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Abstract 

 

 

 Most scanning tunneling microscopy (STM) investigations of high-

Tc superconductors have been performed on the cleaved surface of 

single crystal samples. However, the combination of STM with 

well-controlled growth, such as molecular beam epitaxy (MBE) and 

pulsed laser deposition (PLD), overcomes problems due to various 

imperfections in materials and ambient contamination, and therefore 

enables researchers to reveal the intrinsic properties. In this thesis, 

I will present STM investigation of superconducting iron pnictide 

thin films grown by PLD. Epitaxial thin films of Ba(Fe1-xCox)2As2 

and LiFeAs were grown on SrTiO3(001) substrates and examined in 

a STM chamber directly connected to the growth chamber. The 

crystallinity of the epitaxial thin films was monitored using 

reflection high-energy electron diffraction (RHEED) and low 

energy electron diffraction (LEED) during and after deposition. A 

(2×2) structure was observed in the Ba(Fe1-xCox)2As2 surface. A 

(1×1) structure was revealed in the LiFeAs surface. These films 

exhibited superconducting behavior in four probe transport 

measurements. 

 

Keyword : scanning tunneling microscopy (STM), iron pnictide thin 

films, High-Tc superconductors, pulsed laser deposition (PLD) 
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Chapter 1.  

Introduction 

 

 

1.1. Scanning Tunneling Microscopy Studies of 

High Temperature Superconductors 

 

 Since H. Kamerlingh Onnes observed in 1911 that the electrical 

resistance of mercury goes zero below 4.2K [1], superconductivity 

has attracted many scientists in scientific as well as technical 

reasons. Particularly, J. George Bednorz and K. Alex Muller's 

discovery of cuprate superconductors in 1986 triggered a flurry of 

activity for high-temperature (high-Tc) superconductivity research 

[2]. In addition, the discovery of iron-based superconductors in 

2008 opened a new field of high-Tc  superconductivity research [3]. 

The advent of high-Tc superconductors required a fundamentally 

new theory beyond the Bardeen-Cooper-Schrieffer's theory as well 

as gave rise to desire for finding new applications using high-Tc 

superconductors in the everyday world [4,5]. Although various 

classes of high-Tc superconductors have been found and intensively 

investigated so far, it has been unclear what is the cause of high-Tc 

https://en.wikipedia.org/wiki/Karl_Alexander_M%C3%BCller


 

 

 

superconductivity.  

 There were increasingly insightful experiments with scanning 

tunneling microscopy (STM) on high-Tc superconductors in the last 

two decades. STM was first invented by G. Binnig and H. Rohrer in 

1982, and was immediately accepted as a powerful surface analysis 

techniques with atomic resolution [6]. Information on local electronic 

structure of a surface can be obtained by STM measurements. In 

addition, Scanning tunneling spectroscopy (STS), an extension of 

STM, provides possibilities for measuring local density of state of 

the surface. 

 These unique aspects of STM are beneficial to investigate high-Tc 

superconductors, thus STM has made essential contributions to 

understanding of high-Tc superconductors. STM/STS images with 

high spatial resolution displayed local inhomogeneities of the 

electron density induced by dopant atoms [7]. Magnetic vortices 

were visualized and investigated by high magnetic field STM [8-10]. 

Not only effect of impurity atoms, but also impurity-induced 

quasiparticle interference (QPI) was widely investigated by STM 

[11,12]. The introduction of Fourier-transformed conductance 

maps opened new possibilities to study momentum-space structure 

of high-Tc superconductors, which gave complimentary information 

to angle-resolved photoemission spectroscopy (ARPES) [13] 

 

 



 

 

 

1.2. In-situ Scanning Tunneling Microscopy 

Studies of Epitaxially Grown High Temperature 

Superconductors 

 

 STM measurements require a clean and atomically flat surface 

because STM is extremely sensitive to surface. Therefore, most of 

the STM investigations on high-Tc superconductors have been 

carried out with cleaved single crystal samples in order to prevent 

surface contamination, oxidation, and so on. Cleaving single crystal 

samples in UHV at low temperature has been the most prevalent 

method to achieve clean and smooth surface of high-Tc super-

conducting samples for STM measurements [14].  

 From the early 2010s, some scientists combined STM with 

molecular beam epitaxy (MBE), and performed STM investigations 

on in-situ grown high-Tc superconductors. The combination of STM 

with MBE avoids the complexity due to various irregularities in 

materials and ambient contamination, and enables researchers to 

reveal the intrinsic properties [15]. For example, discovery of the 

superconductivity above 100K in 1ML-FeSe on SrTiO3 is one of the 

major accomplishments from MBE-STM system [16]. This 

discovery recently attracted great interest due to the possibility of 

high superconducting transition temperature over 100K.  

 However, MBE growth of some materials requires that elemental 



 

 

 

sources be supplied in the correct ratio to produce a film with the 

desired stoichiometry. This can be a challenging task for multi-

component materials including high-Tc superconductors. On the 

other hand, pulsed laser deposition (PLD) is so straightforward that 

only a few parameters need to be controlled during growth process. 

Thus, our STM-MBE-PLD system can open new possibilities for 

studying high Tc superconductivity (Figure 1.1). 

 

 

         STM        MBE-PLD growth chamber     Excimer Laser 

 
 

Figure 1.1. home-built STM-MBE-PLD system 



 

 

 

1.3. Pulsed Laser Deposition Growth of Iron 

Pnictide Superconducting Thin Films 

 

 After the discovery of a new class of the high-Tc superconductors, 

iron pnicides, there were great efforts to grow epitaxial thin films of 

these materials. High-quality films were needed to produce single 

crystals for investigating intrinsic properties, and to develop 

superconducting electronic devices [17]. 

 At first, several groups attempted to grow epitaxial thin films of 

the 1111 phase, such as F-doped LaFeAsO, as shown in Figure 1.2 

(a). However, the 1111 phase was difficult to grow, especially for 

thin films; volatile elements, such as F, and two different anions 

made it hard to control the stoichiometry during the growth [18]. 

On the other hand, Co-doped AE (alkaline earth element, such as Ca, 

Sr, Ba)-122 systems was more favorable because it is easy to 

control the Co content during the growth (Figure 1.2.b) [18].  

 In this study, we grew high-quality epitaxial thin films of Co-doped 

BaFe2As2 on SrTiO3 (001) by PLD. Since the Ba-122 system is 

more chemically stable than Sr-122 system [19], it was suitable for 

our newly constructed STM-MBE-PLD system to grow the Co-

doped BaFe2As2 thin films. The crystallinity of the sample was 

checked by reflection high-energy electron diffraction (RHEED) 

and low energy electron diffraction (LEED). We also investigated 



 

 

 

surface morphology of the sample by in-situ STM measurements. 

Moreover, we grew epitaxial thin films of LiFeAs, one of the 111 

phases, and investigated these films by RHEED, LEED and STM. 

The PLD-grown epitaxial thin films exhibited superconducting 

properties; zero-resistivity and superconducting gap. Therefore, in-

situ STM investigation of as-grown high-Tc superconductors became 

possible using our STM-MBE-PLD system. 

 

 

 

Figure 1.2. The crystal structure of iron pnictide superconductors 

drawn using VESTA [20] (a) 1111 phase (LaFeAsO) (b) 122 phase 

(BaFe2As2). 
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Chapter 2.  

Experimental Techniques 

 

 

2.1. Scanning Tunneling Microscopy (STM) 

 2. 1. 1. Principle of STM 

 STM is based on the concept of quantum tunneling. As shown in 

Figure 2.1, STM basically consists of a very sharp metallic tip and a 

sample, separated by a few angstroms. When a bias voltage is 

applied between the tip and the sample, electron tunneling current 

flows, and this current can be measured while the tip is scanned 

over the sample's surface. A scanner is operating with the reverse 

piezoelectric effect. 

 The tunneling current can be derived from a simple model, where 

the tip and the sample are separated by vacuum and treated as two 

separate systems. To make the problem simple, inelastic processes 

are neglected. Using the perturbation theory, the tunneling current 

is given by  

 

I =
4πe

ℏ
 dϵ f ϵ − eV − f ϵ  ρT ϵ − eV ρS ϵ  M 2 ,                 2.1   



 

 

 

 

 

 

Figure 2.1. Schematic of Scanning Tunneling Microscope 

 

 

where f ϵ  is the Fermi-Dirac function, 𝜌𝑇 (𝜀)  and 𝜌𝑆 𝜀  are the 

density of states (DOS) of the tip and the sample, respectively, and 

𝑀 is the matrix element for the tunneling process.  

 In the simplest case, assuming 𝜌𝑇 (𝜀)  is constant and  𝑀 2  is 

exponentially decreasing with 𝑑 , the tip-sample distance, the 

tunneling current is simply described, 

 

I ∝ 𝑒−2𝜅𝑑 ρT 0  dϵ f ϵ − eV − f ϵ  ρS ϵ .                        2.2   

 

Here, 𝜅 =
 2𝑚𝜙

ℏ
. 𝑚 is the electron mass and 𝜙 is the work function 

of the sample surface. Especially, at low temperatures, the Fermi-

Piezoelectric tube 
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sample 
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Dirac function is close to a step function. Then the conductance 

g = dI dV  is proportional to the local density of state (LDOS) of the 

sample, 

 

dI

dV
= g r, eV ∝ ρS r, eV .                                           2.3   

 

 As mentioned above, STM probes local electronic structure of the 

surface by measuring the convolution of the DOS of the tip and the 

sample. Topographic information can be obtained by analyzing STM 

images measured at each bias voltage. Moreover, STS, a map of the 

conductance g = dI dV , gives the information on the LDOS of the 

sample. 

 

 2.1.2 A brief description of the STM system used in this study 

 A home-built STM with a continuous flow cryostat is operating in 

temperatures ranging from 5K to 300K. The coarse approach 

mechanism is based on the typical Pan-type walker. The STM tips 

are produced by electro-chemically etching tungsten wires, and 

undergo annealing treatment by electron bombardment and tip 

characterization procedure on a gold surface before STM 

measurements. The STM system is connected to the MBE-PLD 

growth system via the preparation chamber, as shown in figure 1.1. 

The entire system is kept under UHV conditions. 

 A piezo scanner of the STM was calibrated with a 7×7-reconstructed 



 

 

 

Si(111) surface that is a good calibration reference having surface 

features of the precisely known dimensions. These dimensions 

were compared with those estimated by the SPM software and the 

calibration parameters were adjusted until the SPM’s dimensions 

met the real dimensions of the reference (Figure 2.2). A clean and 

atomically flat 7×7-reconstructed Si(111) surface was obtained by 

several cycles of annealing up to 1200℃ in UHV conditions. The 

7×7-reconstructed Si(111) surface was identified by RHEED and 

LEED before STM measurements. 

 

 
 

 

Figure 2.2. (a) A 38×38nm STM image of Si(111) 7×7 reconstruction. 

The STM image was obtained at a tip bias of 2V and a constant current 

of 20pA at room temperature. (b) A height profile along the blue line 

b 
(Å)  

height (Å)  

) 
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on the STM image.  

2.2. MBE-PLD System 

 2.2.1. Pulsed laser deposition (PLD) 

 Pulsed laser deposition (PLD) is a physical vapor deposition 

technique where a high-power, pulsed laser beam strikes target of 

material, which is vaporized and then deposited on a substrate. The 

laser beam creates a plasma of the target material, and this plasma 

plume expands towards to the substrate (Figure 2.3). After 

expansion of the plasma plume, the ablated material is collected on 

the substrate upon which it condenses. Depending on several 

growth parameters, such as substrate temperature and background 

pressure, thin films grow on the substrate. One of the primary 

advantages of PLD is the stoichiometric transfer of material from 

target to films on a substrate [21]. PLD can be performed in the 

presence of a background gas, such as oxygen, as well as in a 

vacuum, which is also a useful feature. This allows the stoichiometry 

of oxide targets to be maintained during the growth. After thin films 

of cuprate superconductors are firstly synthesized in 1987 by PLD 

[22], the PLD technique has been widely used to grow complex 

oxides and high temperature superconductors. 

 

 2.2.2. Molecular beam epitaxy (MBE) 

 Molecular beam epitaxy (MBE) is another physical vapor 



 

 

 

deposition technique for synthesizing thin epitaxial films and 

 

 

Figure 2.3. Plasma plume in a PLD experiment. This plasma plume is 

generated by ablating YBCO target with a KrF excimer laser in 

oxygen atmosphere. 

 

 

hetero-structures. Source materials are evaporated from effusion 

cells, thus forming molecular beams. The molecular beams strike 

the substrate, where they are adsorbed on the surface (Figure 2.4). 

Once on the surface, the atoms move by surface diffusion until they 

reach a thermodynamically favorable position to bond to the 

substrate. With accurate control of the substrate temperature, it is 

possible to grow high-quality, epitaxial thin films. The deposition 

rate is relatively slow because the atoms require time for surface 

diffusion. MBE growth is performed in an ultra high vacuum 

target 
plasma 
plume 

substrate 



 

 

 

environment to guarantee formation of a molecular beam and 

minimize contaminants during the growth. As a result, MBE is 

widely considered the most controllable and highest purity form of 

deposition.  

 

 

Figure 2.4. Schematic of MBE deposition. 

 

 

 2.2.3. Reflection high energy electron diffraction (RHEED) 

 Reflection high energy electron diffraction (RHEED) is a technique 

used to characterize the surface of crystalline materials, especially 

to monitor the epitaxial growth of thin films during the deposition. 

This real-time in-situ measurement makes it possible to control the 

growth with atomic layer precision [23]. The electron gun 

generates a beam of electrons which strike the sample at a very 

small angle relative to the sample surface, and a small fraction of 

the diffracted electron interfere constructively at specific angle and 

substrate 

source 



 

 

 

form regular patterns on a detector. Phosphor screens that exhibit 

photoluminescence are widely used as detectors. These detectors 

emit green light from areas where the electrons hit their surface. 

Figure 2.5(a) shows an example of RHEED patterns corresponding 

to a 7×7-reconstructed surface of Si (111). 

 

 2.2.4. Low energy electron diffraction (LEED) 

 Low energy electron diffraction (LEED) is a technique for the 

determination of surface structures. LEED uses a collimated beam 

of electrons of a well-defined low energy (typically in the range 

20-200eV) incident normally on the sample. Diffracted electrons 

strike a fluorescent screen, which gives information on the surface 

structure. The sample itself must be a single crystal with well-

ordered surface structure in order to generate a back-scattered 

electron diffraction pattern. Figure 2.5(b) shows an example of 

LEED patterns corresponding to a 7×7-reconstructed Si(111) 

surface. 

 

 
 

a b 



 

 

 

    Figure 2.5. (a) RHEED and (b) LEED examples for Si (111). 

2.2.5. MBE-PLD growth system used in this experiment 

 A home-built growth system is designed for both PLD and MBE 

growth, which includes a High-pressure RHEED to monitor the 

growth process at any time. After the growth, the samples are in-

situ characterized by various surface analytical techniques including 

LEED, STM and Auger electron spectroscopy (AES).  

 Figure 2.6 shows schematic view of our growth system. Up to six 

effusion cells can be attached to this chamber for MBE growth. 

There is a target holder for PLD growth, which is rotating by a 

stepper motor during the growth. With a set of lenses and mirrors 

outside the chamber, laser beam is focused onto target. A thickness 

monitor (Inficon) is used to measure deposition rates for both MBE 

and PLD growth. 

 Samples are loaded into the growth chamber via the load lock 

chamber and UHV preparation chamber in order. There is a sample 

heating stage in the chamber, which can heat the substrate samples 

by either direct electrical current heating or radiant heating using a 

pyrolytic boron nitride (PBN) heater. Doped semiconductor 

substrates, such as Nb-doped SrTiO3 and P-doped Si, are usually 

heated by direct electrical current heating. For other substrate 

samples, including undoped semiconductors, the PBN heater is used. 

  

 



 

 

 

 

 

 

 

 

 

 

Figure 2.6. Schematic view of MBE-PLD system 

  



 

 

 

 

Chapter 3.  

Epitaxial Growth of Ba(Fe1-xCox)2As2 

and LiFeAs on SrTiO3(001) using 

Pulsed Laser Deposition 

 

 

 Epitaxial thin films of Ba(Fe1-xCox)2As2 (Co-doped Ba-122) and 

LiFeAs were grown on SrTiO3(001) by pulsed laser deposition 

(PLD) using a Lambda Physik Compex KrF excimer laser (wave -

length: 248m). Optimized growth parameters were determined by 

variation of laser pulse fluence and substrate temperature (Ts). The 

deposition was performed without buffer gas under ultra high 

vacuum (UHV) conditions. The base pressure was 2×10-10 torr in 

the growth chamber. Thin film growth was in-situ monitored using 

RHEED. 

 

 

3.1. SrTiO3 (001) Substrate  

 



 

 

 

 SrTiO3 (STO) is widely used substrate material for epitaxial 

growth of high-Tc superconductors through the controlled film 

growth methods [24]. Chemical etching process using NH4F-

buffered HF (BHF) solution has made it possible to produce a high-

quality STO surface which is atomically flat with steps one unit cell 

(u.c.) in height and have a single type of terminating plane (TiO2) 

[25]. Post-annealing in UHV after chemical etching produces more 

clean surface enough for STM investigation with atomic resolution. 

 In most cases, we used 0.5% Nb-doped SrTiO3 (Nb:STO). This is 

because Nb:STO substrates could be annealed by directing current 

heating, which was a suitable heating method for our growth system. 

Undoped STO was used only when measuring the resistance of the 

thin films. The PBN heater is used in this case. For substrate 

preparation, Both STO and Nb:STO with (001) single polished plane 

were rinsed first with acetone, isopropyl alcohol and deionized water. 

Next, these substrates were immersed in buffered oxide etcher 

(BOE) solution (6:1) for 5mins, rinsed again with deionized water 

and isopropyl alcohol, and dried in a nitrogen stream. After loading 

into the growth chamber, the these substrates were annealed up to 

1200℃, forming 2×2 reconstructed surface. Substrate cleanliness 

and crystal quality of the STO surface were identified by RHEED 

and LEED as shown in Figure 3.1; Nb:STO and STO surfaces 

exhibited the same diffraction patterns. 



 

 

 

  

 Figure 3.1. (a) LEED pattern at 90eV and (b) RHEED pattern along 

[110] direction of the STO(001)-2×2 reconstruction.  

 

 

3.2.  Laser Parameter Optimization 

 

 The laser beam was focused onto the surface of the target at an 

incidence angle of about 45 with respect to the target surface. The 

beam area on the target surface was 2×1 mm2. Off-axis ablation and 

target rotation during the growth served to prevent target 

overheating. The laser pulse energies incident onto the target 

surface were set to 40, 60, 100 and 140 mJ; the corresponding 

laser pulse fluences were respectively 1, 1.5, 2.5 and 3.5 J/cm2. 

The laser pulse repetition frequency was 10 Hz. The distance 

between the substrate and the target was 5 cm.  

 Figure 3.2 shows influence of laser pulse fluence on the deposition 

a b 

 (0,1) (1,0) 



 

 

 

at Ts=700C. At low fluence values about 1 J/cm2, ablated material 

did not form a crystalline film on the substrate. At fluences between 

1.5 to 2.5 J/cm2, clear RHEED streaks were shown, which indicated 

thin crystalline films were epitaxially grown on the substrate. 

Further increase of the laser fluence resulted in vague RHEED 

streaks, which meant a rough surface with poor crystallinity. As a 

result, we found that at the laser pulse energy of 100 mJ (the 

corresponding laser fluence: 2.5 J/cm2), high-quality epitaxial Co-

doped Ba-122 films could grow well.  

 

  

  

 Figure 3.2. RHEED patterns with different laser pulse fluences of  

(a) 1 (b) 1.5 (c) 2.5 and (d) 3.5 J/cm2 

 

 

3.3. Deposition Rate Measurement 

 

 An optimally doped Ba(Fe1-xCox)2As2 (x=0.08) single crystal was 

used as a target for the thin film growth. The single crystal target 

a b 

c d 



 

 

 

exhibited superconductivity with a transition temperature of 26K in 

magnetization measurement. The deposition was performed on a 

dummy Si substrate which a mask with square-grid pattern was 

placed on (hole width: 19 ㎛, bar width: 6 ㎛). The ablated material 

was deposited off the grids on the substrate. We used Atomic force 

microscopy (AFM) to measure the step height of the structure on 

the substrate after the deposition. All the films were deposited with 

a rate of 3.1 nm/min (= 2.4 unit cell per minute) in this experiment . 

 

   . 

Figure 3.3. Topographic images of the substrate surface after the 

PLD deposition with the patterned mask. (left) an optical microscopy 

image (right) a AFM image and a height profile along the red line. 

 

 

3.4. Substrate Temperature Dependence of Co-

doped Ba-122 Growth 

 



 

 

 

 Variation in surface morphology of Co-doped Ba-122 films grown 

on Nb:STO(001) at Ts ranging from 650 to 750℃ was investigated. 

To produce high quality films enough for STM measurements with 

atomic resolution, we studied even subtle difference in the surface 

morphology of the grown Co-doped Ba-122 films. 

 STM images and RHEED patterns of the Co-doped Ba-122 films 

grown at Ts =650, 675, 700 and 750 ℃ are shown in Figure 3.4. 

We used a optical pyrometer to measure Ts during the growth. Clear 

RHEED streaks were observed in the Co-doped Ba-122 films grown 

at Ts between 650-700℃. RHEED pattern indicated that surface of 

the films was crystalline and smooth. However, we measured quite 

different surface morphology of these films in STM measurements. 

At Ts=650℃, rectangular islands were grown, but steps were not 

clearly distinguished. At Ts=675℃, rectangular islands with clear 

steps were shown in some part of the surface, there also existed 

some irregular shape of the structure. At Ts=700℃, rectangular 

shape islands were clearly grown. This STM image revealed the 

surface composed of atomically flat terraces separated by several 

step heights and covered square-shaped islands. The average size 

of terraces was about 10–20 nm. At Ts=750℃, vertical RHEED 

streaks became vague and spotty RHEED patterns appeared. 

Consistently, the surface morphology was extremely rough. 

Therefore, based on STM and RHEED results, we concluded that 

the optimum Ts for Co-doped Ba-122 epitaxial films is 700℃. 



 

 

 

  

  

  

  

 Figure 3.4. RHEED patterns and STM images of the Co-doped Ba-

122 films grown at different substrate temperatures. The substrate 

temperatures were (a,e) 650℃, (b,f) 675℃, (c,g) 700℃, (d,h) 750℃ 
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g h 



 

 

 

3.5. Surface Characterization of Co-doped Ba-

122 Films 

 

 STM images show that Co-doped Ba-122 films grow by an island 

growth mechanism. Figure 3.5 shows a STM image of a Co-doped 

Ba-122 film grown under the optimal growth conditions. The islands 

had pyramidal structure of rectangular bases with step heights that 

are integral multiples of half the unit cell height (0.65 nm). In 

addition, screw dislocation was observed in some part of the surface. 

This spiral growth also implicated that the film growth proceeds by 

an island growth mechanism rather than by a layer-by-layer growth 

mechanism. Observation of screw dislocation has been common in 

previous studies on thin film growth of high-Tc materials, such as 

YBCO [26,27]. According to these studies, presence of screw 

dislocation plays an important role in increasing critical current 

density (Jc). 

 In the zoom-in topographic STM image (Figure 3.6), tetragonal 

lattice structure with a period of 11Å is seen. Otherwise, most of 

the STM studies on cleaved Ba-122 surfaces have shown the 

 2 ×  2  reconstruction structure with a period of 5.5Å. The 

modulation of the surface structure on our Co-doped Ba-122 films 

is twice as long as the lattice-period of the  2 ×  2 reconstruction. 

Our LEED data also exhibited spots at positions other than those 



 

 

 

originating from both the tetragonal unit cell and the  2 ×  2 

reconstruction.  

 

 

  

 

Figure 3.5. a 150×150 nm STM image of the 20 u.c. Co-doped Ba-122 

film. The STM image was obtained at a tip bias of 2V and a constant 

current of 20 pA at room temperature. 

 

 

 

  



 

 

 

 

 

 

 

  

Figure 3.6. Modulated surface of the 20 u.c. Co-doped Ba-122 film (a) 

a 38×38nm STM image. The STM image was obtained at a tip bias of 

2V and a constant current of 20pA at room temperature. (b) height 

profile along the black line in a (c, d) LEED patterns at 40, 80eV 
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3.6. Superconducting Property of Co-doped 

Ba-122 Films 

 

 The electrical resistivity ρ of a 100 u.c. thick (130nm) Co-doped 

Ba-122 film was measured for temperatures ranging between 4.2K 

and 300K with physics property measurement system (PPMS). 

Measurement was performed by a four-probe method to eliminate 

contact resistance for this low-resistivity material. Figure 3.7 

shows electrical contacts for the four-point resistivity measurement. 

These contacts were made by mechanically attaching four etched 

tungsten tips to the sample. This process was performed in a glove 

box which was backfilled with argon gas in order to prevent sample 

contamination. 

 Figure 3.8 shows the temperature dependence of the electrical 

resistivity of the epitaxial thin film. The onset temperature was 22K 

and the zero-resistivity temperature is 21K. The superconducting 

transition temperature of the optimally Co -doped Ba-122 target was 

26K. We found that our PLD-grown Co-doped Ba-122 thin film was 

superconducting. 

 

  



 

 

 

 

 

 

 

Figure 3.7. Electrical contacts for the four-point resistivity 

measurement 

 

 

Figure 3.8. Temperature dependence of the electrical resistivity of a 

100 u.c. Ba-122 film 
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3.7. Substrate Temperature Dependence of 

LiFeAs Growth 

 

 We also grew epitaxial thin films of LiFeAs on SrTiO3(001). The 

laser pulse repetition frequency was 1 Hz, but all the other laser 

parameters were the same as those for the Co-doped Ba-122 

growth: the laser pulse fluence was set to 100 mJ and the 

corresponding laser pulse fluence was 2.5 J/cm2. To find the optimal 

substrate temperature for the thin film growth, LiFeAs was 

deposited by laser ablation at different substrate temperatures 

ranging from 450℃ to 550℃. 

 STM images and RHEED patterns of LiFeAs films grown at Ts 

=450, 470, 500 and 550℃ are shown in Figure 3.9. Clear RHEED 

streaks can be seen in the LiFeAs films grown at Ts between 450 

and 470℃. RHEED analysis indicates the high-quality crystalline 

films was grown. Crystalline LiFeAs films grow at a much lower 

substrate temperature than the optimal substrate temperature for 

Co-doped Ba-122 film growth (700℃). At Ts=450℃, STM image 

revealed a surface composed of atomically flat terraces separated 

by several step heights and covered square-shaped islands. 

Therefore, based on STM and RHEED results, we concluded that 

the optimum Ts for LiFeAs epitaxial films is 450℃.  



 

 

 

  

  

  

  

Figure 3.9. STM images and RHEED patterns of the Co-doped Ba-

122 films with different substrate temperatures. The substrate 

a b 

c d 

e f 

g h 



 

 

 

temperatures were (a,e) 550℃, (b,f) 500℃, (c,g) 470℃, (d,h) 450℃ 

 LEED patterns indicated that the epitaxially grown LiFeAs films 

had a very high quality of crystallinity (Figure 3.10). In addition, 

a 1×1 structure is observed without any reconstruction.  

 

 

 

 

 

Figure 3.10. LEED pattern of the LiFeAs film at 60eV  
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Appendix. MBE growth of Bi2(Te1-xSex)3 

 

 In addition to epitaxial thin film growth of superconducting iron 

pnictides by pulsed laser deposition (PLD), we grew epitaxial thin 

films of topological insulator bismuth chalcogenides, such as Bi2Se3, 

by molecular beam epitaxy (MBE). In particular, epitaxial growth of 

Bi2(Te1-xSex)3 (x=0.33) on Si(111) will be discussed in this 

appendix. The experiments were carried out in an ultra high vacuum 

STM-MBE-PLD system with a base pressure 2×10-10 torr. Knudsen 

effusion cells attached to the growth chamber were used as 

evaporation sources for bismuth (Bi), Selenium (Se), Tellurium 

(Te). The deposition rates from individual sources were calibrated 

using a quartz crystal thickness monitor. A heavily doped Si(111) 

(n-type with phosphorus dopants) wafer was used as a substrate. 

A clean and atomically flat 7×7-reconstructed Si(111) surface was 

obtained by several cycles of annealing up to 1200℃ in UHV 

conditions.  

 MBE growth of Bi2(Te1-xSex)3 was performed on a Bi-terminated 

β-phase  3 ×  3 Si(111) surface rather than the 7×7 surface. The 

presence of dangling bonds on the 7×7 structure makes a rough 

surface, which impedes epitaxial growth of crystalline bismuth 

chalcogenide thin films. The β-phase  3 ×  3 surface was obtained 

by depositing Bi while annealing to 750K. The  3 ×  3  Si(111) 



 

 

 

surface was identified by RHEED. 

 Throughout the deposition, the substrate was annealed to 450K 

and the flux ratio of Bi to Te and Se was Bi:Te:Se=1:8:4. Thin film 

growth was in-situ monitored using RHEED (Figure A.1). The 

crystallinity of the epitaxial thin film was monitored using RHEED 

and LEED during and after deposition (Figure A.2). STM images 

shows large triangular terraces, which is a common features in the 

morphology of MBE grown bismuth chalcogenide thin films (Figure 

A.3) .   

 

 

  

 

 

 

 
 

Figure A.1. Time evolution of RHEED patterns during the growth  
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Figure A.2. LEED pattern of the Bi2(Te1-xSex)3 thin film (x=0.33)  

at 70eV 

 

 

Figure A.3. a 400×400nm STM image of the Bi2(Te1-xSex)3 thin film 

(x=0.33). The STM image was obtained at a tip bias of 2V and a 

constant current of 20pA at room temperature. 



 

 

 

초록 

 

 

 주사 터널 현미경(STM)을 이용한 고온 초전도체의 연구는 대부분 단

결정 샘플의 절개 표면 위에서 이루어졌다. 하지만, 분자선 에피택시 

(MBE)나 레이저 펄스 증착(PLD)과 같은 정밀한 성장 방법을 주사 터

널 현미경에 결합하는 것은 물질의 결함과 오염으로부터 나타나는 문제

들을 해결할 수 있어, 물질 본연의 성질을 연구할 수 있게 한다. 본 논

문에서는, 레이저 펄스 증착 방법으로 성장된 얇은 철 닉타이드 필름의 

주사 터널 현미경 연구를 다루고 있다. Ba(Fe1-xCox)2As2와 LiFeAs의 

얇은 에피택시 필름을 SrTiO3(001) 기판 위에 성장시켰고, 성장챔버와 

직접 연결된 주사터널현미경으로 조사하였다. 증착과정에서의 성장중인 

필름의 결정성은 고에너지반사전자회절(RHEED)과 저에너지전자회절

(LEED)을 통해 확인되었다. Ba(Fe1-xCox)2As2 표면에서는 (2×2) 구조

가 관측되었고, LiFeAs 표면에서는 (1×1) 구조가 관측되었다. 이러한 

필름들이 초전도성을 가지고 있음은 4탐침 방법을 통한 저항 측정으로 

확인되었다. 

  

주요어: 주사 터널 현미경(STM), 철 닉타이드 필름, 고온 초전도체,  

펄스 레이저 증착(PLD) 
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