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ABSTRACT OF THE THESIS 

 

 

Enhancement of Topological Insulators Surface Conduction 

 

 

 

by 
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Master of Science in Electrical Engineering 

University of California, Los Angeles, 2012 

Professor Kang L. Wang, Chair 

 

The quantum spin Hall (QSH) phase exhibits spontaneous quantized (charge/spin) conductance 

in the absence of external magnetic field, as a result of strong spin-orbit coupling. However, due 

to the large bulk contribution in 3D TIs, it is difficult to observe these new states. Here we first 

demonstrate a selective control of two surfaces conductions (top/bottom) in epitaxially grown 
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Bi2Te3 thin films by gate-dependent Shubnikov-de Hass oscillations. By sweeping the gate 

voltage, the Fermi level of the top surface is selectively tuned while the bottom surface 

conduction remains unchanged due to strong electric-field screening effects arising from the high 

dielectric constant of Bi2Te3. In addition, the total bulk conduction can be modulated from n- to 

p-type with a varying gate bias. We further investigate BixSb2-xTe3 as it provides lower bulk 

contribution and enhanced two surface conductions. These Sb-doped materials provide us a good 

opportunity to see the quantum spin Hall result.   
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Chapter 1   Introduction of Topological Insulator 

 

In the past few years a new field has emerged in condensed-matter physics based on the 

realization that the spin-orbit interaction can lead to topological insulating electronic phase
1-4

, 

which have been predicted and observed in real materials. These new materials have brought the 

world unparalleled attention ever since the prediction of the existence of their non-trivial surface 

states in 2005 
5-9

. It provides a pathway for the realization of dissipationless transport system and 

may overcome the power consumption problem in silicon technology in low dimensions
10-13

.   

Topological insulator (TI) is a class of quantum matter featuring with an energy gap in its 

bulk band structure and unique Dirac-like metallic states on the surface. Unlike graphene 
6, 7, 9, 14, 

15
, the topological insulator has only one Dirac point and its spin direction is locked to the 

momentum due to the strong spin-orbit interaction inside the materials
11, 16-20

. The spins of 

electrons are locked perpendicular to the momentums owing to strong spin-orbit coupling, thus 

backscattering is strongly suppressed and the conduction on the surface is highly metallic 
6, 21

. 

The conduction becomes 2e
2
/h in the absent of external magnetic field 

5, 10
. Subsequently, the 

pursuit of TI materials extended into the 3D region was carried out 
15, 22-24

. In 2009, Fang’s 

group
15

 proposed the second generation of TIs based on the first-principles electronic structure 
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calculations, where they found the strong 2D surface states were built up in the tetradymite-type 

materials Bi2Se3, Bi2Te3, and Sb2Te3 
14, 15, 23, 25, 26

. Their prediction was sooner confirmed by the 

angle-resolved photoemission spectroscopy experiments where the Dirac-cone-like surface states 

were clearly observed 
25

. From then on, extensive works have been focused on these materials 

and their ternary compounds. Recently, a series of 3D TI compounds, such as Bi1−xSbx, Bi2Se3, 

Bi2Te3, and Sb2Te3
7, 15, 27

, have been theoretically predicted and subsequently experimentally 

verified by angle-resolved photoemission spectroscopy (ARPES)
25

, scanning tunneling 

microscopy (STM)
26

 and transport measurements
8, 13, 28-31

. However, there are various obstacles 

towards the realization of QSH effects in 3D TIs which requires insulating bulk materials and 

two surfaces conductions. To date, extensive efforts have been made on acquiring high quality TI 

materials through various methods such as mechanical exfoliation and chemical solution 

synthesis
22, 32

. These lead to a successful observation of surface quantum oscillations in TI 

systems. However, there is a lack of strong evidence on the origin of these oscillations, namely, 

how to distinguish the oscillations from the top and the bottom surfaces. Although several groups 

claimed two surface conductions by analyzing weak anti-localization under small magnetic fields 

and gate modulation, a direct differentiation of conduction on each surface is still 

lacking/missing. 
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Meanwhile various approaches have been used to provide good quality TI materials. 

Among all of these, thin film grown by MBE seems to be the most promising way, given its 

tremendous advantages, such as high crystalline film quality, excellent doping control, possible 

surface engineering, and potential integration of heterostructure and superlattice for complex 

device structures 
24, 25, 27, 33, 34

. Recently, TI thin film grown by MBE has been reported on Si 

(111)
33

,
 
SiC(0001)

35
,
 
and other insulating substrates such as -Al2O3 (0001)

36
 and SrTiO3 (111)

37
. 

However, the substrates chosen so far have relatively large lattice mismatch with the TI materials, 

resulting in a (quasi-) Van der Waals growth at the early stage of growth. The sizes of surface 

terraces are limited within 1 μm. Another material challenge comes from the background doping 

issue. Due to the intrinsic defects, namely the Se vacancies in Bi2Se3 matrix and Bi-Te/Sb-Te 

antisites, it is difficult to approach the bulk insulating state in the samples and the bulk 

conducting is dominant even under low temperatures. Moreover, the film quality is further 

restricted by the sacrificial layers at the interface, such as the Bi wetting layer or amorphous 

layers which are used to suppress the dangling bonds and decouple the thin film from the 

substrate. Such drawbacks will greatly degrade the transport properties.  

Here, we demonstrate that Bi2Te3 and BixSb2-xTe3 thin films grown on GaAs substrates 

can provide a possible solution to achieve QSH effects. With top gate voltage tuning, the top and 
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the bottom surfaces can be selectively controlled. Therefore, different surface conductions can be 

distinguished from SdH oscillations.  

In this thesis, I present two effective approaches to enhance both top and bottom surface 

conductions in TI thin films grown by MBE. By optimizing growth conditions and choosing 

GaAs (111) substrates, improvement of the film quality is demonstrated in terms of surface 

terrace size, carrier concentration, and Hall mobility. Another approach is to add Sb into the 

Bi2Te3 to tune the Fermi levels. The details of our work are organized as follows. Molecular 

beam epitaxy (MBE) synthesis methods and relevant characterization techniques are described in 

Chapter 2. In Chapter 2, different approaches for optimization in MBE growth are also provided, 

including patterned substrates, higher substrate temperature, lower growth rate and surfactant. In 

Chapter 3, MBE growth and transport properties of Bi2Te3 thin film are presented and discussed, 

especially on the two surface conductions. In Chapter 4, further improvements in BixSb2-xTe3 

system are exhibited and compared with previous results of Bi2Te3, with giant surface 

conduction. The conclusion part and future work discussion are presented in Chapter 5. 
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Chapter 2 Growth Optimization By MBE 

2.1 Molecular Beam Epitaxy 

2.1.1  MBE System 

 

MBE operates in a UHV environment, typically <10
-10

 torr
38, 39

. By heating and 

evaporating highly purified elemental sources, atomic layers can be deposited on the substrate 

one-at-a-time, and they can be forced to adhere to the same lattice structure of the substrate, i.e. 

epitaxy. Therefore, by choosing a particular substrate and a set of growth parameters, one can 

produce non-equilibrium crystalline structures, which in turn makes it possible to tailor and 

examine materials and properties on the atomic scale. 

Conventional MBE process usually involves a sequence of meticulously executed steps, 

typically starting from substrate preparation, to stabilization and calibration of evaporation 

sources, preparation of a buffer layer, then growth of the film or heterostructure, subsequent 

post-growth annealing, and finally finishing-up with a passivation/cap layer.  

The large controllable parameter space, for example, growth temperature, deposition rate, 

composition, thickness, and substrate constraints, also make MBE a slow process. Our MBE 



6 
 

system [Fig. 2.1] has been fully implemented with capabilities to synthesize and characterize 

combinatorial samples to explore complex epitaxial systems. The development and integration of 

the techniques have been motivated by the success of combinatorial approach in other physical 

vapor deposition processes. This system consists of a growth and analysis chamber, storage and 

transfer system to integrate these capabilities for in-situ experiments.  

 

 

Figure 2.1. Schematic configuration of the solid source MBE system designed for TI. The 

system is pumped with cryopump and ion pump. The growth is monitored with RHEED gun. 
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2.1.2  Characterization tools 

The refection high energy electron diffraction (RHEED)
40, 41

 system is assembled in our 

MBE system, consisting of a 8keV coherent electron gun and a phosphor screen/CCD imaging 

system developed by KSA Associates to record the diffraction patterns in real-time. For the 

RHEED patterns, when the areas of 2D atomically smooth terraces are relatively small compared 

to the coherent length of the RHEED beam, ~ few thousands of Å, this would result in a 

broadening of the truncation rods
40, 42

, as shown in Fig. 2.2(a). Alternatively, if the surface 

contains terraces with random orientations which means arbitrary combination of (a, b) can be 

allowed along the surface, the RHEED pattern will evolve from distinctive diffraction spots to 

poly-ring shape, as shown in Fig. 2.2(b). 

 

Figure 2.2. RHEED patterns for different surface morphology. (a) The RHEED patterns of 2D 

surface morphology. (b) RHEED patterns of amorphous growth. 
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AFM is a type of scanning probe microscopy with demonstrated resolution on the order of 

nanometer
43, 44

. It is thus a powerful tool to examine the surface morphology of the grown TI thin 

film, for example, the terrace size and layer thickness. We use AFM to characterize the as-grown 

samples, providing feedbacks for our growth conditions. 

TEMs is also used to analyze the crystal structure and the interface between the substrate 

and the thin film 
45

, which reveals the finest details of internal structure - in some cases as small 

as individual atoms.  

 

2.2 Overview of growth optimization methods 

The Bi2Te3 and Bi2Se3 material system has a severe problem concerning crystal quality. 

To date, the Bi2Te3 samples used to study the TI behavior were mainly bulk crystals grown by a 

self-flux method 
24

, which results in heavy n-type doping due to the formation of defects. To 

compensate the n-type doping, the Bi2Te3 crystals are usually heavily doped by Sb or Ca, which 

strongly lowers the density of the bulk. In order to study TI properties of Bi2Te3, it is thus 

desirable to grow intrinsic thin films of Bi2Te3, e.g. by means of molecular-beam epitaxy 

(MBE)
14, 22-24

. Besides facilitating the study of fundamental TI properties of Bi2Te3 and Bi2Se3, 

the realization of Bi2Te3 epilayers on relatively low-cost, commercially available substrates, such 
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as GaAs, is beneficial for device applications. Only a few studies on MBE growth of the TI 

Bi2Te3 on GaAs (111) have been carried out, presenting atomic force microscopy (AFM), and 

angular-resolved photoelectron spectroscopy (ARPES) measurements, and some important 

growth studies. 

To improve the growth quality of Bi2Te3 thin film grown on GaAs (111)B using MBE 

methods. We tried several approaches, including lowering the growth rates and increasing the 

growth temperature to enhance the surface diffusion length. In order to lower the surface energy, 

we use surfactant such as Sb and Bi as the first layer. Furthermore, we would like to try patterned 

growth to enhance single crystal growth. The study of growth continues. So far, I would like to 

present the results which have been achieved.  

 

2.3 Substrates Selection 

In epitaxy, choice of substrate is considered in the first place. The criteria of substrates 

selection are based on the cost, availability, material bandgap and the lattice match. For example, 

if the bandgap is too small, we couldn’t get the useful information for the topological insulators 

due to the conduction in the substrate. The following is the summary of the lattice constant and 

the bandgap of the promising substrates. 
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Figure 2.3. Substrate lattice constant and bandgap. The x-axis is lattice constant. The y-axis is 

the bandgap. We have marked Bi2Se3, Bi2Te3, and Sb2Te3 in the figure. 

 

As shown in the figure, CdS
46, 47

 and InP
48

 have almost the same lattice constant with 

Bi2Se3. For Bi2Te3 growth, we tried some commercial available substrates, even though the 

substrate lattice mismatch is large. However, after several ways of optimization, we could finally 

achieve nearly layer by layer growth on GaAs.   
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Figure 2.4. AFM image and XTEM image of Bi2Te3 thin film deposited under optimized 

conditions. The left figure is the AFM image which shows large terrace. The right is the XTEM 

image which shows sharp interface. 

 

The terrace is nearly 2 μm size. From the TEM, there is no sacrifice layer as usually 

presented in Si as substrate. Each quintuple layer of Bi2Te3 is very clear with the thickness of 

1nm.  

 

2.4 Surface Diffusion Length  

In epitaxial growth, there are five modes of heteroepitaxy 
49, 50

. First is the commensurate 

epitxay without strain, which occurs under lattice matched condition. Second is in-commensurate 
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epitaxy, usually called van der Waals epitaxy, which is based on the weak interaction. Third is 

commensurate epitaxy with strain, under this condition, the substrate is usually coherently 

strained. The forth is discommensurate epitaxy, where strain is usually relaxed with dislocations. 

The last is epitaxy with elastic strain relaxation where surface morphological change happens. 

The best growth method is using the lattice matched substrates, as discussed in the previous 

section. However, for Bi2Te3, there are no lattice matched substrates. So the best achievable 

method is Van der Waals epitaxy, which achieves thin layer-by-layer growth.  

In order to fully understand the optimized method, the basic process of MBE growth is 

first discussed, as illustrated in Figure 2.5. When atoms with flux density of Ji arriving at the 

surface of the substrates which temperature is Ts, they undergo reflection, absorption or 

desorption by the surface. The reflection rate is denoted as γ. The absorption process contains 

physisorption, chemisorption and incorporation. As the temperature of the substrate surface is 

high, some of the atoms may undergo desorption due to the thermal motion.  Some of the atoms 

may diffuse on the surface which is called surface migration. These processes are strongly 

dependent on the surface temperature.  
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Figure 2.5. Absorption processes and quantities. ac is used only for condensation (absorption of 

a material onto itself). A vertical connecting bar denotes a chemical bond. 

 

There are six sequential substeps:  

1) Adsorption. 

2) Surface diffusion. 

3) Reaction Nucleation. 

4) Morphology development. 

5) Film-substrate inter-diffusion, or incorporation. 

6) Nucleation. 

Here we focus on surface diffusion since it is the dominant factor affecting terrace size. 

As shown in Figure 2.6, the surface diffusion length
51-53

 is dependent on the substrate 
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temperatures.  With increased substrates temperature, the diffusion length first increases then 

decreases. The increase behavior is due to the higher thermal kinetics which causes higher 

mobility. However, with substrate temperature goes too far, the desorption dominants, which 

results in diffusion length falling. 

 

 

Figure 2.6. Behavior of surface diffusion length, Λ, with substrate temperature T, where Λ is the 

diffusion length. R is the reaction rate. Es is the energy barrier per mole for surface diffusion and 

Ec is the energy for chemisorbed. Jd is the flux of desorption. 
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We grew a batch of Bi2Te3 only changing the substrate temperature. The Bi and Te 

source temperature are 470 ˚C and 310 ˚C to ensure Te rich condition. The substrates 

temperatures are 180 ˚C, 220 ˚C and 260 ˚C 

 

Figure 2.7. The left picture is AFM data of 180 ˚C substrate which shows smaller terrace.  And 

the right is grown at 220 ˚C which shows large terrace. 

 

It is clearly to see that with temperature increase from 180 ˚C to 220 ˚C. The terrace size 

increase about 5 times. As substrate temperature further increases, we did not see any of the film 

deposition, which is consistent with the theoretical analysis, where desorption dominants.  

Another way to increase the diffusion length is to increase the diffusion mean free time, e. 

g. decreasing the atoms. By lowering the growth rate, we also observe the enhancement for 
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Bi2Te3 growth as illustrated in Figure 2.8, showing the increase of terrace size from 0.3 μm to 0.8 

μm. 

 

Figure 2.8. The left picture is AFM data of films with 1QL/min growth rate, and the right is 0.5 

QL/min. 

 

In Figure 2.8, it is shown that with growth rate lowered to half, the terrace size increase 

by 3 times. So we use substrates temperature about 220 ˚C and growth rate of half QL per min as 

our optimizated conditions.  

 

2.5 Surfactant 

To understand surfactant 
54

, we will first look at the nucleation mechanisms
55-57

.  
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Figure 2.9. Film growth modes: (a) Frank-Van der Merwe (layer). (b) Volmer-Weber (island), 

and (c) Stranski-Krastonov. a is the distance between atoms. γ i is interface energy between the 

substrate and thin films. γ s the substrate surface energy and . γ f is the grown thin film surface 

energy. γ fo is the surface energy of the first epitaxy thin film.   

 

As shown in the figure, there are three modes of growths, which depend on the surface 

energy of both the substrate and the deposited thin film. 

(i) If + <f i s  
then, the film deposition is layer by layer shown as Figure 2.9 (a).  

(ii) If the bonding between the film and the substrate is weak, e.g. γ i is high. In the 

extreme case, there is no bonding at all,  
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+ 

+ 2 + 

f s i

f i f s s  

This is leads to three dimensional growths, Vomer Weber growth as shown in (b).  

(iii) The third case happens when the film is under strain.  In this case the surface energy 

consideration forces the first couple of monolayer to deposit layer-by-layer, followed 

by island growths to relief bulk strain (Stranski-Krastanov). 

Here we use surfactant to lower the surface energy to achieve the layer by layer growth. 

There is clear morphology improvement using Sb as surfactant. The surface terrace size 

increases almost three times as shown in figure 2.10.  

 

Figure 2.10. The left picture shows AFM data of films without surfactant which has the terrace 

size of 0.3 μm, and the right uses Sb to lower the surface energy which achieves the terrace size 

of 0.7 μm. 
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2.6 Summary 

Several methods were experimented to yield Bi2Te3 film with better quality, including 

lowering the growth rate, increasing the growth temperature, and using surfactant. All of these 

methods lead to an increase in terrace size of about 3 times. As we have optimized thel condition 

for growth, the following chapters are all based on materials grown with the optimized methods 

presented above.  
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Chapter 3 Top/Bottom Surface Conductions in Bi2Te3  

3.1 Sample Preparation and Sample Characterization 

Bi2Te3 thin films were grown on highly resistive (resistivity  10 MΩ·cm), GaAs (111)B 

substrates in a solid source MBE system. Growth was monitored by real-time high-energy 

electron diffraction (RHEED) measurements. GaAs substrates were cleaned in acetone with 

ultrasonication for 15 minutes before loading into the MBE chamber. Pre-growth annealing in 

Se-rich ambient was performed at ~580 ˚C for 30 min to remove native oxides on the surface of 

GaAs substrates. GaAs showed 1 1 pattern with a clear specular spot. 

 High-quality stoichiometric Bi2Te3 thin films were grown under Te-rich condition to 

achieve low density of defects. Sharp 2D pattern and clear specular RHEED pattern could still be 

observed after 6 quintuple layers (QLs) as shown in Figure 3.1 
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Figure 3.1. Real-time high-energy electron diffraction (RHEED) image exhibits clear 2D pattern 

after 6QL growth. 

 

A growth rate of 0.56 QL/min is estimated from the RHEED intensity oscillation which 

starts from the very beginning of the growth (Figure. 3.2), suggesting that the pure Bi2Te3 is 

achieved from the first layer without introduction of interfacial layer, as opposed to those grown 

on Silicon 
33

.  
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Figure 3.2. Growth rate 0.56 QL/min is calculated from the RHEED oscillations. 

 

After growth, a 2-nm Al thin film was subsequently deposited in-situ at 20 ˚C to protect 

the epi-layer from unintentional doping induced by ambient environment 
34

.  A typical AFM 

image of a 20 nm-thick film under the same growth condition exhibits atomic flat surface 

morphology, as shown in Figure 3.3 gives the height profile of the solid line marked in Fig. 

3.3(a). The height of each step is ~1 nm, consistent with the thickness of one individual Bi2Te3 

QL 
14

.   

Figure 3.4(a) presents the High-Resolution cross-section Transmission Electron 

Microscopic (HRXTEM) image of our film. The thickness of each layer is about 1 nm, as 
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indicated by two parallel white lines. The dash line indicates the sharp interface between GaAs 

and Bi2Te3. Ex-situ ARPES was also performed for films without Al passivation layer using 

Beamline 12.0.1 of the Berkeley advanced light source (Fig. 3.4(b)). Clear surface states with a 

Dirac-cone like dispersion can be observed, similar to other reports 
14, 15, 23

.   

 

 

Figure 3.3. (a) AFM data of the thin film demonstrates layer-by-layer epitaxy. (b) The height 

profile along the green line. 
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Figure 3.4. (a) High-resolution transmission electron microscopy (HRTEM) of a 6QL Bi2Te3 

thin film. The sharp interface is indicated by the dotted line. (b) Angle Resolved Photoemission 

data taken from sample consisting of 6 nm of Bi2Te3 grown on GaAs(111)B without Al 

passivation. 

 

3.2 Magneto-transport results 

To study the surface states of our TI films, magneto-transport measurements were 

conducted on standard Hall bar structures with a top gate in a Physical Property Measurement 

System (PPMS). A schematic diagram of the device structure is shown in Figure 3.5(a). 

Temperature-dependent longitudinal resistance Rxx was measured with a constant AC current of 
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10 μA at frequency of 13 Hz as shown in Fig. 3.5(b). The temperature dependent resistance 

(Rxx(T)) shows a similar behavior as those Sb doped films with low density 
27

, exhibiting a small 

bulk carrier density in our films. 

 

Figure 3.5. (a) The device structure of 6-pin Hall bar with a top gate. (b) Resistance versus 

temperature which exhibits semi-insulating behavior. The intersect figure shows the field 

dependence of longitudinal resistance, which shows a weak anti-localization (WAL) effect.   

 

The intersect of Fig. 3.5(b) gives the magnetic field dependence of longitudinal resistance 

at 1.9 K with zero gate bias, with a sharp cusp (define this term here) at low field. This is the 

characteristic feature of WAL. The WAL in TIs reflects the symmetry of a nontrivial topology of 
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the surface states, in which backscattering is minimized owing to a destructive interference 

between two time-reversed loops arising from the π Berry phase 
27, 28, 58

.  

In order to extract information on the surface states, we subsequently analyzed the 

magneto-resistance (MR) at low temperatures down to 1.9 K with an out-of-plane magnetic field. 

Both gate voltage and magnetic field dependences of the longitudinal (Rxx) and transverse 

resistance (Rxy) were obtained at various temperatures. As shown in Fig. 3.6 (a), 

magnetoconductivity in longitudinal direction decreases as the magnetic field increases at low 

fields. This behavior is consistent with the weak anti-localization and has been demonstrated in 

TI material
59

 and other materials
48, 60

.  

  

Figure 3.6. (a) Gate voltage dependence of weak anti-localization effects. (b) The extracted 

parameters from the WAL effects versus temperature, where α is -1 for weak localization and 

+1/2 for weak anti-localization of single Dirac cone. 
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The field-dependent conductivity behavior can be described below according to the Hikami-

Larkin-Nagaoka (HLN) theory, 

2

2 2 2

1
ln( ) ( )

2 4 2 4

e

eBl eBl
,     (1) 

where ∆σ represents magnetoconductivity, B is the magnetic field. l is the phase 

coherence length, Ψ is the digamma function, and α equals to ½ for a single Dirac cone surface 

topological symmetry.
58

  If there are two independent surfaces of topological insulators, α equals 

1. However, with two surfaces coupling with each other, the value will be in range of the 0.5~1. 

Using the HLN equation, we can extract l  and α from ∆σ vs. B at different gate voltages for 

T=1.9 K as plotted in Figure 3.6(a). Here α equals approximately 0.7, larger than 0.5. The 

evolution of α is monotonously increasing with increasing negative gate voltage. The larger 

amplitude of the gate voltage, the less coupling between two Fermi surfaces. The factor α 

reaches 1 when one surface turns to p-type while the other remains as n-type. Figure 3.6(b) gives 

the acquired l  and α as a function of temperature at zero gate bias, respectively. The phase 

coherence length decreases with the increase of temperature, which is approximately due to the 

increasing contribution from the bulk at higher temperatures.  

With a higher magnetic field, up to 9 T, the Shubnikov-de Haas (SdH) oscillations can be 

observed at low temperatures. As shown in Fig. 3.7, different gate voltages from 0 V to -20 V 
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were applied and dRxx/dB were subsequently extracted for each bias at 1.9K. We observed two 

sets of oscillation periods. The peak positions marked by the solid arrows are independent of the 

gate biases, while the peak positions marked by hollow arrows change systematically with the 

gate voltage.  

 to verify 

the origin of these quantum oscillations. As shown in Fig. 3.8, the peak positions of both periods 

depend solely on cos( )B B . So it is concluded that the two sets of SdH oscillations can only 

arise from a two dimensional Fermi surface (FS), i.e. one from each surface. 

We next analyze how the periods of the SdH oscillations change with gate bias. The 

Landau level index n is related to the Fermi surface area, SF by
13

 

3
2 ( )

4
Fn S

eB        (2) 
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Figure 3.7. SdH oscillations extracted from derivative of longitudinal resistance versus the 

inverse magnetic field. The two sets of periods from the top and bottom surfaces are indicated by 

the solid and hollow arrows, respectively. 
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Figure 3.8. The peak values of oscillations versus angle ( ). 

 

where e is the electron charge, ћ is reduced Planck’s constant and B is the magnetic flux density. 

The value of 1/B corresponding to the maximum of dRxx/dB is plotted as a function of Laudau-

level number as shown in Fig. 3.9, and γ equals ½ for the Berry phase π. It is seen that 1/B equals 

0 when n insects x-axis in the range of 0.2 ~0.4, which is consistent with the theoretical 

calculation. γ should be ½ if the SdH oscillations come from the topological surface states with 

the π berry phase. So it is concluded that both the sets of oscillations come from the topological 

protected surfaces. Furthermore, from the value of the peaks, we calculate the oscillation period 
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marked by solid arrows which coincide with each other, yielding a SF = 1.36  cm
-2

, with 

Fermi wave vector kF = 0.066 Å
-1

, and a 2D carrier density of 3.46  cm
2
. The periods 

marked by the hollow arrows shows the density changing from 3.30  cm
-2

 to 1.68  

cm
-2

 with the gate voltage sweeping from 0 V to -20 V.  

 

Figure 3.9. The landau level n versus the inverse magnetic field where the peak of the derivative 

of Rxx occurs. 

 

From the above results, it is confirmed that the 2D Fermi surfaces come from the top and 
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the SdH oscillations discussed above. We also did the temperature dependent measurements of 

σxx as shown in Fig. 3.10 at zero gate bias. Using the same calculation procedure discussed 

above, the two surface Fermi levels are approximately the same at 0V which correspond to the 

same cyclotron mass (mcyc). Following the Lifshitz-Kosevich (LK) theory
61

, mcyc=0.2me is 

acquired from the temperature dependence conductance, where me is the free electron mass. For 

Dirac Fermion electrons, the Fermi velocity can be calculated from vF= /F cyck m =3.7  

cm/s which is again consistent with the ARPES data and other works.  

 

Figure 3.10. Temperature dependence of the normalized conductivity amplitude ∆σxx(T)/∆σxx(0). 
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By assuming that the Fermi velocity is a constant for different kF values near the Dirac 

point based on the linear E-k relationship, the Fermi levels at different gate biases can be 

obtained by F F FE v k .We mark the gate voltage dependence Fermi levels in the band diagram 

of Figure 3.11. It is seen that the Fermi level of our Bi2Te3 thin film is located within the bulk 

band gap. From the SdH oscillation calculations, the Fermi levels of the top surface are tuned by 

the gate from 157 to 111 meV while the bottom stays almost as a constant at 161 meV. This may 

be due to the fact that the relative dielectric constant of Bi2Te3 is very high (~100) resulting in 

small penetration of electric field due to screening effects. Thus, we can only selectively tune top 

surface conduction by the top gate. The Fermi levels of the surfaces and the corresponding 

densities are listed in Table 1 for different biases. 
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Figure 3.11. Band diagram of Bi2Te3 with Fermi levels got from SdH oscillations. The Fermi 

levels of both top and bottoms surfaces are marked as the black and green lines in the diagram. 

 

To explore the bulk carrier conduction, the gate dependent transverse conductance was 

obtained as shown in Fig. 3.12(a). The Hall sheet density was calculated from n2D=1/eRH at low 

field. With Vg approaches -15 V, the sheet density drops as indicated in the curve. However, 

when further increasing the negative gate bias, the sheet density increases. We use a three 

channel model to quantify the Hall conductance Gxy, where 

, , ,xy xy Top xy Bottom xy BulkG G G G .
62

      (3) 

For each channel, it is given that 

2

, 2 21

i i
xy i

i

n B
G

B
         (4) 

where ni is the sheet density, μi is the mobility of this channel and B is the magnetic field. 

The corresponding result at -15 V is shown in Fig. 3.12, in which the bulk shows p-type 

behavior. The yellow and the green lines are the conductances of the top and the bottom surfaces, 

respectively. These values are listed in Table I, together with the densities calculated from SdH 
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oscillations and the Hall density. We can see the two results are consistent with each other, 

validating the three channel model. 

 

  

Figure 3.12. Conductions of three channels, i.e. bulk channel, top surface and bottom surface. 

 

Based on the above results, we further extracted the bulk density at different biases as 

marked by the green line, as shown in Figure 3.13, in which the bulk carrier types change from 

n-type to p-type by gate biases. For p-type bulk behavior, the bulk carriers and the surface 

carriers cancel with each other resulting smaller RH and larger nH. Therefore due to the bipolar 

transportation of both n- and p-type carriers, the Hall density increases as shown in Fig. 3.11. We 
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give the corresponding energy band diagram at 0 V and -20 V as shown in Fig. 3.13(b) and (c) in 

which the bulk contributes n-type carrier at 0 V and p-type carriers at -20 V.  

 

Figure 3.13. (a) Carrier densities of different channels versus gate voltage. (b),(c) Band diagram 

of top gated TI materials with two surfaces at gate biases of 0V and -20V, respectively. 

 

The density of each channel is provided by Table 1 and Table 2, which are using both SdH 

oscillation calculation and three channel model extractions. As shown in the two figures, we 
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found that the density of the two surfaces are the same based on the analysis methods, and the 

bulk total concentration changes from n-type to p-type.  

 

Table 1. Carrier concentrations of the top, the bottom surfaces which were extracted from SdH 

calculations.  

 Top Surface Bottom Surface 

Gate  

Voltage 

E
F
  

(meV) 

n
SdH  

(10
12

 
cm

-2

) 

E
F
 

(meV) 

n
SdH  

(10
12

 
cm

-2

) 

0V 157 -3.3 161 -3.5 

-5V 148 -2.9 161 -3.5 

-10V 141 -2.7 162 -3.5 

-15V 118 -1.9 161 -3.5 

-20V 111 -1.7 159 -3.4 

 

Table 2．  The carrier densities acquired from three-channel conduction data which are 

consistent with the results calculated from the SdH oscillations.  

 Top Bottom Bulk Total 

Gate  

Voltage 

n
fit  

(10
12

 
cm

-2

) 

n
fit  

(10
12

 
cm

-2

) 

n
fit  

(10
12

 
cm

-2

) 

nH 

(10
12

 
cm

-2

) 

0V -3.3 -3.5 -3.5 -10.6 

-5V -3.0 -3.5 -3.5 -7.5 

-10V -2.6 -3.5 -3.5 -6.10 

-15V -1.9 -3.4 -3.4 -5.3 

-20V -1.6 -3.4 -3.4 -5.8 
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3.3 Summary 

To conclude, we have demonstrated the layer-by-layer growth of Bi2Te3 with the Fermi 

level residing inside the bulk band gap. With gate bias, we can selectively tune the top surfaces 

and leave the bottom surface un-influenced. In the future, by adding Sb to modify the band 

diagram, it is possible to achieve hole conduction on top surface, and electron conduction on the 

bottom surface. The results provide an important step towards the achievement of quantum spin 

Hall effects. Moreover, the high quality two-surface conductions and insulating bulk TI materials 

may lead to future nanoelectronics and dissipationless spintronics. 
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Chapter 4 Surface Enhancement in BixSb2-xTe3  

4.1 Carrier Density Tuning by Sb Doping 

Study has been focused on Sb-doping Bi2Te3. For traditional MBE grown Bi2Te3, we can 

only achieve n-type behavior. However, with Sb doping, the carrier type can change from n-type 

carrier to p-type carriers. This work has been claimed by Xue and Cui’s group,
27, 63

 using MBE 

growth and CVD growth, respectively. Here we did a systematic study on the BixSb2-xTe3
27

. By 

changing the source temperature, we see the density change from n-carrier to p-carrier as marked 

by the red dots. The blue squares indicated the mobility. As we can see the lowest density, the 

higher mobility there is due to less scattering.  
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Figure 4.1. Carrier densities and mobility of different compositions of BixSb2-xTe3. The density 

is indicated by the red markers and mobility is indicated by the blue squaries. 

 

We choose the growth condition for the lowest density and high mobility as marked in 

the figure, where Bi=470 ˚C, Sb=482 ˚C and Te=310 ˚C. We should notice here, that the 

mobility is the Hall mobility which is the average of bulk and surface mobility. 

 

4.2 Transport study of BixSb2-xTe3 

The temperature dependent resistant is measured based on our PPMS system. As shown 

in Figure 4.2, the resistance shows semiconductor behavior at high temperatures due to the freeze 

out of bulk carriers in region 3 marked in the figure. As temperature drops, the resistance shows 

a metallic behavior due to the less phonon scattering indicated by region 2. After that, the 

mobility shows a kink behavior, which is probably due to freeze out of carriers in the impurity 

bands
62

 in region 1. 



41 
 

 

 

Figure 4.2. Temperature dependent of resistance. The insect gives a way to calculate the 

activation energy based on the constant mobility assumption. 

 

We calculated the activation energy based on the constant mobility assumption. Here we 

got only about 8 meV from the impurity band to the bottom of the conduction bands. This is very 

small value. However, as shown in Figure 4.3, we saw that the carrier type changes from p-type 

to n-type with tincreasing temperature, which means the Fermi level locates nearly in the middle 

of the band gap. The dominant conducting carrier type change is due to different temperature 
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dependent of mobility. For p-type carrier, the mobility drops more quickly with increasing 

temperature, resulting in a dominant n-type behavior in high temperatures.  

 

Figure 4.3. Transverse resistance in dependence of temperature which shows the transition of 

dominant carrier type changing from p-type to n-type. 
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This is correct only for low field. For high field, we should use the formula discussed 

above. As shown in Figure 4.4, the carrier type changes from p type to n-type. At the transition, 

the p-type carrier density suddenly increases with the temperature. This jump can be explained 

due to bipolar transport of both n-type and p-type. Under this condition, the Hall resistance can 

be explained by  

2 2

2( )

e h
H

e h

n p
R

e n p
        (6) 

The effects of two carrier types compensate each other to some extent leading to smaller 

Hall resistance and result in a larger carrier concentration as depicted in Figure 4.4.  

 

Figure 4.4. Temperature dependent of density which is calculated using one type formula.  
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4.3 Gate modulation Effects at different thicknesses 

We studied the gate modulation under different magnetic field. We measured Rxx and Rxy 

for samples with thickness of 4QL and 6QL. For the 4QL layer thickness film, the surface does 

not exist. So we could treat it as the bulk contribution. As shown in Figure 4.5, it is observed that 

there is a Dirac point with gate modulation. With the increasing of out-of-plane field, the 

resistance only increases a little bit. Still the bulk exhibits WAL effects
7, 8

. It is very interesting 

to see that with in-plane magnetic field, the behavior is the same as out-of-plane. It is further that 

confirmed the behavior comes from the bulk. It is also noticed that the Dirac point is very close 

to 0V, which demonstrates the high quality of our thin films. 
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Figure 4.5. Gate modulation effects with out-of-plane field and in-plane field in 4QL thickness TI thin 

film. The film shows Dirac point with biasing gate voltages. 

 

Next we would like to see the gate modulation and in-plane/out-of-plane magnetic field 

effects on the surface. Since the bulk influence is already known, the surface component may be 

easily to extracted. As shown in Figure 4.6, this was measured from a 6 QL thin film. Under an 

out-of-plane magnetic field, the data is shown on the left. With increased out-of-plane magnetic 

field, the total resistance increase which is the same as 4 QL samples. The Dirac points locates at 

-12V. However, the difference is that with increasing magnetic field, we observe a plateau 

behavior. This may due to the surface band opening effects. When the Fermi level is in between 
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of the surface band gap, the total conductance is almost the same, which causes this plateau 

resistance. For the right figure, the magnetic field was changed at the in-plane direction. Under 

this condition, we did not observe the plateau behavior, which further confirmed our analysis of 

surface gap opening as discussed above. As illustrated in the following equation, the out-of-plane 

results Zeeman splitting
64

 effects, 

( )eff x y y x z zH v k k  

The Hamilton only depends on the out-of-plane magnetic field. With the magnetic field 

increasing, the Hamilton changes more, resulting in larger gap opening in the surface bandgap. 

So the plateau becomes wider as illustrated in the left figure. 
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Figure 4.6. Gate modulation effects with out-of-plane field and in-plane field in 6QL thickness 

TI thin film. The left is measured with out-of plane field while the right is measured under in-

plane magnetic field.  

 

4.4 Summary 

We have seen the improvement by adding Sb into Bi2Te3.The density changes from n- to 

p- type and the mobility increases due to the lower carrier density. From the temperature 

dependent, it is shown that we have achieved to tune the Fermi level in the middle of the 
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bandgap. By studying gate modulation effects under different magnetic fields, we have observed 

the different behaviors in bulk and surface. With out-of-plane magnetic field, Zeeman splitting 

effects are observed. These studies provide experimental support for the theoretical research in 

the magnetic field dependent of topological symmetry. 
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Chapter 5 Conclusion 

In this thesis, we have demonstrated high quality epitaxial growth of Bi2Te3 and BixSb2-

xTe3 thin films on GaAs (111) using MBE. The AFM results revealed a good surface 

morphology and the large triangular terrace size was around 2 m. HRTEM experiments showed 

no amorphous layer at the interface, in contrast to the interface on Si (111), indicating that the 

layer-by-layer growth mode was achieved from the very beginning stage of the growth. The 

ARPES data demonstrated the single Dirac cone-like non-trivial surface state with the Fermi 

level located within the bulk band gap. More importantly, the Hall bar device fabricated on these 

our Bi2Te3 thin films exhibited the SdH oscillations from both two surfaces. By changing the 

gate voltage, we could tune the top surface and the bottom surface kept unchanged. This could be 

attributed to the suppression of inter-terrace scattering with improved thin film quality. Later by 

introducing Sb into the materials, we could tune the Fermi levels into the bandgap of bulk. We 

successfully grew the thin film with Fermi level located in the middle of the bandgap, which 

proved by observing both temperature dependent sheet resistance and the Dirac point in the gate 

modulation. All of these materials gave the surface enhanced transport with a lower bulk density 

and enhanced surface conduction. Furthermore, we observed the two surface conductions. This 

material may provide the possible vehicle to observe the quantum spin Hall effects in 3D TI. The 
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improved thin film quality improvement would also provide an important step towards the 

realization of innovations for future nanoelectronics and spointronics devices.  
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