Fourier 

transform on the nanodot grown on LAO is due to a high amount of amorphization.   

   

  

1.5 µm 

6.0 µm 



113 

 

Figure 2-23  Left: low resolution TEM image of same nanodot in figure 2-22. Right: high resolution zoom of 

interface.   

 

 

 

      

Figure 2–24  Left: Fourier transform of crystal showing atomic planes for the nanodot on YSZ seen in figure 2-

22. Right: Fourier transform of crystal showing atomic planes for the nanodot on LAO seen in figure 2-21.  

 

An EELS linescan of the interface between the YSZ and the nanodot grown on it was performed as see in 

figure 2-25.  It shows the elemental presence at two different locations, namely on the nanodot at low and high 

energies, and the interface of the YSZ substrate.  It shows characteristic peaks for oxygen and lanthanum but 

not manganese in the nanodot and a weak signal from strontium.  This elemental detection from EELS on the 

nanodot grown on LAO was similar to that grown on YSZ.  The absence of manganese from the both 

nanodots grown on LAO and YSZ indicate that the generated nanostructures were not LSMO, rather a 

lanthanum strontium oxide with an unknown unit cell.      
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Figure 2-25  Left: Annular dark field image of nanodot seen in figure 2-22 showing direction of EELS linescan.  

Right: EELS linescan results showing the elements present at various position.   

 

2.4  Applicability to Other Oxides 
 

The results of performing electron beam lithography on LSMO based films has been described herein.  

However, this does not disclude the usage of other metal organics or other stoichiometries.  The underlying 

mechanism for this procedure is the presence of PVOH in an aqueous solution with metal salts.  Thus the film 

is polymerizable locally by electron beam and water developable regardless of the specifics of the metal used 

in the precursor.  This allows for the metal to act as a spectator in the electron beam lithography process until 

the annealing step when the nanostructure crystallizes.   Theoretically, one should be able to include any 

number or nitrate or acetate metal salts into the aqueous PVOH solution, radiate, develop, anneal, and obtain 

nanostructure arrays of the original stoichiometry.  However, as has been noted here, the process is more 
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complex than that simple interpretation.  As with the disappearance of manganese, perhaps other species 

could be volatile and thus susceptible to stoichiometric changes.         

 

The robustness of this procedure was demonstrated when making nanoislands from a nitrate based strontium 

titanate precursor via electron beam and then annealing them.  The rational in making strontium titanate arrays 

of nanodots was due to the high centrosymmetric paraelectric nature at room temperature.  Besides strontium 

titanate, there exists a multitude of functional oxides which are of interest to researchers.  Typically to obtain 

nanostructures for these oxides, one must execute a series of complicated lithography steps to achieve final 

structures.  The advantage of starting with an inexpensive chemical solution method of deposition and then 

direct writing nanostructures is clear.  With the continued pursuit of new multiferroics, a cheap platform in 

which nanostructures are fabricated could be of interest.     

 

The morphology of nanoislands produced from electron dosages comparable to the LSMO precursor are 

shown in figure 2-26.  They show a morphological dependence to dosage similar to the nanodots produced 

from the LSMO precursor.  Also the consistency in height and width is on par with the aforementioned 

manganite system.   This is an important demonstration of the concept with regards to locally polymerizing any 

combination of constituents and then removing the remaining film.  The strontium titanate system required two 

orders of magnitude more electron dosage than the LSMO case.  This is thought to stem from the reduction in 

the weight percent of nitrates in the precursor as compared to LSMO.  This in turn reduces the sensitivity of 

the precursor film to being locally polymerized by electrons due to a simple lack of available nitrates.  
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Figure 2- 26  Strontium titanate array of nanoislands on LAO substrate after water cleaning.  Left: dosage of 

150 pC. Right: dosage of 750 pC.   

 

The strontium titanate nanodots were also observed to form crystals after annealing.  This can be seen in 

figure 2- 27 where they were noted to have reduced in size considerable from the left hand image in figure 2-

26.  A closer inspection of one of the strontium titanate nanodots on the right hand side in figure 2-27 shows 

non-triangular final morphology.  Most likely this nanodot is polycrystalline due to an excess amount of starting 

material.  If the dosage was optimized to reduce the nanoisland down to its smallest size, there stands a high 

likelihood that single crystal nanodots could be produced.  However, that effort was beyond the scope of this 

study and was simply fabricated as a proof-of-concept.   
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Figure 2- 27  Left: same strontium titanate nanodots on the left hand side of figure 2-26 after annealing for 4h 

at 1000C. Right: zoom of area.  

 

2.5  Fabrication Difficulties  
 

There are several difficulties in the fabrication of nanodots on SCS using the LSMO precursor by EBL.  One of 

the most poorly understood is the presence of outcroppings in the film if left in ambient conditions for days.  

The observance of these outcroppings motivated the timely manner in which radiation, cleaning, as well as 

annealing were performed.  Typically this would consists of reducing the time the recently spin coated was in 

ambient conditions by keeping the film under nitrogen gas and then in vacuum once in the SEM.  Then 

immediately after confirming that film was correctly written with an optical microscope, the film would be 

developed in water.  It was then confirmed immediately with the optical microscope that the development of 

the nanodots was successful.  Then the sample was rushed to the tube furnace and annealed.  When this 

process was interrupted for many days, inhomogeneities would be observed as in figure 2- 28.   
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Figure 2 -28 Spontaneous outcroppings form on nitrate based LSMO film after radiation and several days in 

ambient conditions. 

 

Another hurdle when fabricating nanodot arrays is the loose attachment of the nanoislands to the substrate.  

This loose attachment can be observed when cleaning vigorously in the development stage.  What is observed 

is the spontaneous absence of nanoislands on a highly cleaned substrate.  The relative attachment of the 

nanodots to the substrate is also dependent on the substrate used in the lithography process.  All substrates 

barring YSZ can withstand thirty seconds of gentle agitation in water and even sonication for a short period of 

time, whereas nanodots written on YSZ may only be agitated for less than ten seconds.  This dislodging of 

nanodots from the surface can be seen clearly in figure 2-29 where a section of an array is no longer attached.  

This variability in how much water agitation can be applied to the samples does not have a clear explanation.  

However, a balance between the amount of dislodging of nanoislands and the cleanliness of the substrate 

must be struck.   
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Figure 2-29  Dislodged nanodots were observed due to a vigorous water development stage of LSMO-Nt on 

STO. 

 

Insufficient cleaning of the substrate can also have grave ramifications on the final goal of isolated single 

crystalline nanodots.  This can lead to a sample being surrounded by unintended polycrystalline material, thus 

negating the nanodot’s isolation.  This excess material remains on the substrate directly as a result of an 

insufficient developing step.  The deficiency primary lies with a short contact time with water or a stationary 

submersion into the developer.  The detrimental affect of this short coming is seen in figure 2-30.  Here one 

sees a relatively thick layer of non-purposeful poly-crystalline material encompassing the nanodot. 
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Figure 2-30 Example of insufficient cleaning produces aberrant nanocrystal growth along the substrate. 

 

Another difficulty when writing on highly insulating substrates with electrons is the local charging.  The effects 

of surface charging can be quite wide ranging, however one that was highly prevalent on YSZ substrates can 

be seen in figure 2-31.  There one can see that the time scale for individual nanodots was such that after an 

initial polymerization at the intended site, the beam drifted away from center.  The drifted beam polymerized to 

a lesser extent the surrounding film in a linear fashion, thus producing the anisotropic nanodots seen here.  

This beam drift has a tendency to move in the direction away from the other recently written parts of the 

sample.  Thus, if the beam is writing a one millimeter sized array in hundred micrometer increments, and doing 

this in a top-to-down, left-to-right way, then the bottom right array will have see the greatest surrounding 

surface charging and will push the electron beam away from the center.  This fabrication difficulty can be 

overcome by writing the hundred micrometer sections in a random-walk fashion, thus eliminating charge build-

up in any particular direction.  Another solution is to wait an extra allotted time between writing sections so as 

to allow for excess charge to be removed by atmospheric gases.  
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Figure 2-31  The effect of charge build up alters the final morphology of nanodots on YSZ. 
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Figure 2-32  Four nanodots with differing triangular orientations from nitrate based LSMO on STO after 

annealing for 4h at 1000C. 

 

Another difficulty in the fabrication of the arrays of nanodots is controlling their orientations.  An example of this 

is seen in figure 2-32 where three of the triangular shaped nanodots are facing one direction, while the other is 

facing the opposite direction.  All the short sides of the triangles share the same orientation, however the long 

hypotenuse sides are orthogonal to each other.  The functional properties of these nanodots would be slightly 

altered due to this lack of orientational symmetry.  This lack of control for the triangular orientation is due to the 

energy for being in one direction is the same as the other.  Thus, half the triangles have one orientation, and 

half the other.  It is unknown if a procedural modification exists which could align all the nanodots to the same 

direction, but it is thought that this would very challenging.        

 

2.6  Specific Conclusions 
 

As it has been shown, nano sized crystals can be grown in an ordered pattern on insulating single crystal 

substrates by way of electron beam radiation onto LSMO precursors.  This method to generate nanocrystals 

leverages the economics of solution based deposition with the precision of writing with electrons.  The 

applications for this technique are many fold due to the wide variety of functional properties oxides may have.  
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One of them is colossal magnetoresistance which could be used in next generation magnetic memory devices.  

The general procedure is that a spin coated thin film precursor is then locally radiated yielding nanocavities, 

the sample is then developed with water thus leaving only nanoislands where exposed, finally the sample is 

annealed at high temperature for many hours thus removing the organic components and thereby revealing 

nanodots by crystallization.  In order to nucleate the oxide crystal, the sample is annealed in an oxygen 

furnace.   

 

The immediate result of radiating with focused electrons onto the thin precursor film, is the generation of 

nanocavities.  These nanocavities have depths which are dependent on dosage in the low dosage regime but 

reach a maximum depth at higher dosages.  Another consequence of increasing the dosage is the walls of the 

nanocavity begin to become non-linear.  It is also observed that there exists a small central feature which 

exists at all dosages for the acetate based precursor, while remaining only in the nitrate based precursor at 

low dosages.  At high dosages, for the nitrate based precursor the bottom of the nanocavity would flatten out 

on conductive STO substrates while on YSZ substrates the structure would become highly elliptical.  The 

effect of applying focused electrons to multiple sites which are very close together is that a superposition of 

dosage is observed.   
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Figure 2-33     

After cleaning away the undeveloped precursor, what remains are nanoislands due to the cross-linking from 

the electron beam due to the electron sensitivity of LSMO [24].  The amount of cleaning by water is a 

compromise between low roughness of the area surrounding the nanoislands and the amount of nanoisland 

dislodged in the process.  The height of these nanoislands are also linearly dependent to dosage at lower 

quantities of electrons as seen in figure 2-33.  When the dosage increases, the height of the nanoislands 

levels off while the width continues to increase.  The pattern which becomes insoluble in water as a function of 

dosage is quite complex.  This pattern starts as a high aspect ratio cone and as dosage increases becomes 

more volcano-like.  When the dosage becomes very high, the center of the nanoisland starts to harden again 

and as the electrons continue to rain down, the hardened center becomes a ring.  The nanoislands must be 

written with a pitch large enough such that the final structures are isolated once annealed.  

 

The nanoislands lose their organic components when annealed and subsequently the inorganic metals are 

able to form crystals.  These nanodots have a height dependence which is proportional to the locally applied 
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dosage.  At low dosages the final morphology of the nanodots are triangular and at high dosage the material 

breaks apart to form an unorganized grouping of polycrystalline nanodots.  The nanodots were then analyzed 

with TEM and EELS to reveal that the element manganese was absent from the crystals.  This could be a 

consequence of the volatile manganese oxide being vaporized during the electron beam writing process.  As it 

will be seen in the chapter on nanoimprint lithography, the manganese was successfully retained in the 

nanostructures.      

 

2.7  Nanodot References 
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3.  Oxide Nanowires by Electron Beam Lithography 
 

The work of this chapter centers on forming nanowires from a LSMO spin coated precursor by electron beam 

lithography on insulating single crystal substrates and silicon.  The precursor had two percent by weight PVOH 

and used nitrates as the counter ion.  The nanowires were formed from two different methods, namely by 

writing low dosage isolated sites and high dosage arrays.  The subsequent nanowires have very unique 

growth characteristics which will be illuminated.   Nanowires grown on STO and silicon were analyzed with 

TEM and were found to have unique morphologies.  Analysis with EELS showed the nanowires to be 

lanthanum strontium oxide crystals, devoid of manganese.  This is an unfortunate consequence of growing 

nanowires with this method due to the desire for the nanowires to single crystal ferromagnetic LSMO.      

 

Nanowires are defined as quasi one-dimensional nanostructures with a non-hollow interior and lengths 

multiple times greater than their diameters.  Nanowires can be grown vertical or horizontal, isolated or in 

bundles, in ordered arrays or randomly across a surface, on conducting metal substrates or insulating glass [1-

5].  These narrow nanostructures have been also made out of a multitude of different materials ranging from 

organic to inorganic.  Nanowires are seen as potential integral components for next generation devices.  One-

dimensional nanostructures are seen being included in the fields of energy harvesting, photonics and also 

biosensors [6].  An example of sensor applications for nanowires can be found in the work of Comini et al, 

where various oxide quasi one-dimensional Sn, In, Zn nanowires were optimized for their diameters to 

sharpen their electrical response to specific gases [7]. 
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Researchers have been exploring techniques in which to make LSMO nanowires by electron beam 

lithography.  Typically, a thin LSMO film is grown on top of substrate and then subsequently topped with a 

layer of an electron writable negative resist.  This resist is then developed revealing nanometer wide lines, 

then a metal layer is deposited, a lift off is performed, and finally an etching gives a thin LSMO strip.  The most 

popular resists uses polymethyl-methacrylate (PMMA) or hydrogen silsesquioxane (HSQ).  It was reported that 

LSMO nanowires have been made by patterning HSQ resist and then etching with argon by Gaucher et al.  

They found that the electrical transport properties of the LSMO nanowires were on par with that of LSMO thin 

films [8].  It was also found that when thin films of LSMO are made by pulsed laser deposition and then 

patterned to form long mesoscopic structures, their coercive field is larger than that for bulk films [9].  A group 

headed by Yang et al used PMMA with HSQ to make a bilayer resist which was able to make deep well 

defined masks for potential nanowire fabrication [10].   This masking method of nanowire fabrication can be 

seen in the work of Pedersen et al where a polymerizable hexane resist is irradiated with focused electrons to 

create 150 nm wide tracks which are then used to make silicon nanowires [11].  Another usage of electron 

writable HSQ being employed to make LSMO nanowires was reported by Arnal et al. and showed bridge of 

nanowires could be successfully fabricated [12].   

 

 

Aside from masking methods, oxide nanowires can be grown from a multitude of other techniques.  For 

instance, STO nanowires have been grown by placing Sr(OH)2 on top of titanate nanowires, MnOx nanowires 

by anodic deposition of manganese acetate on to conducting substrates, and lanthanum borate nanowires 

were grown by confining LaOx with boron on a carbon nanotube template [13-15].  Another popular method to 

generate oxide nanowires is by using the hexagonal form of porus anodized alumina.  This has produced 

nanowires consisting of LaNiO3, CoO3, and LaMnO3 [16-18].  Few reports exist of using electron beam 

lithography to directly write nanowires where the work of Kazuyuki et al is an example.  They have reported 

the direct formation of graphite nanowires by electron beam irradiation [19].   

 

3.0.1 Nanowire Growth 
 

Of all the features seen in the LSMO nitrate-based precursor, perhaps the most surprising is the spontaneous 

growth of nanowires after electron beam lithography.  In chapter two the morphology of nanoislands and 

nanodots was explored along with high resolution TEM analysis.  These structures are quasi zero-dimensional 

and are generated from standard usage of an electron beam.  However, through more exotic electron beam 

shaping as well as high energy configuration, quasi one-dimensional nanostructures may also be generated.  

A partial goal of this project was the generation of LSMO nanowires via electron beam lithography on 

insulating single crystal substrates.  As it will be elucidated in this chapter, a straight foreword path to this goal 
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was impossible.  Nonetheless, two more circuitous paths were discovered and many surprising features 

therein are explored.  As was discussed in chapter one, the main driving motivation for generating LSMO 

nanowires share many of the same technological potential benefits as with LSMO nanodots.  While this work 

on nanowires does not has a direct application to industry, a deeper understanding of the curious nature of 

generating oxide nanowires on insulating single crystal substrates by electron beam lithography may be of 

use.      

 

Two main types of nanowires were observed to have grown.  One type stemmed from Isolated Low-Dosage 

(ILD) nanoislands producing isolated nanowires as seen on the left in figure 3-1.  The other type seen on the 

right in figure 3-1 was generated from Arrays of High-Dosage (AHD) nanoislands and gave locally parallel 

nanowires.  In the case of ILD nanowires, the substrate studied was primarily YSZ[100] and briefly YSZ[010] 

whereas the case for AHD nanowires were analyzed on both STO[100] and silicon substrates.  To better relate 

the findings, the case of ILD nanowires will be explained first, followed by deeper descriptions of how 

nanowires were generated from AHD nanoislands.  Two of the AHD cases were investigated with high 

resolution TEM and EELS line scans to reveal the crystalline nature of these nanowires.  The study of these 

systems highlights the delicate and surprising nature of mixed valence metal oxide nanowires on insulating 

substrates by electron beam.  The precursor used consisted of lanthanum, strontium, manganese nitrate salts 

with two percent polyvinyl alcohol which gave LSMO thin films once annealed.  The spin coating conditions 

were six thousand revolutions per minute for two minutes to produce a film of two hundred nanometers in 

thickness.  The electron beam conditions were a working distance of ten millimeters, a potential of five 

kilovolts, an aperture of thirty micrometers, and a beam current of 150 pA.  The annealing conditions in all 

these experiments, unless noted, was three hundred milliliters per minute of oxygen with a ramp rate of three 

degrees a minute until a hold of four hours at one thousand degrees.   
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Figure 3-1  

 

 

The discovery that the LSMO precursor could produce nanowires at all came unexpectedly.  At least, the two 

methods in which nanowires grew were unexpected.  Originally it has been hypothesized that nanowires 

should simply grow from writing a very fine line into the precursor film, developing it, and finally annealing the 

substrate.  Theoretically, a one dimensional written structure should have had the same final morphology as 

before it was annealed.  However this proved not to be the case as can be seen in figure 3-2.  When a line 

was written onto the thin LSMO nitrate-based precursor film, the written line simply turned into a long series of 

polycrystalline nanodots.  Regardless of the electron beam writing conditions such as exposure time, distance 

between waypoints, length, or width, the end product produced everything but nanowires.      
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Figure 3-2  

  

 

3.1  ILD Nanowire Growth 
   

The first glimmers of nanowire growth were observed when writing low dosage single-sites on YSZ.  These 

irradiated spots, instead of turning into vertical structures, grew oriented anisotropic structures.  The method to 

obtain these films of nanowires punctuated by nanodots have been ascertained to be dependent on an 

imperfectly focused electron beam.  A perfectly focused electron beam creates vertical isotropic 

nanostructures as has been seen in the previous chapter.  The reason to think beam defocusing is responsible 

for nanowires is that for highly insulating substrates, focusing consistently over many samples is impossible.  

So when attempting to focus correctly over many samples, high variation in final output was observed.  This 

focusing variation caused this particular outlier seen on the left of figure 3-3.  
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Figure 3-3  

 

 

The particular nature of these nanowires can be seen on the right in figure 3-3; where the central structure was 

the intended nanodot site.  The pitch here was one micrometer with an individual dosage of 0.15 pC.  The 

nanowires are seen to have grown as small as four nanometers and as long as several hundred nanometers.  

As can be seen in both AFM images, the nanowires have encompassed not just the local area around the 

nanodot site, but between individual nanodots.  This sample led to an earnest effort to alter the way the 

electrons were focused on the precursor by changing beam parameters so as to create nanowires.  

Unfortunately this initial type of nanowire growth remained elusive to recreate; however two other variations on 

this isolated low-dosage approach proved more repeatable.    

 

3.1.1  Defocused ILD Nanowire Growth on YSZ 
 

In this manner, purposely defocusing the electron beam generated the following morphology of non-annealed 

nanosites as seen on the left of figure 3-4.  The parameters used to write these nanoislands were 0.03 pC in 

the left most column and increased evenly to 0.15 pC on the right most column.  On the right of figure 3-4 one 

15 pC 

1.5 
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can see the result of annealing the defocused nanoisland with 0.03 pC.  Key characteristics to this growth 

mode were a small number of nanowires per written site, small feature size, and lack of nanowires between 

sites.  That is, an individual irradiate zone broke into several oriented small nanowires once annealed.  The 

region which grew nanowires was approximately two micrometers.

   

   

Figure 3-4 

 

The average length of these nanowires was generally around five hundred nanometers.  This contrasts 

sharply with the other methods discussed next which produced nanowires on YSZ a few micrometers in length 

and those nanowires on STO which were up to ten micrometers long.  The height of the nanowires here was 

consistently around four nanometers whereas the other nanowire types showed large variations in height and 

were almost an order of magnitude larger.  The width of these nanowires was also quite small relatively at 

around fifty nanometers.  It is unclear if these nanowires are fundamentally different crystaligraphically from 

those of the other cases, because no TEM analysis was made unfortunately.   
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150 



134 

 

The method used to generate these nanowires was to purposely defocus the electron beam moderately.  This 

caused the electron beam to cross-link an area in a more diffused manner than by sharply focusing.  The 

method thereby lessened the amount of material cross-linked and did it in a much larger area than a correctly 

focused electron beam.  It is thought this changed the density of nanoislands so as to promote isolated 

individual nanowire formation when annealed.  However, the procedure was highly variable and consistent 

growth of nanowires on a single substrate was therefore difficult.  Over a range of seven substrates grown in 

this manner, only three showed nanowire growth and then only in certain areas.    

 

Nonetheless, this may be due in part to the observation method of these nanowires depends solely on the 

AFM and not entirely due to the nature of these nanowires.  The inability to observe the structures with a SEM 

stems from the large surface charging on the highly insulating YSZ substrate as well as the very small feature 

size.  The sub five nanometer feature size meant even gold coatings – used to increase surface conduction 

and thus observability with the SEM – of twenty nanometers would largely obscure the nanowires.  Hence, 

possibly there existed more occurrences of this particular type of nanowire growth, but the slow process of 

randomly scanning small areas with an AFM limited the scope of the search.  In the end, it was difficult to 

definitely determine how much defocusing was optimal and impossible to predict with any certainty if any given 

nanoislands would eventually yield nanowires.   

 

Another consideration to contend with is the morphological dependence on the dosage used in forming the 

proto-nanodot.  There appeared to be a range of dosages wherein individual nanowires grew, then as the 

dosage increased, more polycrystalline nanodots would form.  This can be seen from the following images in 

figure 3-5, that is as dosage increases, so does the amount nanodots grown.  The dosages seen in figure 3-5 

are 45 attocoulombs in the top left hand corner, 0.075 pC top right, 0.105 pC  bottom left, and 0.15 pC on the 

bottom right.  Eventually, a saturation point was reached in which the dominate feature was the nanodots and 

not the nanowires.  This fact has two possible explanations: one is that the as written cross-linked area had 

heterogeneities which led to this dual feature growth; the other is that this area was homogeneous to begin 

with and when annealed formed pockets of excess material which due to energy considerations preferred 

nanodot growth rather than nanowire growth.  Clearly, the larger the dosage for individual sites, the larger the 

physical size of the nanoisland.  Thus, to achieve an area devoid of nanodots once annealed, it is critical to be 

under a certain threshold of size.  However, there is a limit to the how small the nanoisland may be.  Below a 

certain threshold, the nanoislands do not have a sufficient footprint, and subsequently are ripped away from 

the substrate when developed. 
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Figure 3-5 

 

3.1.2  Astigmatic ILD Nanowire Growth on YSZ 
 

Due to the difficulty in systematically reproducing nanowires grown by defocusing the electron beam, other 

techniques were explored.  One technique that was found when the stigmatism was also altered in a 
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significant way from what would produce normal nanodots, large individual nanowires were grown.  When the 

electron beam is altered to be purposely astigmatic, the beam becomes elliptical if the focal plane is not at the 

surface.  In other words, when a beam is focused at the center but astigmatic and the sample is not completely 

perpendicular to the beam, the resulting nanodots when written across the entire substrate will be round in the 

center and very elliptical towards the edges.  An example of this can be seen in figure 3-6.   

 

     

Figure 3-6  

 

Hence with this method, one could systematically produce nanowires on very small sections of very large 

written areas as seen here figure 3-7.  The dosage used for all these sixteen sites in this figure was 0.3 pC.  

This figure is meant to illustrate the large variation for a given dosage.  These nanowires differ drastically from 

the defocused nanowires in that they have more of a propensity to form large and long isolated nanowires.  

Another characteristic which differs from the solely defocused methodology is there exists overlap between 

nanowires whereas previously there was no overlap.         

 

The mechanism behind why these highly elliptical nanoislands grew nanowires remains nebulous.  The 

mechanism is thought to have something to do with a small edge of these elongated nanoislands becoming 

crystalline before the rest of nanoisland.  This small crystalline section might be able to force the rest of the 

nanoisland into an ordered structure after continued heating.  Although, one might suspect if that were to be 

true the nanowires would all be aligned in the same direction after annealing due to all the nanoislands being 

written in the same direction.  This is however not what one finds when analyzing with an AFM.  One finds that 

the number of nanowires going in the plus forty five degree direction is the same as those going at minus forty 

five degrees.     
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Figure 3-7  

 

As can be seen in figure 3-8, the direction of growth of the nanowires changed depending on the substrate in 

which they grew upon.  One can see in both images an alteration in dosage in the form of four columns 

ranging from 0.6 pC in the left hand column and 0.15 pC in the right hand column.  Even though both the right 

and left images in figure 3-8 have the same dosage, there exists a variation when isolated nanowires grew.  

Also what is observable in both AFM images is the distinct absence of some nanostructures.  This is due to 

the odd phenomena of at the critical dosage where nanowires would form, a fraction of the nanowires did not 

adhere to the surface and subsequently popped off.   
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Figure 3-8  

 

Occasionally the ideal morphological conditions were met however and a perfect single nanowire was 

produced subsequently in an oxygen annealing step, as can be seen in figure 3-9.  Another interesting 

observation was the two types of perfect isolated single nanowires.  One nanowire which had a gentle sloping 

nature is seen in on the left in figure 3-1 and the other having no slope at all as seen in figure 3-9.   This also 

contrasts to the nanowires produced by the AHD method which formed pointed nanowires as seen in figure 3-

28.   
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Figure 3-9 

 

The morphology of this mode of ILD nanowire growth was such that the height ranged from seven to forty 

nanometers.  While the width ranged from 175 to 300 nanometers.  Another difference between these types of 

nanowires and the purely defocused type was if the dosage was lower or higher than a certain dosage 

window, the nanoisland would produce non-desired polycrystalline nanodots.  This can be seen in figure 3-8.  

This proved a very frustrating aspect of fabricating these nanowires, in the sense that when a particular 

dosage was found to produce nanowires, another sample on another day might suggest a slightly different 

dosage window.  This proved difficult to thereby write a large area all with the same dosage and then grow 

nanowires across the entire substrate.  Coupled with the inexact focusing and alteration of the stigmatism, this 

method proved not well defined enough for continued investigation. 
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3.2  Nanowires Grown from AHD Nanodots 
 

While running a routine high dosage and density test for morphology of LSMO nanodots on STO, it was 

discovered that at very high dosages and medium densities, oriented nanowires formed after annealing.  An 

example of this AHD growth mode can be seen in figure 3-10, which consisted of a hundred nanodot array 

(ten by ten) spaced 750nm apart and each written with a dosage of 1500 pC.  These nanowires grew along 

the [010] and [001] directions on the [001] cut substrate, seemed to be surrounded by a dark region as seen 

with the SEM, had lengths up to ten micrometers, as well as characteristically grew at the edge and 

perpendicularly from the area that was irradiated.  
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Figure 3-10 

 

What can be observed with the SEM after annealing is a complex interplay between the thermodynamics of 

crystal growth and the physical barrier to further growth, mainly the nanodot array in figure 3-11.  At the top of 

the left SEM image in figure 3-11 is an area being eliminated of any remaining annealed film by the growth of 

these nanowires.  One can see a variation in contrast in the area at the top which was not completely cleaned 

when developed and the subsequent wave-like envelope being pushed by the growing nanowires.  This area 

extends for approximately six micrometers, but it is by no means uniform across this edge.  What is also 

visible in the left hand side of this SEM image is there exists both small orientated nanowires whereas further 

away from the edge only long perpendicular orientated nanowires are found.    
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Figure 3-11 

 

Looking at the image on the right in figure 3-11, one can see that the reduced distance between neighboring 

nanoislands as compared to left hand image produced more interplay between smaller and larger nanowires.  

Specifically the pitch on the left was eight hundred nanometers whereas on the right it was half this amount, at 

four hundred nanometers.  Both SEM images in the figure were generated by arrays of ten by ten nanodots 

with an individual dosage of 1500 pC.  Looking from left to right across this image on the right, one can see 

polycrystalline nanodots have abruptly become very fine, small nanowires.  The nanowires which grew parallel 

to this edge were unable to overcome the nanowires which grew perpendicular to this edge.  Also the width of 

these nanowires tends to increase as the nanowires begin further away from the edge.  Another aspect is the 

growth of nanowires starting at several micrometers from the location of the irradiated array.   

 

3.2.1 AFM on Corner of AHD Nanodots  on STO
 

In order to understand the transformation of this array of large dosage nanodots into nanowires more 

precisely, a detailed study by AFM image was made.  As can be seen in figure 3-12, one of these corners of 

the irradiated square after developing in water and then the same corner after annealing were imaged.  
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Figure 3-12 

 

The corner here consisted of a 10x10 array with a pitch of seven hundred and fifty nanometers with a dosage 

of 1500 pC per site.  The left image clearly shows several distinct areas of cross linked precursor.  The red-

orange area is the area that was initially irradiated directly with electrons and formed the thickest layer.  

Surrounding this is an area with no cross-linked film.  Continuing away from this primary irradiation zone, an 

area in teal indicates a raised film of twenty-five nanometers.  This area is thought to correspond to an area 

which was irradiated with enough secondary electrons and prevented substantial material loss when washed 

in developer.  The inherent aspect of writing with electrons on to insulating substrates was explored in the 

work of Zarbout et al, where they found that affected area to much larger for glass substrates than copper 

ones [20].   This surrounding teal area will be of importance in the following discussions and hence will be 

called the secondary zone.  Finally, an area surrounding everything is indicated by a dark-blue color, signifying 

a lack of film and hence a generally exposed substrate floor.  This area is not completely cleaned down to the 

substrate and shows a high roughness of three nanometers.   

 

In the AFM image on the right in figure 3-12, one can see the same corner after annealing.  A crystalline layer 

is seen at the top, formed after annealing, along with a defined assortment of nanodots.  Adjacent to this area 
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is a zone largely devoid of nanowires and small nanoislands, approximately one micrometer in width.  

Surrounding that area, one can see where the majority of nanowires start to grow and that they do so at right 

angles to one another.  In this area smaller nanodots are not found but small nanowires at odd angles are.  

Interpreting these two AFM images, one could conclude that the teal-colored area in the non-annealed image 

became the nanowires.  This is due to an apparent mass loss seen in this area after annealing.  If nanowires 

had not grown, one would expect that this secondary zone would crystallize into an random assortment of 

nanodots in that particular area.  Hence, one would expect larger number of nanodots in that area and nothing 

surrounding it.  That is not what one finds after annealing however, one finds there a very sparsely populated 

area.  The corollary to this, the mass gained by the nanowires in an area was from the film which was cross-

linked by non-primary electrons.  Looking closely at the topography of the annealed AFM image on the right in 

figure 3-12, one sees a marked decrease in surface roughness.  It appears that the nanowire mass gain was 

at the expense of a loss in free particles on the annealed surface.  This might also explain the contrast 

difference seen in the SEM image on the left in figure 3-11.   

 

 

Figure 3-13 
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A closer look at the area inside this primary radiation square is seen on the left in figure 3-13.  Here one can 

observe the monolayer formed here, where the main feature is the square nature on top of an assortment of 

nanodots.  The square film forms this four nanometer monolayer in some places where as in others places no 

monolayer is found.  It is unclear what is the crystalline nature of this monolayer due to a lack of a TEM 

lamella; perhaps it differs from the nanowires found growing next to it.  However this dewetting phenomenon is 

typical of excessive thermal treatment in films [21]. 

 

The nanowires that grew were much larger than the other nanowires grown with other techniques in this work 

as can be seen on the right of figure 3-13.  The AFM profile of these nanowires shows some distinct 

characteristics which differ from the nanowires grown by the ILD method.  One difference these nanowires are 

uniform in height along their lengths whereas the ILD ones only occasionally showed such morphology.  This 

length-wise height uniformity disappears when annealed for extremely long times as seen in figure 3-28.  The 

twenty-five nanometer height of these nanowires was significantly larger than the four nanometer reached by 

the defocused ILD nanowires.  The greatest difference is the length of the nanowires by the AHD method, 

reaching up to ten micrometers.  The width of these nanometers was one hundred and fifty nanometers and is 

on par with the widths of the other modes of nanowire generation seen in the ILD case.    

 

3.2.2  Pitch Dependence for AHD Nanowires on STO 
 

After running more experiments centered on the parameters in which the nanowire grew, it was observed that 

the there existed a condition space in which nanowire growth was promoted.  This key parameter was the 

pitch or the distance between adjacent nanodots.  The pitch had to be between two limits whereas another 

parameter of dosage had to be above a limit.  This can be seen in figure 3-14.  Numerically this was less than 

1000 nm and 250 nm at a dosage of 1500 pC.   
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Figure 3-14 

 

By altering one of the variables used in promoting nanowire growth, one is able to gain a deeper insight into 

the underlying mechanism.  Here in figure 3-14 the dependence to pitch can be seen clearly due to each 

column consisting of exactly ten by one hundred nanoislands each with the same radiation dosage of one 

nanocoulombs.  Hence the only parameter changing between the columns was the distance between 

irradiated dots; it ranged from one micrometer to thirty nanometers.  This caused variation in the final annealed 

structures.  This can be seen in the inset SEM images.  The lowest density column produced isolated 

polycrystalline nanodots and the highest density produced a singular polycrystalline clump.  However, in 

between these two extremes, nanowires were observed to grow.  Specifically, the nanowires grew here when 

the pitch was five hundred nanometers.  Other dosages will alter this particular dependence on pitch slightly, 

however it has been observed for AHD growth, the pitch ranges from eight hundred to two hundred 

nanometers.        

 

The local region surrounding the nanodots has been altered and can be seen in the close-ups of the three 

columns figure 3-14.  The two lowest density columns show dark secondary regions surrounding the nanodots 
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whereas the highest density column shows no dark secondary zone.  When individual nanodots are too far 

apart, a continuous cross-linked region is also not formed, and hence nanowires are not promoted.  

Interpreting these results suggests that when too much charge is transmitted to an area, the surrounding 

cross-linked region found in figure 3-12 is destroyed and hence there is no feed material for nanowires once 

annealed.  Hence, a balance is needed to generate nanowires, which is enough feed material by cross-linking 

an area around the primary nanoislands, and high dosage nanodots which act as seed sites. 

 

3.2.3  TEM Lamella of AHD Nanowires on STO  
 

In order to analyze the crystalline nature of these nanowires, a TEM lamella was made by FIB.  This lamella 

was made specifically to observe the crystallographic structure and the chemical composition of the 

nanowires.  An array of nanoislands was written so as to produce long uniform nanowires for this lamella.  The 

nanowires were then covered with a twenty nanometer thick gold layer followed by a localized platinum layer 

as can be seen in figure 3-15.  These metallic layers were to protect the nanowires from amorphization during 

the cutting process and increase surface conductivity.  The cut of the lamella was chosen to be cross-sectional 

so as to increase the likelihood of encountering a nanowire.  It is also possible to see here the anisotropic 

nature of the individual nanowires.  This asymmetry was unable to be detected with AFM as one can see from 

figure 3-13.  This particular sample was further polished to the point where it was approximately one hundred 

nanometers in thickness.   
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Figure 3-15 

 

3.2.4  TEM Results of AHD Nanowires on STO  
 

A single nanowire was observed with high resolution TEM in figure 3-16 and revealed an epitaxial growth of a 

single crystal upon the STO substrate.  This hetroepitaxy can be seen be noting that the frequency of It 

showed the nanowire grew as an obtuse triangle with angles fifteen and forty-five.  What was not observed 

was any thin film underneath the nanowire or an inclusion in the STO substrate.  This is different than recent 

TEM analysis of similar oxide systems where  it was showed manganese inclusions underneath where 

nanostructures were [22].  Looking closely at the HRTEM image, one can see the epitaxial interface between 

the STO and nanowire.  The Fourier transform showed an atomic plane spacing of 0.83 nanometers.  

Unfortunately, the knowledge to construct the unit cell of this crystal would require two more lamella be made 

of the nanowire.   

[010] 

[100] 

[001] [-110] 
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In order to determine which elements were present in the nanowire, an EELS line scan was performed as can 

be seen in figure 3-17.  When scanning the nanowire the elements lanthanum and oxygen were detected, 

however manganese and strontium were not.  Scanning the substrate, it revealed titanium and oxygen.  The 

fact that strontium was not detected in both the nanowire and substrate came as no surprise due to limit of low 

energies for the electrons impinged upon the lamella; a higher energy level is necessary to observe this peak.  

The lack of detection of manganese remained more troubling however.  Despite the fact that manganese was 

introduced into the precursor solution and was confirmed to grow LSMO as a thin film on STO, the nanowires 

seemed to be devoid of any manganese.  This fell in line with the other crystals made from this precursor with 

electron beam lithography except the observance of a LSMO wetting layer beneath the nanodot [23].  

   

 

Figure 3-16 

 

 

0.1

0.15 
pC

0.6 pC 

[010] 

Gold 
P t ti

Nanowires [010] 

[100] 

[100] 

0.6 pC



151 

 

 

Figure 3-17  

 

 

Figure 3-18  
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Figure 3-19 

 

Figure 3-20  

 

3.2.5  Orientational Relationship of AHD Nanowires  
 

Initially all the sides of the high dosage arrays were oriented parallel to the cut of the crystal. This provided 

ideal conditions due to the nanowires growing perpendicular to these sides.  However, it was unclear if the 

actual orientation of the arrays played any real part in the nanowire growth.  That is, if the array were rotated 
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forty five degrees to normal, would the nanowires conform to this new arrangement and grow still along the 

(010) and (100) directions.  The experiment was quickly performed at the same conditions as used to make 

the array in section 3.2.1 and seen in figure 3-21.  A square array written at forty five degrees to the cut of the 

substrate was made and then annealed; subsequent nanowires grew largely in the same direction as in 

previous experiments. 

 

Figure 3-21

 

There appears to be no change in the number of nanowires grown from the array either.  The led to the 

conclusion that the nanowires are growing in those directions due to mainly substrate constraints and not due 

to the physical barrier of an angled array-edge.  This also suggests that the nanowires may be grown with a 

less rigid definition of an array.  In other words, the only true necessity for nanowire growth so far is the 

dosage, pitch, size of array but not its shape.     
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3.2.6  Number of Neighbors Dependence for AHD Nanowires on STO 

The number of nearest neighbors is also a dependent variable in nanowire growth on STO.  When controlling 

for dosage and pitch, while varying the number of nanodots in the array, there appears to be limit of how small 

the array may be.  An experiment was made consisting of a series of nanodots with a similar pitch of 750nm 

between neighbors as seen in figure 3-22.  The controlled variables were the horizontal axis dosage while on 

the vertical axis the number of neighbors increased.  This showed that increasing the number of neighbors 

increased the likelihood of spontaneous nanowire growth.  This can be seen between the 4x4 and 5x5 squares 

at 500 picocoulombs. 

  

 

Figure 3-22 

 

Interpreting these results gives insight into the nature of this type of nanowire formation.  Simply having a 

nanodot with sufficient dosage to cause nanowire growth for arrays is not enough when isolated.  Also 
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increasing this array up to three by three is still not enough to guarantee nanowires to form.  Occasionally 

single nanowires are seen to have formed when the array is small, but consistent growth is absent.  Hence, an 

area that has a sufficiently large continuous secondary zone surrounding the nanoislands is somehow more 

prone to promote nanowires.  Also of note in these images is the observation that even though a small array 

may be written, once annealed, these nanodots may coalesce into a variety of nanostructures as can be seen 

in figure 3-23. 

  

 

Figure 3-23  

 

3.2.7  Dosage Dependence for  AHD Nanowires on STO 
 

As one could have determined from the previous section, the growth of nanowires is greatly dependent on the 

individual dosages of nanodots.  The dosage dependence can been seen in the next four SEM images in 

figure 3-24.  The dosage increases from 100 to 1500 picocoulombs, displaying non-nanowire growth until full 

nanowire growth.  The number of nanodots in each array here was 10x10 and the pitch was 200nm in each 

array.  Interpeting these results indicates there exists a lower bound for nanowire growth for a particular array 
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configuration.  Lowering the dosage to 100 picocoulombs, one can see very small nanowires inside the 

radiated area, however long nanowires are absent.  Increasing the dosage to 500 picocoulombs, the first long 

nanowire is observed but growing at an odd angle.  Increasing the dosage still further to 1000 picocoulombs, a 

multitude of nanowires are seen to have sprung from the array.  Finally at 1500 picocoulombs, the array 

produced an extremely large number of nanowires and no small nanowires are seen inside the radiated area. 

 

Figure 3-24  

 

3.2.8  Neighboring Effect on AHD Nanowires on STO 
 

It has been observed that arrays can have influence on each other as far as nanowire growth is concerned.  

This can be seen when arrays are close to each other, the nanowires grow differently than when no 

neighboring array is near.  When between two close arrays, the nanowires grow noticeably shorter in length.  

Nanow
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Also the space between the arrays is evenly and homogeneously filled with these short nanowires.  If the two 

large squares are relatively far from each other, the nanowires grow to full length.  This can be seen in the 

SEM image of figure 3-25 and 3-26 where the gap is five and ten micrometers respectively.  The nanowires do 

not grow off of the edge of the array, rather they may grow practically anywhere between the two arrays.  

When one interprets these results, one comes to the conclusion that entire space between the two arrays must 

have been somehow primed to growing nanowires prior to high temperature annealing.  A close-up of this 

phenomenon is seen in figure 3-31.   

 

 

Figure 3-25  
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Figure 3-26  

 

3.2.9  AHD Nanowire Growth as a Function of Temperature 
 

In order to understand the nature of the nanowires, the irradiated zones were observed with SEM at various 

temperatures.  The objective was to observe when nanowires began to form and how their constituent 

nanostructures evolved.  In order to perform this experiment, a characteristic array of nanoislands was written 

in order to be easily identified after subsequent annealings.  This was a 3x20 array with dosage 1000 pC  and 

pitch 800nm.  A general observation of how a particular array evolved was of interest here.  In the left hand 

SEM image in figure 3-27, one may see the location where the nanowires grew before any crystallization 

occurred after 60min at 600 °C.  One can see that initially there exists a dark layer surrounding the donut 

shaped nanoislands, which has previously been shown with AFM to be a layer of polymer before annealing in 

figure 3-12.   
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Figure 3-27  

 

On the right of figure 3-27, it can be observed after 60 more minutes at 800 °C, the first occurrences of crystal 

formation in the written structures.  The general morphology of the written structures is preserved in some 

instances, while in others the structure has broken down already.  What is also seen in the area that was 

cross-linked is the formation heterogeneities.  Also of note is the occurrence of small triangles in between the 

two strands of nanoislands which is absent when the two strands start to come apart.      

 

In figure 3-28, the nanowires can clearly be seen to have formed at the edge of this secondary zone and not at 

the site of the written structures after 60 more minutes at 1000 degrees.  The nanowires seem to have affected 

the surroundings in the sense that there exists an area far away from the written structures which appears 

non-uniform, whereas surrounding this zone the film appears uniform.  Immediately next to the nanowires one 

can see that the film has been cleared by their formation.  Interpreting these three SEM images at different 

stages of nanowire formation, one can see the how the nanowires started at the edge of the secondary zone 

and that they grow by consuming the remaining film.   
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Figure 3-28  

 

3.2.10  Unconstrained Growth as a Function of Annealing Time 
 

In an attempt to refine our understanding of nanowire growth, two arrays were observed as a function of 

annealing time.  The two arrays differ in that one is written very close to another array, leading to constrained 

growth such as in section 3.2.9, and the other is written with any neighboring arrays, leading to normal growth.  

In order to perform this experiment, a sample had a series of high dosage nanoislands written as an array.  

The sample was then annealed at one thousand degrees for one hour, then four more, and finally sixteen 

hours more.   What is observed in general is a fast growth initially and then a ceasing of growth at long times.  

One can see the behavior of the nanowires beginning at the edge of the cross-linked area as previously seen.  

Furthermore, one can see the cleaning of the substrate from the nanowires as they consume the unorganized 

particles in order to grow, known as ripening.  This can be seen as a difference in the contrast in the SEM 

images.   

The lengths of the nanowires after one hour at one thousand degrees range from one to four micrometers as 

seen on the left of figure 3-29.  Also of note is that the location where the nanowires grew seems to be random 
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along the edge of the cross-linked area.  Observing this grouping of nanowires as a function of time shows a 

non-uniform growth for individual nanowires.  This could be due to the longer nanowires consuming sufficient 

material as to prevent growth in the shorter nanowires.  This possibly could cap the nanowire and prevent any 

further nanowire growth even though at high temperatures and long times there is a high mobility of particles 

on the substrate.   

When looking at the center of figure 3-29 one can see the nanowires after annealing for four more hours, one 

can see that the lengths have increased.  The nanowires which grew did so to just under eight micrometers.  

One glaring aspect is the lack of growth from some of the nanowires.  While some of the nanowires doubled in 

length, others failed to grow at all.  Also seen is the secondary zone is much less cluttered than in the image 

after one hour of growth.  It appears that this region coalesced into larger triangular nanoparticles.   

 

    

Figure 3-29  

 

Finally after sixteen more hours of growth as seen on the right of figure 3-29, it does appear that the nanowires 

have stopped growing in a discernible way.  The contrast change surrounding the nanowires appears to be 

wider along their lengths as opposed to directly at the tip of the nanowire.  It also appears that the nanowires 

tend to be narrower where they have grown when compared to their bases which are wider.  One of these 

nanowires came almost to come to a point after a total of twenty-one hours at one thousand degrees.  This 

phenomenon would suggest that as the nanowire grows, its cross sectional area decreased slowly until it is 

not possible for further growth.  This can be also seen in figure 3-30, where an array was annealed for one 

hundred hours.  Here one sees that nanowires have consumed all the feed materials on the surface and have 

thus stopped growning and some nanowires have come to a point.  
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Figure 3-30  

 

3.2.11  Constrained Growth as a Function of Annealing Time 
 

It was observed that in image 3-25 that nanowires behave differently when grown between two large arrays of 

high dosage nanodots.  This phenomenon was that nanowires grew shorter than they would grow if between 

two closely spaced arrays.  Another aspect that was observed for these types of nanowires is the 

homogeneous growth not springing from the array walls.  In other words, the nanowires do not grow out from 

the edge of the irradiated zone, but rather grow homogenously in the space.  This is, of course, far different 

than the typical growth mode observed when unobstructed.  In other words, the nanowires do not grow solely 

from the edge of the secondary zone, they grow without any observable preference between the two close 

formed arrays.      

 

In order to understand this growth mode more, an experiment was performed in which this nanowires would be 

subjected to increasingly longer annealing times, as can be seen in figure 3-31.  The purpose was to 

determine if the nanowires were changing in morphology over time and if new nanowires were growing 
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spontaneously.  The same area was observed at one, five, and twenty-one hours of total time at one thousand 

degrees.  The gap where nanowires grew was five micrometers.  The first image on the left shows the 

nanowires after one hour at a thousand degrees.  The nanowires here appeared to be arranged in a 

homogeneous distribution in between the two arrays.  The nanowires also tended to be small, on the order of 

three micrometers at the biggest to less than half a micrometer at the smallest.  The nanowires also appear to 

have a consistent width along their lengths.  In all three SEM images one can see that two regions have been 

circled.  This is to highlight the changes to the nanowires as a whole through these two examples.    

 

   

Figure 3-31  

 

Looking at the center image in figure 3-31, the substrate has seen four more hours at one thousand degrees.  

The small individual nanoparticles at the edges of the array have coalesced into larger particles similar to 

Ostwald ripening.  The number and length of the nanowires has not increased.  Besides the reduction in the 

number of small particles at the edges, there appears to be no change in the system after four times more 

annealing, except for a small reduction in some nanowire lengths.  This seems to point to a halt in dynamics 

with regards to nanowire growth after a certain period of fast growth.  This differs starkly with the nanowires 

which have grown longer after four more hours of annealing when non-constrained.  One explanation may lie 

with the availability of feed stock for unrestricted nanowires growth and a lack of this unorganized material for 

the restricted nanowires.   

 

Finally, one can see after sixteen more hours at a thousand degrees, no further nanowire growth is observed.  

In fact, some of the nanowires have oddly disappeared, as marked on the SEM image, as well as reductions in 

some nanowire lengths.  This points to a lack of strong adhesion to the STO substrate with regards to some of 

the nanowires.  Perhaps the long times at high heat were able to dislodge some of the nanowires from the 
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surface.  One of the nanowires is seen to have been reduced to half its original length due to these excessive 

annealing times.  This lack of further growth for the nanowires is similar to that for the non-constricted case.  

 

3.2.12  Long Distance Nanowire Growth due to Markers 
 

Due to the high dosage needed to generate the large arrays which produced nanowires, it took very long times 

to write these structures.  This lengthy process could only produce a few arrays in a given session’s allotted 

time.  Also these structures, by their very nature, possess a small footprint.  All told, these structures are 

difficult to find again after annealing with the SEM.  A solution was found which allowed for a small amount of 

the session’s time to be allocated to generating markers around the arrays.  These markers made it 

significantly easier to locate said structures later.  However, an interesting byproduct of these markers was 

soon observed. 

 

These markers consisted of a series of medium dosage dots in regular patterns spaced one micrometer apart, 

specifically fifteen picocoulombs at one micrometer pitch.  The parameters used to generate the nanowires 

where these markers were used were the same as those used in section 3.2.1.  These medium dosage 

nanodots could not by themselves produce nanowires in any configuration with regards to pitch or number of 

neighbors.  However they could be seen easily under low magnification and hence could save a tremendous 

amount of time in determining where the nanowire arrays were and which array was which.  Another point 

here is that the medium dosage nanoislands cross-link an area in their immediate vicinity.  The interesting 

consequence of making these markers was their interaction with a high dosage array.  In fact, these markers 

became the nucleation points for further nanowire growth as can be seen in the figure 3-32. 
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Figure 3-32  

 

In this SEM image, one can see a contrast change around all the markers which indicates this secondary 

zone.  However under closer inspection, one can observe that this contrast difference is stronger for the 

markers which are somehow connected to the high dosage array.  This SEM image also shows that the 

nanowires grow orthogonally to the edge of the markers, consistent with previous nanowire growth modes.  

However, the nanowires seem to grow more from the very edge of the marker than the original arrays do.  The 

most curious part of this behavior is of course the ability of the markers, which are quite distant from the 

original array, to grow long nanowires as if they were part of the array.       

 

Analysis of this growth mode for these nanowires suggests that the square array acts as a catalyst of sorts, 

transforming the cross-linked area around the markers into a composition prone to nanowire growth.  This 

mechanism would then allow the nanowires to grow from the medium dosage nanodots in an orthogonal 

manner due to crowding out from parallel neighbors.  This action-at-a-distance suggests that the nanowires 
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simply need to have a cross-linked film and then a nucleation point for nanowires to grow.  Also of note is the 

lengths of these nanowires are on par with those of the non-restricted variety.  This intriguing growth mode 

would suggest that combining an array with a series of nanodots could produce a series of nanowires.   

 

3.2.13  Nanowires Grown at Overlaps between Arrays 
 

The interaction between nanodots and arrays led to the idea that perhaps high dosage arrays were not 

necessary for this phenomenon to occur.  Perhaps all that would be necessary are nanodots with sufficient 

dosage so as to cross-link a continuous area coupled with nucleation points.  In other words, the driving 

mechanism would be medium dosage nanodots which do not cause AHD nanowire growth but do polymerize 

a continuous area.  Hence above a certain dosage, a polymerization would cause nucleation of nanowires far 

from the intended target area by simply overlapping it with low dosage nanodots.  Some interesting 

consequences of this behavior can been seen in figure 3-33 where the high dosage arrays were eliminated 

and a significant overlap between medium dosage X’s and low dosage tracks of nanodots was created.  The 

low dosage nanodots here were written and annealed prior to once again spin coating and then writing the 

medium dosage X’s and finally annealing again.  No nanowires were observed prior to the second annealing 

and were simply arrays of nanodots.  Here the low dosage nanodots had a pitch of 800nm and dosage of 0.15 

pC.   
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Figure 3-33  

 

In figure 3-33 one can clearly see the phenomena of nanowire growth by overlapping low dosage nanodots 

and medium dosage ones.  When coupled, very small orthogonal nanowires grew from the sites of the low 

dosage nanodots as long as they started in the region that was cross-linked by medium dosage nanodots.  

One can see how the nanowire growth is highly controlled at the overlap.  The nanowires themselves are short 

in length, similar to nanowires grown in a restricted space.  However at the borders of this secondary zone, 

some of these nanowires grew longer due to an ample supply of feed stock.   

 

3.2.14  AHD Nanowires Grown on Silicon 
 

In an attempt to better ascertain the cause of the lack of manganese in the EELS line scan of the TEM lamella 

of nanowires grown on STO, nanowires were grown on silicon as seen in figure 3-34.  The idea was that the 

STO substrate was depleting the nanowires of manganese due reports of elemental migration [22, 23]; hence 

a substrate which could not readily transfer mass into it would alleviate this problem.  Nanowires derived from 

a LSMO nitrate based precursor were grown by following the same line of reasoning as with the STO derived 

ones; that is, by the AHD method.  This method was successful at a dosage of 2000 pC with an array of 

10x100 at a pitch of 400nm.  This dosage is similar to that used in the AHD method on STO.  An alteration to 

the surroundings adjacent to the area of radiation was also observed.  This alteration appears as a non-

homogeneous darkening in a ribbon-like fashion.  The nanowires grew however in a very different manner 
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than the nanowires grown on STO.  These silicon grown nanowires grew inside the area that was irradiated 

also they grew in random orientations.   

 

 

Figure 3-34  

 

3.2.15  Analysis of TEM Lamellas of Nanowires on Silicon 
 

When looking at the HRTEM results for the nanowires in figure 3-35, one can see their curious nature; namely 

the conical like shape.  More specifically, one can see where the nanowire is partially surrounded by a silicon 

oxide layer and partially exposed.  Moreover, the shape of the nanowire has a triangular shape directly below 

the surface of the silicon oxide and then above it the nanowire grows in a more rounded fashion.  When 

fabricating the TEM lamella by FIB, a portion of the nanowire was amphormized and hence does not have a 

crystalline structure.  Clearly this growth mode for the nanowire is very different than for all the other 
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nanowires grown previously.  It must be noted that the silicon was not etched with an acid so to remove the 

silicon oxide layer prior to spin coating, thus all subsequent steps were performed on this initial layer.  

Interpreting these results indicates that the silicon oxide is growing up to meet the nanowire.  In this case the 

silicon oxide layer would have to push up until reaching the exact point where the morphology of the nanowire 

changes to a conical shape.  Conceptualizing this process, the nanowire grows length-wise while riding on an 

expanding bed of silicon oxide.  Another point to make is the random directional growth for these nanowires on 

silicon as opposed to the highly directional growth on STO and YSZ substrates, is to be expected.  Although 

the nanowires grown on silicon obviously are crystalline, they do not grow epitaxially on the silicon substrate 

floor.  Clearly without growing epitaxially along the substrate, the nanowires were not forced to grow in one 

direction or in another.      
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Figure 3-35  
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Figure 3-36  

 

Interpreting the results of figure 3-36, one can see the HAADF image showing the inverted conical shape of 

the sub 50nm wide nanowire.  On the right hand side is the EELS line scan of the nanowire showing oxygen 

and lanthanum, however a signal from manganese is missing.  This suggests that the choice of substrate does 

not affect the absence of manganese once annealed.  Thusly, one must conclude that the disappearance of 

manganese is the result of some other process.  Perhaps, this stems from the electron lithography process in 

the sense that due to high concentrated energy impinged on the thin film, manganese is selectively ablated 

from the precursor.  Another possibility is that the manganese is selectively eliminated from the nanoislands 
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during the development step.  Still another possible explanation is manganese is selectively expelled from the 

nanoislands during the annealing process.    

 

3.3  Conclusions about Nanowire Growth 
 

One of the goals in this work was originally to write narrow lines with electrons on to a precursor film at a 

desired angle and length so as to form LSMO nanowires on single crystal substrates when annealed.  

However this method to make nanowires proved impossible due to these narrow lines decomposing into non-

ordered polycrystalline forms.  Fortunately, two different principal modes of nanowire growth were discovered 

from electron beam lithography with the nitrate based LSMO precursor.  They came from isolated low dosage 

nanoislands on YSZ and from high dosage arrays on STO.  The morphology of these two principal growth 

modes differed in many respects.  The main over arching characteristic aside, the AHD method proved highly 

repeatable whereas the ILD manifested itself only occasionally due to the inherent inconsistency when 

defocusing on high insulating substrates.    

 

For the ILD nanowires, there existed two different growth methods, namely defocusing the electron beam and 

adding stigmatism.  For the nanowires made by defocusing the electron beam, their before annealed 

nanoislands was very wide and very thin, thus when annealed they formed many small nanowires over a large 

area.  There existed a dependence on dosage where when too much material was cross-linked, nanodots 

became the dominate feature.  For the nanowires made by defocusing while forcing the beam to be astigmatic, 

the resulting nanowires may become an order of magnitude larger than the only defocused case and may be 

singular in nature.  These nanowires were explored with AFM and not SEM due to the small contrast with the 

highly insulating YSZ substrate.   

 

As for the nanowires made with AHD method, a multitude of interesting phenomena were observed.  

Principally, the method calls for writing an array of high dosage nanodots with a spacing sufficient so as to 

form a continuous cross-linked film surrounding the array.  This creates a series of oriented nanowires at the 

edge of this array and a non-continuous mono layer inside the array.  These nanowires form by consuming the 

continuous cross-linked film as well as the unorganized particles at the edge of the irradiated zone.  These 

nanowires normally grow an order of magnitude longer than those made from the ILD method.  However, 

these nanowires do not grow infinitely long; they stop growing after a period of time and also begin to taper off 

to a point.  When sufficiently close to another array these nanowires grow in a stinted manner and grow evenly 

distributed though out the region.  The arrays must be of sufficient size and dosage, so as to promote 

nanowire growth.  They begin to grow at one thousand degrees and can be seen growing off of the secondary 
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zone boundary.  The nanowires may also be promoted to grow a various nucleation sites, given a sufficiently 

large continuous cross-linked film.  This growth mode can occur at large distances away from the original 

written array; a consequence of this effect is that nanowires may grow even in the absence of an array.  The 

TEM results of the nanowires grown on STO have shown that they are epitaxially growing on the substrate, 

are anisotropic triangular crystals, and are devoid of manganese.  The AHD method was also used to make 

nanowires on silicon.  These nanowires were inverted and conical in nature, had a morphological change at 

the silicon oxide boundary layer, and were also devoid of manganese.   

 

3.4  Nanowire References 
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4.  Oxide Nanoimprinting 
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4.0.1  Current NIL Research 
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4.0.2  NIL Objectives 
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4.1  Silicon Mold 
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4.2  Imprinting  
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4.2.1  Dwell Temperature 
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4.2.2  Applied Pressure  
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4.2.3  Dwell Time 
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4.2.4  Demolding Temperature 
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4.3  Etching Residual Layer 
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4.3.1  Oxygen Plasma 
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4.3.2  Argon Plasma 
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4.4  Annealed Structures 
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4.4.1  TEM of NIL Structure 
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4.5  Specific Conclusions 
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4.6  Nanoimprinting References 
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General Conclusions & Future Work 

Arrays of La0.7Sr0.3MnO3 nanostructures have been grown on insulating single crystal substrates by 

nanoimprint lithography and La xSr1-xOy nanostructures by electron beam lithography.  LSMO was the objective 

oxide due to it being ferromagnetic at room temperature, has a high magnetic anisotropy, and has colossal 

magnetoresistance to name but a few of its attributes.  The underlying technique behind the creation of thin 

films herein is chemical solution deposition.  This is where an oxide thin film is applied, not by cumbersome 

vacuum techniques, but by the inexpensive and scalable process of spin coating an aqueous solution laden 

with soluble metal salts.  Two LSMO precursor solutions were made, one with nitrates initially and one with 

acetates later in the project.  The reason for this switch was the observed absence of manganese inside the 

nanodots and nanowires made by EBL from the nitrate based precursor.  The reasoning being that nitrate 

decomposition is highly exothermic and possibly the electron beam was removing manganese through a 

volatile decomposition.  The metals introduced into the aqueous solution were lanthanum, strontium, and 

manganese in a ratio such that when annealed would yield crystalline La0.7Sr0.3MnO3 .   The spin coating was 

performed in a low humidity environment and accompanied by a thorough cleaning regime so as to reduce thin 

film inhomogeneities.  The substrates used were YSZ, STO, and LAO due to their ability to grow single 

crystalline LSMO as opposed to silicon which would grow polycrystalline LSMO.   

 

The ratio of the three metals in the precursor solution was measured with ICP and was in accordance with 

expected values.  The roughness of the non-annealed and annealed film was observed with AFM and showed 

that a high molar concentration gave uneven surfaces.  The annealed films were observed with XRD and were 
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seen to have peaks corresponding to single crystalline epitaxial LSMO.  The magnetic nature of the films was 

also confirmed against bulk values of LSMO by use of a SQUID.  The underlying result of the XRD and SQUID 

measurements was that the precursor produced a LSMO film after annealing.  In order to determine the 

elemental nature of the non-annealed films for loss of manganese after electron radiation and development, 

XPS was performed.  The results do not show a manganese loss after irradiation, however do show a 

manganese loss from samples annealed at temperatures higher than 500 °C.          

 

The electron beam lithography procedure called for the substrate/film to be moved into a SEM vacuum 

chamber and then be attached to an aluminum plate by copper tape.  This insured that the substrate would be 

perfectly perpendicular to the axis of the beam and would be able to draw off some excess surface charge. 

The electron beam would be focused onto the surface of the film where a predesigned patterned would be 

written by varying the location and time of exposure.  This focusing of electrons results in a local deformation 

in the form of a cavity.  The low electrical conductivity of the substrates dictated the usage of a low voltage on 

the column, an iterative strategy when focusing, and a judicious amount of electrons written at a given 

location.  The substrate was then removed from the vacuum chamber and immersed in water so as to develop 

the film.  This development stage resulted in a cleaned substrate with hardened parts of the precursor film 

attached where electrons were focused.  Finally, the sample was placed into a tube furnace in an oxygen 

atmosphere so as to anneal the hardened structures and thus form oxide nanocrystals.  Numerically the beam 

conditions used were a 5 kV beam with a 30 µm diameter yielding on average 220 pA in a 1 mT vacuum.  This 

gave between 15 and 40 nm high, 150 nm wide oxide nanodots after annealing an isolated low dosage cross-

linked nanosite, as well as nanowires of between 4 and 25 nm high, 500 nm to 10 µm long, after annealing an 

array of high dosage nanosites.         

 

The intermediate and final nanostructures were observed with SEM as well as AFM.  A multitude of subtle 

morphologies were seen as dosage per site was varied, however two regimes were focused on in this work.  

The low dosage regime, of 0.05 pC to 1.5 pC, constituted the least amount of electrons impinged upon the film 

which would result in local polymer cross-linking.  The high dosage regime, of 150 pC to 2000 pC, refers to the 

dosage necessary to cause nanowire growth when configured in tight arrays.  A height dependence to dosage 

at the low dosage regime was observed for recently irradiated spots, those developed spots, and the final 

annealed nanocrystals.  These resultant low dosage nanodots were seen to be conical in shape before 

annealing and then triangular in nature when annealed.  At the high dosage regime, the non-annealed spot 

showed many non-linear undulations where the central feature might be an already crystallized section.  The 

reason for this hypothesis is that nanowires are seen to grow from the edges of arrays of highly irradiated 

sites.  It is thought that the already crystallized center of the high dosage nanoislands serves as seeds for the 

nanowire’s propagation and the cross-linked surroundings as a feed material.  This theory stems in part from 

the report that the formation of crystals directly from an electron beam on a LSMO PVOH precursor [1-3].  
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Furthermore, the nanowires have been observed to grow only when a sufficient number of neighboring sites 

was present and when these neighbors resided neither too closer nor too far from each other.  This 

phenomenon could be the result of the degradation to the cross-linked film when too densely packed, and 

insufficient heat to cross-link a continuous film when too sparsely packed.      

 

As for nanoimprint lithography, two main LSMO nanostructures were fabricated by altering the gas used in the 

etching process.  The specifics of NIL used in this work was pressing a mold replete with nano-sized pillars 

into the soft precursor film under high pressure and temperature.  The pressure was applied after the 

temperature was high enough such that polymer could flow around the nanopillars.  The temperature was then 

lowered slowly while retaining pressure so as to prevent the morphology of the newly formed nanopores from 

returning to a planar state.  Specifically, imprinting at 160 °C with a pressure of 4 MPa for 5 minutes with a 

demolding temperature of 80°C produced nanopores on both 0.1M nitrate based LSMO with 2 wt% PVOH and 

0.1M acetate based LSMO with 15 wt% PVOH.  After demolding the film from the stamp, the resulting residual 

layer was selectively removed by reactive ion etching.  Nanoholes were created by placing the nanoperforated 

film in the presence of a highly anisotropic oxygen plasma.  The oxygen plasma chemical removed organic 

species in the precursor film, leaving only metals.  This contrasts with the mechanical etching provided by the 

argon plasma which left a series of nanocaps.  Numerically the conditions used were 150 W for 5 min and 15 

min in oxygen and argron plasma respectively for 0.1M nitrate based LSMO with 2 wt% PVOH and 1200 W for 

120 seconds  in oxygen for 0.1M acetate based LSMO with 15% PVOH.  A theory explaining this phenomenon 

is that the film is local compressed during the stamping process, thereby creating areas underneath the 

nanopores which are more mechanical resilient to the argon plasma with respect to the rest of the film.  

Numerically, the morphology of the structures after annealing produced by argon plasma etching were 600 nm 

wide and 80 nm in height, while those produced by oxygen plasma were 500 nm wide and 25 nm in depth.     

 

Nanodots, nanowires, and nanocaps were cut by FIB into cross sectional, electron transparent TEM lamellas.  

This allowed for analysis on their atomic planes and local elemental presence.  The results showed that the 

structures made by electron beam lithography to be completely devoid of manganese, thus the structures were 

projected to be lanthanum oxides and quite possibly lanthanum strontium oxides.  The growth of the 

lanthanum oxide nanodots and nanowires on LAO, STO, and YSZ showed epitaxy whereas the nanowires 

grown on silicon did not.  The unit cell of the lanthanum oxide crystal could not be determined due to lack of a 

more complete TEM analysis.  However, the atomic planes of the nanodots and nanowire did not appear to be 

the same crystal due to differing growth angles.  The nanocaps did show the presence of manganese in the 

expected amount, which led to the conclusion that the act of electron beam irradiation altered the 

stoichiometry of the film somehow.  TEM inspection of the nanostructure also showed that the resulting crystal 

was truly LSMO.   
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Future work in this area would center on the assertion that other oxide systems, with different metal salts and 

stoichiometries, would also be able to be forged into nanostructures following this general procedure.  A 

precursor forming SrTiO3 when annealed as a thin film was already irradiated with electron beam to form 

nanodots on single crystal substrates as well as nanoimprinted.  The advantages of being able to use wet 

chemical means and quick imprinting to create any oxide nanostructure, is clear.  Future work would also 

center on determining the point at which manganese is removed from the film and what metal salts are 

impervious to electron bombardment.  Computer simulations would also be helpful to form models to explain 

the intricate interplay between precursor, cross-linking, and an electron beam.  Further optimizing the 

nanoimprint process would also be of use, specifically regarding the increase of yield when etching with argon 

and increase of structural integrity when etching with oxygen.       

 

As it has been shown, LSMO nanostructure fabrication on insulating single crystal substrates is a complicated, 

often surprising affair, borne out of as much serendipity as scientific knowledge.  However, it is felt that 

scientific knowledge has been advanced herein with regards to the limitations and possibilities of both electron 

beam and nanoimprint lithography.  As was said in the summary of this work, the individual subtle techniques 

successful at the nanoscale are what is critical to the eventual introduction of devices based on the umbrella 

term “nanotechnology”.  It is hoped that, however small, some part of the frustration and joy of working at the 

nanoscale is imparted in these words.   

 


