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Introduction 

 

 

Nowadays ferromagnetic materials and structures based on them are used very actively in 

different applications: magnetoresistive random-access memory, high precision magnetic sensors or 

even new electronic components – spintronic devices based on transfer of electron spins [1]. Also 

the main trend of modern electronics is a reduction of elements dimensions to submicron scale. 

Thereby investigation of the magnetic nanostructures is of great interest and their fabrication 

methods and properties are intensively studied.  

One of the activelydiscussed applications of submicrometer structure arrays is high frequency 

range phononic crystals (PnCs)for surface acoustic waves (SAW). Simultaneously there is a number 

of papers [2-6] on variation of acoustic parameters of magnetoelastic PnCsusing an external 

magnetic field (so-called ΔE-effect). The band gap of the phononic crystal can be shifted by applied 

magnetic field. This can be used for wireless and contactless bandwidth switching in microwave 

frequency SAW filters and sensors. 

In this work an investigation of magnetic submicron structures fabrication using scanning probe 

lithography (SPL) and electron-beam lithography (EBL) was carried out. As SPLand especially 

probe oxidation of ferromagnetic materials still stays not well enough studied a great part of the 

work is focused on formation of structures by this technique and studying of properties of the 

fabricated structures. Challenging of nanoscaled structures obtained by SPL and EBLin 

magnetically adjusted PnCs for microwave frequency range SAWwas shown. Similarly structures 

fabricated by the SPL are of great interest for fabrication of planar magnetic tunnel junctions as new 

basic elements for magnetoresistive and spintronic devices. 

The thesis consists of five chapters. Chapter 1 describes the utilized lithographic processes. 

In Chapter 2 detailed study ofscanning probe local anodic oxidation (LAO) of different 

ferromagnetic metal films is given. Key point of this study is investigation of influence of various 

parameters on sizes of structures fabricated on commonly used Ni films and on FeCo as well. 
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Influence of oxidation process on the probe was studiedfor the first time. Chapter 3 is focused on 

the probe oxidation of ferromagnetic metal films with different textures. Influence of film texture 

on the SPL oxidation was not studied previously and results of this study can be used in 

optimization of fabrication of nanostructures. Chapter 4 describes investigation of the electrical and 

chemical properties of submicrometer scaled structures fabricated using scanning probelithography 

methods: LAO and mechanical scratching by the probe. The results showed that the properties of 

obtained structures differ from properties of initial material and it was concluded that these 

techniquescould be implemented for fabrication of advanced nanostructures for application in 

different devices. Single structures can be utilized as tunnel and magnetoresistive structures for 

future realization of spintronic devices. Arrays of structures made by SPL can be used as 

hypersonic PnCs. In Chapter 5 a detailed description of technological processes for fabrication of 

magnetically controlled phononic structuresby SPLand EBL is presented as well asresults on 

theoretical and experimental investigation of these structures.Recommendations on further 

development of structures are also given. 

From thesis content some main points presented to defense can be extracted: 

1. Experimental results of investigation of LAO on Ni, Fe, FeCo and Co films. These 

results can be used for determination of LAO parameters and instruments required to 

obtain nanostructures with certain sizes by this lithographic method. 

2. Experimental results of investigation of LAO on Ni(200), Ni(111), Fe(200) and Fe(110) 

films. These results can be used to control LAO process. 

3. Technology of fabrication of hypersonic 1D magnetically tunable PnCs on Ni using 

LAO method. This technology can be used for further realization of phononic structures 

for application in magnetic sensors and wireless SAW filters. 

4. Fabrication process suitable for realization of both 1D and 2D magnetically tunable 

PnCs on Ni for 2-6 GHz using EBL method. This fabrication process allows to obtain 

easily good phononic structures with different configurations. 
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1. Lithography methods and its application for 

fabrication of micro- and nanostructures 

 

 

Basic process for fabrication of submicrometer scale structures is lithography. There is a lot of 

nanolithographic techniques. Main kinds of these techniques are given in Table 1.1.  

For high frequency phononic crystal fabrication it is better to use a lithographic process with 

high resolution and easy processing. Electron-beam lithography is widely used for this purpose. For 

us scanning probe lithography also seems to be suitable method for phononic crystal fabrication.  
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Table 1.1. Comparison of different kinds of nanolithographic techniques. 

Kind of lithography Patterning principle Environment Resolution Advantages Challenges 

Scanning probe 

lithography  

Tip-substrate 

interaction 

Ambient or 

vacuum 

<10 nm – High resolution 

– Variety of patterning 

materials 

– Low cost  

– Easy operation 

– Serial patterning 

difficulties 

– Poor accessibility and 

controllability of large 

scale patterning 

Photolithography  Light exposure of 

polymer resist 

Vacuum >100 nm – Parallel patterning  

– Good controllability 

– Multiple process steps 

– Poor resolution 

Electron beam lithography  Electron exposure of 

polymer resist 

Vacuum <50 nm – High resolution 

– Good controllability 

– High cost 

– Multiple-steps and long 

process 

Focused ion beam 

lithography 

Substrate cutting by 

ion beam 

Vacuum 50 nm – High resolution  

– Good controllability 

– High cost 

– Multiple-steps and long 

process 

Nanoimprint lithography  Mechanical 

deformation of 

imprint resist 

Vacuum or 

ambient 

~100 nm – Parallel patterning  

– Low cost 

– Multiple-steps for large 

scale patterning 
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1.1 Scanning probe lithography methods 

 

One of the perspective and extensively studied methods to create nanostructures is scanning 

probe lithography (SPL) based on interaction between a tip of a scanning probe microscope 

(SPM) and a substrate on purpose to modify the substrate [7, 8]. The main advantages of this 

kind of nanopatterning are high resolution, variety of patterning materials, low cost and easy 

operation while most of other lithographic process are expensive and have multiple-steps [8]. 

The main drawback of SPL is poor controllability of large-scale patterning so it is mainly used 

for single nanostructures fabrication. 

For substrate modification by SPL the same probes as for scanning probe microscopy are 

used: 1) scanning tunneling microscopy (STM) probe and 2) atomic force microscopy (AFM) 

probe (Figure 1.1) [9]. 

 

 

Figure 1.1. Main kinds of SPM probes: a) STM and b) AFM probes [9]. 

 

SPL can be carried out by mechanical or electrical interaction between the probe and the 

substrate. Therefore, there are two kinds of SPL: physical force SPL (or force-assisted SPL) and 

electrical SPL (or bias-assisted SPL) (Figure 1.2). All SPL methods are summarized in Table 

1.2. 

 

 

Figure 1.2. Force-assisted (a) and bias-assisted (b) SPL methods [8]. 

a) b) 

a) b) 
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Table 1.2. SPL methods. 

SPL method Kind of 

probe 

Mechanism Environment Resolution Materials Applications Additional 

information 

Examples 

Physical 

force SPL 

Mechanical 

deformation 

AFM Mechanical 

force 

Ambient, in 

solution or in 

ultra-high 

vacuum 

~10 nm Soft materials: 

metals (Cu, Al, 

Au, Ni, Ag), 

semiconductors 

(Si, GaAs), 

polymers 

(photoresists) 

Modification 

of photoresist, 

nanochanels, 

nanodevices 

based on it 

(single 

electron 

transistor) 

Better to use 

diamond tips 

in tapping 

mode 

[10-22] 

 Nanoscale 

manipulation 

STM, 

AFM 

Van der Waals 

or electrostatic 

forces 

Ambient 

(AFM) or 

ultra-high 

vacuum and 

low 

temperature 

(STM) 

~0.1 nm 

(STM) or 

~10 nm 

(AFM) 

Atomes, 

nanoparticles 

(Ag, Au, Pd, Cu, 

GaAs, latex), 

biomolecules, 

carbon nanotubes 

Molecular 

electronics, 

logic circuits, 

single electron 

transistors 

Both contact 

and tapping 

modes are 

used 

[23-27] 

 Dip-pen 

nanolithography 

AFM Diffusion of one 

material into 

another 

Ambient ~10 nm Metals, inorganic 

compounds, 

organic molecules 

Biodevices 

(biochip),nano

devices, 

Material of 

the ink can be 

the same to 

the tip 

[28-34] 

 Thermomechanic

al lithography 

AFM Mechanical 

force and heat 

Ambient ~10 nm Low melting 

point materials, 

polymers 

(PMMA) 

Memory 

devices 

(Millepede) 

Better to use 

multi-tip 

systems 

[35-39] 

Bias-

assisted 

SPL 

Field evaporation AFM, 

STM 

Field induced 

evaporation of 

tip coating 

Ambient or 

ultra-high 

vacuum 

~5 nm Metals (Au, Al, 

Cu, Pt) 

Nanodots, 

nanowires, 

memory 

devices 

Limited 

length and 

amount of 

patterns 

[40-46] 
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 Field vapor 

deposition 

STM Chemical vapor 

deposition 

High vacuum 

with 

precursor gas 

~5 nm Metals (Cd, W, 

Fe, Rh) 

Nanodots, 

magnetic 

arrays 

M(CO)n is 

the most 

common 

precursor 

[47-50] 

 Electron exposure STM Field initiated 

electron 

exposure of the 

resist 

High vacuum ~20 nm Resists (CaF2, 

PMMA, PODA, 

SAL-601-ER7) 

Lines, resistors Resist should 

be thin as 

possible 

[51-54] 

 Local oxidation AFM, 

STM 

Electrochemical 

oxidation 

reaction in water 

meniscus 

Humid air ~10 nm Metals (Ti, Nb, 

Ni), 

semiconductors 

(Si, GaAs) 

Dot arrays, 

nanowires, 

transistors 

Conductive 

tips and 

samples 

[55-61, 

70-120] 
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1.1.1 Force-assisted scanning probe lithography 

 

Force-assisted SPL is based on mechanical interaction between the tip and the surface. To 

pattern the substrate by such kind of lithography a large force should be applied to the tip. There 

are several methods of physical force SPL: mechanical deformation, nanomanipulation, 

thermomechanical writing and dip-pen nanolithography.  

There are two types of mechanical deformation by the SPM tip: indentation and plowing [10]. 

Indentation is realized when the tip is placed in some place on the substrate and is loaded by a 

large force (Figure 1.3). Plowing is realized when the tip is scanning the substrate under a large 

force and scratch patterns are obtained. It can be done both in contact (static plowing) and 

tapping (dynamic plowing) modes. Utilization of tapping mode allows to reduce pattern 

irregularities caused by cantilever torsion. Applied force and lithography speed determinesizes of 

the obtained patterns. It should be noted that the tip can be contaminated, dull or broken during 

this lithographic process and reproducibility of the patterns will be reduced. Therefore,it is better 

to use rigid diamond or diamond coated tips. Mechanical deformation can be done on the wide 

range of soft materials: polymers [11-12], metals [13-15], semiconductors [16-17]. This method 

is quite studied in application for ferromagnetic metal films such as Ni [18], NiFe [19]. 

Fabrication of different devices such as field-effect transistors [20-21] and photonic crystals [22] 

is possible on the base of nanostructures made by probe scratching.  

 

 

Figure 1.3. Schematic image of nanoindentation by AFM tip (a) and the depth of holes obtained 

by it (b) [10]. 

 

In nanoscale manipulation the AFM tip is used to cut and transport material for formation of 

desired patterns on the substrate. Atoms, nanoparticles, nanotubes and biological molecules (as 

DNA) can be used as transported materials [23-27]. On Figure 1.4 there is an example of 

artificial structure made of 30 nm GaAs particles by the AFM tip manipulation [27]. This kind of 

a) b) 
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SPL can be done in contact, tapping or non-contact modes of AFM. In contact mode particles are 

transported under the load higher than it used for imaging. In non-contact mode the tip can be 

brought into contact with the nanoparticle in purpose to transport it by switching off the feedback 

or by reducing the set point while the tip is scanning above the desired particle. 

 

 

Figure 1.4. 30 nm Ga As particles structure fabricated by nanoscale manipulation to form the 

letters „„nm‟‟ [27]. 

 

Dip-pen nanolithography was invented in 1999 by Mirkin et al. [28]. In this technique the 

AFM tip is used as a pen to deliver required material as inks to a small nanosized place on the 

substrate during scanning or staying of the tip in this place for a certain time. The transport of ink 

coating from the tip to the substrate is provided through the water meniscus that is formed by 

capillary forces (Figure 1.5) [8].Usually this SPL method is realized using a soft AFM tip in 

contact mode but tapping mode can also be used. By dip-pen nanolithography one can obtain 

structures of various materials: metals, organic and biological molecules [29-31]. Such structures 

made of magnetic materials (for example Fe2O3, Fe3O4 and BaFe nanoparticles) are a big interest 

for high-density memory and sensors [32-34]. 

 

 

Figure 1.5. Schematic image of dip-pen nanolithography [8]. 
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In thermomechanical writing the AFM tip loaded by a large mechanical force and heated by 

an electrical current passed through it, writes patterns on a polymer material (for example 

PMMA) during scanning (Figure 1.6). The temperature of the tip is higher than softening point 

of the polymer so it is easily indented in the shape of the tip. This method was developed by 

Mamin and Rugar at IBM for data storage [35-38]. They achieved patterns with 100 nm sizes 

and densities of 30 Gb/in
2
. To increase lithography speed the multi-tip system for parallel data 

writing was developed. It was based on 32x32 probe arrays and was named “Millipede” [39]. 

 

 

a) 

 

b) 

Figure 1.6.Schematic image of thermomechanical writing (a) [38] and schematic and photo 

images of 32x32 probe array system “Millipede” (b) [39]. 

 

1.1.2 Bias-assisted scanning probe lithography 

 

Biased-assisted SPL is carried out by applying a bias to the SPM probe to create a localized 

electric field in a tip–sample gap. Because such gap is few nanometers in size, a bias of several 

volts can generate high field of hundreds and thousands V/m. This field can be used to pattern 

substrate physically or chemically: by field evaporation, field vapor deposition, electron 

exposure or local oxidation [8]. 

Field evaporation of tip coating is a process when bias is applied to a coated tip and the 

coating is evaporated from the tip and deposited onto the substrate. First this technique was 

applied for fabrication of Au nanostructures by STM in ultra-high vacuum [40]. Since that 
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various metallic tip coatings were used: Au [41-44], Al [41], Cu [45], Pt [46]. AFM tips in both 

air and ultra-high vacuum conditions were also used. This kind of lithography can be applied for 

fabrication of nanowires (Figure 1.7) and nanodots for electronic quantum devices and high-

density memories. Length of nanopatterns that can be made by field evaporation is limited 

because of limited amount of material on the tip. 

 

 

Figure 1.7. SEM image of gold nanowires fabricated by tip field evaporation [44]. 

 

Vapor deposition by SPM is carried out by applying bias to the tip–sample gap in precursor 

gas environment. Commonly metal carbonyl M(CO)n is used [9].Field-emitted electrons in the 

gap can provide dissociation of gas molecules resulting in metal deposition on the surface. Like 

field evaporation this technique can be used for fabrication of nanodots (Figure 1.8), arrays of 

magnetic dots and nanolines of different metals: Cd [47], W [48], Fe [49], Rh [50]. 

 

 

Figure 1.8. AFM image of the rhodium dots [50]. 

 

In electron exposure electric field is used to enable the emission of electrons from the STM 

tip and produced low voltage electron beam is used to expose the resist. For this kind of 

lithography it is better to use the thinnest possible resist layers to achieve exposure through the 

whole resist depth. Thicker films require higher accelerating voltage to be exposed and using of 
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high voltage reduces the resolution because of secondary electrons. This method was applied to 

different polymer resists: CaF2 [51], PMMA [52-53], PODA [53], SAL-601-ER7 [54]. 

Probe oxidation is one of the most studied bias-assisted SPL techniques. In this method humid 

air environment is needed to form the water meniscus in the tip-sample gap. By applying the 

voltage to the tip-sample gap an electrochemical oxidation reaction on the sample surface is 

stimulated. This kind of lithography was first demonstrated on Si sample by positive biased STM 

probe in 1990 by Dagata [55]. In 1993 it was demonstrated using AFM probe [56]. Since that the 

process was applied using both STM and AFM positive or negative biased probes to a big 

variety of materials: semiconductors, metals, polymers. Oxidation process is most studied for Si 

[55, 57-59] and Ti [59-60]. AFM has become the most common tool for probe oxidation because 

its feedback system doesn‟t depend on tip–sample current that changes during oxidation process. 

Experiments on influence ofpolarity of probe bias on oxidation results showed that anodic 

process (negative biased probe) is more effective and helps to obtain higher oxide structures [55, 

61]. By AFM local anodic oxidation different nanoscale devices such as metal-oxide-

semiconductor transistors can be fabricated.  

 

1.1.3 Atomic force microscopy principle 

 

The atomic force microscope is a type of scanning probe microscopes that was invented in the 

1986 by Binnig [62]. Study of the topography by SPM is based on interaction between 

microprobe (cantilever) and the sample surface. Probes are shown on Figure 1.9. Probe consists 

of a tip (1) and a flexible cantilever (2). Tip is attached to the cantilever underside. Tips can have 

different shapes (conical, pyramidal and tetrahedral) and various coatings (Au, Co, TiN, W2C). 

The typical tip curvature radius is dozens nm and its length is 3-15 µm. The smaller tip curvature 

radius the higher resolution could be achieved. Reflective coating which is the part of detection 

system covers the cantilever underside. Cantilever is fixed on a hard chip (3), which installs into 

AFM tip holder (Figure 1.10) [63]. The most common are rectangular cantilevers, but triangular 

cantilevers are also used in order to minimize torsional deflections [64]. The most used materials 

for fabrication of cantilevers are silicon and silicon nitride, but diamond, silicon oxide and 

carbon nanotube cantilevers are also commercially available.  
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Figure 1.9. Scanning electron images of microprobes with various shapes: a) rectangular, b) 

triangular. 1 – tip, 2 –flexible cantilever, 3 – chip [64]. 

Figure 1.10. AFM probes in box (a) and in tip holder (b). 

 

Work of AFM is based on measuring of Van der Waals attractive or repulsive forces resulting 

from interaction between the sample and the tip. Value of Van der Waals forces Fts depends on 

distance between the sample and the tip, on Figure 1.11 there is given the curve of this 

dependence. The right part of the curve matches to a large distance between the tip and the 

sample. When this distance decreases the attractive force appears and increases until atomic 

orbitals starts to repulse. With further decrease of the distance, repulsive force will reduce 

attractive force exponentially. These forces will compensate each other when the distance 

between the tip and the sample will be about two angstroms. When total force Fts becomes 

positive (repulsive) it means that the atoms came into contact [65]. 

The AFM can work in three modes with the respect to the contact between the tip and the 

surface: contact mode, non-contact mode and semi-contact or tapping mode. These modes are 

matched to sectors of a force curve on Figure 1.11. 

 

a) b) 

a) b) 

tip 
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Figure 1.11. Dependence of the force Fts (typical values) on distance z between center of front 

atom of the tip and the sample [65]. 

 

In contact mode the AFM tip physically contacts the surface. The interatomic force between 

the cantilever and the sample in this mode is repulsive. In this mode the tip can be dulled and the 

surface can be deformedso contact mode is not suitable for scanning of soft and springy surfaces. 

Simultaneously, the tip should be soft enough to be deflected by very small forces and should 

has high enough resonant frequency to be non-sensitive to vibrational instabilities. 

The AFM in non-contact mode monitors attractive Van der Waals forces between the tip and 

the surface. A gap between the tip and the surface is 5-10 nm. This mode allows to scan soft and 

springy surfaces and not to contaminate it by the tip. Measured attractive forces are week, so the 

layers of adsorbed water and gases can influence on surface image. For this mode the tips with 

high enough spring constant are used not to be sticked to the surface at small amplitudes. 

Tapping mode was developed by Martin et al. in 1987 [66]. In this mode the tip is oscillating 

on its resonance frequency with some amplitude and touches the surface at the lowest point of its 

oscillation. In tapping mode the damage of the surface is less possible than in contact mode. This 

technique helps to overcome influence of adhesion or electrostatic forces on the tip and to obtain 

high-resolution images. Amplitude of the oscillating tip sets by Set Point (Figure 1.12). As Set 

Point decreases, amplitude decreases also, but tip-sample forces increase. To provide scanning 

Set Point should be smaller than for free oscillations in air, and to provide lithography Set Point 

should be even smaller than for scanning.  
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Figure 1.12. Amplitude of the oscillating tip. 

 

When tip is working in the tapping mode atomic forces cause changes of the tip oscillation 

phase. These changes are presented in the phase image and help to see difference in mechanical, 

adhesive, viscoelasticity and composition properties (see Figure 1.13). On phase images low 

phase angle corresponds to materials with low viscoelastic properties [67]. Using of phase 

imaging together with magnetic coated tips and LiftMode procedure one can realize magnetic 

force microscopy (MFM) imaging. MFM helps to see the magnetic structure of the sample 

(Figure 1.14). 

 

 

 

 

 

 

 

 

Figure 1.13. Tapping mode height (a) and phase angle (b) images of magnetic metal particle tape 

[67]. 

 

 

 

 

 

 

 

Figure 1.14.Topography (a) and MFM (b) images of magnetic tape. 

 

a) b) 

a) b) 
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The AFM system consists of two main parts: a scanner and an AFM detection system (Figure 

1.15). The scanner is based on a piezoelectric transducer which moves the sample in the X, Y 

and Z directions. The detection system monitors the tip deflections under the effect of atomic 

forces. It consists of a laser, a reflective cantilever underside and a photodetector (four elements 

of the quad photodiode). Laser spot reflects from the cantilever onto the photodetector. When 

cantilever deflection changes the laser spot changes its position relatively to elements of the 

photodetector and SUM signal of photodetector changes also. SUM signal shift shows the 

amplitude of the cantilever deflection and the amplitude depends on atomic forces and distance 

to the sample surface. 

 

 

Figure 1.15.AFM system [68]. 

 

For scanning probe lithography in our experiments AFMs Solver P47 (NT-MDT) and 

MultiMode (VEECO) were used (Figure 1.16). AFMs consist of vibroprotection system (1), 

various scanners (2), SPM head (3) and controller (4), connected to the computer [63, 69]. 

 

photo-

detector 

laser 

lens 

tip 

scanner 
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Figure 1.16.Views of AFMs Solver P47 (a) [63] and MultiMode (b)[69]. 

 

 

1.1.4 Local anodic oxidation by atomic force microscope: 

principle and application 

 

Local anodic oxidation (LAO) is based on the electrochemical reaction of oxidation in the 

water meniscus under the sharp tip of the atomic force microscope. The reaction is stimulated by 

voltageapplied between the tip and the sample [70]. The tip is a cathode and the meniscus is an 

electrolyte which provides the oxyanions (OH
–
, O

–
) for oxide formation. Incorporation of oxide 

ions into crystal lattice of conductive film during oxidation reaction [71] leads to material 

volume growth and formation of raised nanopatterns on the film.  

The water meniscus is formed under capillary forces and electrostatic interactions. 

Dependence of the shape and the size of meniscus on tip-surface distance, field strength and 

humidity makes the oxidation process even more complicated and difficult to control. 

Equations (1.1-1.2) show electrochemical reactions for tip-oxide and oxide–substrate 

interfaces [72-73]. Sample (anode)reaction:  

M+ nH2O→MOn+ 2nH
+
 + 2ne−  (1.1) 

Tip (cathode)reaction involving ionic dissociation of water and the diffusion of space charges 

under the field: 

2nH2O + 2ne−→nH2 + 2nOH−   (1.2) 

a) b) 
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Conditions required for LAO process implementation are: 1) both the tip and the sample 

should be conductive, 2) the layer of the absorbed water should exist on the sample surface, 3) 

voltage should be applied between the tip and the sample (Figure 1.17). By this method of 

lithography one can obtain oxide structures nanometers in height and dozens or hundreds 

nanometers in width. 

 

 

Figure 1.17.General scheme of local anodic oxidation process for Ni film as an example. 

 

LAO can be provided in vector and raster modes. At vector oxidation lithography tip passes 

only points of the pattern to be oxidized and at each point the same tip-sample voltage is applied. 

Pattern in this mode is set by user as lines and geometric shapes. Raster mode is carried out 

during scanning of the sample andvoltage is applied on the top in every point. Pattern at this 

mode is set by bitmap and voltage value in every point corresponds to the brightness of the point 

on the bitmap. On Figure 1.18 there is given AFM image of oxide line made by vector 

lithography on FeCo film. On Figure 1.19 there is given AFM image of university symbol made 

by raster lithography on Ni film. 

 

tip 
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Figure 1.18.Line made by vector LAO on FeCo film. 

 

 

 

 

 

Figure 1.19.University symbol made by raster LAO on Ni film: a) original raster bitmap, b) 

AFM image, c) cross-sections of oxide structure along the lines 1 and 2.  

 

The mechanism of LAO is not still clear. It was studied by several researchers and there are 

proposed various models of this process: Cabrera–Mott model [74-76], power-law model [77], 

log kinetic model [78-80] and space charge model [80-82]. It is suggested that the oxidation 

mechanism and its kinetics are related to electrical field, water meniscus formation, OH- 

diffusion, surface stress [75-84]. 

b) c) 

a) 
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The most common theory to explain anodic oxidation process is Cabrera-Mott theory of the 

oxidation of metals which include oxidation of thin films [74]. Due to this theory electric field 

decreases theactivation barrier for electrons and ions exchangeacross the oxide. Oxide height is 

growing with time (1.3): 

ℎ = ℎ𝑐 ln
𝑡

𝑡𝑐
,   (1.3) 

where h – oxide height, hc – some length characterized by an electron exchange energy, t – 

oxidation time and tc – threshold oxidation time [76]. 

An empirical power law was the best to fit experimental data in [77].According to this model 

AFM oxidation only takes place at voltages higher than threshold and oxidation kinetics follow a 

power law (1.4): 

ℎ = 𝛽(𝑉 − 𝑉𝑡ℎ)𝑡
𝛾 ,  (1.4) 

where β,γ – some constants, V – oxidation voltage and Vth – threshold oxidation voltage [77]. 

In log oxidation model the dependence of the oxide height on the applied voltage and tip 

velocity is proportional to log (1/v), where v – oxidation rate. The oxide growth rate decreases 

with oxide thickness increase due to field strengthdecrease and the buildup of stress [78].  

Dagata et al. proposed space charge model. On this model oxidation process depends on 

space-charge which is the function of substrate doping type and level. It was concluded that 

LAO of Si is best described by Alberty–Miller equations [82]. 

All these models depend on results of particular researcher and parameters and results of his 

experiments. Furthermore there is a large number of factors that influence on oxidation results. 

So it‟s hard to generalize all proposed models to a single oxidation kinetics model. Therefore 

most works are related with study of influence of different parameters on LAO results and 

determination of optimal parameters of oxidation for particular substrate materials (see Table 

1.3). 

 

 

 

 

 

 

 



 

37 /170 
 

Table 1.3. Materials patterned by LAO. 

Material type Material References 

Semiconductors Si [55, 57-59, 84-91] 

 GaAs [58, 92-93] 

 GaAlAs, GaMnAs [94-97] 

 Si3N4 [98] 

 InP [99] 

 SrTiO3 [100] 

Metals Ti [59-60] 

 Mo [101-102] 

 Nb [103] 

 Ge [104] 

 Zn [105] 

 Ni [106-109] 

 NiFe, FeCo [109] 

 Cr [61, 109] 

 

 

LAO results (mainly the dimensions of oxide patterns) were investigated on following 

parameters: tip-sample voltage, oxidation time or tip velocity, relative air humidity, oscillating 

amplitude of the tip and AFM working mode. 

Investigation of tip-sample voltage effect on LAO results was done for all patterned materials. 

Most experiments showed that with voltage increase oxide height and width increase linearly 

both for dots and lines [58-59], [99] (Figure 1.20 a).It was found that oxide pattern start to form 

at voltage higher than some threshold voltage. Every patterned material have its own threshold 

oxidation tip-sample voltage. Similar results were obtained on effect of the oxidation time on 

dimensions of oxide structures: an increase of the oxidation time leads to an increase of 

dimensions of oxide structures (Figure 1.20 b). But some researchers obtained liner 

dependencies [57], [84], [86] and some obtained logarithmic curves [89], [99]. 
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Figure 1.20. Oxide dot sizes (height and width) dependences on tip-sample voltage and oxidation 

time for InP [99]. 

 

The width and height of the oxide structures were found to increase slightly with the increase 

of relative air humidity [57]. Furthermore oxidation is impossible at humidity below 25% and 

it‟s impossible to obtain lines with homogeneous width at humidity lower 30% [60]. Authors 

suppose that at low humidity, the sample is not completely covered with a water film. A peak of 

the size distribution was observed at relative humidity 85% [85]. At humidity above 85% only 

width of oxide dots was increased while height was decreased.  

The role of humidity in probe oxidation process is explained by the dependence of formation 

of water meniscus on humidity. That is why several studies are related with the numerical 

modelling of water bridge formation and comparison of these results with experiments. For 

example in [92] modelling of size and shape of meniscus at different humidity was done. But not 

only humidity influence on meniscus. In [110] it is suggested that once a water bridge was 

formed, its sizes can be modified by changing the tip–sample distance and electrical field 

between the tip and the surface.  

AFM working mode (contact or tapping) and tip-sample contact force also influence on water 

bridge and therefore on oxide structure sizes. Comparison of LAO in contact and tapping mode 

showed that oxide structures patterned in tapping AFM mode are narrower and higher than those 

made using contact mode [89], [91] (Figure 1.21). Tip-sample contact force in tapping mode is 

determined by amplitude of tip oscillations. Dependence of oxide structures sizes on oscillation 

amplitude was investigated in [87-88]. 

 

 

a) b) 



 

39 /170 
 

 

 

 

 

 

 

 

Figure 1.21. AFM images of oxide dots on Si (a) and sizes (height (b) and width (c)) 

dependences on oxidation time for contact and tapping modes [91]. 

 

AFM nanooxidation has been applied to produce oxide structures for different applications 

(Table 1.4). Examples of LAO application include nanodots and wires, diodes and transistors, 

special lithography processes. 

 

Table 1.4. Examples of LAO application. 

Nanostructures and nanodevices Materials  References 

Nanodots arrays Si, Ti, GaAs [111-114] 

Nanowires Si, GaAlAs [94, 115] 

Special lithographic processes Ge, Mo  [101-102, 104] 

Selective growth of carbon 

nanotubes 

Ni [107] 

Tunnel barriers and transistors 

based on it 

Si, Ti, Nb, Zn, Ni, 

NiFe 

[60, 103, 105, 108, 116-

119] 

Magnetic nanostructures Co, GaMnAs [95-96, 120] 

 

One of the first LAO applications were nanodots arrays and nanowires. Arrays of nanodots 

can be used for controllable data storage with very high densities of 1-1.5 Tbit/in
2
. For example 

contact 

tapping 

○ contact 

■ tapping 

○ contact 

■ tapping 

a) 

b) c) 
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in [113] 4864 dots on Si with a periodicity of 40 nm were fabricated. The dots density is 

approximately 1 Tbit/in
2
. In [112] nanobits were at a 20 nm pitch, which is equivalent to a bit 

density of 1.6 Tbits/in
2
. Dot array made on GaAs [114] showed the negative Hall effect and 

resistance oscillations from quantized periodic orbits. Nanowireswith widthdown to 10 nm on Si 

[115], GaAlAs [94] or other materials can be fabricated by LAO and patterned by wet etching.  

Application of LAO as a nanometer-scale lithographic tool is demonstrated in [101-102], 

[104]. A lithography schemes based on the probe oxidation are obtained with use of Ge [104], 

Mo [101-102] films and PMMA resist. As the Ge and Mo oxide can be easily removed by water, 

it is possible to use the patterned Ge or Mo film as a mask to transfer patterns (for example 

nanowires) to the underlying substrate surface. In [107] nickel oxide obtained by probe oxidation 

was used as a catalytic template for selective growth of carbon nanotubes. Vertically aligned 

carbon nanotubes with diameters of 30–80 nm were grown on the nickel oxide structures by 

chemical vapor deposition. 

Oxide barriers are the most common structures fabricated by LAO. The low-temperature 

isolation performance of such oxide lines is excellent (Figure 1.22) [61]. Such barriers can be 

utilized as tunnel junctions and elements of field effect transistors. One of the first field effect 

transistorsfabricated using AFM probe oxidation was presented in 1995 on Si substrate [116]. 

Field effect transistor had the gate width of 100 nm. Successful fabrication of transistors was 

done on Ti [61], Nb [103], [117], Zn [105]. For example on Figure 1.23 schematic and AFM 

images of a field effect transistor on Nb film are presented.  

 

 

Figure 1.22. Current-voltage characteristics of two oxide lines with different widths at 

temperature 1.8 K [61]. 
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Figure 1.23. Schematic (a) and AFM (b) images of a Nb/NbOx tunnel junction [117]. 

 

Oxide barriers were also obtained on ferromagnetic metal films: Ni [108] and NiFe [119]. 

Oxide structures on ferromagnetic films can be used not only for field effect transistors 

fabrication but also for fabrication of magnetic structures. For example in works [95-96] 

constrictions on ferromagnetic GaMnAs layer using LAO were prepared. These structures 

showed magnetoresistance effect for the different orientation of magnetic field at low 

temperatures (Figure 1.24 a). In [120] direct modifications of magnetic domain structures in Co 

nanostructures were done by AFM tip (Figure 1.24 b).  

 

Figure 1.24. Examples of magnetic structures made by LAO: anisotropic magnetoresistance in 

the constriction structure on GaMnAs (a) [95] and MFM image and calculated image of 

magnetization configuration of Co rectangular nanostructure (b) [120]. 

 

 

 

a) b) 

a) b) 



 

42 /170 
 

1.2 Electron beam lithography 

 

Electron beam lithography (e-beam lithography or EBL) is a kind of a lithographic process 

which uses a focused beam of electrons. Essentially the process of EBL is the same with 

conventional photolithography: 

 - to coat substrate by resist; 

 - to change resist dissolubility under the exposure; 

- to dissolve exposed (or non-exposed) areas in a specific solvent so the patterns needed for 

material deposition (or etching) on the substrate will be obtained. 

But in the contrast with photolithography which uses light for exposure EBL uses electron 

beam. Because of shorter wavelength of electrons (0.2-0.5 Å) and small diameter of beam this 

kind of lithography helps to produce patterns with much higher resolution. The size of smallest 

features fabricated by EBL was less than 5 nm [121-123]. One more benefit of EBL is that 

electron beam scans the surface so there is no need to use the mask unlike for optical 

lithography. User simply designs the pattern in the software and EBL system draws it on the 

resist by beam. But this advantage gives rise to the drawback: EBL is slower than the 

photolithography. But projection EBL [124] and the use of massively parallel beams [125] can 

help to overcome this drawback. But the main drawback is that e-beam system is complicated 

and expensive. 

EBL system consists of electron gun, electron column, specimen chamber, mechanical stage, 

vacuum system and computer system (Figure 1.25) [126]. Electron column contains magnetic 

lenses needed to focus electron beam, accelerate it to the working voltage, to turn it on and off 

and to deflect it for pattern writing [127]. Typically EBL system uses electron beam with 10-100 

keV energy per electron. Mechanical stage is used to position the sample relative to the electron 

beam. Vacuum system keeps the column and the chamber at high vacuum. Computer system 

serves to control the equipment. 
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Figure 1.25. Schematic image of EBL system (a) [124]and photo of LEICA EBPG 5000Plus 

EBL system used in our experiments. 

 

1.2.1 Electron-beam resists 

 

For EBL process it is needed to use resist which will be chemically changed under the 

exposure. Resists sensitive to the exposure by electron beam are called electron beam resists (or 

e-beam resists). There is quite a large amount of resists of different types (positive and negative 

like for optical lithography) with different properties, which could be developed and striped by 

different chemicals. Positive e-beam resist produces the same pattern as electron beam drew 

(positive image) and negative resist produces the reverse pattern (negative image). Positive resist 

undergoes chain scission, decreases the molecular weight and becomes more soluble under the 

electron bombardment. Negative resist under exposure forms cross-links between polymer 

chains, increases the molecular weight and becomes less soluble. 

The main problem to start EBL is to choose the resist to use. The choice depends on several 

characteristics of the resist: 

 ease of processing - difficulties to apply, develop and strip the resist, 

 etch resistance - ability of the resist to protect the substrate from etching, 

 sensitivity - minimal dose of electrons required to modify resist through the whole 

thickness (it's also depends on accelerating voltage and development), 

 resolution - the smallest achievable size of structure. 

The first resist developed for EBL is polymethyl methacrilate (PMMA) [128]. Now it remains 

to be the most popular e-beam resist and one of the highest resolutions [128]. It is a positive 

resist but exposed by more than 10 times the optimal dose, PMMA will crosslink, forming a 

negative resist. The typical developer for PMMA is solution of methyl isobutyl ketone(MIBK) 

a) b) 
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and isopropanol alcohol (IPA) – MIBK/IPA (1:3) for high contrast and (1:1) for high sensitivity 

[129]. 

There is an opportunity to form a bi-layer of the resist: a high molecular weight PMMA on 

top of a low molecular weight PMMA. The low weight layer of PMMA is more sensitive to the 

exposure so it develops faster than top layer. Finally undercut profile is formed (Figure 1.26). 

Such technology uses to enable easy and clean lift-off. For thick layers of metal larger undercut 

is needed. It can be achieved by using PMMA on top of a P(MMA-MAA) copolymer. 

 

 

Figure 1.26. Undercut resist profile for clean lift-off [130]. 

 

In Table 1.5 the most well known positive and negative e-beam resists are shown [131]. 

 

Table 1.5. Popular electron-beam resists [131]. 

 

 

1.2.2 Exposure parameters 

 

Main exposure parameters for EBL are: beam energy (or acceleration voltage) and current, 

spot size (or resolution), exposure dose. 
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After electron beam was emitted from the electron gun, it enters into the acceleration system, 

where it will be accelerated to a specified energy [132]. The e-beam energy affects exposure 

resolution. The highest acceleration voltages help to obtain more uniform and fine patterns. The 

lithography examples with different acceleration voltages are shown on Figure 1.27.  

 

 

Figure 1.27. EBL resist patterns made with acceleration voltages of 100kV, 50kV and 30kV 

respectively [132]. 

 

Exposure dose is the product of the beam current and exposure time:  

𝐷 =
𝐼∗𝑡

𝑆2
,   (1.5) 

where D – dose, I – beam current, t – time to expose the object and S – area exposed. Electron 

beam current means those electrons that directly contribute to sample exposure and not the full 

emission from the tip. Beam current affects on resolution and uniformity of patterns. For the 

highestresolution the lowest beam current should be chosen. For the smallest beam current the 

smallest spot size is needed. The spot size is the diameter of electron beam at the sample. 

Smaller spot size gives higher resolution. 

 

1.2.3 Electron-beam lithography challenges 

 

The main objectives of EBL are to obtain patterns with high resolution, high density, high 

sensitivity and high reliability. There is a large number of EBL process parameters affecting 

these characteristics in interacting fashion: the choice of resist [128, 133-134], substrate [135], 

development conditions [136-138] and exposure parameters [123, 139]. There are some factors 

that complicate process objectives. 
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Proximity effect 

 

The electron-electron interaction in resist produces forward scattering which can deflect the 

electrons in beam on small angles and to make the beam wider in the resist [140]. This effect 

increases with thickness and at low beam energies. When electrons reach the sample the 

interaction of electron beam with sample can cause different phenomenas (Figure 1.28) [140]: 

 

 

Figure 1.28. Phenomenas caused by electron beam-sample interaction [140]. 

 

The amount of backscattered electrons depends on the beam energy, the substrate material 

and the resist thickness. Backscattering have wide angle. Thus backscattered electrons can 

contribute to exposure of the resist far from the position of the electron beam resulting in wider 

images than what can be ideally produced by the e-beam diameter. In fact, closely placed areas 

can contribute to exposure of each others. This effect is called proximity effect and it influences 

on EBL resolution critically [126]. For example if there is a small feature between two large 

exposed areas this feature can receive too large dose and be completely developed or it can lose 

too much of its dose and be not developed enough (Figure 1.29) [126]. 

 

 

Figure 1.29. Proximity effect in positive resist pattern [126]. 
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Electron scattering in the resist can be simulated using a Monte Carlo method [132, 141-142] 

(Figure 1.30). It is helpful to find the way to reduce the proximity effect.  

 

 

 

Figure 1.30. Monte Carlo simulation of forward and backscattering at beam energies of 30 and 

100 keV per electron [132]. 

 

So the proximity effect can be overcome or reduced by following arrangements: 

1. Use of high-energy electron beams. The forward scattering will be small and the 

backscattered electrons will be distributed over a larger area (Figure 1.30). 

2. Use very low energy beams (<10 keV) and thin layers of resist. Backscattering becomes 

negligible at such low beam energy. But low energy will increase forward scattering. It can be 

decreased by using thin resist layer with a low electron density.  

3. Use of bi-layer technology. Top layer of resist is thin and is used for patterning and bottom 

layer is about 10 times thicker and is used for reduction of backscattering. But this technology 

works only for quite large patterns (~1µm) [130] and increases difficulty of the lithography 

process. 
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4. Use of proximity effect correction software [143]. This software can use shape 

modification or dose modification [144-146] to overcome proximity effect. Dose modification 

can be done by 2 ways: 

a) Small patterns are exposed less than large ones. The goal is to determine the 

required dose for each pattern size and to use different doses depending on the pattern. 

b) Calculating exposure dose that is received by every pixel directly from the beam 

and from other pixels, and compensating the excess dose by adapting the beam current 

(from pixel to pixel). 

In shape modification method single dose is used for the entire structure. But the shapes of the 

patterns are modified in such a way that the developed structure will be close to the needed one. 

5. Use of membranes as substrates for EBL to reduce backscattering [135]. 

6. Use of a layer of dense material (gold or tungsten) beneath the resist to absorb electrons 

and to reduce the number of backscattered electrons. But it makes fabrication process more 

complicated [147]. 

 

Electric discharge 

 

A substrate for EBL should be relatively conductive. In opposite case there is no pathway for 

the absorbed electrons to dissipate and substrate will build up an electric charge which can make 

electron beam focusing more difficult, can deflect beam and distort exposed patterns or even 

destroy the sample (Figure 1.31) [148]. If it is needed to use insulating substrate a charge 

dissipation layer should be deposited above or below the resist. It can be a thin 5-20 nm 

conductive polymer [149] or metal layer (Cu, Al, Cr, Au, Ge) [150-153]. Main requirements to a 

charge dissipation layer are high conductivity (the higher conductivity the less charging effect) 

and good transparency (to view alignment marks). 

 

 

Figure 1.31. Arrows on exposed patterns in the absence of discharging layer [150]. 
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1.2.4 Electron-beam lithography application 

 

EBL is widely used in fabrication of different nanometer scaled devices: thin metallic wires 

[123], high-frequency transistors [154-155], photonic crystals [156], phononic crystals [152, 

157]. This technique allows to obtain of high-quality arrays that‟s why it is suitable and the most 

used lithography process for photonic and phononic crystals fabrication (Figure 1.32) [158]. The 

main drawback of such crystals fabrication by EBL is high cost. 

 

Figure 1.32. SEM image of mushroom-like pillars [158]. 

 

Similarly EBL is a good tool for patterning of ferromagnetic materials. Using this lithography 

method magnetic structures with dimensions comparable to or smaller than some fundamental 

length scales in magnetics, for example domain wall size and exchange interaction length, thus 

making the behavior different from that of a thin film [159]. There are a lot of works connected 

with magnetic structures fabrication using EBL. For example in [160] magnetoresistance and 

magnetization properties of Fe wires arrays with different sizes and orientations were studied. 

Properties of Fe magnetic dots (Figure 1.33)were investigated in [161], such structures are 

interesting for magnetic recording media fabrication and in the field of superconductivity. 

 

Figure 1.33. SEM image of Fe magnetic dots [161]. 
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1.3 Conclusions 

 

In this chapter two lithographic techniques for high frequency phononic crystals fabrication 

are considered: EBL and SPL. Both this methods have high resolution and produce high quality 

nanostructures. But both techniques have their own advantages and drawbacks. As for EBL it is 

well studied and widely applied for nanostructures formation with good controllability. But it is 

rather high cost and requires a lot of steps (resist spincoating, resist baking, resist exposure, resist 

revelation, resist or material etching) and a lot of tools (spin-coaters, hot-plates, resists, etchants, 

developers, rinsers, removers). These drawbacks can be overcome using SPL especially 

mechanical scratching and local oxidation. These methods doesn‟t require any tools except SPM 

and cantilevers. Probe oxidation seems to be the most appropriate technique because it can 

produce another material from initial substrate and to make arrays of different materials without 

any additional procedures like etching. The main drawback of this method that it is not studied 

well especially for ferromagnetic materials. Therefore this method is still not appliedin serial 

patterning and producing of structures on large area. 
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2. Local anodic oxidation of ferromagnetic metal 

films 

 

 

2.1 Introduction 

 

Despite a lot of work on LAO of different materials, oxidation of ferromagnetic metal films is 

still not studied enough. There are only few works on LAO of Ni [106-109], FeCo [109] and 

NiFe [109]. Works [106] and [109] studied fabrication of nanodots on ferromagnetic films and 

only [108] studied fabrication of oxide lines. While such lines can be used as nanosized elements 

for fabrication of planar tunnel junctions [108] or periodic planar structures that can serve as 

surface phononic crystal (PnC) for hypersonic frequency range that could be controlled by 

magnetic field [5]. 

There are a lot of parameters for example oxidation time and tip applied voltage on which 

oxidation process depends. One should know optimal parameters of LAO to obtain well defined 

oxide lines with good reproducibility. In this chapter we investigated main features of LAO 

process and optimal LAO parameters for oxide lines fabrication on ferromagnetic metal films Ni, 

Fe, Co and FeCo. 
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2.2 Ferromagnetic thin film deposition 

 

A thin film is a layer of a material with a small thickness from few nanometers to several 

microns. Thin films can be deposited by different methods. All deposition technologies are 

divided on chemical and physical methods: physical vapor deposition and chemical vapor 

deposition methods [162]. 

The best physical method to deposit uniform films is magnetron sputtering. In this method 

target plate made of deposited material is bombarded by accelerated ions generated in a 

discharge plasma. Such bombardment sputters target atoms, which are condense on a substrate as 

a thin film [163]. Plasma is generated by gas introduced into the chamber (usually argon (Ar)) 

and high voltage applied between the target (cathode) and the substrate (anode) (Figure 2.1). 

Basic parameters of the deposition process are chamber vacuum (base pressure), Ar pressure 

(work pressure), target voltage and sputtering power [163]. Additionally the distance between 

the target and the substrate can be changed. By magnetron sputtering films of different materials 

including ferromagnetic thin films can be deposited. 

 

 

 

 

 

 

 

 

 

 

Figure 2.1. Schematic (a) and photo (b) images of magnetron sputtering system [164-165]. 

 

 

a) b) 
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2.3 Experimental description 

 

The experiments on LAO were performed on Ni, Fe, Co and FeCo with thickness d=10 nm. 

These films were fabricated by DC magnetron sputtering using systems VUP-5 and Leybold 

Z550 on monocrystalline Si(100) substrates with thermally oxidized 0.3 µm SiO2 layer on top. 

Before sputtering substrates were cleaned in ultrasound bath by acetone, IPAand deionized water 

(DIW) and dried by nitrogen. Average roughness of deposited films was about σ=0.15-0.2 nm. 

AFMs MultiMode and Solver P47H in tapping mode were used to provide oxidation process on 

metal films. This mode was chosen because in doesn‟t damage surface and the tip can be used 

longer than in contact mode. Furthermore in earlier works it was shown than tapping mode helps 

to improve resolution and homogeneity of the oxide structures [89].  

First we tried to obtain oxide dots by LAO on Fe film using different parameters of process to 

be sure in feasibility and controllability of this method (Figure 2.2). Than lithography was made 

in vector mode in the shape of lines along which the tip was moved on SPM scans areas of 1x1 

µm
2 

– 10x10 µm
2
. Different tips with different curvature radii (Rc) and coatings were used for 

experiments (Table 2.1). AFM images were analyzed using WSxM 5.0and Gwyddion software 

[166-167]. 

 

 

Figure 2.2. AFM images of oxide dots on Fe film at different oxidation parameters. 
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Table 2.1. Tips used for experiments. 

Tip 

name 

Tip Rc, 

nm 

Shape 

tip/cantilever 

Material 

tip/cantilever 

Coating 

tip/cantilever 

Resonant 

frequency, 

kHz 

NSG10 <35 tetrahedral/ 

rectangular 

Si/Si W2C/Au 240 

CSC21 <50 tetrahedral/ 

rectangular 

Si/Si Cr-Au/Cr-Au 110 

DCP20 100 tetrahedral/ 

triangular 

Si/Si Di doped 

with N/Au 

420 

ANSCM

-PA 

30 pyramidal/ 

rectangular 

Si/Si Pt-Ir/Pt-Ir 300 

NSG30 35 tetrahedral/ 

rectangular 

Si/SiN TiN/Au 320 

HYDRA

2R-50N 

<10 tetrahedral/ 

rectangular 

Si/Si -/- 77 

 

In order to understand the main features of ferromagnetic films LAO the influence of different 

parameters on oxidation results was studied. On Figures 2.3 a)-c) typical AFM images after LAO 

by lines are shown. Obtained oxide nanostructures have the form of protrusions on the modified 

sample. These protrusions appear because of incorporation of oxygen into the pattern during the 

oxidation and they can be easily observed by AFM: 2D (Figure 2.3 a) and 3D (Figure 2.3 c) 

AFM images show the change of film topography after LAO, phase image (Figure 2.3 b) is a 

function of the viscoelastic properties of the sample materials and shows change of these 

properties in the place where LAO was done (here phase is given as mirror image of 

topography). Height (h) and width (d, was determined asfull width at half maximum to avoid 
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influence of tip convolution) of the protrusions were chosen as indicators of oxidation results. 

They were defined as average from five or seven cross-sections of oxide lines (Figure 2.3 d).  

 

 

 

Figure 2.3. Images of films after LAO in vector mode: 2D AFM (a) and mirror phase (b) 

images of oxide lines on Fe film, 3D AFM image (c) and cross-section image (d) of oxide 

lines on FeCo film (h-height, d-width of oxide lines). 

 

Oxidation time (Tox), bias voltage between tip and sample (V), relative humidity (RH), 

oscillating amplitude set point of the tip (SP) and tip curvature radius (Rc) were chosen as main 

parameters of LAO process. Voltage and SP were changed by AFM tuning. Time of oxidation 

was set as tip velocity during oxidation (XYv, AFM MultiMode) or by the duration of the 

voltage supply in each point of line pattern (AFM Solver P47H). To increase humidity the head 

of AFM was placed into a closed box with inlet for H2O saturated nitrogen. 

 

a) b) 

c) d) 
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2.4 Local anodic oxidation reproducibility and sample drift 

 

First we‟ve decided to verify reproducibility of local anodic oxidation and to check the 

influence of thermal drift of the sample on local anodic oxidation results. 

To test reproducibility of oxide lines sizes we fabricated 3 oxide lines on Fe film at the same 

oxidation parameters. Figure 2.4 shows that one can obtain lines the same width and height using 

same parameters. It means that LAO has a good reproducibility and we can define dependences 

of oxide lines sizes on oxidation parameters. 

 

 

 

 

 

 

 

 

 

Figure 2.4. AFM image (a) and cross-section (b) of 3 oxide lines along the blue line made at the 

same oxidation parameters. 

 

To check the influence of sample thermal drift on oxidation results we made oxidation in the 

shape of circle using big oxidation time. Figure 2.5 a) shows deviation of the oxide pattern 

topology from template due to the drift:start and end points of the circle do not converge forming 

a spiral. This effect should be taken into account in complex patterns oxidation and can be 

decreased by decreasing of oxidation time (Figure 2.5 b). 

 

a) b) 
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Figure 2.5. AFM images of circles made by LAO showing a) big sample drift and b) absence of 

drift influence on oxidation results. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a) b) 
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2.5 Dependence of local anodic oxidation results on parameters of 

the process 

2.5.1 Dependence on bias voltage between tip and surface 

 

To start determination of voltage influence on scanning probe oxidation the comparison of 

influence of positive and negative tip polarization was done. Experiments on study of anodic and 

cathodic oxidation were performed on FeCo film at the same oxidation time XYv=0.01 µm/s and 

scan size 2x2 µm
2
 by ANSCM-PA tip. Voltage values varied from 6 to 9 V. In Table 2.2 there 

are AFM images and cross-sections of anodic and cathodic oxidation results. One can easily see 

that by applying negative bias to the tip better defined and higher oxide lines could be obtained 

while height of structures made by applying positive bias was too small and did not exceed 1 nm. 

It was decided that cathodic oxidation is not effective for fabrication of nanostructures on 

ferromagnetic metal films. It corresponds to previously obtained for Si [55] and Cr [61]. All 

following experiments were done by anodic oxidation. 

 

Table 2.2. Comparison of anodic and cathodic oxidation. 

Tip 

voltage, 

V 

Anodic 

oxidation 

Cathodic 

oxidation 

Cross-sections 

6 

   



 

59 /170 
 

7 

   

8 

 
  

9 

 
 

 

 

Then the influence of negative tip voltage was investigated. Experiments were provided on 

Ni, Fe, Co and FeCo films. During experiments threshold oxidation voltages were found for 

oxide lines fabrication on investigated metals. The threshold voltage Vtr at which LAO starts are: 

Vtr
Ni

 = Vtr
FeCo

 = -4V and Vtr
Fe

 = Vtr
Co

 = -6V. For all ferromagnetic metals except Co dependences 

of the oxide sizes on bias voltage of the tip were obtained. Oxidation of Co was not stable and 

reproducible at voltages below -10V so we couldn‟t find the clear dependence of oxide lines 

sizes on bias voltage. Height and width of oxide lines for Ni, Fe and FeCo increase with the 

increase of bias voltage (Figure 2.6). The most well defined lines were obtained at V= -7 – -10V. 



 

60 /170 
 

 

 

Figure 2.6. Dependences of the oxide sizes (height – solid circles, width – open circles) on bias 

voltage of the tip for a) Ni, b) FeCo, c) Fe films. 

 

2.5.2 Dependence on oxidation time 

 

Time of oxidation in these experiments was determined by the duration of the voltage supply 

Tox in each point of line pattern. Tox was set in the AFM software by the duration of the voltage 

pulseT and the number of pulses N. So first of all we made sure that Tox=T*N. We‟ve made 2 

test oxide lines at the same Tox=0.5 s but different T and N: T=0.05 s, N=10 and T=0.1 s, N=5. 

On Figure 2.7 there are given results of oxidation and one can see that oxide lines have the same 

height and width. So we made a conclusion that Tox=T*N. 

 

a) b) 

c) 
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a)     b) 

Figure 2.7. AFM images and cross-sections of oxide lines made at the same Tox=0.5 s: T=0.05 s, 

N=10 (a) and T=0.1 s, N=5 (b). 

 

Results on effect of the oxidation time on dimensions of oxide structures are in a good 

qualitative agreement with previous results obtained for Si and Ti [57]: an increase in the 

oxidation time leads to an increase in dimensions of oxide structures (Figures 2.8, 2.9). Best 

values of oxidation time to produce good lines with good reproducibility are: Tox=3-10 s for Ni 

and FeCo and Tox=0.5-2 s for Fe. Oxidation of Co was not very effective and reached the 

saturation of oxide lines sizes at Tox=1 s. 

 



 

62 /170 
 

 

Figure 2.8. AFM images and cross-sections of oxide lines made at different oxidation 

time on Fe film. 

 

 

Figure 2.9. Dependences of the oxide sizes (height – solid circles, width – open circles) 

on oxidation time for a) Ni, b) Fe, c) Co. 

a) b)

) 

 
a) 

c) 
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2.5.3 Dependence on relative humidity 

 

LAO at different relative humidity RH was studied on Fe film. Experiments were performed 

at the same oxidation time Tox=1 s, tip-sample voltage V=-10 V and scan size 10x10 µm by 

NSG30 tip. Humidity varied from 28% to 75%. It was found that oxidation starts only at the 

humidity higher than 30%. Increase in humidity results in increase in dimensions of oxide 

structures (Figure 2.10). Obtained results are similar to those obtained for Ti earlier by other 

researchers [60]. The effect of the humidity on LAO can be used to adjust resolution of the 

lithography. 

 

 

Figure 2.10. Dependences of the oxide sizes (height – solid circles, width – open circles) 

on relative humidity for Fe film. 

 

2.5.4 Dependence on oscillating amplitude set point of the tip 

 

Investigation of influence of oscillating amplitude set point of the tip on oxide lines sizes 

were provided on Fe film at voltage V=-10 V, oxidation time Tox=0.01 s, humidity RH=40%, 

scan size 1x1 µm
2
 by DCP20 tip. SP varied from 0.2 to 6 (Figure 2.11).  
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Figure 2.11. AFM images and cross-sections of oxide lines made at different SP values. 

 

One can see that the increase of oscillating amplitude from 0.2 to 1 increases height of oxide 

lines by 60% (Table 2.3). At the same time there is a tendency of decreasing of oxide lines 

width. The same behavior of oxide sizes was shown in [87] on Si sample. Such behavior can be 

related with meniscus shape and size changes. Meniscus is considered to increase its height and 

decrease its diameter with increase of SP. This can be used to achieve higher resolution of 

lithography and to get more relief oxide images. But increase of tip oscillating amplitude to 6 

which is commonly used for scanning leads to significant reductionof the oxide height. So the 

best SP values to provide oxidation lithography are 0.2 - 1.  

 

Table 2.3. Oxide lines sizes on Fe film at different SP values. 

SP Fe 

h, nm d, nm 

0.2 4 135 

0.3 4.3 120 

0.5 4.5 108 

1 6.4 130 

6 2.5 115 
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2.5.5 Dependence on other factors 

 

Tip  

 

It is clear that the tip curvature radius Rc significantly effects on the width of the oxide 

structure. In order to study this effect we performed experiments with tips of different radii. 

Experiments were provided on Ni film at voltage V=-10 V, oxidation time Tox=1 s, SP=0.2 by 

NSG10, CSC21 and DCP20 tips. One can see that the bigger is tip for oxidation the wider is 

obtained oxide (Table 2.4). This fact can be used for changing lithography resolution by 

changing the tip. At the same time we can suppose the dependence of oxide height on tip coating 

work function. Using tip with coating that has smaller work function oxide with bigger height 

can be obtained. 

 

Table 2.4. Oxide lines sizes obtained on Ni film by different tips. 

Tip name/ 

coating 

Tipradius Rc, 

nm 

Tip coating work 

function, eV 

Ni 

h, nm d, nm 

NSG10/ W2C 35 4.6 4.8 140 

CSC21/ Cr-

Au 

<50 4.8 2.1 160 

DCP20/ Di 100 5 3 250 

 

Number of passes 

 

We also tried to make LAO by 1 and 2 passes on the same line (Figure 2.12). In the case of 2 

passes on the same line the width of the produced oxide line didn‟t change significantly 

compared to 1 pass while the oxide height increased on Δ=45-65% (Table 2.5). We can suppose 

that second pass helps to increase the oxide depth without reducing the lithography resolution. 

LAO by more than 2 passes is not possible because of sample drift. LAO by 2 passes can be used 

for fabrication of single oxide element with high dimension but it is not suitable for fabrication 

of oxide lines arrays also because of sample drift. 
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Table 2.5. Oxide lines sizes on Ni and FeCo films for 1 and 2 passes of the tip. 

 Ni FeCo 

h, nm d, nm h, nm d, nm 

1 pass 2.7 215 3.5 197 

2 passes 4.5 248 5 213 

Δ, % 67 15 43 8 

 

 

 

Figure 2.12. 3D AFM images (a, c) and cross-sections of oxide lines (b, d) on FeCo (a, b) and Ni 

(c, d) film made by 1 (left) and 2 (right) passes of the tip. 

 

 

 

a) b) 

c) 
d) 
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Scan size 

 

It was noted that oxide width changes with scan size change. So we made few experiments on 

Ni, Fe and FeCo films to carry out dependence of oxide lines sizes on size of AFM scan and 

surface for oxidation respectively. Results are shown in Table 2.6. We investigated that with 

increase of scan size oxide structures width increases also while height stays almost the same. 

This fact should be taken into account in fabrication of narrow structures.  

 

Table 2.6. Oxide lines sizes on FeCo and Fe films at different scan sizes. 

 Ni Fe FeCo 

h, nm d, nm h, nm d, nm h, nm d, nm 

1*1µm
2
 3.8 205 2.2 110 3.5 50 

2*2µm
2
 - - 2 170 - - 

5*5µm
2
 3.8 207 2.2 190 - - 

7*7µm
2
 - - - - 3.5 197 

10*10 µm
2
 4 233   - - 

Δmax, % 5 14 10 72 0 294 

 

In view of results given in Tables 2.5 and 2.6 one could obtain narrow but rather high oxide 

nanostructures using small areas (for example 1*1 µm
2
) and 2 passes on one line. But 

unfortunately in such case length of line is limited by the size of AFM scan. On Figure 2.13 

result of fabrication of oxide structure with 20 nm width is shown on FeCo film at voltage V=-7 

V. 
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Figure 2.13. Oxide line on FeCo film made by 2 passes of the tip on 1*1 µm
2
 scan area: 

a) 3D AFM image and b) cross-section along the white line. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

b) a) 
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2.6 Local anodic oxidation and tip state 

 

During LAO experiments it was noticed that tip working time has a big influence on 

oxidation results. LAO process efficiency was decreased while using one tip for oxidation 

process for a long time. On Figure 2.14 there are given 3D AFM image and cross-section of 3 

oxide lines made at the same oxidation parameters by long used tip. One can see oxide line 

height reduction because of using an old tip. 

 

 

 

 

 

 

 

 

Figure 2.14. 3D AFM image (a) and cross-section (b) of 3 oxide lines along the white line made 

at the same oxidation parameters by an old tip. 

 

First it was supposed that reduction of oxidation efficiency and reproducibility is related with 

degradation of conductive coating. So scanning electron microscope (SEM) imaging of long 

used diamond coated tips DCP20 was done. On Figure 2.15 SEM image of such tip is shown. It 

is seen that there is no damage of the tip but there is some outgrowth on it. 

 

a) b) 
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Figure 2.15. SEM image of used diamond coated tip. 

 

It was decided to see what happens with tip after several LAO experiments. We try to use for 

LAO of several oxide lines new silicon tip without any coating: SEM imaging of the tip before 

and just after oxidation was made (Figure 2.16 a, b). One can see the sphere structure on the tip 

appeared after oxidation process. We tried to clean the tip from this structure by following 

procedure: 1) to set the tip above clean and smooth surface, 2) to reduce oscillating amplitude set 

point of the tip till the tip will touch the surface, 3) to start scanning of the 1*1 µm surface at 

very low scanning speed for a short time, 4) to retrack the tip away from the sample surface. 

After such mechanical cleaning procedure we made SEM imaging of the tip again (Figure 2.16 

c). This procedure was found to be very effective to clean the tip that was used for AFM 

oxidation not for a long time without destroying it. As it was found not effective to clean long 

used tips by this technique it is recommended to apply such procedure to the tips after every 

several oxidation procedures to keep the tip clean and to prolongate its life time. 

 

 

 

 

 

 

 

a) b) 
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Figure 2.16. SEM images of Si tip before LAO (a), after LAO (b) and after mechanical cleaning 

(c). 
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2.7 Conclusions  

 

In summary, in this chapter we successfully studied LAO of ferromagnetic metal films. We 

studied an effect of variety of LAO parameters on dimensions of fabricated oxide nanostrustures 

and investigated dependences of oxide lines sizes on these parameters for ferromagnetic metal 

films Ni, Fe, Co and FeCo. Similar investigation was provided before in work [109] just for 

oxide dots on Ni and FeCo films and for consideration of a fewer number of parameters. We 

found that the most reproducible and well defined oxide lines can be obtained for Ni and FeCo 

films. Oxidation of Fe was very effective but it became sometimes hard to control lines sizes at 

big oxidation times or tip voltages. As for LAO of Co films it was found to be not effective at tip 

voltages below -10 V. From our experiments, the best films for fabrication by LAO of oxide 

lines or other oxide structures with controlled sizes are Ni and FeCo. We obtained optimal 

oxidation parameters for fabrication of lines with certain sizes on these films. For example in 

Table 2.7 there are LAO parameters for fabrication of oxide lines 500 nm in width.  

 

Table 2.7. LAO parameters for fabrication 500 nm sized oxide lines. 

 Oxidation time Tox, s Tip voltage, V SP Humidity, % Tip radiusRc, nm  

Ni 10 -10  
0.2 70 30 

FeCo 3 -10 
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3. Local anodic oxidation of textured ferromagnetic 

metal films 

 

 

3.1 Introduction 

 

It is well known, that the surface properties of the film, in particular the crystallographic 

orientation affects the oxidation process [168-170]. However, influence of crystallographic 

orientation on sizes of oxide nanostructures produced by LAO was not studied earlier. Since the 

magnetic properties of the film are related to its crystallographic orientation [171], the study of 

oxide nanostructures formation on films with different textures can be useful for optimization of 

the parameters of devices fabricated using LAO technology. 

In this chapter we have studied the influence of the texture of Ni and Fe films on sizes of 

oxide structures obtained using AFM oxidation. 100 nm thick textured polycrystalline Ni(200), 

Ni(111), Fe(200) and Fe(110) films were used for experiments. Recipes for textured film 

fabrication are obtained by magnetoelectronics research group of IRE RAS and are described in 

[172-173]. 
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3.2 Film texture and oxidation of textured metal films 

 

The orientation of a crystal plane or a crystallite may be defined by considering how the plane 

intersects the main crystallographic axes of the solid. The application of some rules leads to the 

assignment of a set of numbers which quantify the intercepts and thus may be used to uniquely 

identify the plane or surface. These numbers are Miller Indices (hkl) [174]. Miller Indices are 

determined by the following rules (see example on Figure 3.1 a):  

 – to find the intercepts on the axes in terms of the lattice constants al, a2, a3 (Example:3al, 2a2, 

2a3); 

 – to take the reciprocals of these numbers and then reduce to three integers having the same 

ratio, usually the smallest three integers (Example:reciprocals - 1/3, 1/2, 1/2, the smallest three 

integers - 2, 3, 3); 

 – to enclose the result in parentheses (hkl) (Example:(233)). 

 The indices of some important planes in a cubic crystal are illustrated by Figure 3.1 b). 

 

 

 

 

 

 

Figure 3.1. Miller indices determination example (a)and Miller indices of important planes in a 

cubic crystal(the plane (200) is parallel to (100)) [174]. 

 

Film texture is the preferred orientation of crystallites, it is an important characteristic of the 

microstructure of polycrystalline films. A sample in which crystallites orientations are fully 

random is said to have no texture. A common technique to measure texture is X-Ray diffraction 

(XRD). The interaction of the X-rays with a crystalline sample produces constructive 

interference (and a diffracted ray) when conditions satisfy Bragg's Law (nλ=2dsinθ). This law 

relates the wavelength of electromagnetic radiation to the diffraction angle and the lattice 

a) b) 
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spacing in a crystalline sample. These diffracted X-rays are then detected, processed and counted 

[175].  

It is well known that film properties including the oxidation rate depend on film texture. 

There are a lot of works on study of Ni and Fe textured films oxidation. For example in [168-

169] was obtained that thermal oxidation rate of Ni(200) is bigger than for Ni(110) and Ni(111). 

Investigation of Fe films oxidation both in oxygen environment and on air showed the next order 

of oxidation rate: (200) >> (111) > (110) [176-178]. 
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3.3 Local anodic oxidation of textured polycrystalline Ni(111) and 

Ni(200) films 

3.3.1 Fabrication and properties of textured Ni films 

 

Ni(200) and Ni(111) films with thickness dNi=100 nm were used for experiments. A Ni target 

(99.95%, Williams) and argon (Ar 99.998 %) were used for films fabrication by DC sputtering 

with base pressure P=0.2 mPa. Ni films were deposited at rate of v=17 nm/min at room 

temperature (sputtering power 57 W and target voltage Utgt=-480V) on monocrystalline Si(100) 

substrates with thermally oxidized 0.3 µm thick SiO2 top layer. Before sputtering substrates were 

ultrasonically cleaned in acetone and then annealed in vacuum 0.2 mPa for 30 min at 

temperature 620-670K. Ni(111) films were deposited at work pressure PAr=0.1 Pa with negative 

substrate bias Ub= -100 V, and Ni(200) films were deposited at PAr=0.2 Pa with substrate bias 

Ub=+100 V. All aspects of deposition technological process are described in [172]. 

XRD (CuKα , λCu ≈ 0.15418 nm) and SEM were used to study texture and microstructure of 

Ni films. Anisotropic magnetoresistance (AMR) curves were measured at different angles 

between current and magnetic field up to 200 Oe to study difference in magnetic properties of 

textured Ni films. 

XRD patterns, SEM cross-sections and top views and AMR curves of Ni(200) and Ni(111) 

are given in Figure 3.2. Figures 3.2. c)-f) shows that Ni(200) and Ni(111) films with thickness 

dNi=100nm have similar microstructure, but average lateral grain size for Ni(111) film ξ≈40nm is 

twice bigger than for Ni(200). Root mean square roughness of Ni(111) и Ni(200) films are σ
(111)

 

≈0.38 nm and σ
(200)

 ≈0.75 nm respectively. Figures 3.2. g)-h) shows that Ni(200) film have a 

magnetoresistance up to 1.5% at angle between current and magnetic field = 0°, while the 

highest magnetoresistancefor Ni(111) films is 0.8%. 
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Figure 3.2. XRD patterns (a,b), SEM cross-sections (c,d), top views (e,f)and AMR curves (g,h)of 

Ni(200) (a,c,e, g) and Ni(111) (b,d,f, h) films. 
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3.3.2 Local anodic oxidation resultstextured Ni films 

 

Scanning probe microscope (Solver P47, NTMDT) in a tapping mode was used to provide 

local anodic oxidation process. Cantilevers NSG30 with TiN conductive coating (NT-MDT) 

were used for experiments. Relative humidity was 65-70%. Oxidation was performed in the 

shape of lines. As result oxide lines were formed as protrusions on the modified films, see 

Figures 3.3 с)-f).  

To investigate influence of Ni film‟s texture on geometrical parameters of oxide 

nanostructures a comparison of height (h) and width (d) of lines on Ni(111) and Ni(200) films 

formed at the same voltage values V and oxidation time T was performed.  

Figures 3.3 a)-b) show the dependences of geometrical parameters h and d of oxide structures 

on the oxidation time T for a fixed voltage between the cantilever and the film V = -10 V. One 

can see that oxide pattern forms (h> σ) at oxidation time T higher than some threshold time Ttr.  

As seen from Figures 3.3 a)-b) Ttr is different for Ni(200) and Ni(111) films: Ttr
(200)

= 0.01s 

and Ttr
(111)

= 0.2s respectively. Dependence of oxide pattern‟s height h on T reaches saturation at 

different oxidation time for Ni(200) and Ni(111) films: T ≥ 2.5s for Ni(200) and T ≥ 1s for 

Ni(111). Furthermore the height of oxide lines on Ni (200) films is greater than on Ni (111) films 

(h
(200)

> h
(111)

) but there is no noticeable difference in the width of oxide lines on Ni(200) and 

Ni(111) films (d
(200)

=d
(111)

). For example, Figures 3.2 c)-f) show AFM images and cross-sections 

of oxide lines on Ni (200) and Ni(111) films at T= 1, 2.5 and 5 s. 

Figure 3.4 shows the dependences of geometrical parameters h and d of oxide structures on 

voltage V for a fixed oxidation time T=1 s. One can see that threshold voltage Vtr for oxide 

formation initiation on Ni(200) film is lower than Vtr for Ni(111): Vtr
(200)

=-4V and Vtr
(111)

=6V. 

Vtr
(111)

 is bigger than that obtained for non textured films in Chapter 2 as Vtr
(200)

 is equal to it. 
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Figure 3.3. Dependences of the oxide lines height h (a) and width d (b) on oxidation time T for 

Ni(200) (1) and Ni(111) (2) films; AFM images (c, d) and cross-sections of oxide lines along the 

Ox (e, f) on Ni (200) and Ni(111) films at T=1, 2.5 and 5 s.  

 

 

 

 

 

 

Figure 3.4. Dependences of the oxide lines height h (a) and width d (b) on tip-sample voltage V 

for Ni(200) (1) and Ni(111) (2) films.  
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In this way, oxidation of Ni(200) film occurs at lower values of threshold oxidation time T 

and threshold voltage Vtrthan oxidation of Ni(111) films (V
(200)

|<|Vtr
(111)

|, Ttr
(200)

<Ttr
(111)

). At the 

same time LAO causes formation of higher oxide structures on Ni(200) film: h
(200)

>h
(111)

. So we 

can conclude that oxidation process induced by LAO for Ni(200) is more effective than for 

Ni(111). These results correspond to the previously obtained and can be explained by higher 

oxidation rate for Ni(200) films due to the lower package density of the atoms on (100) surface 

in comparison with (111) surface [169-170].  

We should note that the lack of difference in width of oxide structures for Ni(200) and 

Ni(111) films (d
(200)

=d
(111)

) can be related to locality of oxidation process. In such a way the 

boundary of oxidation region can act as a defect that suppresses an influence of the 

crystallographic orientation on the oxidation rate [74]. 
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3.4 Local anodic oxidation of textured polycrystalline Fe(110) and 

Fe(200) films 

 

First Fe(200) and Fe(110) films with thickness dFe=100 nm were fabricated. For films 

fabrication by DC sputtering a Fe target (99.95%, Williams) and argon (Ar 99.998 %) were used. 

Fe films like previously Ni films were deposited at room temperature, sputtering power 57 W 

and target voltage Utgt=-480V (rate of v=18 nm/min) on monocrystalline Si(100) substrates with 

thermally oxidized 0.3 µm thick SiO2 on top cleaned as before for Ni films fabrication. Fe(110) 

films were deposited at work pressure PAr= 1.3 Pa with and Fe(200) films were deposited at PAr= 

0.13 Pa. The details of deposition process are described in [173]. XRD patterns of Fe(200) and 

Fe(110) are given in Figure 3.5.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.5. XRD patterns of Fe(200) (a) and Fe(110) (b) films [175]. 

 

Local anodic oxidation was done using the same equipment as for Ni films oxidation by 

NSG30 cantilevers at relative humidity of 65-75%. Comparison of height h and width d of lines 

on Fe(110) and Fe(200) films formed at the same voltage values V and oxidation time T was 

performed as before.  

Figures 3.6 a)-b) show the dependences of geometrical parameters h and d of oxide structures 

on the oxidation time T for a fixed voltage between the cantilever and the film V= -10 V. One 

can see that Ttr
(200)

=0.2 s and Ttr
(110)

= 0.6 s and generally the height and width of oxide lines on 

Fe(200) films are greater than on Fe(110) films (h
(200)

> h
(110)

 and d
(200)

>d
(110)

). At the same time 

there was not found big difference in geometrical sizes of oxide structures on textured films with 

tip voltage V.  

a) b) 
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Figure 3.6. Dependences of the oxide lines height h (a) and width d (b) on oxidation time T for 

Fe(200) (1) and Fe(110) (2) films.  
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3.5 Conclusions 

 

From these experiments it can be concluded that oxidation by SPM probe depends on the 

texture of the ferromagnetic film. It was found that oxidation is more efficient for films Ni(200) 

and Fe(200) than for films Ni(111) and Fe(110). This result is consistent with the results on the 

oxidation of textured Ni and Fe by other methods [168-170] andcan be used for the optimization 

of parameters and fabrication process of the devices based on LAO nanostructures. 

Results on LAO of textured Ni film showed that oxidation of Ni(200) film starts at lower 

values of threshold oxidation time T and threshold voltage Vtrthan oxidation of Ni(111) films 

(V
(200)

|<|Vtr
(111)

|, Ttr
(200)

<Ttr
(111)

).Thus, fabrication of oxide structures on Ni(200) film with the 

same dimensions as on Ni(111) film requires a lower voltage on the probeand smaller oxidation 

time at each point. Lower tip voltage allows to increase the tip lifetime and to decrease the 

probability to damage the nanostructure by the discharge, and reducing of the oxidation time at 

each point allows the significant reduce the whole fabrication time of the nanostructure. 

Simaltaneously, magnetoresistance of Ni(200) is higher than for Ni(111) that can be used in 

fabrication of nanostructures with good magnetic properties. And it can be concluded that using 

of Ni(200) film is preferred for device fabrication using LAO.  

At the same time using for oxide nanostructures fabrication of Fe(200) film instead of 

Fe(110) cannot help to increase tip lifetime or controllability of nanostructures fabrication 

because there was not founded the dependence of threshold oxidation voltage Vtr on texture of Fe 

film. Nevertheless, using of Fe(200) film for LAO allows to decrease oxidation time because 

Ttr
(200)

<Ttr
(110)

). 
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4. Studying of the properties of nanostructures made 

by scanning probe lithography 

 

 

4.1 Introduction 

 

To have an opportunity to use oxide nanostructures made by LAO for device fabrication it is 

needed to know properties of these nanostructures. It was decided to know electrical properties 

of oxide lines on Ni and FeCo films by current-voltage characteristics measurements of metal 

microstripes before and after LAO. Also it was decided to make Auger electron spectroscopy 

with the goal to identify what kind of changes LAO produces in sample material. Simultaneously 

there were investigated electrical and magnetic properties of metal microstripes patterned by 

scanning probe mechanical scratching. 

 

 

 

 

 

 

 

 

 

 

 



 

85 /170 
 

4.2. Current-voltage characteristics of nanostructures made by local 

anodic oxidation 

 

Experiments on current-voltage characteristics of oxide nanolines made by LAO were 

performed on microstripes of Ni and FeCo (Figure 4.1 a, b). Widths of these microstripes were 

D=2-8 µm. Thicknesses of Ni and FeCo films were d~6 nm. For current-voltage measurements 

before and after LAO microstripes were made between gold contact pads. To fabricate 

microstructures the most simple lithography process - lift-off – was done. Photolithography, 

magnetron sputtering and ion etching were used to fabricate microstripes on glass substrates. 

Glass substrates were chosen because of its good insulation properties. For fabrication following 

equipment was used:  

- Leybold Z550 and VUP-5 machines for sputtering, 

- Plassys Mu 350 machine for ion beam etching  

After fabrication procedure (described in Appendix 1) the samples with several microstripes 

were fabricated (Figure 4.1 c). 

 

 

 

 

 

 

 

Figure 4.1. Microstripes geometry image (a) and AFM camera snapshot (b) and photo of 

fabricated sample (c). 

a) b) 

c) 
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The experiments on LAO were performed by AFMs MultiMode and Solver P47H (Figure 4.1 

b) in tapping mode. Lithography was made in vector mode in the shape of lines crossing the 

microstripe. ANSCM-PA (AppNano) tips with Pt/Ir coating were used for oxidation of 

microstripes. 

Current-voltage characteristics were measured before and after LAO. For current-voltage 

characteristics measuring we used Agilent B2901A unit and the four-point probe method (Figure 

4.2). This method is the most common for material‟s resistivity measurements. Two probes are 

used to source current and two probes are used to measure voltage (Figure 4.2 a-b). The main 

advantage of four-probe method over two-probe method that the separation of current and 

voltage electrodes eliminates measurement errors due to the probe resistance. Characterization 

was also done at cryogenic temperatures to see temperature behavior of fabricated structures. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2. Scheme (a) and realization (b) of four-point probe current-voltage characteristics 

measuring method and whole measuring system (c). 

We started LAO process on Ni microstripes. First we made several oxide lines to determine 

oxide height enough to change electrical properties of 6 nm thick metal microstripe. On Figure 

A 

V 

V 

A 

b) a) 

c) 
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4.3 AFM images of oxide lines with different heights are shown. Lines were made at V=-7 - -12 

a)-e) respectively.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3. AFM images of oxide lines with different heights. 

a) b) 

c) d) 

e) 

h=1.5 nm 

d=500 nm 

h=2 nm 

d=540 nm 

h=2.5 nm 

d=340 nm 

h=5 nm 

d=150 nm 

h=15 nm 

d=300 nm 
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There were not found any changes in current-voltage characteristics at oxide heights below 

the film thickness. Resistance ofone microstripe with oxide line height 15 nm (Figure 4.3 

e)changed. So the oxide line with similar height and width was obtained on FeCo microstripe. 

AFM images of oxide lines on Ni and FeCo films are shown on Figure 4.4.  

 

 

 

 

 

 

 

Figure 4.4. AFM images of oxide lines on Ni (a) and FeCo (b) microstripes. 

 

On Figures 4.5-4.6 there are given current-voltage characteristics of microstripes before and 

after LAO at room temperature 300K and temperature of liquid nitrogen 77K. One can see that 

before LAO resistance of microstripes showed metallic behavior: resistance was decreased while 

decreasing the temperature to 77K. After LAO microstripes resistance at room temperature 

inreased by 20 times for Ni and by 5 times for FeCo. As well resistance was increased even more 

at 77K and current-voltage characteristics became nonlinear. 

 

Figure 4.5. Current-voltage characteristics of Ni microstripe before (a) and after (b) LAO at 

300K and 77K. 

a) b) 

a) b) 
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Figure 4.6. Current-voltage characteristics of FeCo microstripe before (a) and after (b) LAO at 

300K and 77K. 

 

For analysis of current-voltage characteristics nonlinearity we used coefficient α calculated on 

formula:  

dU

dI

I

U

Ud

Id


log

log
                        (4.1) 

In Table 4.1 α values for current-voltage characteristics of microstripes before and after LAO 

are given. One can see that before LAO current-voltage characteristics were linear (α=1) at both 

temperatures. After LAO α increased furthermore it increased with temperature decrease.  

 

Table 4.1. Nonlinear coefficient α of microstripes current-voltage characteristics before and after 

LAO at temperatures 300 and 77K. 

 Ni FeCo  

α300K α77K α300K α77K 

Before LAO 1 1 1 1 

After LAO 1.3 1.6 1 1.6 

 

Voltage-dependent barrier heights Eg can be obtained from measured current-voltage 

characteristics for a range of applied voltages using (4.2): 

)
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)
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                            (4.2) 

a) b) 
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We can find the zero-bias barrier height by plotting the barrier heights versus the voltage and 

extrapolating to U=0 as it‟s done in [179](Figure 4.7). Founded zero-bias barrier heights are ≈ 

0.037 eV and 0.1 eV for barriers on Ni and FeCo respectively. As obtained barrier heights 

0TkE Bg , where eVTkB 026.00  we can make a conclusion that tunnel barrier was formed 

during probe oxidation process. 

 

Figure 4.7 Barrier height determination of oxide lines on Ni (a) and FeCo (b) microstripes. 

 

Thus electrical properties of oxide lines made by LAO on Ni and FeCo films were 

investigated. It is shown that using LAO one can change electrical properties of material and 

obtain oxide tunnel barrier. It is shown that oxide barriers with even bigger barrier heights than 

on Ni can be obtained on FeCo. 

Magnetic properties of the oxide produced by AFM probe were investigated by MFM 

imaging of the Ni microstripe directly after the fabrication of two oxide lines (Figure 4.8). One 

can see that magnetic properties of oxide lines differ from those of the rest of the Ni microstripe 

and are close to the properties of the nonmagnetic SiO2 sample.So such oxide structures can be 

used for future planar-type magnetic tunnel junctions fabrication. These magnetic tunnel 

junctions could be the base of new spintronic devices such as magnetoresistive memory and 

magnetic field detectors. 

 

 

 

 

a) b) 
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Figure 4.8MFM image of oxide lines on Ni microstripe. 
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4.3 Auger electron spectroscopy of nanostructures made by local 

anodic oxidation 

 

Auger electron spectroscopy (AES) is a technique that uses an electron beam to probe the 

surface of a solid material. Auger electrons are analyzed and their kinetic energy is determined. 

The identity of the elements is determined from the kinetic energy and intensity of the Auger 

peaks. Auger process takes place in all elements except H and He so these elements can‟t be 

determined by this technique. 

Sample for AES of nanostructures produced by LAO is shown on Figure 4.9. It was a Ni 

microstripe with Ni contact pads. Microstripe and contact pads were fabricated on 

monocrystalline Si(100) substrate with thermally oxidized 0.3 µm SiO2 layer on top by lift-off 

and magnetron sputtering by the same technologie as before (see Appendix A). Width of 

microstripe was D=3 µm and thickness of Ni film for microstripe was d~10 nm, thickness of Ni 

film for pads was d=100 nm. To confirm oxide line fabrication not only by AFM imaging but by 

resistance change also measurements of current-voltage characteristics at room temperature 

before and after oxidation were done using four-point probe method.  

 

 

Figure 4.9. Sample for Auger-electron spectroscopy: a) schematic image, b) optical microscope 

image. 1 – Si(100)/SiO2 substrate, 2 – contact pads, 3 – Ni microstripe, 4 – oxide line, AB – line 

of Auger-electron passage. 

 

a) b) 
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LAO was done by AFM Solver P47H in tapping mode by NSG30/TiN tip using tip-sample 

voltage V=-10 V. Lithography was made in vector mode in the shape of line across the 

microstripe. Oxide line had 700 nm in width and 20 nm in height but it have oxid aureola of 

lower height and about 2 µm in width (Figure 4.10).We suggest that such structure was obtained 

because of electrical breakdown.  

 

 

Figure 4.10. AFM image of oxide structure for AES. 

 

Current-voltage characteristics of sample measured before and after oxidation are given on 

Figure 4.11. Resistance of microstripe increased in 70 times after LAO so we can say for sure 

that oxide line was obtained. 

 

 

Figure 4.11. Current-voltage characteristics of sample before and after LAO. 

Auger-electron spectroscopy was realized using Phi 4300 scanning Auger system (Perkin – 

Elmer). This system allows to get the distribution of chemical elements on the surface. Because 



 

94 /170 
 

it was hard to target electron beam exactly to oxide pattern we made scanning along AB line 

(Figure 4.8) and obtained the distribution of Ni and O on the whole sample surface. Results of 

AES are given on Figure 4.12. It was found increased content of O in the region with the size of 

2 µm which is the same to oxide structure size. So we marked this place of intersection of 

electron beam pass with oxide structure (on Figure 4.9 intersection of AB and 4 lines)as oxidized 

region on Figure 4.12. FromTable 4.2 one can see that content of O in oxide line is an order of 

magnitude more than in the rest of microstripe while the content of Ni is almost the same in 

oxidized and not oxidized regions. As a result, we can conclude that LAO produces oxide of the 

initial material. 

 

 

Figure 4.12. Plot of Ni and O distribution on sample surface obtained by AES. 

 

Table 4.2. Content of Ni and O in several points of oxidized and not oxidized region. 

 Content, 10
3
 counts 

Not oxidized region Oxidized region 

Ni 48,68 30,38 43,98 42,72 37,66 39,7 

O 27,74 30,79 15,5 323,78 321,36 320,38 
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4.4 Current-voltage characteristics and magnetoresistance of 

nanostructures made by mechanical scratching 
 

After investigation of properties of oxide lines made by scanning probe we‟ve decided to 

modify the Ni magnetic microstripe by scanning probe mechanical scratching and to see the 

difference in microstripecurrent-voltage and magnetoresistancecharacteristics before and after 

the scratching procedure. For experiments same geometry microstripe as before was used: Ni 

microstripe with Ni contact pads and width of D=3 µmon monocrystalline Si(100) substrate with 

thermally oxidized 0.3 µm SiO2 layer on top (Figure 4.9). Thickness of Ni film for microstripe 

was d~15 nm.For probe mechanical lithography AFM Solver P47 and sharp diamond tips were 

used. Current-voltage and magnetoresistancecharacteristics measurements at room and cryogenic 

temperature before and after modification were done as before by four-point probe method using 

Agilent B2901A unit (Figure 4.2), cryogenic system and system of magnets. 

First, we made a test scratching to determine the applied tip force enough to scratch 15 nm 

film through the whole thickness. Well-defined tranches with depth of 10-15 nm were obtained 

at applied force 10 µN (Figure 4.13). It can be seen that there are some debris sediments along 

the tranches. Early experiments on AFM mechanical scratching showed that these debris are 

induced by contact stress [19]. Simultaneously, as seen from both AFM and SEM images, the 

width of obtained tranches was less than 50 nm.  

 

 

 

 

 

 

 

Figure 4.13. AFM (a) and SEM (b) images and made along the white line AFM cross-section 

image (c) of scanning probe fabricated scratches on Ni microstripe. 

b) a) 

c) 
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The next step was to fabricate scratched microstripes for electrical and magnetic 

measurements. We‟ve decided to make a sample with one scratch crossing the whole microstripe 

(Figure 4.14 a) and a microstripe with two incomplete scratches (Figure 4.14 b). 

 

 

Figure 4.14. Schematicgeometry of modified Ni microstripes: a) 1 complete scratch crossing the 

whole microstripe, b) 2 incomplete scratches. 1 – Si(100)/SiO2 substrate, 2 – contact pads, 3 – Ni 

microstripe, 4 – scratched lines. 

 

One scratch  

On Figure 4.15 there are shown AFM and cross-section images of one scratch crossing the Ni 

microstripe on the whole width. From the cross-section it can be seen that microstripe is 

scratched through the whole film thickness. 

 

 

 

 

 

 

Figure 4.15. AFM (a) and cross-section images (b) of complete scratch crossing the whole Ni 

microstripe. 

a) 

b) 

b) a) 
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On Figures 4.16-4.17 there are given current-voltage characteristics of microstripe before and 

after scratching by AFM probe at room temperature 300K and after scratching at different 

temperatures. Before scanning probe scratchingresistance of microstripe was linear and showed 

metallic behavior. After scratching microstripes resistance became almost infinite at low 

voltages.It means that microstripe material was completely removed in the place where AFM 

probe was applied. At voltage of about 1V small current through the structure appeared and it 

changed non-linearly with the increase of voltage.It can be explained by breackdown of the 

structure al high voltages. As well resistance was decreased with the decrease of temperature. It 

can be related with thermal contraction of the scratch and decreasing of the distance between 

scratch edges. So using AFM scratching we obtained metallic structure with high non-linear 

resistance. 

 

Figure 4.16. Current-voltage characteristics of Ni microstripe before (a) and after (b) scanning 

probe scratching at 300K. 

 

 

 

 

 

 

 

 

 

Figure 4.17. Current-voltage characteristics of Ni microstripe after scanning probe scratchingat 

different temperatures. 

a) b) 
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Two scratches 

On Figure 4.18 there are shown AFM and cross-section images of two comb scratches on Ni 

microstripe. From the cross-section it can be seen that microstripe is scratched through the whole 

film thickness. 

 

 

 

 

 

 

Figure 4.18. AFM (a) and cross-section images (b) of 2 comb scratches onNi microstripe. 

 

On Figure 4.19 there are given current-voltage characteristics of microstripe before and after 

scratching at room temperature 300K. It can be seen that microstripes resistance became about 3 

times higher after scratching. It means that microstripe configuration was changed and narrow 

channel was formed by 2 comb scratches. On Figure 4.20 there are given AMR characteristics of 

microstripe before and after scratching. Magnetic field was applied perpendicularly to the current 

direction. One can see that magnetic structure of microstripe was changed also by scratching and 

magnetoresistance changed its behavior. 

 

 

 

 

 

a) 

b) 
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Figure 4.19. Current-voltage characteristics of Ni microstripe before and after fabrication of 2 

comb scratches at 300K. 

 

 

 

 

 

 

 

Figure 4.20.AMR characteristics of Ni microstripe before (a) and after (b) fabrication of 2 comb 

scratches at 300K. 

 

 

 

 

 

 

a) b) 
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4.5 Conclusions 

 

In this chapter properties of the nanostructures fabricated by SPL especially by LAO were 

investigated. First, it was shown that oxide lines made by LAO change the electrical properties 

of Ni and FeCo microstripes. Current-voltage characteristics of such structures were non-

metallic and non-linear so insulator formation during LAO process could be assumed. It was 

found that formation of oxide line with height not smaller than film thickness is needed to 

change the microstripe electrical properties.Auger electron spectroscopy of obtained oxide 

structures confirmed oxide formation in the place where LAO process was done. As Ni and Ni 

oxides have different elastic properties we propose the potential use of LAO as surface PnCs 

fabrication method. 

As obtained oxide structures have a quite big barrier heights and are fabricated on 

ferromagnetic films, they can be potentially used for fabrication of planar magnetic tunnel 

junctions [108]. Note that the magnetic tunnel junctions ferromagnetic metal-insulator-

ferromagnetic metal usually show high magnetoresistance due to spin-polarized tunneling and 

therefore are of practical interest for the fabrication of the magnetoresistive memory devices, 

magnetic field sensors and other spintronic devices. Currently, the most common method for 

magnetic tunnel junctions formation is fabrication of various materials multilayered structures. 

In this case, the main advantage of LAO as magnetic tunnel junctions formation method is 

opportunity to fabricate planar structures with smaller tunnel junction areawhat can be used for 

the single-electron tunnelingrealization [8]. At the moment, the fabrication process of 

planarmagnetic tunnel junctionsusing LAO on Ni filmsis themost studied [108-109]. There were 

also done some experiments on NiFe [119]. In this work study of tunnel junctions formation not 

only on Ni film but on FeCo film was done.It was shown that oxide barriers with even bigger 

barrier heights thanon Ni can be obtained on FeCo. 

Also properties of scratches produced by AFM probe were studied. It was shown that one can 

completely remove the material in the place of probe application. So this method can also be 

potentially used for PnCs fabrication. Similarly, it was shown that one can change electrical and 

magnetoresistive characteristics of microstripes by this method what can be used in 

magnetoresistive and spintronic devices. 
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5. Hypersonic magnetically tunable surface phononic 

crystals 

 

 

5.1 Introduction 

 
Phononic crystals (PnCs) are created by 1D, 2D or 3D periodic arrays of structures with a big 

difference in their densities and elastic properties. During the last two decades the ability to 

control the propagation of surface acoustic wave (SAW)using such structures has been 

intensively studied theoretically and experimentally [180-181].PnCs are interesting for their 

unique properties: the band-gapsformation [182-183] and anomalous dispersion (negative 

refraction) [184]. PnCs can be used for different applications depending on their operation 

frequency. For example, PnCs for low frequencies can be used in non destructive testing and 

communication [181]. Hypersonic PnCs can be usedfor filtering, guiding, focusing, or 

demultiplexing [185-187]. 

SAW devices are fabricated on piezoelectric substrates such as quartz, lithium niobate 

(LiNbO3), lithium tantalate (LiTaO3) to have an opportunity for excitation and detection of 

SAW. Since the interdigital transducers (IDTs) were first reported [188] they are widely used for 

excitation and detection of SAW on the surface of piezoelectric substrate. Generating IDT 

converts input microwave signal to SAW and receiving IDT converts SAW to output measured 

RF signal. IDT consist of a one-dimensional array of parallel metal electrodes. Alternate 

electrodes are interconnected and SAW is generated in thenormal to the electrodes direction 

when electrical signal is applied [189]. SAW is excited on the frequency for which wavelength is 

equal to the IDT period. Second IDT placed at some short distance from the first is commonly 

used for detection of the SAW. On Figure 5.1 scheme of commonly used SAW device with PnC 

is shown. The same SAW device scheme was investigated in our study. 
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Figure 5.1.Investigated SAW delay line. 

 

The theoretical study of SAW devices is great importance for their design and experimental 

realisation. One of the main aspects in the theoretical studies of PnC is calculation of the 

transmission through the structure using either analytical [181] or the finite element (FEM) 

methods [190-191] that can give not only qualitative, but also quantitative characteristics of the 

wave transmission.  

To simulate the SAW propagation and SAW devicestwo constitutive equations of 

piezoelectric materials are frequently used [192]: 

𝑇𝑖𝑗 = 𝐶𝑖𝑗𝑘𝑙
𝐸 𝑆𝑘𝑙 + 𝑒𝑖𝑗𝑘

𝑇 𝐸𝑘   (5.1) 

𝐷𝑖 = 𝑒𝑖𝑘𝑙𝑆𝑘𝑙 + ε𝑖𝑗
𝑆 𝐸𝑗                                (5.2) 

where 𝑇𝑖𝑗 – the stress vector; 𝐶𝑖𝑗𝑘𝑙
𝐸 –the elasticity matrix (N/m

2
); 𝑆𝑘𝑙  – the strain vector; 𝑒𝑖𝑗𝑘

𝑇  and 

𝑒𝑖𝑘𝑙– the piezoelectric stress matrixes (C/m
2
), whichrepresent the energy conversion between the 

electrical and mechanical fields; 𝐸𝑘  – the electrical field vector (V/m); 𝐷𝑖– the electrical 

displacement (C/m
2
);ε𝑖𝑗

𝑆 – the permittivity matrix (F/m). The subscripts (i, j and k) representthe 

displacements of freedom in the x-, y- and z- directions, respectively.  

By substituting the equation of motion (F = ma) and the equation of the electricfield as the 

negative gradient of the potential (𝐸𝑖 =
𝜕𝜑

𝜕𝑟𝑗
) into Eq. 5.1, thefirst piezoelectric constitutive 

equation can be obtained: 

𝐶𝑖𝑗𝑘𝑙
𝐸 𝜕2𝑈𝑘

𝜕𝑟𝑘𝜕𝑟𝑗
+ 𝑒𝑖𝑗𝑘

𝑇 𝜕2𝜑

𝜕𝑟𝑘𝜕𝑟𝑗
= 𝜌

𝜕2𝑈𝑖

𝜕2𝑡
              (5.3) 

where U– the displacement and ρ– the area density (kg/m
2
). 
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However, because the general piezoelectric thin films have almost no conducting charges, the 

divergence of the electrical displacement can be regarded as zero: 

𝜕𝐷𝑖

𝜕𝑟𝑖
= 𝑒𝑖𝑗𝑘

𝜕2𝑈𝑘

𝜕𝑟𝑘𝜕𝑟𝑖
+

𝜕

𝜕𝑟𝑖
 −ε𝑖𝑗

𝑆 𝜕𝜑

𝜕𝑟𝑗
 = 0(5.4) 

Therefore, the wave equation of the SAW devices can be obtained, and the displacements and 

the voltage of the SAW devices can becalculated by solving the wave equation: 

𝑒𝑖𝑗𝑘
𝜕2𝑈𝑘

𝜕𝑟𝑘𝜕𝑟𝑖
− ε𝑖𝑗

𝑆 𝜕2𝜑

𝜕𝑟𝑖𝜕𝑟𝑗
= 0(5.5) 

In this study we used FEM-based analysis for theoretical investigation of SAW devices. For 

modeling COMSOL Multiphysics software was used and Eq. 5.4-5.5were solved in frequency 

domain. For calculations of SAW transmission through investigated structures these equations 

were applicated to the delay line model that consist from two IDTs and PnC placedbetween them 

on Y + 128° – cut of LiNbO3crystal(Figure 5.1). 

As PnC operation frequency depends on structure sizes the most important problem in the 

study of hypersonic PnCs is a difficulty to develop a fabrication technology of such small 

structures.In this chapter feasibilityof periodic planar magnetic nanosized structures fabrication 

using LAO and EBL methods that can serve as magnetically tunablesurface PnCs for high and 

hypersonic frequency rangeis discussed. It was shown experimentally that one can fabricate 

periodic arrays of oxide lines on ferromagnetic metal films. FEM modeling of interaction 

between such periodical structures and SAWs showed that they can be used for a bandgap 

formation and tuning of a bandgap by applied magnetic field. There were given 

recommendations on practical realization of 1D PnCs by LAO on 2 and 4 GHz. Because of 

complexity and need to use of special equipment to realize such structures using LAO we 

investigated fabrication of 1D PnCs on 2 and 4 GHz using EBL. There was developed 

technology of fabrication of such structures by EBL, then transmission characteristics of 

obtained PnCs were studied experimentally and theoretically, and analysis of bandgap shift 

under magnetic field application was performed. Similarly technological process for 2D PnCs 

realization was developed. 
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5.2Feasibility to fabrication of surface phononic crystals by 

local anodic oxidation 
 

Results on study of nanostructures made by LAO on ferromagnetic metal films (see Chapter 

4) showed that the properties of these nanostructures differed from the properties of original 

metal film. We suppose that metal oxide was fabricated during the LAO process. As Ni and Ni 

oxides have different elastic properties we‟ve decided to investigate the feasibility to fabricate 

surface PnCs by LAO.  

First we studied the possibility to fabricate by LAO periodic oxide structures. The 

experiments on periodic oxide lines fabrication were performed on Nithin film with 

thicknessd=10 nm fabricated by DC magnetron sputtering using system Leybold Z550 on 

monocrystalline Si(100) substrate. AFM MultiMode in tapping mode and ANSCM-PA tip under 

-10V biaswere used to provide LAO on area of 15x15 µm
2
. Typical pattern of lines array made 

using AFM software is given on Figure 5.2. 

 

 

Figure 5.2. Periodic lines pattern in AFM software. 

 

Using such pattern we obtained 1D oxide lines array with period varied from 1 to 2 µm. 

Oxide lines were quaite smooth and had 1.4 nm in height and 500 nm in width (Figure 5.3 a). As 

it was mentioned before phase image contrast has strong dependence on viscoelastic properties 

of sample and week dependence on topography. On Figure 5.3 b) there is given a phase image of 

fabricated array. It can be seen that oxide lines have viscoelastic properties different from entire 

ferromagnetic film. As higher phase angle corresponds to materials with higher viscoelastic 
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properties [67], we suppose that using tip induced oxidation we can fabricate planar arrays with 

periodic variation of elastic constants. 

 

 

Figure 5.3. AFM images of 1D periodic oxide lines array on Ni film: a) topography, b) phase. 

 

As well we fabricated 1D periodic oxide lines array with period 1µm (Figure 5.4a) and 2D 

array with period 0.7 µm (Figure 5.4b). So fabrication of oxide lines arrays on ferromagnetic 

metal film by LAO has good reproduceability, stability and controlability of period and size of 

oxide lines. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.4. AFM images of topography and phase of 1D (a) and 2D (b)periodic oxide lines 

arrayson Ni film. 

a) b) 

nm grad 

a) 

b) 
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Afterexperimental investigation of possibility of PnC fabrication by LAO FEMnumerical 

analysisof mentioned structures in COMSOL Multiphysics software were done. It was 

considered that depth of oxide into the metallic film is equal to the oxide height above this film. 

In direction of propagation X the number N of array‟s element wasfinite, and in direction Y 

infinite apperture was assumed. For eliminating the influenceof SAW reflection from the 

boundaries of LiNbO3wafer, absorbing boundaries conditions surround the substrate. 

AluminumIDTs were used for SAW generation and measurement of frequency dependence of 

transmission function S21. 

Several series of transmission characteristics were calculated for differentvalues of oxide 

structure thickness and period. The frequency dependencieswere studied near the Bragg bandgap 

for observed PnCs, which occurs when thewave vector k of the incident wave tends to the edge 

of a first Brillouin zone. Thecentral frequency of Bragg gap depends only on the period of the 

structure or onthe wave velocity in the material under PnCs. For modeling we used handbook 

constants for LiNbO3 [195], Ni and it‟s oxide [196]. 

On Figure 5.5 calculated frequency dependences of the transmissioncharacteristic S21 for 

thestructures with different period, oxide lines number and oxide lines height are shown. Figure 

5.5 a shows S21for structure with a period a = 500 nm at different thicknesses of oxide lines. 

Bandgap is formed on frequency 3.94 GHz and with an increase in the height ofoxide lines 

maximum attenuation introduced by the PnC also increases.On Figures 5.5b)-d) series of 

calculations of gap formation for the oxidelines arrays with same height h = 3:5nm and different 

periods a = 500nm; 200nm; 50nm with variations inthe number of oxide lines from 100 to 200 

are given. It is clearly seen, that themaximum attenuation introduced by PnC due to Bragg 

scattering on the frequencies 3.94 GHz, 9.72 GHz and 35.75 GHz is increased.Because the 

thickness of the oxide lines is small compared with the wavelength,most of the SAW energy is 

reflected, and wherein the energy dissipationin the volumetric mode is negligible. These high 

values of frequency may inpractice be achieved by using higher harmonic generation or optical 

excitationof SAW [197]. 
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Figure 5.5.Frequency dependences of transmission function S21 (a) for the structurewith N = 150 

oxide lines with period a = 500nm and height h = 1.5nm(solid line), h = 3.5nm (dashed line), h = 

5nm (dotted line); (b) for the structurewith period a = 500nm, height h = 3.5nm and with N = 

100 oxide lines (solidline), N = 150 oxide lines (dashed line), N = 200 oxide lines (dotted line); 

(c)for the structure with period a = 200nm, height h = 3.5nm and with N = 100oxide lines (solid 

line), N = 150 oxide lines (dashed line), N = 200 oxide lines(dotted line); (d) for the structure 

with period a = 50nm, height h = 3.5nmand with N = 100 oxide lines (solid line), N = 150 oxide 

lines (dashed line),N = 200 oxide lines (dotted line). 

 

Calculation of the influence of the applied constant magneticfield on the investigated 

characteristics was also evaluated. In acoustic wave‟s interaction with a ferromagnetic metal film 

not only the mechanical stress, predicted by Hooke‟s law, but also an additional stress caused by 

the reorientation of the magnetic moments(due to the magnetostrictive effect) exists. As a result 

Young‟s modulus ofdemagnetized films differs from that for the film, where the magnetic 

moments are oriented along theexternal magnetic field. Such difference in Young‟s modulus is 

called anΔE-effect [2-6]. On Figure 5.6 the results of calculations ofSAW transmission through 

the oxide lines PnC structure, at a constantmagnetic field H = 300 Oe (sufficient for complete 

a) 

d) 

b) 

c) 
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magnetization of the film) inthe SAW propagationdirection are shown. From [198] at this field 

Young‟s modulus for Ni film is increased about 7% and film becomes stiffer,absorbing less 

energy from the wave than in thedemagnetized state. As SAW velocity is proportional to the 

Young‟s modulus, the application of the magnetic field should lead to a shift ofthe center 

frequency of the Bragg bandgap to the higher range.The calculations confirmed these arguments 

(Figure 5.6). The bandgap shiftedby 10 MHz and by 50MHz for the structures with periods a = 

500nm and a = 200nm respectively. Maximum insertion loss at the same time was reduced by 3-

4 dB. 

 

 

 

 

 

 

 

Figure 5.6.Frequency dependences of transmission function S21 for the structurewith N = 150 

oxide lines, height h = 3:5nm in theconstant magnetic field (solid line) and without it (dashed 

line): period a = 500nm(a) and for a = 200nm(b). 

 

Finally, we showed feasibility to fabrication of magnetically tunable PnCs by LAO. 

Experimentally narrow lines with width of dozen nanometers can be fabricated using carbon 

nanotube as AFM probe [199]. For experimental realization of arrays with lot of lines and with 

aperture up to 100 micronsmultiprobe system like “Millipede” (Figure 1.6 b) is needed. As there 

is no such system in IEMN or IRE RAS we‟ve developed the whole technological process for 

future realization of oxide lines PnCs on Ni film (Figure 5.7). 

a) b) 
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Figure 5.7. Scheme of PnC fabrication technology using local anodic oxidation by AFM 

multiprobe system. 

 

1.Standart preparation of LiNbO3 substrate (Figure 5.7 a): a) cleaning for 5 min in acetone (to 

remove organic impurities) and IPA (to rinse off contaminated acetone), b) drying by nitrogen.  

2.Deposition of Ni film on the substrate (Figure 5.7b). 

3. Local anodic oxidation of Ni film using multiprobe system (Figure 5.7c). Parameters of the 

system: number of probes = N number of oxide lines; probes period = a oxide lines period. 

Parameters of oxidation: Tox=10 s, SP=0.2, RH=70%, tip Rc=30 nm, V=-10 V (for a=1000 nm) 

or V=-7 V (for a=500 nm). 

4.Tips mechanical cleaning procedure described in Chapter 2 (Figure 2.16) for tip life-time 

prolongation. These procedure should be realized on the surface far from the place of oxidation. 

5.One PnC is realized (Figure 5.7d) and next PnC can be proceeded. 
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5.3 Fabrication of surface phononic crystals by electron-beam 

lithography 

 

5.3.1 1D surface phononic crystals devices design 

 

It was decided to fabricate 1D PnCs made from periodic Ni lines arraysfor frequencies 2 GHz 

and 4 GHz on Y+128° cut LiNbO3 substrate. It was assumed to use IDTs for generation and 

detection of SAW. Typically IDT consists of two sets of interlocking comb-shaped metallic 

electrodes (Figure 5.8 a). The frequency, bandwidth and time response of the PnC depend on 

design[193] and can be changed by the number of pairs of comb finger electrodes of IDT (N), 

number of lines in array (M), the width (WE) and spacing (WS) of adjacent fingers and Ni lines, 

aperture (L) (Figure 5.8).Design parameters of our SAW devices are given in Table 5.1.It was 

decided to make IDTs and PnCs in one technological step, so IDTs were made of Ni 50 nm as 

PnCs. Using LayoutEditor software we designed patterns for lithography (Figure 5.9).It was 

interesting to compare SAW transmission through the structures with and without PnCs so there 

were designed devices with and without PnCs between IDTs. 

 

 

 

 

 

 

 

 

 

a)    b) 

Figure 5.8. Schematic geometry of IDT (а) and lines array (b). 
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Table 5.1. Design parameters of SAW devices. 

Substrate Y+128° cut 

LiNbO3 

PnC material Ni 

IDTs material Ni 

Metal thicknes, nm 50 

Central frequency, GHz 2 4 

IDT pairs N 10 10 

Lines number M 200 200 

IDT aperture L, µm 70 50 

IDT and lines width WE, nm 500 250 

IDT and lines spacing WS, nm 500 250 

 

 
Figure 5.9. Layout of patterns for surface PnC device on 4 GHz:whole device (a) and detailed 

views of IDTs (b) and lines (c) patterns. 

a) 

b) c) 

b) c) 
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During technological step of resist baking and SEM imaging LiNbO3 substrate can be 

charged. We found that charge can obstruct the tip to be engaged to the surface during AFM 

imaging.To flow down the chargePnCsfor AFM imaging situated near the sample edge were 

designed to be connected to millimeter sized contact pad (Figure 5.10). It was proposed to 

fabricate this pad from Auusing photolithography after the devices fabrication process. 

 

 

 

Figure 5.10.Layout of pattern for device connected to Au pad for AFM imaging. 

 

5.3.2 Definition of 1Dsurface phononic crystals fabrication process 

 

It was decided to use for fabrication process high-energy electron beam (100 keV) because it 

allows to obtain fine patterns with good resolution and uniformity and to escape big proximity 

effect. According to pattern sizes we chose suitable spot size (resolution) and beam current for 

every pattern. To escape proximity effect also we‟ve decided to use different exposure dose for 

different patterns. So the goal was to find out suitable resist,good exposure doses and 

development process. 

There are 2 ways to obtain patterns on thin films: etching or “etch-back” process and “lift-off” 

process (Figure 5.11). In “etch-back” technique thin film is deposited directly on the wafer. Then 

this film is coated by the resist and resist is patterned. Different acids and etchants are used to 

remove thin film in places not protected by resist. After removing of remaining resist patterned 

thin film is obtained. For lift-off process wafer without any film is coated by resist and resist is 

patterned. Then thin film of desired material deposits on top of the resist layer and directly on the 

wafer in places not protected by resist. During removing of remaining resist it is lifted-off along 

with film on top of it. Only film deposited in places without resist stays. 

 

IDTs 

Ni 

lines 

pad by 

EBL 

place for Au pad  
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Figure 5.11. Lithography processes: etch-back and lift-off. 

 

It was decided to try both lithographic processes. To start with, a standard etch-back and lift-

off bi-layer processes developed in IEMN were used.Etch-back process was found to be too 

laborious. So we turned to the lift-off process. For bi-layer process there was a problem of resist 

adhesion. Finally, the one-layer lift-off process was found to be suitable for devices 

fabrication.The detailed description of the processes and its results are given below. 

For structures fabrication and characterization following equipment was used: 

1. LEICA EBPG 5000Plus system forrealization ofEBL process; 

2. LEICA polyvar SC optical microscope with a magnification up to ×100; 

3. Ultra 55 (Carl Zeiss AG) system for SEM imaging with energyselective backscattered 

detector (ESB) which can provide compositional information about the sample; 

4. PLASSYS MEB 550S electron beam evaporator for metal deposition; 

5. AFM MultiMode (VEECO), AFM and MFM tips Nanoprobe MESP with CoCr coating; 

6. Vector network analyser Agilent E5071C ENA Series and probe station. 

Lift-off Etch-back 

film deposition resist spin-coating 

resist spin-coating 

and patterning 

resist patterning 

etching film deposition 

resist removing resist removing 
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Etch-back processEB 

 

EB process was a standart etch-back process developed in IEMN consisted of following steps: 

1. Standart cleaning procedure for LiNbO3 substrate: acetone+IPA and drying by 

nitrogen flow; 

2. Deposition of 50 nm Ni film by evaporation method; 

3. Spinning diluted AZnLOF 20202.000 rpm/ 1000 rpm/s/ 20 s. Obtainedresist 

thickness of approximately 1 µm; 

4. Soft-bake at 110 °C for 90 s; 

5. Variation dose e-beam exposure; 

6. Post bake at 110 °C for 300 s; 

7. Development in AZ 326 for 85 s. 

SEM imaging of obtained patterns showed that lines and fingers 500nmwere quite good at 

dose 24 µC/cm² (Figure 5.12a) besides small proximity effect near the big pads for fingers 

(Figure 5.12b) that could be solved by using lower dose for exposure of big pads. For lines250 

nmdevelopment was not finished but problems of adhesion and bonding started(Figure 5.12 c). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.12. SEM images of AZnLOF resist patterns of lines (a) andcomb fingers 500 nm (b) 

and lines 250 nm (c) at dose 24 µC/cm² for EB process. 

proximity 

effect 

a) b) 

c) 
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Because patterns 500 nm were good we tried to do wet chemical etching. Etching was done 

for two different samples in different etching solutions: H3PO4/HNO3/H2O (T=50 °C) and 

HNO3/H2O (1:10) for about 5 min. Patterns obtained usingH3PO4/HNO3/H2O (T=50 °C) were 

about 50 nm in height. It means that resist on top of the Ni 50 nm film was almost removed 

during etching. While etching in HNO3/H2O (1:10) led to the fabrication of patterns with not 

smooth edges. So to find good etchant and etching time for Ni which does not influence on resist 

and allows obtaining small and smooth features became a challenge. Using reactive ion etching 

was also difficult to apply. So it was decided to try the more simple and effective process - lift-

off. 

 

Lift-off process LO1 

 

The first we tried was bi-layer lift-off technology(Figure 5.13). For this technology two 

positive resists are used to obtain undercut resist profile. Such undercut profile allows to do clean 

lift-off and to obtain well defined metal structures. The bottom layer should have a higher 

sensitivity to the exposure or a higher dissolution rate in the developer. So we've decided to use 

PMMA resist and its copolymer. In order to perform a good lift-off process the thickness of 

resist should be 2-3 times more than the thickness of deposited material. As we wanted to deposit 

50-100 nm of Ni we've decided that 400-500 nm of resist would be suitable. 

LO1 process consisted of following steps: 

1. Cleaning LiNbO3 substrate in acetone and IPA and drying by nitroden flow; 

2. Spinning Copo 10% (MAA17,5)3.500 rpm/ 1000 rpm/s/ 12 s. Obtainedresist 

thickness of approximately 400 nm; 

3. Soft-bake at 180 °C for600 s; 

4. Spinning PMMA 3% 495K 2.500 rpm/ 1000 rpm/s/ 10 s. Obtainedresist thickness of 

approximately 75 nm (Figure 5.13 a); 

5. Soft-bake at 180 °C for600 s; 

6. Deposition of 5 nm Ge film by evaporation method to avoid discharge effect during 

EBL because LinBO3 is a dielectric; 

7. Variation dose e-beam exposure; 

8. Etching of Ge film in H2O2/DIW (1:1) for 35-50 s.  

9. Development in MIBK/IPA (1:2) for 80 s with agitation 110 tr/min (Figure 5.13 b).  
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Figure 5.13. Used bi-layer lift-off technology. 

 

Then resist patterns were visualized by SEM using ESB detector (Figure 5.14). Dark places 

on ESB image mean resist, white places - LiNbO3 substrate. The good dose for LO1 technology 

wasn't found. At low doses development wasn't finished (Figure 5.14a) and for higher doses the 

problem of resist adhesion to the sample started (Figure 5.14b-c).  

 

 

 

 

 

 

a) b) 

a) 

b) 



 

117 /170 
 

 

 

 

 

 

 

 

 

 

Figure 5.14. SEM and ESB SEM images of resist comb fingers patterns at doses 200 µC/cm² (a), 

220 µC/cm² (b)and 260 µC/cm² (c)for LO1 process. 

 

Lift-off process LO2 

 

Smooth surfaces with small average roughness like LiNbO3often pose adhesion problems. To 

solve this problem first we tried standard procedure to improve resist adhesion to such sample: 

dehydratation+use of adhesion promoter. Dehydratation of the substrate promotes better 

adhesion because resist interacts directly with substrate but not with water adsorbed on its 

surface. Adhesion agents are used to make surface hydrophobic and chemically attach the resist 

to the substrate. For this purpose, we used hexamethyldisilazane (HMDS). But unfortunately this 

widely used method to improve resist adhesion didn‟t work (Figure 5.15). LO2 steps were: 

1. Cleaning LiNbO3 substrate in acetone and IPA and drying by nitroden flow; 

2. Dehydratation at 180 °C for 600 s 

3. Spinning HMDS 3.500 rpm/ 1000 rpm/s/ 12 s; 

4. Spinning Copo 10% (MAA17,5) 3.500 rpm/ 1000 rpm/s/ 12 s; 

5. Soft-bake at 180 °C for 600 s; 

6. Spinning PMMA 3% 495K 2.500 rpm/ 1000 rpm/s/ 10 s; 

7. Soft-bake at 180 °C for 600 s; 

8. Deposition of 5 nm Ge film; 

9. E-beam exposure; 

10. Etching of Ge film in H2O2/DIW (1:1) for 35-50 s.  

11. Development in MIBK/IPA (1:2) for 80 s with agitation 110 tr/min. 

 
 

 

 

 

c) 
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Figure 5.15. ESB SEM images of resist lines (a) and comb fingers (b) patterns for LO2 process. 

 

Lift-off processes LO3 and LO4 

 

Because common method to improve resist coupling to the substrate did not help to solve the 

problem,we supposed that problem of adhesion could be explained by undercut profile. Because 

of small sizes of features undercut profile obtained by used resists was too big. So we tried to 

solve this problem in processes LO3 and LO4 by using additional arrangements to improve resist 

adhesion and by reducing the size of undercut. LO3 and LO4 processes differed only by 

development step: 

1. CleaningLiNbO3 substrate in acetone and IPA and drying by nitroden flow; 

2. Dehydratation at 180 °C for 600 s 

3. Spinning HMDS 3.500 rpm/ 1000 rpm/s/ 12 s; 

4. Spinning Copo 10% (MAA17,5) 3.500 rpm/ 1000 rpm/s/ 12 s; 

5. Soft-bake at 180 °C for 600 s; 

6. Spinning PMMA 3% 495K 2.500 rpm/ 1000 rpm/s/ 10 s; 

7. Soft-bake at 180 °C for 600 s; 

8. Deposition of 5 nm Ge film; 

9. E-beam exposure; 

10. Etching of Ge film in H2O2/DIW (1:1) for 35-50 s.  

11. Development for 120 s without agitation: LO3 – in MIBK/IPA (1:2), LO4 – in 

MIBK/IPA (1:3). 

 

In process LO3 we terminated agitation use at development. Agitation during development is 

used to increase the pressure at the resist surface and accelerates development. But we supposed 

a) b) 
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that such pressure at the resist surface can provide resist separation from the substrate. Besides 

because of development acceleration agitation can provide bigger undercut profile. Only 

termination of agitation use did not help to solve adhesion problem (Figure 5.16 a). So we tried 

to make less strong development solutionfor process LO4. Before we used solution of methyl 

isobutyl ketone (MIBK) and isopropyl alcohol – MIBK:IPA (1:2) and then we tried MIBK:IPA 

(1:3) to reduce rate of bottom resist dissolution in developer and to reduce the undercut. This 

also didn't help to solve the problem (Figure 5.16b). 

 

Figure 5.16. ESB SEM images of resist comb fingers patterns obtained without agitation during 

the development in MIBK:IPA (1:2) for LO3 process (a) and in MIBK:IPA (1:3) for LO4 

process (b). 

 

Lift-off process LO5 

 

In process LO5 we tried to use a metal adhesion layer. Cr, Ti, Pt and etc. are usually 

employed as adhesion layers. We chose deposition of 30 nm layer of Ti onto the substrate prior 

to the application of resist layer because in work [194] it was shown that use of thin Ti film 

enables the reliable fabrication of high resolution resist patterns by e-beam lithography.  

LO5 process steps: 

1. Cleaning LiNbO3 substratein acetone and IPA and drying by nitroden flow; 

2. Dehydratation at 180 °C for 600 s 

3. Deposition of 30 nm Ti film by evaporation; 

4. Spinning HMDS 3.500 rpm/ 1000 rpm/s/ 12 s; 

5. Spinning Copo 10% (MAA17,5) 3.500 rpm/ 1000 rpm/s/ 12 s; 

6. Soft-bake at 180 °C for 600 s; 

a) b) 



 

120 /170 
 

7. Spinning PMMA 3% 495K 2.500 rpm/ 1000 rpm/s/ 10 s; 

8. Soft-bake at 180 °C for 600 s; 

9. Deposition of 5 nm Ge film; 

10. E-beam exposure; 

11. Etching of Ge film in H2O2/DIW (1:1) for 35-50 s.  

12. Development for 90 s without agitation in MIBK/IPA (1:3). 

This also didn‟t solve the problem, adhesion was bad even at low doses at which the 

development was not finished (Figure 5.17a) and .problem was increased with dose increase 

(Figure 5.17 b). 

 

Figure 5.17. SEM images of resist comb fingers patterns obtained at 165 µC/cm² (a) and 200 

µC/cm² (b) exposure doses for LO5 process. 

 

Lift-off process LO6 

 

It was decided to obtain less undercut of bi-layer resist system. For this purpose use of the 

larger molecular weight PMMA copolymer was needed. So we tried to use Copo 13% (MAA8,5) 

resist instead of Copo 10% (MAA17,5) (Figure 5.18 a). As before we spin-coated 400 nm of 

Copo 13% resist and 75 nm of PMMA 3% 495K resist on LiNbO3 sample and tried different 

doses. LO6 process steps: 

1. Cleaning LiNbO3 substrate in acetone and IPA and drying by nitroden flow; 

2. Dehydratation at 180 °C for 600 s 

3. Spinning HMDS 4.000 rpm/ 1000 rpm/s/ 12 s; 

4. Spinning Copo 13% (MAA8,5) 4.000 rpm/ 1000 rpm/s/ 12 s. Obtainedresist 

thickness of approximately 400 nm (Figure 5.18 a); 

a) b) 
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5. Soft-bake at 180 °C for 600 s; 

6. Spinning PMMA 3% 495K 2.500 rpm/ 1000 rpm/s/ 10 s. Obtainedresist thickness of 

approximately 75 nm (Figure 5.18 a); 

7. Soft-bake at 180 °C for 600 s; 

8. Deposition of 5 nm Ge film; 

9. E-beam exposure; 

10. Etching of Ge film in H2O2/DIW (1:1) for 35-50 s.  

11. Development for 180 s without agitation in MIBK/IPA (1:2)(Figure 5.18b). 

 

 
Figure 5.18. Another one used bi-layer lift-off technology. 

 

Using another resist to reduce of undercut profile didn‟t solve the adhesion problem, patterns 

were improved but resist adhesion still was not suitable for subsequent processing (Figure 5.19). 

 

Figure 5.19. ESB SEM images of resist comb fingers (a) and lines (b) patterns for LO6 process. 

 

Lift-off process LO7 

 

Because bi-layer lift-off technology posed a serious adhesion challenge we decided to try 

fabricate structures using one resist layer (Figure 5.20) despite of risk of hard metal lift-off and 

a) b) 

a) b) 
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as result not smooth edges of obtained structures. PMMA 5% 950K resist was used in this 

process. Exposure was done using variation of dose for IDT fingers and for lines from 250 to 

560 µC/cm² with step of 10 µC/cm². For contact pads the dose of 400 µC/cm² was used 

constantly. This dose was found good for big pads during previous technical processes. LO7 

process steps: 

1. Cleaning LiNbO3 substrate in acetone and IPA and drying by nitroden flow; 

2. Dehydratation at 180 °C for 600 s 

4. Spinning HMDS 2.250 rpm/ 1000 rpm/s/ 10 s; 

5. Spinning PMMA 5% 950K 2.250 rpm/ 1000 rpm/s/ 10 s. Obtainedresist thickness of 

approximately 400 nm (Figure 5.20 a); 

8. Soft-bake at 180 °C for 600 s; 

9. Deposition of 5 nm Ge film; 

10. E-beam exposure; 

11. Etching of Ge film in H2O2/DIW (1:1) for 35-50 s.  

12. Development for 150 s without agitation in MIBK/IPA (1:2)(Figure 5.20b). 

 

 

Figure 5.20. Used single resist layer lift-off process. 

 

We vary development time from 30 s to 150 s with step of 30 s. The development time of 150 

s was found good to obtain clean patterns for contact pads. Therefore, we finished development 

and observed obtained resist patterns. We found that using this process good resist patterns with 

good adhesion to the substrate were fabricated. The good dose for comb fingers and for lines was 

found near 530-560 µC/cm². So we decided to finish the process, deposited 50 nm of Ni and did 

the lift-off. After lift-off was finished we observed obtained metallic structures by SEM and 

measured its sizes.  

At Figure 5.21 structures fabricated at dose 560 µC/cm² are shown. At this dose lift-off was 

finished completely, there was no residual metal, structures were well defined, with smooth 

edges, width of lines and fingers wasclose to designed.  

a) b) 
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Figure 5.21. SEM images of structures obtained at dose 560 µC/cm² using LO7 process: comb 

fingers 500 nm (a) and lines 500 nm (b),comb fingers 250 nm (c) and lines 250 nm (d). 

 

At next two doses of 550 and 540 µC/cm² sizes of structures didn't change critically. All 

structures except fingers 250 nm were good and clean. For fingers 250 nm some residual metal 

patterns were observed (Figure 5.22 a, b). At dose 530 µC/cm² both comb fingers 250 nmand 

500 nmhad not lifted-off metal patterns (figure 5.22 c, d).  

 

 

 

 

 

 

 

 

c) d) 

a) b) 
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Figure 5.22. SEM images of residual metal on comb fingers 250 nm at doses 550 µC/cm² (a), 

540 µC/cm² (b) and 530 µC/cm² (c) and on fingers 500 nm at dose 530 µC/cm² (d). 

 

Then we measured reflection frequency responces of fabricated comb fingers using network 

analyzer.IDTs fabricated at dose 560 µC/cm² had a good reflection characteristics on frequencies 

close to desired (Figure 5.23).  

 

Figure 5.23. Reflection frequency responces of IDTs 500 nm (a) and 250 nm (b) obtained at dose 

560 µC/cm². 

c) d) 

a) b) 

a) b) 
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In Table 5.2 there is given a summary of all tried fabrication processes. One can see that 

process LO7 provided fabrication of good patterns. At e-beam exposure dose 560 µC/cm² pattern 

sizes didn‟t deviate muchfrom layout patterns and the decrease of dose below 560 µC/cm² didn't 

improve compliance of pattern sizes to layout sizes. But decrease of dose increased risk of lift-

off process not to be finished and leaving of residual metal on fabricated structures. Thus it was 

decided for fabrication of IDTs comb fingers and lines byprocess LO7 to use e-beam dose of 560 

µC/cm². The dose of 400 µC/cm² for big pads was found to be suitable. 
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Table 5.2. Summary of the fabrication processes for PnC structures. 

Process name Sample preparation Resist Development Result 

EB Cleaning with acetone and IPA 

 

AZnLOF 2020 diluted 1 µm AZ 326  Challenge to find etchant and etching 

time. Results were not suitable. 

LO1 Cleaning with acetone and IPA 

 

Copo PMMA 10% 400 

nm/PMMA 3% 495K 75 nm 

MIBK/IPA (1:2) 

+ agitation 

Resist adhesion problem. Results were 

not suitable. 

LO2 Cleaning with acetone and IPA 

+ dehydratation + HMDS 

Copo PMMA 10% 400 

nm/PMMA 3% 495K 75 nm 

MIBK/IPA (1:2) 

+ agitation 

Resist adhesion problem. Results were 

not suitable. 

LO3 Cleaning with acetone and IPA 

+ dehydratation + HMDS 

Copo PMMA 10% 400 

nm/PMMA 3% 495K 75 nm 

MIBK/IPA (1:2) 

without agitation 

Resist adhesion problem. Results were 

not suitable. 

LO4 Cleaning with acetone and IPA 

+ dehydratation + HMDS 

Copo PMMA 10% 400 

nm/PMMA 3% 495K 75 nm 

MIBK/IPA (1:3) 

without agitation 

Resist adhesion problem. Results were 

not suitable. 

LO5 Cleaning with acetone and IPA 

+ dehydratation + Ti 30nm+ 

HMDS 

Copo PMMA 10% 400 

nm/PMMA 3% 495K 75 nm 

MIBK/IPA (1:3) 

without agitation 

Resist adhesion problem. Results were 

not suitable. 

LO6 Cleaning with acetone and IPA 

+ dehydratation + HMDS 

Copo PMMA 13% 400 

nm/PMMA 3% 495K 75 nm 

MIBK/IPA (1:2) 

without agitation 

Resist adhesion problem. Results were 

not suitable. 

LO7 Cleaning with acetone and IPA 

+ dehydratation + HMDS 

PMMA 5% 950K 400 nm MIBK/IPA (1:2) 

without agitation 

Results were suitable. 
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When technological process was obtained we started devices fabrication (Figure 5.24).  

 

Figure 5.24. Scheme of chosen device fabrication technology using e-beam lithography. 

 

1. Preparation of LiNbO3 substrate (Figure 5.24 a): a) cleaning for 5 min in acetone and IPA, 

b) drying by nitrogen, c) dehydratation bake 600s at temperature 180 °C.  

2. Spincoating of HMDS and positive e-beam resist PMMA 5% 950K on the substrate (Figure 

5.24 b). Parameters of spincoater: speed 2.250 rpm, acceleration 1.000 rpm/s, time 10 s. 400 nm 

thick layer of resist was produced. Bake on a hotplate at temperature 180 °C for 600 s before e-

beam exposition. 

3. Deposition of 5 nm of Ge (Figure 5.24 c) by evaporation. This step was needed because 

LiNbO3 is an insulating substrate. It helped to avoid charge effect which could deflect the 

electron beam and distort the pattern. Figure 5.25 shows ESB SEM images illustrating charge 

effect during the fabrication of comb fingers without Ge layer on top of resist layer. Thin Ge 

layer is often used as a charge dissipation layer because of its good conductivity, transparency 

and easy processing [153]. We used it on top of the resist because resist layer was quite thick so 
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electrons may not reach the conductive layer underneath the resist and it would give rise to 

charging effect. Moreover in case of Ge layer underneath the resist difficult ion etching after 

resist development is needed. And Ge layer above the resist layer was easily removed by wet 

chemical etching before development. 

 

Figure 5.25.Distortion of the patterns because of charge effect. 

 

4. Exposition of the resist by e-beam. Parameters of exposition are given in Table 5.3. 

 

Table 5.3. Exposition parameters. 

Structure Electron energy, 

keV 

Resolution, 

nm 

Current, 

nA 

Dose, 

µC/cm² 

Lines 100 10 2 560  

IDTs 100 10 2 560  

Pads 100 30 20 400  

 

5. Etching of Ge layer. Good for Ge is hydrogen peroxide (H2O2) and it's solutions including 

mixture with deionized water. We used H2O2:DIW (1:1) solution. Etching time was about 35-50 

s. When Ge was fully etched sample was rinse by deionized water and dried by nitrogen. This 

solution didn‟t influence on the resist. 

6. Development of the exposed resist in solution of methyl isobutyl ketone (MIBK) and 

isopropyl alcohol – MIBK:IPA (1:2) for 150 s without agitation of the sample (Figure 5.24 d). 

Rinse by isopropyl alcohol and drying by nitrogen. 

7. Deposition of Ni 50 nm (Figure 5.24 e) by evaporation. Evaporation was chosen as 

deposition method because evaporated films have poor step coverage due to the directional 
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nature (shadowing). Due to this fact it‟s easier to make lift-off and to obtain well defined borders 

of the structures using evaporated films. 

8. Lift-off in Remover PG at temperature 70°C (Figure 5.24 f), rinse by IPA and dry by 

nitrogen. 

 

After finish of device fabrication the process of fabrication of gold contact pad for AFM 

imaging was done. This process included following steps: 

a) Spincoating of 1 µm layer of diluted negative resist AZnLOF 2020 on the sample and bake 

at temperature 110 °C for 90 s (Figure 5.26 a).  

b) Overlay of mylar film on sample and alignment with contact pads made by e-beam 

lithography. Mylar film is a polyester film which blocks out ultraviolet (UV) radiation. So we 

used it as a mask for photolithography (Figure 5.26 b). 

c) UV exposition of the resist (Figure 5.26c). 

d) Development of the unexposed resist in AZ 326 developer for 40 s (Figure 5.26 d). Rinse 

by deionized water and drying by nitrogen. 

e) Deposition of Ti5 nm /Au 30 nm by sputtering. 

f) Lift-off in Remover PG at temperature 70°C (Figure 5.26 f), rinse by IPA and dry by 

nitrogen.  
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Figure 5.26. Scheme of fabrication of golden contact pad. 

 

After all technological steps we obtained sample with devices (Figure 5.27). Then 

visualization of obtained structures by optical and scanning electron microscopes was done.  

 

 

 

 

 

 

 

 

 

 

Figure 5.27. Photoof fabricated sample (a) and optical microscope image of device for AFM 

imaging(b). 
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By optical microscope visualization (Figure 5.28) we checked that technological process was 

done correctly: all lift-off processes were finished, there was no residual metals and resist, 

devices had all needed elements. 

Figure 5.28. Optical microscope images of obtained devices 500 nm: IDT (a) and Ni lines (b). 

 

More detailed images of our devices were obtained by SEM (Figure 5.29). Further 

measurements of actual sizes of fingers and Ni lines by SEM and AFM and investigation of 

devices properties were done subsequently. 

 

 

Figure 5.29. SEM image of IDT500 nm. 
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5.3.3 Investigation of 1D surface phononic crystals fabricated by electron-

beam lithography 

 

We measured actual sizes of fingers and Ni lines by SEM imaging (Figures5.30, 5.31). Both 

comb fingers and Ni lines sizes were found to be good and suitable for chosen working 

frequencies. 

 

Figure 5.30. SEM images of IDTs 500 nm (a) and 250 nm (b). 

 

Figure 5.31. SEM images of Ni lines 500 nm (a) and 250 nm (b). 

 

AFM imaging also showed good uniformity and smooth of obtained structures (Figure 5.32). 

From AFM cross-section images one can see that width and height of Ni lines are in good 

accordance with declared sizes. 
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Figure 5.32.AFM image and cross-section images of Ni lines 500 nm. 

 

Then experimental characterization of the band gap properties of the obtained PnCs was done. 

We used a network analyzer and probe station to excite the structure and to monitor the 

transmission through it (Figure 5.33).The measured transmission responses of IDTs with (solid 

line) and without PnCs (dashed line) are shown on Figure 5.34. For devices with arrays of 500 

nm and 250 nm sized lines one can see windows of low transmission with 30 dB reduction in 

transmission at frequencies of 1.9 GHz and 3.5 GHz respectively. This is in excellent agreement 

with the theoretical predictions shown by solid line on Figure 5.35. 

 

 

 

 

 

 

 

 

 

 

Figure 5.33.Used network analyzer and probe station. 
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Figure 5.34. Measured transmission frequency responces of IDTs with (solid line) and without 

(dashed line) PnC for 2 GHZ (a) and 4 GHz (b). 

 

 

 

 

 

 

 

 

 

Figure 5.35.Calculated (solid line) and measured(dashed line) transmission frequency responces 

of IDTs with PnC for 2 GHZ (a) and 4 GHz (b). 

 

Then we experimentally confirmed magnetic properties of fabricated Ni line arrays PnCs by 

MFM imaging (Figure 5.36). It means that such PnCs should be sensible to applied magnetic 

field. The experimental investigation of magnetic field influence on transmission characteristics 

of developed PnCs requires designing of a new sample allowing to use magnet system in one 

moment with the network analyser and these study will be future prospect of this work. So the 

influence of applied constant magnetic field on observed characteristics was evaluated 

theoretically as previously for oxide line arrays PnCs made by LAO. On Figure 5.37 by dashed 

line calculated SAW transmission of 2 GHz PnC in magnetic field H=300 Oe is shown. One can 

see frequency shift of the band gap on 5 MHz in comparison with magnetic field H=0 

Oe.Maximum insertion loss at the same time was reduced by 7 dB. 
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Figure 5.36.MFM image of Ni lines 500 nm. 

 

 

 

 

 

 

 

Figure 5.37.Calculated transmission frequency responces of PnC for 2 GHZ (solid line) and 

same crystal in applied constant magnetic field H=300 Oe (dashed line). 

 

 

5.3.4 Feasibility to fabrication of 2D surface phononic crystals 

 

The 2D surface PnCsare gaining more and more research interest because of perspectives in 

designing high performance acoustoelectronic devices: resonators, pass-band and low-band 

filters [180-181]. That‟s why besides of investigation of magnetically tunable 1D PnCs made of 

Ni lines it was decided to study feasibility to fabrication of 2D PnCsmade from Ni pillars on 

frequencies 2GHz, 4 GHz and 6 GHz. As it was said before, frequency, bandwidth and time 

response of the PnC depend on designthe key parameters of PnCs made of pillars are pillar 
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diameter(D), pillar spacing (S) and pillar height (H) (Figure 5.38).Schematic geometry of our 

pillarsis shown on Figure and design parameters are given in Table 5.4. 

 

 

 

 

 

 

 

 

 

 

Figure5.38.Schematic geometry of pillars. 

 

Table 5.4. Design parameters of pillars. 

Substrate Y+128° cut LiNbO3 

PnC material Ni 

Metal thicknes, nm 50-100 

Central frequency, GHz 2 4 6 

Pillars diameterD, nm 520 320 160 

Pillars spacing S, nm 130 80 40 

 

Using program LayoutEditor we‟ve designed patterns for lithography. On Figure 5.39 there are 

given layouts for pillars 160 and 320 nm as example.  

 

D S 
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b) 
bbbbb 

Figure 5.39. Layout of pillars160 and 320 nm. 

 

As previously for 1D PnCs we tried both etch-back and lift-off processes for pillars 

fabrication. We used EB, LO6 and LO7 processes described previously. EB and LO6 processes 

were found to be not suitable for 2D PnCs fabrication as previously for 1D PnCs (see Figure 

5.39). In EB process because of the big thickness of the resist layer obtained resist pillars 

patterns were fell on the substrate (Figure 5.40 a) and in LO6 process resist adhesion problem 

was found (Figure 5.40 b). 

 

Figure 5.40. SEM images of resist patterns of pillars for EB (a) and LO6 (b) processes. 

a) b) 
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So we started LO7 process for pillars.Exposure was done with variation of dose from 250 to 

560 µC/cm² with step of 10 µC/cm². For development we used time of 150 s obtained previosly 

for 1D PnCs. Then 50 nm of Ni was deposited and the lift-off process was done. After lift-off 

was finished we observed obtained structures by SEM and measured its sizes. SEM images of 

smallest pillars 160 nm at different doses are shown on Figure 5.41. One can see that at dose 560 

µC/cm² pillars are not well defined, have wrong shape and sizes (Figure 5.41a). At dose 550 

µC/cm² sizes of pillars became good and shape became more round (Figure 5.41b). Pillars 

fabricated at dose 540 µC/cm² are shown on (Figure 5.41c). At this dose lift-off also was finished 

completely and pillars had ideal shape and sizes and smooth edges.This dose was found to be 

suitable for bigger pillars also. At dose 530 µC/cm² shape of pillars became worse (Figure 

5.41d). Dose 510 µC/cm² was not enough to open resist after exposure and development. Some 

patterns were not opened at all, some of them had remains of resist in the center. During lift-off 

process such remaining resist was dissolved and metal on it was lifted-off. That is why great part 

of pillars was not obtained and all obtained pillars had holes in the center(Figure 5.41e).  

 

 

a) 

d) c) 

b) 
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Figure 5.41. SEM images of pillars obtained by LO7 processusing different electron-beam doses: 

560 (a), 550 (b), 540 (c), 530 (d) and 510 (e) µC/cm². 

 

So process LO7 was found to be suitable and we started pillars fabrication process which is 

described previously (Figure 5.24). Exposition parameters are the same for all pillars sizes and 

are given in Table 5.5. We deposited 50 nm of Ni to obtain resulting structures. 

 

Table 5.5. Exposition parameters for pillars fabrication. 

Parameters of e-beam 

Electron energy, 

keV 

Resolution, 

nm 

Current, 

pA 

Dose, 

µC/cm² 

100 5 300 540 

 

After fabrication SEM and AFM imaging were done. On SEM images (Figure 5.42) one can 

see that pillars of all sizes are well defined, have good sizes and smooth edges. Just some 

unremoved fractions of the resist can be observed on the pillars edges. AFM imaging also 

showed good uniformity and smooth of obtained structures (Figures 5.43-5.44). AFM tip 

diameter is greater than gap between neighbor pillars so we‟ve made scan of the edge of 520 nm 

pillars array to check pillars height (Figure 5.43). From AFM cross-section image it can be seen 

that pillars height is about 50-60 nm. On Figure 5.44 detailed AFM and AFM cross-section 

images of pillars 520 nm are given. One can see that pillars have a good quality and their sizes 

are in good accordance with declared sizes. Further theoretical and experimental investigation of 

such 2D PnC structures is expected. 

 

e) 
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Figure 5.42. SEM images of fabricated pillars 160 nm (a), 320 nm (b), 520 nm (c). 

 

 

 

Figure 5.43. AFM (a) and cross-section (b) images of pillars 520 nm array. 
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Figure 5.44. Detailed 3D AFM (a), 2D AFM (b) and cross-section (c) images of pillars 520 nm 

array. 
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5.4 Conclusions 

 

In this chapter fabrication of high frequency magnetically tunable PnCsusing two lithographic 

techniques – EBL and SPL – was investigated. Both techniques are used to produce 

nanostructures with high resolution. We proposed to use both these methods for high frequency 

PnCs structures fabrication. But both EBL and SPLhave advantages and drawbacks.  

It was not known before that periodic oxide structures obtained by SPL LAO could serve as 

PnCs. At the same time this technique seems to be one of the promising methods of PnCs 

fabrication because of simplicity and cheapness of technological process unlike EBL. LAO can 

produce another material from initial substrate and to make arrays of different materials with 

different elastic properties without additional procedures like etching. We‟ve investigated 

experimentally the possibility to obtain periodic oxide structures and theoretically their 

possibility for a SAW bandgap formation. Also it was shown that formation of oxide structures 

arrays on ferromagnetic films allows tuning of a bandgap by applied magnetic field. Finally, the 

whole technological process for practical realization of 1D PnCs made of oxide lines by 

scanning probe on 2 and 4 GHz was developed. The main obstacle in practical realization of 

PnCs by LAO was the lack of multiprobe system needed for fabrication of big amount of 

structures on big area what is impossible to do by single probe. Further investigation on 2D PnCs 

fabrication and practical realization of studied structures is expected. Feasibility of PnCs 

fabrication using scanning probe mechanical scratching will be also studied. 

EBL is a well known and studied technique for PnCs fabrication [200-202]. We‟ve decided to 

use it for magnetically tunable PnCs realization. Fabrication process for 1D and 2D PnCs made 

of Ni on 2 and 4 GHz using EBL was developed. Obtained 1D PnCs were studied experimentally 

and bandgap formation in the spectrum of SAW was found. A bandgap shift under magnetic 

field application was investigated theoretically. Further fabrication of sample for experimental 

study of magnetic field influence on the structures will be done. Further theoretical and 

experimental investigation of developed 2D PnCs structures is expected.All developed periodic 

ferromagnetic structures made both by LAO and EBL can be subsequently used for contactless 

control of SAW filters. 

. 
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Conclusions and future prospects 

 

 

The goal of this work was to investigateexperimentallyfabrication ofsubmicron structures on 

ferromagnetic films using two different lithographic techniques: scanning probe lithography and 

electron-beam lithographyfor potentialapplications in spintronics and magnetically tunable SAW 

devices. Similarly, the aim of this work was to make first steps in magnetically sensitive 

phononic crystals fabrication. 

Both scanning probe lithography and electron-beam lithography technologies have their own 

advantages and drawbacks.We‟ve made detailed investigation of local anodic oxidation by 

scanning probe for different ferromagnetic films. We also developedphononic crystals 

fabrication processes using both technological methods. 

 

Main results of the work are: 

1. Dependences of sizes of nanostructures fabricated on ferromagnetic metal films by LAO 

on variety of process parameters – tip-sample voltage, oxidation time, humidity, tip 

properties, film texture –were obtained. It was defined that LAO of different materials 

starts at different tip-sample voltages (Vtr
Ni

 = Vtr
FeCo

 = -4V and Vtr
Fe

 = Vtr
Co

 = -6V) and 

oxide lines sizes increase with the voltage increase. The same way oxide lines sizes 

increase with the increase of oxidation time and humidity. It was also obtained that film 

texture have a great influence on threshold oxidation parameters and oxide lines sizes. 

Oxide structures with bigger sizes at decreased oxidation parameterscan be fabricated by 

LAO on Ni(200) and Fe(200) films. As result of this investigationLAO parameters for 

fabrication of structures with certain sizes were obtained. 

2. The possibility to produce nanostructures with different from initial material chemical, 

electrical and magnetic properties by SPL oxidation and mechanical scratching was 

shown. By Auger spectroscopy it was shown that formation of Ni oxide during LAO 

process on Ni film can be assumed. It was also obtained that nanostructures made by LAO 
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have properties of tunnel barriers: current-voltage characteristics of such structures have a 

non-metallic behavior and become non-linear at low temperatures. Barrier heights of 

0.037 eV and 0.1 eV for structures on Ni and FeCo films respectively were defined. 

Similarly, it was shown that SPL mechanical scratching can be used for fabrication of 

magnetoresistive nanostructures.Magnetoresistance of Ni microstripes with such 

structures is inversed and higher than for initial microstripes. 

3. The possibility to obtain by LAO periodic arrays of structures with different elastic 

properties was shown experimentally. Feasibility to use such arrays as hypersonic PnCs 

was confirmed theoretically. The technological process for practical realization of PnCs 

made of oxide lines by scanning probe oxidation was developed. 

4.  Fabrication process for 1D and 2D Ni PnCs for 2-6 GHz frequencies using EBL was 

developed. Properties of obtained 1D 2 GHz and 4 GHz PnCs were studied 

experimentally and bandgap formation in the spectrum of SAW at 1.9 GHz and 3.5 GHz 

respectively was found. Experimental results of transmission characteristics measurements 

are in good agreement with results of numerical simulations. 

5. Applied constant magnetic field influence on transmission characteristics of PnCs made 

both by LAO and EBL was evaluated theoretically. A bandgap shift up to 50 MHz under 

magnetic field application was confirmed. 

Results of this work will be used for further development of magnetoresistive structures and 

magnetically tunable phononic crystals. Practical realization of phononic crystals using probe 

oxidation is expected. Obtained results on theoretical analysis of magnetic field influence on 

phononic crystals made by local anodic oxidation and electron-beam lithography will be verified 

experimentally. Simaltaneously, theoretical and experimental investigation of feasibility to 

fabricate phononic crystals using another scanning probe method – mechanical scratching – is 

expected. 
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Résumé étendu en Francais 

 

 

Aujourd'hui, structures fondées sur matériaux ferromagnétiques est utilisés très activement 

pour différentes applications: mémoire magneto-résistif à accès non séquentiel, capteurs 

magnétiques ou même de nouveaux composants électroniques – les dispositifs spintronique. Les 

dispositifs spintronique est basées sur le transfert de spins des électrons. Aussi la tendance 

principale de l'électronique moderne est une réduction d'éléments dimensions à l'échelle 

submicronique. Ainsi les nanostructures magnétiques est d'un grand intérêt et leurs méthodes de 

fabrication et propriétés sont étudiées activement. 

Structures submicrométrique périodique peuvent être utilisées comme crystaux phononiques 

(PnC) de haute fréquence pour les ondes acoustiques de surface (SAW). Il ya les études de 

variation des paramètres acoustiques des PnC magnétoélastiques par le champ magnétique (ΔE-

effet). Le bande interdite du cristal phononique peut être déplacé par le champ magnétique. Ceci 

peut être utilisé pour la commutation de bande passante sans fil et sans contact dans des filtres et 

des capteurs à SAW. 

Ainsi le but principal de ce travail est la préparation et la recherche expérimentale et 

théorique des propriétés des nanostructures magnétiques pour des applications en composants 

magneto-résistif et phononique.Lithographie à sonde locale (SPL) et lithographie par faisceau 

d‟électrons (EBL) ont été utilisées pour fabrication des nanostructures. De même, le but de 

travail était de faire les premiers pas dans le fabrication des cristaux phononiques sensible pour 

le champ magnétique. 

Pour cela les objectifs suivants ont été fixes: 

1. Investigation des SPL oxydation anodique locale (LAO) et development des 

nanostructures sur des films métalliques ferromagnétiques. 

2. Recherche expérimentale des propriétés des nanostructures fabriquées par 

méthode SPL. 
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3. Investigation expérimentale de la possibilité d'obtenir par LAO des structures 

périodique avec différentes propriétés élastiques. 

4. Investigation théorique de la faisabilité d'utiliser ces structures comme PnC 

hypersoniques. 

5. Développement des procédés de fabrication des PnC par les deux méthodes 

technologiques: SPL LAO et EBL. 

6. Simulations numériques d‟influence de champ magnétique sur les caractéristiques 

de transmission de PnC fabriqué par SPL LAO et EBL. 

Le manuscrit de thèse comporte cinq chapitres encadrés par une introduction et une 

conclusion générale. Le premier chapitre décrit les procédés lithographiques utilizes (SPL et 

EBL). Dans le deuxieme chapitre l'étude détaillée de SPL LAO de différents films métalliques 

ferromagnétiques est donnée. Point clé de cette étude est une investigation de l'influence des 

différents paramètres sur la taille des structures fabriquées par LAO. L‟influence d'oxydation de 

la sonde a été étudié pour la première fois. Le troisième chapitre se concentre sur l'oxydation à 

sonde locale de films métalliques ferromagnétiques des différentes textures. L‟influence de 

texture sur LAO n'a pas été étudié précédemment et les résultats de cette étude peuvent être 

utilisés pour l'optimisation de la fabrication de nanostructures. Le quatrième chapitre comporte 

l‟étude des propriétés électriques et chimiques des structures submicronique fabriquées par SPL 

méthodes: LAO et SPL mécanique méthode. Les résultats ont montré que les propriétés des 

structures obtenues diffèrent des propriétés du matériau de depart. Il a été conclu que ces 

techniques peuvent être utilisé pour la fabrication de nanostructures pour une application dans les 

différents dispositifs. Structures simples peuvent être utilisés comme structures tunnel et 

magneto-résistif pour la réalisation de dispositifs spintronique. Le rang de ceux structures 

peuvent être utilisés comme PnC hypersoniques. Dans le cinquième et dernier chapitre une 

description détaillée des procédés technologiques pour la fabrication de structures phononiques 

par SPL et EBL est présenté ainsi que les résultats sur la recherche théorique et expérimentale de 

ces structures. Il sont donnés les résultats des simulations numériques de l'influence du champ 

magnétique sur ces structures. Des recommandations pour le développement de structures sont 

également donnés. 

De contenu de la thèse des principaux points présentés à la défense peuvent être extraits:  

1. Résultats expérimentaux de l'investigation de LAO sur Ni, Fe, Co et FeCo films. Ces 

résultats peuvent être utilisés pour la détermination des paramètres de LAO et les instruments 
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nécessaires pour obtenir des nanostructures avec certaines tailles par cette méthode 

lithographique.  

2. Résultats expérimentaux l'investigation de LAO sur Ni (200), Ni (111), Fe (200) et Fe 

(110) films. Ces résultats peuvent être utilisés pour contrôler le processus LAO.  

3. Technologie de fabrication de 1D PnC hypersonique contrôles par champ magnétique 

sur Ni par LAO méthode. Cette technologie peut être utilisée pour le développement des 

structures phononiques pour une application dans des capteurs magnétiques et des filtres à 

SAW sans fil.  

4. Processus de fabrication approprié pour la réalisation des 1D et 2D PnC contrôles par 

champ magnétique sur Ni pour 2-6 GHz par EBL méthode. Ce processus de fabrication 

permet d'obtenir facilement de bonnes structures phononiques avec différentes configurations. 

Résultats de ce travail seront utilisés pour le développement de structures magnéto-résistif 

et cristaux phononiques contrôles par champ magnétique. La réalisation pratique de cristaux 

phononiques fabriqué par LAO est prévu. Les résultats de l'analyse théorique de l'influence du 

champ magnétique sur les cristaux phononiques fabriqué par LAO et EBL seront vérifiées 

expérimentalement. Recherche théorique et expérimentale de la faisabilité de fabrication des 

cristaux phononiques par SPL mécanique méthode est attendue. 
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Appendix A 

 

 

Microstripes fabrication technology 

 

Preparation of Au contact pads 

1. Preparation of glass substrate: a) cleaning for 5 min in ultrasound bath by dichlormethan 

(CH2Cl2), acetone, IPA and DIW b) drying by nitrogen.  

2. Deposition of Ti 20 nm /Au 100 nm for contact pads by sputtering (Figure A1 a). Deposition 

of Ti is needed to improve adhesion of Au. 

3. Spincoating the adhesion promoter HMDS and negative resist AZnLOF 2020 on the substrate 

(Figure A1 b). Parameters of spincoater: speed 2.000 rpm, acceleration 1.000 rpm/s, time 20 s. 

1µm thick layer of resist is produced. A hotplate bake at temperature 110 °C for 60 s. 

4. Exposureof the resist by UV light for 3 s using photomask of contact pads and post-bake on a 

hotplate at temperature 110 °C for 60 s (Figure A1 b).  

5. Development of the unexposed resist in AZ 326 developer for 20 s (Figure A1 c). Rinsage by 

deionized water and dry by nitrogen. 

6. Ion beam etching of Au (Figure A1 c-d).Orientation of the substrate on beam: 90°. The whole 

time of etching is 5-6 min. 

7. Checking the conductivity of the substrate to confirm that Au was etched completely. 

8. Removing remaining resist in Remover PG (Figure A1 e). Then rinsage by DIW and drying 

by nitrogen. Au contact pads are prepared. 
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Preparation of microstripes 

9. Spincoating the adhesion promoter HMDS and positive resist AZ 1518 on the substrate 

(Figure A1 f). Parameters of spincoater: speed 4.500 rpm, acceleration 1.000 rpm/s, time 10 s. 

1.6 µm thick layer of resist is produced. Bake on a hotplate at temperature 110 °C for 60 s. 

10. Exposure of the resist by UV light for 2.3 s using photomask of microstripes and post-bake at 

temperature 110 °C for 60 s (Figure A1 f).  

11. Development of the exposed resist in solution of AZ 400K developer and deionized water – 

AZ:DIW (1:3) for 30 s (Figure A1 g). Then to rinse by deionized water and dry by nitrogen.  

12. Deposition of metal (Ni, FeCo) by sputtering (Figure A1 h). 

13. Lift-off in Remover PG at temperature 70°C (Figure A1 i), rinsage by IPA and drying by 

nitrogen. Microstripes are prepared. 
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Figure A1. Scheme of microstripe fabrication technology. 
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For fabrication ofmicrostripes with more clean edges bi-layer lift-off technology can be 

applied. For this technology 2 positive resists are used to obtain undercut resist profile. Such 

undercut profile will allow to do clean lift-off and to obtain well defined metal structures. The 

bottom layer should have a higher sensitivity to the exposure or a higher dissolution rate in the 

developer. 

 

9. Preparation of glass or silicon substrate as before: a) cleaning for 5 min in ultrasound bath by 

dichlormethan (CH2Cl2), acetone, IPA and DIW b) drying by nitrogen.  

10. Spincoating HMDS. Parameters of spincoater: speed 2.500 rpm, acceleration 3.000 rpm/s, 

time 12 s. 

11. Spincoating positive resist LOR 10 (Figure A2 a). Parameters of spincoater: speed 2.500 

rpm, acceleration 3.000 rpm/s, time 12 s with open cover and speed 1.500 rpm, acceleration 

1.000 rpm/s, time 8 s with closed cover. 1 µm thick layer of resist is produced. Bake on a 

hotplate at temperature 180 °C for 240 s. 

12. Spincoating positive resist S1805 (Figure A2 a). Parameters of spincoater: speed 3.700 rpm, 

acceleration 2.000 rpm/s, time 10 s. 0.5 µm thick layer of resist is produced. Bake at temperature 

110 °C for 60 s. 

13. UV exposure of the resist for 1.8 s with light intensity of 7.4 mW/cm
2
 using photomask of 

microstripes and post-bake at temperature 120 °C for 60 s (Figure A2 a).  

14. Development of the exposed resist in MF 319 developer for 15s with agitation + 120 s 

without agitation (Figure A2 b). Rinsage by DIW and drying by nitrogen.  

15. Deposition of metal (Ni, FeCo) by sputtering (Figure A2 c). 

16. Lift-off in Remover PG at temperature 70°C + applying of ultrasound for 2 minutes (Figure 

A2 d), rinsage by IPA and drying by nitrogen. Microstripes are prepared. 
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Figure A2. Scheme of bi-layer microstripe fabrication technology. 
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Préparation et études des propriétés des films magnétiques nanostructures 

pour des applications en dispositifs magneto-acoustiques et spintroniques 

Aujourd'hui, les structures basées sur les matériaux ferromagnétiques sont largement utilisées 

pour différentes applications: mémoires magnéto-résistives à accès non séquentiel, capteurs 

magnétiques et également nouveaux composants électroniques et dipositifs spintroniques. La 

tendance générale de l'électronique moderne est une réduction de la dimension des éléments à 

l'échelle submicronique. Ainsi, les nanostructures magnétiques sont d'un grand intérêt et leurs 

méthodes de fabrication et propriétés sont étudiées activement. 

Le but principal de ce travail est la préparation et la recherche expérimentale et théorique des 

propriétés de nanostructures magnétiques pour applications aux composants magneto-résistifs et 

phononiques. La lithographie à sonde locale (SPL) et la lithographie par faisceau d‟électrons 

(EBL) ont été utilisées pour la fabrication des nanostructures. De premiers pas ont également été 

réalisés en fabrication des cristaux phononiques sensibles au champ magnétique. 

Mots-clefs:  - Films magnétiques    - Lithographie à sonde locale 

- Nanostructures    - Microscope à force atomique 

- Ondes acoustique de surface  - Oxydation anodique locale 

- Cristal phononique surface   -Lithographie par faisceau d‟électrons 

Preparation and studies of properties of nanostructured magnetic films for 

applications in magnetoacoustic and spintronic devices 

Nowadays, structures based on ferromagnetic materials are largely used for different 

applications: random access magneto-resistive memories, magnetic sensors, and also new  

electronic components and spintronic devices. The general trend of modern electronic is the 

reduction of dimensions down to submicronic scales. Therefore, the magnetic nanostructures are 

of great interest and their methods of fabrication and properties largely studied. 

The main goal of this work is the preparation and experimental and theoretical research on 

properties of magnetic nanostructures for applications in magnetoresistive and photonic devices. 

The Scanning Probe Lithography (SPL) and Electron Beam Lithography (EBL) were used for 

the nanostructures fabrications. First steps were also achieved in fabrication of phononic cristals 

sensitive the magnetic field. 

Mots-clefs:  - Magnetic films   - Scanning probe lithography 

- Nanostructures    - Atomic force microscope 

- Surface acoustic waves  - Local anodic oxidation 

- Surface phononic crystal  - Electron beam lithography 


