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Abstract 

 Low dimensional systems show fascinating physical properties including weak 

localization, being an example of Quantum confinement effects (QCE), and enhanced surface 

effects.  Recent progress on nanotechnologies to fabricate and characterize nanostructures 

enabled to study peculiar properties unique to the low dimensional systems.  The physical 

properties of low dimensional systems are highly dependent on temperature, external magnetic 

field and sizes of nanostructures relative to the Fermi wavelength and/or carrier mean free path, 

because the electron propagation path and electron scattering phenomena, including electron-

electron scattering and electron-phonon scattering, are largely affected by these conditions.   

 Bismuth (Bi) has unique physical properties such as small effective mass, low carrier 

density, and long carrier mean free path as well as anisotropic Fermi surface.  Furthermore, long 

Fermi wavelength (λF) of ~40 nm, originating from the unique shape of the Fermi surface, and 

small effective mass with low carrier density allow to study QCE in Bi nanostructures using a 

probe of magnetoresistance (MR). 

 In this thesis, I fabricated Bi anti-dot thin films on ordered porous alumina array 

templates by thermal evaporation technique.  In order to study QCE of Bi anti-dot thin films, 

pore wall widths (wBi) and thickness of films (t) were systemically tailored relative to λF=~40 nm, 

which is a critical length parameter that restrict the motion of conduction carriers.  Magneto-

transport properties were measured as function of external magnetic field at several temperature 

regimes.  The dimensionality was evaluated from the magneto-resistance data by using the 

Hikami-Larkin-Nagaoka model.  As a consequence, I have found that the dimensionality of the 
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Bi anti-dot films changes from 1D-2D to 2D-3D with increasing wBi and t.  Particularly, the 1D 

character appeared only when wBi is shorter than the coherence length and wBi, t < λF.   

The behavior of electron and hole carriers as influenced by the size of anti-dot structure 

and temperature was analyzed in detail by assuming the two-band model.  As a result, the density 

of electron carriers was found to be enhanced with decreasing the film thickness, indicating that 

the surface carriers were dominated by electrons.  In the thinnest films with t = 25 nm, the hole 

density was significantly increased with wBi, which might reflect the increase of dimensionality. 
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Chapter 1 

Introduction 

 

1.1   Motivation and Outline of thesis 

In this thesis,I have investigated quantum confinement effect of Bi anti-dot thin films 

with tailored pore wall widths as shown in Figure 1.1, where the regularly arranged pore walls 

can spatially restrict the paths of carriers. 

 

 

 

 

 

 

 

 

Figure 1.1.Schematic illustration of anti-dot thin films  
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Most of the previous related works have focused on Bi nanowires and thin films [1-4].  In 

thin films, electron systems are either two-dimensional or three-dimensional, depending on the 

film thickness.  Thin nanowires can be one-dimensional. But the nanowire samples obtained so 

far are assemblies of many nanowires with random orientation so that it is hard to evaluate the 

transport properties low-dimensional electrons.  Bi anti-dot thin films [5] are fascinating subjects 

of researches, in which distinctive physical properties such as low dimensional electron 

propagation are controllable by pore wall width and film thickness.  Furthermore, in anti-dot thin 

films, the paths of low dimensional electrons are well restricted, which enables to characterize 

the anisotropic transport properties, including magneto-resistance, in a well-defined manner.  In 

this thesis, Bi anti-dot thin films were fabricated on ordered porous alumina templates.  The 

dimensionality of the anti-dot Bi thin films was deduced based on detailed analyses of the 

magneto-resistance data as a function of external magnetic field.  

 

1.2   Quantum confinement effects 

In low dimensional systems, such as nanostructures whose sizes are smaller than the 

Fermi wavelength and carrier mean free path, Quantum Confinement Effects (QCE) manifests 

itself as discrete energy band [6], confined charge carriers [7] and weak localization [4], which 

are not seen in bulk or three-dimensional system.   
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1.2.1   Density of states 

 Density of states (DOS) [8, 9] is the number of electronic states per unit volume in k 

space, which is described by  

 ( )  
  ( )

  
                                                             (1.1) 

The total energy En (k) in the nth band has the form,  

  ( )     
    

 
(
 

  
 

 

  
)                                            (1.2) 

as function of momentum  k in the k space, where   is the electron effective mass and   is the 

hole effective mass.   

 

Figure1.2 Density of state as a function of energy for (a) bulk, (b) thin film, (c) nanowire and (d) nanodot. 
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In case of bulk, the volume in k-space is spherical, 

   
 

 
    

  √            

The volume per state is 

              
   

      
 

The number of states is  

   
  
      

 
  

   
       

Because of the spin degeneracy, the total number of states is 

       
  

   
       

Therefore, the volume density is given by 

  
 

      
 

  

   
                                                         (1.3) 

From Equations (1.2) and (1.3), the bulk density of state is derived as 
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As shown in Figure 1.2 (a), DOS of bulk has a parabolic shape with E ( ( )  √ ).  The change 

in DOS is very small in the vicinity of the Fermi level. 

The DOS profile of two-dimensional thin film can be obtained by the same procedure.  In thin 

films, electrons occupies a circular area in the k-space 

     
  

also 

            

where 

   
  

  
        

  

  
 

Along the same way with bulk, DOS for thin film is expressed as 

 ( )  
 

   
(    ) 

The DOS profile shows stepwise increases, as shown in Figure 1.2 (b). 

Similarly, DOS for one-dimensional nanowire is described as 

 ( )  
 

 
√
  

  
∑

 

√    
 

which is approximated by  ( )  
 

√ 
, as shown in Figure 1.2 (c). 
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In nanodot case, DOS can be derived as 

 ( )   ∑ (    ) 

This equation leads to infinitely narrow peaks, as illustrated in Figure 1.2 (d). 

 As described above, dimensionality significantly modifies DOS and such modification of 

DOS can provide unique electronic properties.  For example, in low dimensional systems, the 

density of states near the Fermi level is increased, which can enhance the thermoelectric power, 

as demonstrated in Bi thin films [10-12].  It is also proposed that discrete energy levels cause 

semimetal to semiconductor transition, as reported in Bi thin films or nanowires [13-15].  

 

1.2.2   Weak localization 

Electron propagation plays a key role in carrier transport in electronic systems.  Since the 

electronic behavior changes from ballistic to diffusive by decreasing the dimension of 

nanostructure [16, 17], weak localization phenomena, being one of the quantum confinement 

effects, appear in low dimensional systems.  Especially, elastic scattering (electron-electron 

scattering) become dominant instated of inelastic scattering (electron-phonon scattering) at low 

temperature [18, 19].  Therefore, resistivity is decreased with decreasing temperature until a 

certain temperature, below which resistivity is suddenly increased the resistivity, as referred to as 

weak localization [19-21]. The diffusive electron motion in low dimensional systems at low  
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temperature results in coherence backscattering [19-22].  This phenomenon can be explained by 

Feynman path in Figure 1.3 [23].      

In classical systems (Figure 1.3 (a)), electrons travel along different paths between two 

points.  Whereas, electrons move in the two exactly same closed loops with opposite directions 

of motion, when electrons are confined in low dimensional systems (Figure 1.3 (b)).  The total 

probability of electron propagation from r to r' in a time t is given by  

 (      )  |∑    |  ∑ |  |
 

  ∑        
                                          (1.4) 

whereAi is the probability of electron propagation along the path i.  The first term on the right 

side in Equation 1.4 is a correction for classical diffusion probability and second term describes 

quantum interference.  If the start point (r) and end point (r') are different, the second term is 

corrected.  In case that the starting and end points are same (r = r'), which causes coherent 

backscattering with time-reversal pairs, the probability amplitudes A
+ 

and A
- 
 are equal to A.  

Figure 1.3.Examples of Feynman path accounting for the mechanism of coherent back scattering.  

Electron propagation in (a) classical regime and (b) low dimensional one which has time-reversal 

diffusive paths. 
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This behavior results in twice larger probability than that of classical case, because|     |  

 | | increases the probability of electron returns.  Therefore resistivity is increased and the weak 

localization is manifested in low dimensional systems.  The electron propagation in a closed loop 

is characterized by the phase coherence length (Lϕ), which isa function of temperature, and the 

size of loop.  Lϕ is given by 

     √                                                                (1.5) 

where D is the diffusion constant and    is the phase breaking time.  The inelastic scattering is in 

inverse proportion to   .  Consequently, Lϕ is larger at low temperature where inelastic scattering 

is suppressed [24, 25]. 

 

 

 

Figure 1.4 Magnetoresistance behavior in (a) weakly localized and (b) weakly anti-localized 

electron systems 
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1.2.3   Weak anti-localization 

 The time-reversal two paths in the same loop are destroyed by strong spin-orbit coupling 

which decreases the probability of back scattering.  The destroyed interference of two wave 

functions results in lowered resistivity in the vicinity of zero magnetic fields at low temperature, 

as shown in Figure 1.4 [26-28]. This phenomenon enhances the conductivity, contrary to weak 

localization, and called weak anti-localization.  

 When the weak localization effects is taken into account, the conductivity associated with 

electron diffusive propagation in two dimensional systems is corrected by  

     
  

 
  (

  
 
) 

where  is the mean free path.  As mentioned above, Lϕ is temperature dependent and, therefore, 

conductivity also shows logarithmic temperature dependence in disordered low dimensional 

systems at low temperature under low magnetic field.  In addition, the weak localization effect 

enhances electron-electron interaction, particularly the interaction with neighbor electrons [29].  

Therefore, the electrons diffusive propagation is confined in a limited range.  As a consequence 

of weak localization or weak anti-localization effects, electron propagation properties in low 

dimensional system are substantially modified. 
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1.3   Bismuth 

 Bulk Bi is a semimetal with rhombohedra structure [30], in which the conduction and 

valence bands overlap in energy at L-point and T-point, respectively.  Bi also has distinctive 

physical properties, such as low carrier density, which is 4−5 orders of magnitude smaller than 

those of most metals, small electron effective mass of about 0.001me [31], and long carrier mean 

free path of ~100 nm at 300 K and ~400 μm at 4 K [32].  Furthermore, long Fermi wavelength 

(λF) of ~40 nm [33], originating from the unique shape of the Fermi surface, and small effective 

mass with low carrier density allow to study QCE in Bi nanostructures [34, 35] and to observed 

large magnetoresistance (MR) [36].  For example, Bi thin films and nanowires, whose sizes are 

smaller than or comparable to λF, show various size effects on their transport properties, 

including semimetal-to-semiconductor transition [13-15] and enhanced weak anti-localization 

(WAL) [4] due to a large spin-orbit interaction. Much interest has also been paid to the enhanced 

thermoelectric efficiency in Bi nanowires [10-12], which is caused by increased electronic DOS 

near the Fermi level. 

 

1.3.1   Bi band structure 

The unique band structure of Bi with small effective mass leads to distinctive physical 

properties in low dimensional Bi.  Bi has three highly non-parabolic electron pockets at L-point 

and one roughly parabolic hole pocket at T-point, as depicted in Figure 1.5 [37]. 
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The effective mass values of non-parabolic bands near L-point are highly temperature 

dependent in comparison with those of parabolic band at T-point (Figure 1.6).This can be 

explained by effective mass tensors of Bi, 

     (

     
       

       

) 

     (

     
     
     

) 

 

Figure 1.5 Fermi surfaces of Bi in Brillouin zone. There are three electron pockets at L-

points and one hole pocket at T-point. 



12 

 

The effective mass values of L-point conduction band at 0 K are me1=0.00118m0, me2=0.263m0, 

me3=0.00516m0 and me4=0.0274m0 where m0 indicate the free electron mass [38].  The effective 

masses at the remaining two L-points can be calculate by rotating the original one by 120° and 

240°.  The effective mass elements of T-point valence band are me1=me2=0.059m0, and 

me3=0.634m0 [39].  Also, the T-point valence band locates around tetragonal axis, which is one of 

highly symmetry axes of the Brillouin zone. Thus, the effective mass is less temperature 

dependent.  The effective mass at L-point as function of temperature can be described by [40],  

(  ( ))  
(  ( ))

                        
 

In addition, Eg is given by [40] 

              
              (   ) 

The dispersion energy ofL-point carriers is [41] 

  ( )   
  

 
 
  

 
√  

   

  
(
   

  
 
   

  
 
   

  
) 

As a result, the band overlap (∆0) can have various values, depending of temperature: ∆0 ~ -38 

meV below 80 K and ∆0 ~-104 meV at300 K [42]. 
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Furthermore, the energy bands become discrete, as the dimensionality of Bi is lowered.  In three 

dimensional Bi [37], DOS originating from the parabolic T-point valence band is presented to be 

 ( )  
 

 

  

  
 

√ 

    
(      )

                                         (1.6) 

as usual DOS, D(E) E
1/2

. 

In case of L-point, the energy dependence of wave vector k is given by, 

  
  √

   

  
(
  

  
  ) 

 

Figure 1.6 Bi band structures near the Fermi level.  Δ0 is band overlap between L-point 

conduction band and T-point valence band.  Eg is small band gap atL-point. 
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Additionally, a factor of 3 has to be considered (3 N(E)) since there are three electron pockets at 

L-points.  Finally, DOS is given by 

 ( )  
 

 

  

  
 

 √ 

    
(      )

 

 (
  

  
  )

 

 
(
  

  
  )                   (1.7) 

The energy dependence of DOS behaves differently depending on the band shape, such 

as parabolic or non-parabolic.  Therefore, in bulk, the DOS profiles of L-point conduction band 

and T-point valance band have very different shapes and temperature dependences, as shown in 

Figure 1.7 [37].  

 

 

 

 

 

 

 

 

 

 

Figure 1.7 Bulk Bi densities of states of the L-point conduction band and T-point 

valance band at 77 K and 300 K.  The zero of energy is taken as the bottom of the L-

point conduction band [37]. 
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In Bi nanostructures with sizes smaller than critical ones (diameter, thickness, etc.), a 

band gap opens up between the valence band at T-point and the conduction band at L-point 

below a critical temperature. To describe quantized energy states of confined electrons, 

Schrödinger’ equation assuming so-called “square-well potential” with infinite potential wall can 

be used.  For instance, energy state of Bi nanowire (one dimension) can be simply expressed as 

[37] 

 (  )          
    

 

   
 

where the long axis of nanowire is along the z-axis of Brillouin zone.   

The subband energies of the non-parabolic L-point conduction band is given by 

    
 (    )   

  

 
 
  

 
√  

     

  
 

where, 

     
    

   
[
  

  
 
  

  
] 

a is the diameter of nanowire and i, j=1,2,3…Figure 1.8.shows the calculated quantized energies 

of various bands in nanowire plotted as a function of diameter at 77 K. As can be seen, a gap 

opens below a critical diameter of 54.2 nm.  
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Figure 1.8.Calculatedsubband energies as a function of wire diameter at 77 K (left).  Schematic illustration of 

the quantized band structures in low dimensional Bi (right) [37]. 
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Chapter 2 

Experimental Methods 

This chapter introduces the outlines of the techniques used for sample fabrication and 

characterization.  I fabricated Bi anti-dot samples base on PVD (physical vapor deposition) 

method in a self-assembled manner on AAO template.  Transport and magneto-transport 

properties were measured by conventional four or six probe method. 

2.1   Anodized Aluminum Oxide (AAO) template 

 The template technique is useful for tuning the dimensions of nanostructures, such as 

diameters and thicknesses of nanowire [1], nanodot [2] and nanoring [3].  Among various 

templates, anodized aluminum oxide (AAO) membrane is one of the well-known and well-

established ones.  Figure 2.1 shows AAO membranes which consist of a highly ordered pore 

array with nano-scale diameter and high aspect ratio in a large area.   

 

 

 

 

Figure 2.1.(a) top-view and (b) cross-sectional SEM images of an AAO membrane with a mean 

pore diameter of 45.2 nm and a thickness of 3.2 μm. 
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Figure 2.2.Schematics of initial pore formation mechanisms during anodization. 
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The pore formation mechanism by anodization processes can be classified into four 

stages, as seen from a typical current density vs time curve during anodization in Figure 2.2 [4-8].  

In the first stage of anodization, current density significantly decreases due to the formation of a 

thin alumina layer on the entire Al surface.  In the second stage, the current density reaches the 

minimum value because electric field is focused on local regions, which leads to surface 

fluctuations.  In the third stage, the oxidized reaction proceeds faster in the regions where the 

electric field is concentrated and pore structures were constructed there.  In the final stage where 

the current density is stable, the pores grow in the vertically direction. 

In this study, to obtain regularly arranged straight pores, two-step anodization processes 

[9] are performed, as shown in Figure 2.3.  An Al foil was first electropolished in a mixture of 

ethanol and perchloric acid to remove a natural oxide layer and to make the surface smooth. 

After the chemical polishing process, the surface of the Al foil becomes mirror-like.  Then, the 

two-step anodization processes are conducted in a low-temperature electrolyte under a constant 

voltage.  There are three famous electrolytes for Al anodization: sulfuric acid, oxalic acid and 

phosphoric acid and the pore diameters vary depending on the electrolyte [10].  Each electrolyte 

requires different anodization time and electrolyte concentration as well as applied voltage.  

Therefore, the pore diameters can be dramatically varied by changing the anodization conditions.  

Figure 2.4 (a) is a SEM image of AAO prepared by anodization in 0.3 M oxalic acid under a 

constant voltage of 40 V at 5 °C.  In this case, the mean pore diameter is 45 nm.  Whereas, the 

porous structure obtained in 10 wt% phosphoric acid under 150 V at 4 °C  has a mean pore 

diameter of 200 nm (Figure 2.4 (b)). 
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Figure 2.3 Schematics for the formation of porous alumina membrane by anodization processes. 
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Before the 2
nd

 anodization, the randomly grown porous alumina structure was dissolved 

by using a mixture of phosphoric acid and chromic acid at 60°C.  Therefore, regularly arranged 

imprint pore structures were left on the Al surface, which allows the formation of ordered porous 

alumina layer during the 2
nd

 anodization process in Figure 2.3 (d).  This alumina layer was 

dipped into phosphoric acid for pore widening, which enabled to tailor the length of pore wall 

width and the thickness of alumina layer.  Figure 2.5 shows SEM images of AAO in which the 

thicknesses of alumina layer and pore walls were tuned by pore widening time: In Figure 2.5 (a) 

and Figure 2.5 (b), the pore widening was conducted for 1 h and 2 h for, respectively. 

 

 

Figure 2.4 Top-view SEM images of AAO membrane obtained with (a) oxalic acid and (b) phosphoric 

acid. The mean pore diameters are 45 nm and 200 nm, respectively. 

Figure 2.5 Cross-sectional SEM images of AAO membranes anodized by 10 wt% phosphoric acid.  The 

pore widening process after 2nd anodization was carried out for (a) 1 h and (b) 2 h. 
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2.2   Thin Film deposition 

2.2.1   Radio frequency sputtering (RF-sputtering) 

 In this study, Al thin films were used to fabricate porous alumina template.  For stable 

anodization, smooth and uniform surface in large area as well as denser films with smaller grain 

of Al thin films are needed.  In addition, good adhesion between substrate and Al thin films is 

necessary.  Therefore, I used RF-sputtering as shown in Figure 2.6.  The RF-sputtering system 

enabled to precisely control the growth of Al thin films by changing the pressure of Ar gas, 

distance between Al target and substrate and sputtering power. 

 

 

 

 

 

 

 

 

 
Figure 2.6.A photo of sputtering machine (AOV SPAR-211). 
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2.2.2   Thermal evaporation 

 To investigate the relation between transport properties and dimensionality in Bi anti-dot 

thin films, the thickness of Bi film must be precisely controlled.  Furthermore, the porous surface 

structures of AAO have to be maintained during the deposition of Bi anti-dot films.  Thermal 

evaporation is a very good candidate for this purpose, because the deposition rate and film 

thickness can be monitored in real time by a quartz sensor inside the vacuum chamber.   

The thickness of the deposited film is estimated from a change in resonance frequency of 

the quartz sensor, which increases along with the weight gain of the sensor as a consequence of 

film deposition [11].  Additionally, in-situ thickness measurement is the best way for accurate 

measurement of physical properties, because Bi thin films are easily scratched by the probe tip of 

mechanical thickness measurement system.  Such In-situ monitoring can also minimize the 

exposure time of Bi in air and thus the formation of oxidized layer.  

 

 

 

 

 

 

Figure 2.7.Laboratory-constructed thermal evaporation system. 
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2.3 Electrical transport measurements 

Electrical resistivity and carrier concentration evaluated by Hall Effect are fundamental 

transport properties.  I measured electrical resistance by conventional four probe method and 

Hall voltage by six probe method with physical property measurement system (PPMS, Quantum 

Design).  Two probes in Figure 2.8 are served as current electrodes and the other four probes are 

for longitudinal and transverse voltages measurements.  Magnetoresistance (MR) measurements 

were also performed under external magnetic field perpendicular to the sample surfaces.  In this 

study, transport and magneto-transport measurements were conducted in a temperature range 

from 2 K to room temperature.  Magnetic field was first swept form 0 T to ±9 T and then 

returned to 0 T. 

 

 

 

 

 

 

 

 

 

Figure 2.8.Schematics for six probe measurement. 
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Chapter 3 

Fabrication of Bi anti-dot thin films 

In this chapter, I discuss the effect of surface roughness of Al thin films on the 

anodization process.  Fabrication method of Bi anti-dot thin films with tuned pore wall widths is 

also presented. 

 

3.1   Preparation of porous alumina template 

In order to fabricate anodized aluminum oxide (AAO) templates with highly ordered pore 

arrays, it is much better to use bulk Al foils (~mm) than Al thin films deposited on substrates.  

This is because Al thin films are generally composed of smaller grains than Al bulk foils, which 

leads to random pore growth [1].  In addition, long time 1
st
 anodization process, which gives 

“foot prints” for 2
nd

 anodization to form highly ordered pore structures [2, 3], cannot be 

conducted for Al thin films.  However, for investigating the physical properties of fabricated 

nanostructures on AAO templates, the porous alumina layer should be highly insulating.  The 

porous alumina templates made of bulk Al foils contain residual Al, and thus an additional 

removal process is needed.  During this process, the thin alumina layer ranging from ~μm to ~nm 

is easily broken.  Furthermore, thin alumina layer has difficulty in handling, as well.  To avoid 

these problems, used Al thin films for anodization, which enables not only direct deposition of 
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metal films on AAO template but also easy handing of the alumina layer that is attached on solid 

substrate after anodization. 

3.1.1   Physical vapor deposition of aluminum thin films 

Aluminium (Al) thin films with thicknesses of ~500 nm were deposited on unheated α-

Al2O3 (0001) substrate by RF-magnetron sputtering, where a high purity Al target (99.999 %) 

was used.  To investigate the effect of surfaces roughness on the growth of alumina layer, two 

different deposition conditions are examined: one is continuous deposition and the other is cyclic 

deposition [4], in which deposition of 90 nm-thick layer and 30 minutes cooling were 

alternatively repeated.  In the latter method, it is possible to suppress the coalescence of grains 

during the deposition because the substrate temperature is kept lower. The base pressure was 

maintained at 5 x 10
-5

 Pa and the working pressure was set to 3.25 x 10
-1

 Pa under Ar gas flow 

of5 standard cubic cm per minute (sccm) at room temperature. The deposition power and its 

density were 250 W and 12.3 Wcm
-2

, respectively.  The surface roughness was evaluated by field 

emission scanning electron microscope (FE-SEM) and atomic force microscope. 

 

 

 

 

(a) (b) 
1 μm 1 μm 

Figure 3.1.SEM images of Al thin films on sapphire substrate.  (a) continuous deposition and (b) cyclic deposition. 
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Figure 3.1 show SEM images of 500 nm-thick Al thin films deposited with the two 

different deposition methods.  The difference in the deposition methods led to different adatoms 

diffusion on substrate.  As is well known, grain coalescence by grain boundary migration is 

affected by the surface diffusion rate [5].  In case of the cyclic deposition, thermal energy is 

taken away during the cooling period after adatoms reach room temperature substrate. Therefore 

the thermodynamic driving force of adatoms in the cyclic deposition is lower than that in 

continuous deposition. In other words, the surface diffusion rate is slower in the cyclic deposition.  

At the first stage of deposition, adatoms settle down on the substrate surface, after almost 

covering the substrate and grains are merged with neighboring ones [6, 7, 8].  Thus, in the cyclic 

deposition, grain coalescence is suppressed, which leads to larger film density with very small 

size grains, as seen from Figure 3.2.  Indeed, the root mean square (RMS) values of the surface 

roughness were estimated to be 18.6 nm for continuous deposition and 7.7 nm for cycle 

deposition.   

 

 

 

 

 

 

Figure 3.2.Schematics of grain growth and coalescence during film deposition. 
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3.1.2    Influence of anodization process on the surface of Al thin 

films 

The Al thin films deposited on sapphire substrates were subjected to two times 

anodization process [2] with 0.3 M oxalic acid solution under the constant voltage of 40 V at 

4 °C for 12 min.  After the1stanodization, an initially formed alumina layer with an irregular 

pore array was removed by using a mixture of phosphoric acid and chromic acid at 60 °C for 

30min.  Therefore, the films after the 1
st
 anodization were served only as “foot-prints” for 2

nd
 

anodization explained in Figure 2.3.  The 2
nd

 anodization ran in the same condition with the 1
st
 

one until current becomes zero, which means that the aluminum thin film was completely 

changed to alumina.  Subsequently, the pore widening process was performed by dipping the 

film into phosphoric acid at 30 °C to remove residual Al and control pore wall width.  Since the 

anodization processes were carried out anodization immediately after taking the Al films out of 

the vacuum chamber in this experiment, I did not perform further electro-polishing, which is 

usually conducted for peeling off a surface alumina layer naturally formed in air.   

It should be noted that the surface roughness of the film after 1
st
 anodization was greatly 

influenced by the surface structure of Al thin films before anodization.  Figure 3.3 compares top-

view SEM images of the films after 1
st
 anodization prepared from the Al thin films deposited by 

continuous deposition and cyclic deposition.  As seen from Figure 3.3 (a), the former film 

exhibits a rough surface with large grains, whereas the latter film is much flatter (Figure 3.3 (b)).  

This implies that the morphology of initial Al film, including roughness and grain size, was 

transferred to that of anodized one. 
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Figure 3.4 shows surface SEM images after 2
nd

 anodization together with current density 

(I) vs time (t) curves during the 2
nd

 anodization.  Detailed current density behavior during 

anodization was explained in Chapter 2.  In case of the film prepared from the continuously 

deposited Al film (Figure 3.3 (a)),a two-stage feature is visible in the I-t curve (Figure 3.4 (a)).  

The rapidly decreasing current density at t<10 s corresponds to the initial pore formation on foot 

prints made by the 1stanodization.  After 10 s, in contrast, the current density dropped to almost 

zero, which means that the Al film is completely changed to alumina.  However, there was no 

stable ordered pore array and, thus, the total anodization time was very short.  From the I-t curve, 

unstable anodized reactions, such as local burning, were thought to occur, which is consistent 

with the corresponding SEM image (Figure 3.4 (b) with an irregular pore array as well as a very 

thin alumina layer remaining on substrate.  The inset in Figure 3.4 (b) confirms a rough surface 

even after the 2
nd

 anodization.  Whereas, the I-t curve of the film prepared from cyclic deposition 

Figure 3. 3. Top view of alumina layer after 1st anodization of Al thin films deposited by (a) 

continuous deposition and (b) cyclic deposition. 



35 

 

shows very distinctive behavior during the 2
nd

 anodization.  That is, the current density increased 

at 50 s <t< 200 s and then became almost constant at t > 200 s, being a signature of stable 

anodizing as seen in usual anodization processes [9, 10].  I used the latter film as an AAO 

template for further experiments, because a smoother template is suitable for attaining high 

adhesion on sapphire substrate. 

Figure 3.4.Current density vs time curves during 2nd anodization under constant applied 

voltage measured for the Al thin films fabricated by (a) continuous and (c) cyclic deposition.  

(b) and (d) are corresponding top-view SEM images after 2nd anodization. 
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The two different anodization reactions described above can be rationalized by the 

considering surface roughness and grains size of the Al thin films.  In conventional AAO made 

of Al foil, oxide hillocks on the surfaces of Al foils play an important role in stable anodization 

because undulating surfaces results in current concentration on top of the protruding oxide 

hillocks which arise from rapid oxide growth along with mechanical stresses around the hillock 

areas, as illustrated in Figure 3.5.  Consequently, a crack is generated in the vicinity of the 

hillocks, which enhances local burning during anodization [11-13].  In terms of the surface 

roughness, the cyclic deposition restricts the growth of Al thin films with undulating surface and 

large grains.  In addition, a smoother surface with small grains prevents local burning during 

anodization.  In the AAO template prepared from Al thin film, I can control not only the oxide 

growth rate by preventing local current concentration but also the local mechanical stress during 

oxide growing, although the regularity of the pore ordering is not so high compared with that of 

conventional AAO by Al foil. 

 

 

 

 

 

 

Figure 3.5. Schematic illustrate of the two different surface structures. 
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3.1.3   Modulated porous structure 

To tailor pore wall width (wAAO) in more flexible manner, the alumina layer has to be 

enough thick to stand the pore widening process after 2
nd

 anodization.  The surface structure is 

almost unchanged, when the thickness of the Al thin film exceeds 500 nm Al.  Therefore, 0.8-1 

μm-thick Al was deposited on sapphire substrate by cyclic method under the same condition as 

that of the 500 nm-thick Al thin films.  By changing the pore widening time using a phosphoric 

acid solution, wAAO was varied in a range of 30-60 nm.  Figure 3.6 shows plain-view SEM 

images of the anodized aluminum oxide (AAO) films thus prepared with wAAO of 30 nm (Figure 

3.6. (a)) and of 60 nm (Figure 3.5. (b)), indicating good controllability of the pore wall width.  

Note that wAAO =30 nm is shorter than λF (~ 40 nm), while wAAO =60 nm is longer.   

 

 

 

 

 

 

Figure 3. 6.SEM images of AAO templates with tailored pore wall widths (wAAO). (a) wAAO=30 nm 

and (b)wAAO=60 nm. 
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3.2   Thermal deposited Bi anti-dot thin films 

On the AAO templates, Bi films with three different thicknesses (t) of 25 nm, 35 nm and 50 

nm were deposited by thermal evaporation at 10
-5

 Pa with a deposition rate of 0.17 nm/s at room 

temperature.   

Figures 3.7 (a),(b) and (c) show SEM images of the 25 nm-thick, 35nm-thick and 50nm-

thick Bi films deposited on AAO templates with wAAO=30 nm.  A SEM image in Figure 3.7 (d) 

indicates 25 nm-thick Bi anti-dot structure formed on the AAO temperate with wAAO=60 nm.  

These figures clearly demonstrate the formation of Bi anit-dot structures on the AAO templates.  

As seen from Figure 3.7, the actual pore wall widths (wBi) of the thicker films are wider than 

wAAO=30 nm due to the lateral growth of the Bi films, as schematically illustrated in Figure 3.8, 

while the 25 nm-thick film has almost the same wall width as wAAO=30 nm.  The averaged wBi 

values evaluated from the SEM images are 38 nm, 48 nm and 57 nm for the 25 nn-thick, 35 nm-

thick and 50 nm-thick Bi films, respectively, with wAAO=30 nm, as seen from the histograms in 

Figure 3.7.  On the AAO template of wAAO=60 nm, however, only 25 nm-thick Bi films showed 

the anti-dot structure with wBi=76 nm.  Figure 3.9 shows a SEM image of the 50 nm-thick Bi 

films on wAAO=60 nm, from which the anti-dot structure is hardly recognizable. 
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Figure 3.7.(a−d) Plain-view SEM images of Bi anti-dot films on AAO templates with (a−c) 

wAAO = 30 nm or (d) wAAO = 60 nm (d); (a, d) t = 25 nm, (b) t = 35 nm and (c) t = 50 nm. Scale 

bars represent 200 nm in all images. (e−h) Histograms for distribution of pore wall widths 

evaluated from Fig. 3.7(a−d), respectively.  
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Figure 3.8.Formation of anti-dot structures on AAO template. 

Figure 3.9. SEM images of (a)AAO template with 60 nm pore wall widths and (b)50 nm-thick 

Bi thin films deposited on (a). 
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Chapter 4 

Low dimensional properties of Bi anti-dot thin films 

The quantum confinement effects (QCE) in Bi anti-dot thin films grown on anodized 

aluminium oxide templates were investigated.  The pore wall widths (wBi) and thickness (t) of 

the films were tailored to have values longer or shorter than Fermi wavelength of Bi (λF =~40 

nm) in order to control the dimensionality.  Firstly, magnetic field dependent resistance was 

measured at several temperature regimes.  The result revealed a well-defined weak anti-

localization (WAL) effect below 10 K.  After that, coherence lengths (Lϕ) as functions of 

temperature were derived from the magnetoresistance vs field curves by assuming the Hikami-

Larkin-Nagaoka model [1].  The influence of wBi and t on low dimensionality of Bi anti-dot thin 

films was discussed by power-law fitting.  Therefore, I figure out that wBi and t with smaller than 

λF showed low dimensional electronic behavior at low temperatures where Lϕ(T) exceed wBi or t.   
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4.1   Weak anti-localization effects in Bi anti-dot thin films 

For Bi anti-dot thin films with tuned pore wall widths and films thicknesses, 

magnetoresistance (MR) measurements were performed from room temperature to 2 K in 

conventional four-probe geometry.  The external magnetic field (H) was applied perpendicular to 

the film surfaces.  Figure 4.1displays MR (%) = 100[R(H,T)-R(0,T)]/R(0,T) vs H curves 

obtained for the Bi anti-dot films with wBi = 38 nm (wAAO = 30 nm) and t = 25 nm, hereafter 

denoted as (w38/t25), at various temperatures.  As seen from the Figure 4.1, the MR-H curves 

drastically changed with respect to temperature.  

 

 

Figure 4.1 Magnetoresistance vs field curves of w38/t25 Bi anti-dot film at various temperatures; 

(a) from 300 K to 20 K, (b) from 10 K to 2 K. 
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At high temperatures (T >20 K, Figure 4.1 (a)), the MR curves showed parabolic shape 

without saturation up to 9 T, which is a typical feature seen in classical MR phenomena.  On the 

contrary, below 10 K, MR sharply increased at low H and tended to saturate at higher H (Fig. 4.1 

(b)). These results indicate that the film was out of the classical regime and that the WAL effect 

became dominant [2].  This behavior was also observed in the 35 nm-thick film and 50 nm-thick 

film on w = 30 nm templates, ((w48/t35) and (w57/t50), respectively) as well as the 25 nm-thick 

film on the wAAO= 60 nm template (w76/t25) in Figure 4.2.  From comparison of MR results in 

(w38/t25), (w48/t35), (w57/t50) and (w76/t25), it is evident that WAL effects were more 

enhanced in Bi anti-dot thin films of (w38/t25) at low temperature at low magnetic field areas.  

In addition, the graph shapes show similar behaviors over 8 K.  The obtained magnetoresistance 

data between 4 K to 8 K were further subjected to detailed analyses to determine the 

dimensionality of the electron systems. 
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Figure 4.2 Magnetoresistance vs field curves of Bi anti-dot film from 20 K to 0 K; (a) w38/t25, (b) w48/t35, 

(c) w57/t50 and (d) w76/t25. 
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4.2 Dimensional crossover of tailored Bi anti-dot thin films 

The quantum interference which includes information of electron-electron scattering 

interaction and electron localization is important in low dimensional systems.  However, it is 

hard to describe these effects due to the conductivity vanishing by external magnetic field as well 

as very weak scattering.  Therefore, to specifically investigate low dimensional electron behavior 

in Bi anti-dot structure, I used the Hikami-Larkin-Nagaoka (HLN) model [1].MR data was 

quantitatively analyzed by using 2D localization theory based on the HLN model, the WAL 

effect can be described by the following expression. 
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)],                                    (1) 

where ∆Gsheet is the quantum correction to the sheet conductance (∆Gsheet(H) = 

Gsheet(H)−Gsheet(0)),  is a prefactor, ѱ denotes the Digamma function and Hϕ = ħ/4eLϕ
2
, where Lϕ 

is the coherence length.  According to the HLN model, α is −0.5 when the spin-orbit interaction 

is strong. 

Figure 4.3 plots experimentally observed ∆Gsheet−H curves in the low field (0−2 T), low 

temperature (2−10 K) region (triangles).  The figure also includes the results of curve-fitting 

assuming Eq. (1) (solid curves).The fitted curves well reproduce the experimental data, 

validating that Eq. (1), originally introduced to formulate the WAL effect in 2D electron systems, 

can be used even for 1D and 3D systems, as discussed later.  The obtainedα values at 2 K were 

−0.63 for (w38/t25), −0.53 for (w48/t35), −0.57 for (w57/t50), and −0.5 for (w76/t25). This 
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indicates that electron transport in the present Bi anti-dots was significantly affected by strong 

spin-orbit interaction. 

 

 

 

Figure 4.3 Magnetic field dependences of the sheet conductance of Bi anti-dot films at various temperatures; 

(a) w38/t25, (b) w48/t35, (c) w57/t50 and (d) w76/t25. The solid lines are the results of curve fitting assuming 

HLN model. 
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Figure 4.4 plots the values evaluated from the curve-fitting as function of T.  Lϕ is known 

to be expressed by a power law function of temperature (T), LϕT
−b

, where the power law factor 

is a measure of dimensionality: b = 1/3, 1/2 and 3/4 for 1D, 2D and 3D electron systems, 

respectively [3].  Indeed, the log-log plots in Figure 4.4 confirm this power law relationship.  

Notably, the (w38/t25) film exhibited a clear inflection point around T = 5 K.  Below 5 K, b was 

estimated to be 0.46, indicating that the Bi anti-dot film had intermediate dimensionality between 

1D and 2D (hereafter referred to as 1D−2D).  In this film, the average values of both wBi and t 

were shorter than λF.  However, wBi was distributed from 20 nm to 60 nm, as shown in Fig. 3.7, 

and the wBi>λF components may have contributed to the 2D nature.  Above 5 K, meanwhile, b 

was as high as 0.83, which is appreciated as 3D.  The value of Lϕ at the inflection point was ~38 

nm, which is close to t or wBi.  Thus, this phenomenon can be accounted for by dimensional 

crossover: the system undergoes 1D−2D to 3D dimensional crossover when Lϕ becomes smaller 

than the anti-dot size.  The (w48/t25) film also showed a weak inflection at T = 4−5 K (Lϕ = 

40−50 nm).  The b values were 0.66 and 0.87 at T< 4 K and T> 4 K, respectively; indicating that 

2D−3D to 3D crossover took place.  Although the (wBi76/t25) film should show 2D behavior 

below ~8 K, where the film thickness t is shorter than both Lϕ and λF, the Lϕ –T relation in Figure 

4.4(d) can be described by a single power curve with b = 0.82.  This may be due to the 

inhomogeneity in film thickness.  The (w57/t60) film with wBi, t>λF showed 3D behavior (b = 

1.0) down to 2 K. These results suggest that the 1D character may emerge when wBi<Lϕ and wBi, 

t<λF. 
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Figure 4.4Temperature dependences of Lϕ evaluated from magnetoresistance data in Figure4.3. 

The solid lines are the results of power-low fitting. 
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A scenario to explain this inflection is that 1D−2D to 3D dimensional crossover occurs 

when Lϕ falls shorter than the dimensions of the anti-dot structure.  Such a dimensional crossover 

was previously reported for a submicrometer-sized Hall bar made of Bi2Se3 thin films [4].  The 

20 nm-thick Bi2Se3 film showed 1D behavior below ~15 K, at which Lϕ exceeded the width of 

the Hall bar (260 nm).  Another possible mechanism to cause an inflection of Lϕ is a change in 

the dominant inelastic scattering processes. Sangiao et al. [5] reported that 10 nm-thick Bi films 

showed an inflection at 1.5 K, below which inelastic surface scattering becomes dominant 

instead of electron-electron scattering. We think that the former mechanism is more plausible 

because (1) the inflection occurred at the temperature where Lϕ exceeds wBi and (2) the (w76/t25) 

film, which had almost the same surface/volume ratio as that of the (w38/t25) film, showed no 

inflection. 
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Chapter 5 

Magnetotransport properties of Bi anti-dot thin films 

Bi is a famous semimetal material. In bulk Bi, the densities of carrier electron (n) and 

hole (p) are nearly equivalent.  Meanwhile, in case of low-dimensional Bi, such as thin films and 

nanowires, n and p generally differs from each other [1-5], depending on temperature, due to the 

quantum confinement effect.  For example, Marcanoet al. reported that the carrier type of 300 

nm-thick polycrystalline Bi thin films changes depending on the grain size of the film [4].  They 

also found that the transport properties of polycrystalline Bi films thinner than the Fermi 

wavelength (30 nm) show large contribution of carrier electrons from surface states [5].  On the 

other hand, such a variation of carrier type could not been studied in Bi nanowires because of the 

difficulty in Hall measurements.  This motivated me to study magneto-transport properties of Bi 

anti-dot thin films, which have sizes smaller than the Fermi wavelength as well as the larger 

surface area to volume ratio comparable to Bi nanowires. 
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5.1 Fitting of two-band model 

 According to the two-band model [6], the longitudinal resistivity, ρ, and transverse 

resistivity (or Hall resistivity, ρHall) can be described as  

  
    (     ) (    

      
 )  

(     )
  (      )

   
                                                    (5.1) 

      
    (      ) 

  (    
      

 ) 

(     )
  (      )

   
                                                 (5.2) 

where ρe and ρhare the resistivity values of electron and hole, respectively, Re=-1/qn and Rh=1/qp 

are Hall coefficients for electron and hole, respectively, and H is the applied magnetic field. 

Fitting Eqs. (5.1) and (5.2) to experimental ρ and ρHall as functions of H yields the parameters 

ρe,ρh, Re and Rh, from which the n and p values and the motilities of electron and hole can be 

calculated.  

Since H dependence of ρ originates only from Lorentz force in the two-band model, 

another mechanism causing H-dependent ρ, such as WAL, prevent the reliable analysis using the 

two-band model.  Therefore, I have performed the fitting procedure for the magneto-transport 

data only above 50 K, at which WAL does not occur.  For investigating the behavior of carriers 

in Bi anti-dot films as influenced by large surface to volume ratio and quantum confinement 

effect, magneto-transport measurements were conducted for the specimens, w38/t25, w57/t50, 

w73/t100 and w76/t25.  

In Bi thin films, surface effect becomes dominant and surface current substantially 

contributes to the transport properties [5, 7].  The transport properties obtained by assuming the 
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two-band model are contributed by both bulk and surface carriers.  Figure 5.1-4 plots ρHall-H and 

ρ-H curves experimentally observed at 300 K, 150 K, 100 K and 50 K.  The figure also includes 

the result of two-band model fitting (solid curves).  The fitted curves well reproduce the 

experimental data at each temperature.  For thew73/t100 film, only the data obtained at 300 K, 

150 K and 100K will be discussed, because there is relatively large discrepancy between fitted 

curve and experimental data at 50 K.   
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Figure 5.1  Hall resistance ρHall (left) and resistivity ρ(right) of Bi anti-dot thin films functions of magnetic 

field at 300 K, 150 K, 100 K and 50 K.  The pore wall width and the thickness of the film are 38 nm and 25 

nm, respectively (w38/t25). 
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Figure 5.2  Hall resistance ρHall (left) and resistivity ρ(right) of Bi anti-dot thin film as functions of magnetic 

field at 300 K, 150 K, 100 K and 50 K.  The pore wall width and the thickness of the film are 57 nm and 50 

nm, respectively (w57/t50). 
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Figure 5.3  Hall resistance ρHall (left) and resistivity ρ (right) of Bi anti-dot thin film as functions of magnetic 

field at 300 K, 150 K, and 100 K. The pore wall width and the thickness of the film are 73 nm and 100 nm, 

respectively (w73/t100). 
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Figure 5.4  Hall resistance ρHall (left) and resistivity ρ(right) of Bi anti-dot thin filmas functions of magnetic 

field at 300 K, 150 K, 100 K and 50 K.Thepore wall width and the thickness of the film are 76 nm and 25 

nm (w76/t25). 
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5.2    Behavior of carriers in Bi anti-dot thin films 

 The carrier density of electron and hole, n and p, respectively, and the corresponding 

motilities, me and mh, respectively, were calculate from the parameters estimated by the curve-

fitting, ρe, ρh, Re and Rh.  The obtained carrier density and mobility values are shown in Figure 

5.5 and Figure 5.6.  

First, I discuss the film thickness (t) dependence of n and p for the w38/t25, w57/t50 and 

w73/t100 films, although wBi was also increased with t, despite the fact that the same AAO 

templates with wAAO=30 nm were used, as described in the previous chapter. It is notable from 

that the majority carrier changed with respect to t.  In the w73/t100 film, hole is dominant at 100 

K and 150 K, while p and n are almost identical, p=4.2  10
18

 cm
-3

 and n=4.5  10
18

 cm
-3

, 

respectively, at 300 K.  In w57/t50, hole is still dominant below 150 K, but electron overwhelms 

hole at 300 K. In contrast, n is always higher than p at all the temperatures for w38/t25.  This 

implies that the surface transport is dominated by electrons.  

This tendency is more clearly seen from Figure 5.7, which plots n and p at various t 

against temperature.  That is, n is gradually reduced with increasing t (Figure 5.7 (a)).  Whereas, 

p revealed more complicated behavior (Figure 5.7 (b)), as follows.   At 300 K, p is evaluated to 

be 5.4  10
18

 cm
-3

 for w76/t25, 2.7  10
18

 cm
-3

 for w57/t50 and 4.2  10
18

 cm
-3

 for w73/t100. 

These values are in the same order, except for 4.3  10
17

 cm
-3

ofw38/t25.  The temperature 

dependence of p is quite similar between w76/t25 and w73/t100, which have the largest pore wall 

width in this experiment.  The w38/t25 film shows a lower p value and p of w57/t50 maintains 

the temperature range 300 K to 50 K. 



60 

 

Next, I focus on the thinnest films, w38/t25 and w76/t25, of which thickness is shorter 

than the Fermi wavelength.  As mentioned in the previous chapter, the former has dimensionality 

of 1D-2D, while the latter 2D/3D. Interestingly, electron is a major carrier in the w38/t25 film, 

similar to planar Bi film thinner than Fermi wavelength [5].  On the other hand, p of w76/t25 is 

about one order of magnitude larger than that of w38/t25. This increase of p cannot be 

understood by the analogy to the result of planar film [5] and might be attributable to the low 

dimensionality of anti-dot films, although it is unknown how dimensionality modifies the 

electronic structure of Bi. The electron and hole motilities showed the different behavior: me is 

obviously enhanced in w76/t25, while the mh values are almost unchanged with w. 
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Figure 5.5 Carrier concentration estimatedby assuming two-band model.  (a)w38/t25, (b)w57/t50, 

(c)w73/t100 and (d)w76/t25. 



62 

 

 

 

 

 

 

Figure 5.6 Mobility estimated by assuming two-band model.  (a)w38/t25, (b)w57/t50, (c)w73/t100 and 

(d)w76/t25. 
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Figure 5.7 Temperature depends on n (a) and p (b) for Bi anti-dot thin films with w38/t25, w57/t50, 

w73/t100 and w76/t25. 



64 

 

References 

1. M. Inoue, Y. Tamaki and H. Yagi, J. Appl. Phys. 45, 1562 (1974). 

2. H. T. Chu, P. N. Henriksen, J. Jing, H. Wang and X. Xu, Phys. Rev. B 45, 11233 (1992). 

3. C. A. Hoffman, J. R. Meyer and F. J. Bartoli, Phys. Rev. B 48, 11431 (1993). 

4. N. Marcano, S. Sangiao, J. M. De Teresa, L. Morellon, M. R. Ibarra, M. Plaza and L. 

Perez, J. Mag. Mag. Mater. 322, 1460 (2010). 

5. N. Marcano, S. Sangiao, C. Magen, L. Morellon, M. R. Ibarra, M. Plaza and L. Perez and 

J. M. De Teresa, Phys. Rev. B 82, 125326 (2010). 

6. N. W. Ashcroft, N. D. Nermin, Solid State Phys., Holt, Rinehart and Winston, 1976. 

7. C. A. Hoffman, J. R. Meyer and F. J. Bartoli, Phys. Rev. B 51, 5535 (1995). 

 

 

 

 

 

 

 

 

 



65 

 

Chapter 6 

Conclusions and Future Directions  

 In order to precisely characterize the low dimensional physical properties of Bi anti-dot 

thin films, porous structures have to be constructed in a well-defined manner.  Therefore, effect 

of Al surfaceon the porous alumina layer fabricated on it has been studied in this thesis.  The 

cyclic deposition process suppressed the undulation of the surfaces and hillock-like grain growth.  

The present anodization process successfully provided smooth Al surfaces without local burning 

during anodization, and the obtained AAO was able to be served as templates with well-defined 

pore wall widths.  Base on this AAO template, tailored Bi anti-dot structures were fabricated, 

which were suited for controlling the dimensionality of Bi anti-dot by tuning pore wall widths 

and film thickness. 

  The Bi anti-dot thin films of w38/t25, w48/t35, w57/t50 and w76/t25 exhibited the weak 

anti-localization effect at low temperature (T<10 K).  To evaluate the dimensionality of the 

system, the coherence lengths Lϕ was derived by assuming the HLN model.  Power-law fitting to 

the Lϕ vs temperature plots clearly revealed dimensional crossovers from 1D or 2D to 3D, as 

follows.  The w38/t25 film in which both wBi and t were smaller than λF had intermediate 

dimensionality between 1D and 2D below 5 K, while, thew38/t25 film showed 3D behavior 

above 5 K.  The w48/t35 film also underwent dimensional crossover from 2D-3D to 3D around 4 

K.  The w57/t50 and w76/t25 films revealed 3D behavior down to 2 K.  These results suggest 

that 1D character appear when both wBi and t were smaller than λF.   
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The transport properties, such as carrier densities and motilities, could also be influenced 

by the dimensionality of anti-dot structure.  Assuming the two-band model, the densities of 

electron and hole were deduced independently.  The electron density was substantially enhanced 

with decreasing the thickness of Bi anti-dot thin films, indicating that the surface carriers were 

dominated by electrons.  In case of hole density, more complicated behavior was encountered.  

In the thinnest films with t = 25 nm, the hole carrier density was significantly increased with wBi, 

which might be related to the increase of dimensionality. 

The present study demonstrated that anti-dot structures were useful not only for studying 

quantum confinement effects in low dimensional Bi but also for pursuing distinctive physical 

properties, such as infrared and THz spectral tuned by the size of anti-dots and enhanced 

thermoelectric effects originating from the unique network of low-dimensional conduction paths. 

However, even in the 25-nm thick film, which was the thinnest examined here, clear 1D 

nature was not observed. One possible reason is that t and, particularly, wBi, were not enough 

smaller than the Fermi wavelength.  To overcome this problem, it is needed to fabricate AAO 

template with much smaller wAAO by conducting long time pore widening process.  Moreover, 

the Bi film deposited on the AAO template must be much thinner. There is a difficulty in 

fabricating thinner Bi film, because the surfaces of Bi films are easily oxidized. In this 

experiment, I had to expose the Bi film deposited in the vacuum chamber in air for a short while, 

before the transport measurements.  One idea to avoid the oxidization of Bi films is to do the 

sample transfer and setting process in a sufficiently inert atmosphere, for example, with the aid 

of portable vacuum chamber and glove box. 
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Another reason for the mixing of 1D and 2D seems to be the distribution of film 

thickness owing to the roughness of AAO template. Indeed, the roughness of the present AAO 

template made of Al thin film is larger than that of AAO made of Al foil.  In this study, I used 

cyclic sputtering method to minimize the roughness of Al thin film. Further optimization of 

sputtering conditions may lead to the improvement of the surface roughness.  Lowering 

temperature or use of dc sputtering is thought to be effective to suppress the grain growth and to 

make the film flatter. 

If the Bi anti-dot film with smaller t and wBi can be deposited on smoother AAO template, 

1D character will manifest itself more evidently.  Additionally, the band structure of 1D Bi is 

interesting.  The 1D anti-dot film will be the best specimen for directly investigating the band 

structure with spectroscopic methods.  

 

 

 

 

 


