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ABSTRACT 

 

 

Solid-state thermoelectric devices are compact, scalable, quiet, and environmentally 

friendly, which are widely used as thermal engines or refrigerators. Bismuth telluride (Bi2Te3) 

and other V-VI group chalcogenides are known as one of the best thermoelectric materials 

specifically for applications in a temperature environment from room temperature to 300 ℃. 

Recently, the unique topological surface states were discovered in Bi2Te3 family materials, and 

these novel surface states are arisen from a strong spin-orbit coupling in topological insulators. 

Topological surface states are protected against time-reversal perturbations (i.e., non-magnetic 

impurities or surface defects), making the electronic transport essentially dissipation-less. Such 

unique transport behavior with zero energy loss provides new opportunities to enhance 

thermoelectric properties. Although the promise in thermoelectric properties of topological 

insulators have been shown in theoretical reports, there is a lack of experimental investigations 

for a better understanding of their basic properties.  

This research work focuses on the characterizations of fundamental properties of Bi2Te3 

two-dimensional (2D) nanosheets. Samples were prepared via respective solvothermal synthesis 

and van der Waals epitaxy. The charged surface properties of Bi2Te3 2D nanosheets were 

investigated using kelvin probe force microscopy. The measured electrical potential difference 

between aminosilane self-assembled monolayer and Bi2Te3 nanosheet surfaces is found to be 

∼650 mV, which is larger than that (∼400 mV) between the silicon oxide substrate and 

Bi2Te3 nanosheet surface. The elastic properties of Bi2Te3 2D nanosheets (i.e., Young’s modulus 
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and prestress) were acquired by analyzing the thickness dependence of 2D nanosheet 

deformations creating by atomic force microscopy tips. The Young's modulus by fitting linear 

elastic behaviors of 26 samples is found only 11.7–25.7 GPa, significantly smaller than the bulk 

in-plane Young's modulus (50–55 GPa). Furthermore, the thermoelectric properties of Bi2Te3 2D 

nanosheets were characterized in the cryostat system at a temperature range of 20-400 K. The 

results reveal that electrical conductivity of 2D nanosheets decreases with increasing temperature 

and thickness, while the measured Seebeck coefficient does not show a strong thickness 

dependence and the value is smaller than bulk Bi2Te3. These fundamental properties would help 

improve the basic understanding of topological surface states towards practical applications. 



iv 
 

 

 

 

 

 

 

LIST OF ABBREVIATIONS AND SYMBOLS 

 

 

2D             Two-Dimensional 

3D             Three-Dimensional 

A               Cross-Sectional Area  

AFM          Atomic Force Microscopy 

APTES       (3-Aminopropyl)-Triethoxysilane 

APTMS      (3-Aminopropyl)-Trimethoxysilane 

ARPES       Angle Resolved Photoemission Spectroscopy 

b                 Width At the Bbase of the “V” Shape Cantilever 

BED           Backscattering Electron Diffraction 

Bi2O3              Bismuth Oxide  

Bi2Se3            Bismuth Selenide 

Bi2Te3        Bismuth Telluride 

CPD           Contact Potential Difference 

CVT           Chemical Vapor Transport 

d                 Interplanar Spacing 

DI               De-Ionized 

E                 Young’s Modulus 

E
2D           

      
 
Two-dimensional Modulus 

EDS            Energy Dispersive X-ray Spectroscopy 



v 
 

EELS          Electron Energy Loss Spectroscopy 

EG              Ethylene Glycol 

F                 Force 

HRTEM     High Resolution Transmission Electron Microscopy  

I                  Current / Diffraction Density 

IPA             Isopropanol 

k                 Cantilever Spring Constant 

k2D              Effective Spring Constants 

KPFM        Kelvin Probe Force Microscopy  

L                 Length 

LCPD         Local Contact Potential Difference 

NaOH         Sodium Hydroxide 

NMP           1-Methyl-2-Pyrrolidone 

PbTe           Lead Telluride   

PDMS         Poly(dimethylsiloxane) 

PMMA        Poly(methyl methacrylate) 

PVP             Polyvinylpyrrolidone 

Q                 Heat Current / Heat Production Rate 

q                  Current Density / Dimensionless Parameter  

QL              Quintuple Layer 

R                 Resistance 

r                  Radius of the Circular Hole 

S                 Seebeck Coefficient 



vi 
 

S
2
σ              Power Factor 

SADP         Selected Area Diffraction Pattern 

SAED         Selected Area Electron Diffraction 

SAM           Self-assembled Monolayer 

Sb2Te3            Antimony Telluride 

Sb2Se3        Antimony Selenide 

SED           Secondary Electron Diffraction 

SEM           Scanning Electron Microscopy 

SFM           Scanning Force Microscopy 

SiGe           Silicon Germanium 

SiO2              Silicon Oxide 

STM           Scanning Tunneling Microscopy  

T                Temperature / Pre-stretch of Two-dimensional Nanosheet  

t                  Thickness of Two-dimensional Nanosheet / Thickness of Cantilever 

TH               Hot Side Temperature 

TC                     Cold Side Temperature  

TCR           Temperature Coefficient of Resistance  

TeO2                Tellurium Dioxide 

TEM           Transmission Electron Microscopy 

TI              Topological Insulator  

TSS           Topological Surface State  

V               Voltage  

VCPD          Contact Potential Difference 



vii 
 

ν                Poisson’s Ratio 

w               Width of the Cantilever Legs Measured Parallel to the Front Edge of the Substrate 

XRD          X-ray Diffraction 

ZT              Figure of Merit 

μCP            Microcontact Printing 

Π                Peltier Coefficient 

α                 Deflection Sensitivity / A Function of Pre-strech and Film Thickness 

γ                  A Function of Load and Film Thickness 

δ                  Deformation 

θ                  Half the Angle Between the Two Cantilever Legs 

ηTE               Energy Efficiency 

ηc                 Carnot Efficiency 

κe                       Electron Thermal Conductivity 

κph                     Phonon Thermal Conductivity 

σ                  Electric Conductivity 

τ                  Thomson coefficient 

Фtip                     Work Function of the Tip 

Фsample              Work Function of the Sample 

ΔT               Temperature Gradient  

ΔV               Voltage Gradient 

ΔZc               Cantilever Deflection 

ΔZpiezo               Cantilever Piezo-extension 

 



viii 
 

 

 

 

 

 

 

ACKNOWLEDGEMENTS 

 

I would like to express my gratitude to all those who helped me during the four years 

study at the University of Alabama. Without their encouragements and supports, I could not have 

been able to complete this research. 

My deepest gratitude goes first and foremost to my research advisor, Dr. Hung-Ta Wang 

for giving the opportunity to me to study here. His professional guidance and instruction, have 

proven to be highly useful and important. Dr. Wang is a great mentor leading me into the world 

of scientific research. His valuable suggestions in the academic studies have definitely helped me 

a lot to work out problems and bottlenecks during my four years research. I am also indebted to 

rest of my committee members, Dr. Arunava Gupta, Dr. C. Heath Turner, Dr. Gregory J. 

Szulczewski and Dr. Paulo T. Araujo, for their significant contributions to my research and 

dissertation. I would have not been able to finish this work without their help. I would like to 

acknowledge the support from Department of Chemical and Biological Engineering and Center 

for Materials for Information Technology. 

I would like to thank Dr. Jinhui Song for his informative and useful instructions. Without 

his supports, it would be impossible to accomplish this work. I also want to express my heartfelt 

gratitude to Dr. Kim Lackey, who have instructed and helped me a lot in my research work. I 

would like to thank to Rachel Frazier for her valuable comments during my graduate career.  

I am also very grateful to my colleagues including Shilin Ma, Haoming Yan, Cooper 

Vajner, Haiyu Quan, Benjamin Ivey, Amira Aglan, Chaolong Tang, Junjie Sun and 



ix 
 

Quentarius Moore for their enthusiastic participations and kindly supports. I have been working 

closely with them and their instructive advices and useful suggestions helped me a lot on this 

work. I feel extremely fortunate to have worked with them.  

Last my thanks would go to my beloved family for their unwavering support and great 

confidence in me all through these years. I also owe my sincere gratitude to my friends and my 

fellow classmates who gave me their helps and time in listening to me and helping me during my 

struggling moments. 

 



x 
 

 

 

 

 

 

 

 

CONTENTS 

 

ABSTRACT…………………………………………………………………………………....ii 

LIST OF ABBREVIATIONS AND SYMBOLS ....................................................................... iv 

ACKNOWLEDGEMENTS ..................................................................................................... viii 

LIST OF TABLES ................................................................................................................... xiii 

LIST OF FIGURES ................................................................................................................. xiv 

1. INTRODUCTION .................................................................................................................. 1 

1.1. Background ......................................................................................................................... 1 

1.2. Fundamental of Thermoelectricity ...................................................................................... 2 

1.3. Thermoelectric Materials .................................................................................................... 7 

1.3.1. Bismuth Telluride and the Related Materials.................................................................... 7 

1.3.2. Group IV Chalcogenides ................................................................................................. 11 

1.3.3. Group IV Compounds ..................................................................................................... 11 

1.4. Dissertation Outline ........................................................................................................... 12 

2. METHODOLOGY ............................................................................................................ ...13 

2.1. Introduction ....................................................................................................................... 13 

2.2. Surface Property and Mechanical Property Measurements Using Atomic Force    

Microscopy ........................................................................................................................ 13 

2.2.1. Principle of Kevin Probe Force Microscopy .................................................................. 15 

2.2.2. Model of the Circular Suspended 2D Nanosheets .......................................................... 17 

2.3. Thermoelectric Property Measurements Under a Cryostat System .................................. 20 



xi 
 

2.4. Other Characterizations ..................................................................................................... 21 

2.4.1. Scanning Electron Microscopy ....................................................................................... 21 

2.4.2. Transmission Electron Microscopy ................................................................................ 22 

2.4.3.  X-Ray Diffraction .......................................................................................................... 24 

3. SURFACE PROPERTIES OF BISMUTH TELLURIDE 2D NANOSHEETS ................... 26 

3.1. Introduction ........................................................................................................................ 26 

3.2. Nanosheets Synthesis via Solvothermal Synthesis ............................................................ 26 

3.3. Selective Adsorption of Bismuth Telluride Nanosheets .................................................... 30 

3.4. Summary ............................................................................................................................ 39 

4. ELASTIC PROPERTIES OF BISMUTH TELLURIDE 2D NANOSHEETS ..................... 41 

4.1. Introduction ........................................................................................................................ 41 

4.2. Controlled Van Der Waals Epitaxiay of Bismuth Telluride 2D Nanosheets ..................... 41 

4.2.1. Bismuth Telluride 2D Nanosheets Growth on Kapton Films ......................................... 46 

4.3. Transfer of As-grown 2D Nanosheets onto Porous Substrates .......................................... 52 

4.4. Elastic Property Measurements of Freestanding Nanosheets Using AFM Tips ................ 56 

4.5. Summary ............................................................................................................................ 66 

5. THERMOELECTRIC PROPERTIES OF BISMUTH TELLURIDE 2D NANOSHEETS . 67 

5.1. Introduction ........................................................................................................................ 67 

5.2. Microdevice Fabrication .................................................................................................... 67 

5.3. Thermoelectrical Properties of Bismuth Telluride 2D Nanosheets ................................... 72 

5.3.1. Thermoelectric Properties of Solvothermally Synthesized Bismuth   Telluride 2D 

Nanosheets .................................................................................................................... 72 

5.3.2. Thermoelectric Properties of Van Der Waals Epitaxial Synthesized Bismuth 

Telluride 2D Nanosheets ............................................................................................... 73 

5.4. Summary ............................................................................................................................ 76 

6. CONCLUSION ..................................................................................................................... 77 



xii 
 

6.1. Conclusions ....................................................................................................................... 77 

6.2. Future Work ...................................................................................................................... 79 

REFERENCES………………………………………………………………………………..81



xiii 
 

 

 

 

 

 

 

LIST OF TABLES 

 

Table 1.1. Comparison of thermoelectric properties of insulators, semiconductors and       

                  metals…………………………………………………………………………………4 

 

Table 1.2. Properties of Bi2Te3, Bi2Se3, Sb2Te3 and Sb2Se3.…………..…………………….......10 

Table 2.1. The comparison of SEM and TEM………………………..…………………….....…23 

Table 4.1. Summary of Young’s moduli of van der Waals 2D nanosheets. All 2D 

nanosheets Young’s moduli were obtained by AFM nano-indentation 

measurement, and the Young’s moduli were acquired from either F~δ (labeled 

                  by #) or F~δ
3
 regime. Theoretical works are labeled by *…………………………...64 

 

 

 

 

 

 

 

 

 

 



xiv 
 

 

 

 

LIST OF FIGURES 

 

Figure 1.1. Diagrams of (a) Seebeck effect in power generation mode and (b) Peltier          

                   effect in refrigeration mode……………….……………………………...……….....3 

 

Figure 1.2. Thermoelectric efficiency as a function of ZT and heat source temperature. 

ZT of Bi2Te3, PbTe and Si/Ge bulk materials are shown at specific 

                    temperature range……………………………………………...…………………..…5 

 

Figure 1.3. ZT of bulk Bi2Te3 as a function of carrier concentration. κ and σ increase but 

S decreases with increasing carrier concentration. Black dot line shows the 

optimized ZT value. (S: 0-500 μV K
-1

; κ: 0-10 W m
-1

 K
-1

; σ: 0-5,000 
-1

cm
-1

). 

                    (Data adopted from [26])…………………………………………………………….6 

 

Figure 1.4. The comparison of traditional insulator and topological insulator. Red arrows     

show that electrons can spin both in up and down directions…………………...……8 

 

Figure 1.5. (a) Electrical conductivity, σ, (b) thermal conductivity, κ, (c) Seebeck 

coefficient, S, and (d) figure of merit, ZT, as a function of temperature of 

individual Bi2Te3 nanoplates. Adapted with permission from (M. T. Pettes, J. 

Maassen, I. Jo, M. S. Lundstrom and L. Shi, “Effects of surface band bending 

and scattering on thermoelectric transport in suspended bismuth telluride 

nanoplates,” Nano Letters, vol. 13, pp. 5316–5322, 2013). Copyright (2015) 

                   American Chemical Society."…..................................................................................8 

 

Figure 2.1. Photograph of AFM (Park XE 70).…………………..…………..…………….……15 

 

Figure 2.2. (a) Tip and sample are separated without electric contact. (b) Tip and sample 

are in electrical contact when the distance is getting smaller. (c) External bias  

                   is applied to nullify the VCPD………………………………………………………..17 

 

Figure 2.3. A typical Force/Distance curve. Red line represents the approaching scan and 

green line represents the withdraw scan. Left images represent tip movements 

through the scan. (a) Tip approaches to the sample. (b) Tip jumps to contact 

with sample. (c) Tip bends down by applied force. (d) Tip bends up by               

                   adhesion force. (e) No contact between tip and sample…………………………….17 

 

Figure 2.4. Schematic illustration of a Bi2Te3 2D nanosheet subjected to a point load by   

                   an AFM tip in the Force/Distance mode……………….............................................19 



xv 
 

   

Figure 2.5. Parameter space delineating between regions of (1) plate behavior (Region 1), 

(2) pre-stretched membrane behavior (Region 2), (3) nonlinear membrane 

behavior (Region 3). Data adopted from [65]. Our measurements is located in    

                    the left region, resulting in a F~δ behavior…………………………………………20 

 

Figure 2.6. Photographic image of the high temperature cryostat (Janis CCS-400H-T/204). 

                 Left image is the cold head with device package…...................................................20 

 

Figure 2.7. Photograph of SEM (JEOL-7000 FE), available in UA Central Analytical         

                    Facility……………………………………………………………………………...22 

 

Figure 2.8. Photograph of TEM (FEI Tecnai F-20), available in UA Central Analytical       

                    Facility……………………………………………………………………………...24 

 

Figure 2.9. X-rays diffraction of a crystal. The diffracted X-rays with wavelengths of λ 

through paths ACB and A'C'B'. d is the interplanar spacing of the crystal         

                   and θ is the angle of incidence……………………..………………………………..25 

 

Figure 3.1. A schematic diagram of solvothermal synthesis and post cleaning process………...28 

 

Figure 3.2. (a) SEM image of the cleaned Bi2Te3 2D nanosheets. Inset: photograph of the 

vials with as-grown and cleaned nanosheet solution (right), and schematic of 

Bi2Te3 2D nanosheets skewered by a Te nanowire and have a hole in the 

center when Te nanowire is dissolved (left). (b) EDS and (c) XRD of cleaned 

Bi2Te3 2D nanosheets. (d) High magnification SEM image of the Bi2Te3 2D 

nanosheet. (e) TEM image of the Bi2Te3 2D nanosheet. Insets are HRTEM 

and SAED, respectively. (f) AFM topographic image of the Bi 2Te3 2D             

                    nanosheets with their thicknesses labeled accordingly……………………………..29 

 

Figure 3.3. Schematic of the microcontact printing process for a single molecular layer of  

                   APTMS……………………………………………………………………………...30 

 

Figure 3.4. (a) Photograph of the silicon chip with selective adsorption of Bi2Te3 2D 

nanosheets to reveal logo “A” in which the area consists of a houndstooth 

array. (b) SEM image of Bi2Te3 2D nanosheets selective adsorption onto the 

houndstooth array that is in a local region of logo “A” shown in (a). (c) SEM 

image of a houndstooth pattern with APTMS coating via μCP, as illustrated 

by the cartoon. The dark region is the APTMS coating. (d) SEM image of a 

houndstooth pattern with the Bi2Te3 2D nanosheet adsorption, as illustrated 

by the cartoon. The white dots are nanosheets, as magnified in the SEM           

                    inset………………......……………………………..………………………………32 
 

Figure 3.5. SEM images show the Bi2Te3 2D nanosheets adsorption density could be 

controlled by varying the adsorption duration. The samples were prepared 



xvi 
 

with the same μCP conditions, and then immersed in the Bi2Te3 2D 

nanosheet dispersion under a mild vortex for (a) 2 minutes, (b) 10 minutes,      

                   and (c) 20 minutes, respectively........……………………………………………….34 

 

Figure 3.6. AFM topographic images of the APTMS coating prepared by μCP for 10s (a)   

                   without, and (b) with 50 °C in situ annealing, respectively…………………………36 

 

Figure 3.7. (a) SEM image of the selective adsorption of Bi2Te3 2D nanosheets using an 

array of 10 × 10 μm squares. The magnified SEM image (inset) shows that 

the 2D nanosheets adsorbed onto the APTMS printed, 10 × 10 μm square. 

The square pattern was obtained with the stamp in a normal contact, as 

illustrated in the inset. (b) SEM image of the selective adsorption of Bi2Te3 

2D nanosheets reveals the two patterns printed with the stamp collapsed plus 

sagged (left region), and collapsed only (right region), respectively, as 

illustrated in the insets. Note that these two patterns and the square pattern 

shown in (a) were obtained from the same substrate. (c) SEM image of the 

selective adsorption using an array of 1 × 100 μm lines. (d) Magnified SEM 

image shows that Bi2Te3 2D nanosheets adsorbed mainly onto the APTMS      

                    printed lines. Note that this is the line pattern shown in (c)………………………..37 

 

Figure 3.8. AFM topographic image of the Bi2Te3 2D nanosheets adsorbed in the APTMS 

printed, 10 × 10 μm square region. (b) Schematic of the electrical 

configuration for KPFM measurement. (c) The electrical potential image 

scanned in the same area as shown in (a). Note that all nanosheets are on the 

APTMS printed region, except the nanosheets in the left/bottom corner that 

is on the bare SiO2 surface. (d) The surface electrical potential profiles 

corresponding to the red and blue line marked in (c) are plotted,                      

                     respectively……………………………………………………….………………..39 

 

Figure 4.1. Schematic illustration of van der Waals epitaxy reaction system………….………..43 

 

Figure 4.2. Temperature dependent studies of Bi2Te3 2D nanosheets growth on the mica 

substrate at (a) 410 °C, (b) 430 °C, (c) 450 °C with a flow rate of 20 sccm 

and a pressure of 20 torr; flow rate dependent studies of (d) 20 sccm, (e) 50 

sccm, (f) 100 sccm with a temperature of 430 °C and a pressure of 20 torr; 

pressure dependent studies of (g) 20 torr, (h) 100 torr with a temperature of 

430 °C and a flow rate of 50 sccm; distance dependent studies of (i) 12 cm, 

(j) 14 cm, (k) 17 cm with a temperature of 430 °C, a flow rate of 50 sccm       

               and a pressure of 20 torr. ………………………………….………........................44 

 

Figure 4.3. (a) Photograph of the mica substrate (~2 × 4 cm) after a typical growth of 

Bi2Te3 2D nanosheets. The deposition area shows a gray color. The up-

stream and down-stream areas are marked by a green square and a red square, 

of which the optical images are shown in (b) and (c), respectively. (b) 

Optical image (at the up-stream area) showing that the Bi2Te3 2D nanosheets 

have either circular or triangular morphologies. (c) Optical image showing 



xvii 
 

that the Bi2Te3 2D nanosheets, at down-stream area, have random 

morphologies. (d) Optical and AFM image of 2D nanosheets at the upstream 

area and downstream area. (e) Plot of the lateral size versus thickness of 28     

                    triangular 2D nanosheets and 31 circular 2D nanosheets……………………….....46 

 

Figure 4.4. (a) The schematic of the chemical vapor transport synthesis. (b) Photograph 

of the Kapton substrate (¼ in. by 2 in.) with the as-grown Bi2Te3 2D 

nanosheets, which is held/bent by tweezers. (c) Low magnification (100×) 

planar view photomicrograph of Bi2Te3 2D nanosheets with a moderate 

density in the growth region. (d) Higher magnification (500×) planar view       

                    photomicrograph of a few Bi2Te3 2D nanosheets…………………….....................48 

 

Figure 4.5. A schematic of the 2D nanosheet dry transfer technique. (a) On a typical 

Kapton substrate, as-grown 2D nanosheets are randomly distributed. (b) 

Single molecular layer of APTMS is first coated on a SiO2/Si substrate. (c) 

Bi2Te3 2D nanosheets on Kapton substrate are brought in contact with 

APTMS-coated SiO2/Si substrate. (d) Bi2Te3 2D nanosheets are inverted and 

transferred on the SiO2/Si substrate, and small 2D nanosheet seeds are             

                    discovered………………………………….……………………………………….49 

 

Figure 4.6. AFM topography images and height profile (corresponding to the line in the 

image) of typical (a) hexagonal, (b) ribbon-shaped, and (c) triangular Bi2Te3 

2D nanosheets, respectively. The arrow in each topography image indicates 

the small nanosheet possibly grown in the vapor phase, which serves as the     

                    seed for nanosheets growth on Kapton films……………………………………….51 

 

Figure 4.7. Plot of thickness versus area distribution of the Bi2Te3 2D nanosheets grown 

on Kapton films (red squares), glass substrates (green circles), and silicon       

                    substrates (blue triangles)…………………………………………………………..51 

 

Figure 4.8. Flow chart of the 2D nanosheet transfer/suspension process……………..……..…..53 

 

Figure 4.9. Optical images of two representative 2D nanosheets during transfer process. 

(a)   As-grown 2D nanosheets on the mica substrate (Step 1 in Figure 4.8); (b) 

2D nanosheets coated with PMMA (Step 2 in Figure 4.8); (c) detached 2D 

nanosheets/PMMA film on PDMS (Step 4 in Figure 4.8); (d) transferred 2D 

nanosheets/PMMA film on SiO2/Si substrate (Step 6 in Figure 4.8); (e) 2D 

nanosheets on SiO2/Si substrate after PMMA removal (Step 7 in Figure           

                   4.8). …………………………………………………………..……………………..54 

 

Figure 4.10. (a) Optical image of two representative Bi2Te3 2D nanosheets, identical to 

onesin Figure 4.9. Insets are AFM cross-sectional profiles (cyan) showing 

the quantities of quintuple layer stacking. Schematic blow is the cross-

section of a 2D nanosheet on the substrate. (b) Optical image of two 

representative Bi2Te3 2D nanosheets after being transferred. Optical colors 

of suspended regions (labeled by green arrows) are clearly different from 



xviii 
 

colors of supported regions, and also very different from colors at collapsed 

regions (labeled by red arrows). Schematic blow is the cross-section of a       

                     2D nanosheet suspended over a hole………….………………………………......55 

 

Figure 4.11. 2D nanosheet elastic property measurements via the AFM platform. (a) 

Schematic of a suspended 2D nanosheet probed by an AFM tip. (b) AFM 

topography image (contact mode) of the transferred Bi2Te3 2D nanosheet (5 

QLs, with a circular morphology). (c) The cross-sectional profiles of the 

suspended circular 2D nanosheet, the upper-left one in (a), acquired by the 

contact mode scans under different normal forces, from 0.02 to 2.95 nN. The 

2D nanosheet deformation increased proportionally with increasing the           

                      normal force…………………………………………………………………..…..56 

. 

Figure 4.12. (a) F(δ) curves of three different ramping cycles, which were acquired using 

the same suspended nanosheet presented in Figure 4.11(c). (b) 

Representative F(δ) curves of 5 QLs, 8 QLs, and 14 QLs with linear fittings   

                     at δ ∼ 0 (black dash lines) for acquiring k2D……………………………………….57 

 

Figure 4.13. SEM image of the AFM tip with a radius of 26.8±2.6 nm…………..…………..…59 

Figure 4.14. The AFM topography images of the 2D nanosheets and the F( ) curves of 

the probed freestanding 2D nanosheets consisting of (a) 5 QLs, (b) 6 QLs,     

                      (c) 8 QLs, (d) 14 QLs……………………………………………………….......…60 

 

Figure 4.15. Plots of k2D vs. (t
3
 /r

2
) in the (a) linear and (b) logarithmic scale, consisting 

of 26 samples in total. The linear fitting was performed, resulting a deviation 

comprising the upper (red dot line) and the lower limit (black dot line). Error 

bars for all 26 samples in the x-axis are based on the AFM measurement 

errors on the 2D nanosheet thicknesses and suspended circular nanosheet 

radii, while error bars in the y-axis are mainly due to AFM cantilever spring   

                     constant calibration errors...………………………………………………………..62 

 

Figure 4.16. The dimension measurements for the V-shape AFM cantilever. Inset is the     

                     cross sectional image of the thickness of the cantilever………………………..….65 

 

Figure 4.17. The AFM cross-section profiles of the four Bi2Te3 2D nanosheets. The   

thicknesses/errors are (a) 5 nm±0.5 nm for 5 QLs, (b) 6 nm±0.5 nm for 6     

                      QLs, (c) 8 nm±0.6 nm for 8 QLs, and (d) 14 nm±0.8 nm for 14 QLs…………….66 

 

Figure 5.1. (a) Schematic of 2D nanosheet microdevice for thermoelectric property 

measurements. (b) Schematic of Seebeck coefficient measurement. (c)           

              Schematic of four-point electrical conductivity measurement………………….…68 

 

Figure 5.2. (a) Photography of a device package. (b) SEM image of the microdevice 

consisting of a Joule heater and the Bi2Te3 2D nanosheet contacted by four      

                    metal lines…………………………………………………………………….…….69 



xix 
 

 

Figure 5.3. SEM images of the redesigned microdevice for Bi2Te3 2D nanosheets                

                     thermoelectric property measurements………………………………………….…71 

 

Figure 5.4. Schematic of patterning Bi2Te3 microribbons through a wet etching process............71 

 

Figure 5.5. Optical microscope images of the microribbon and microdevice fabrication. (a) 

As-grown Bi2Te3 2D nanosheets on the mica substrate. (b) The 2D 

nanosheets coated with photoresist. (c) Microribbon etched by chromium 

etchant. (d) Microribbon after removal. (e)Microdevice patterned by                

                    photolithography. (f) The fabricated microdevice after metal deposition………….72 

 

Figure 5.6. (a) Electrical conductivity of the 5-nm Bi2Te3 nanosheet at 310 K. (b) 

Electrical conductivity of the 5-nm Bi2Te3 nanosheet at temperature of 110-    

310 K……………………………………………………………………………......73 

 

Figure 5.7. Temperature-dependent thermoelectric properties of Bi2Te3 2D nanosheets. 

Insets are the AFM topographic images of measured 2D nanosheets. (a) 

Seebeck coefficient of the 8-nm nanosheet; (b) electrical conductivity of the 

8-nm nanosheet; (c) Seebeck coefficient of the 14-nm nanosheet; (d) 

electrical conductivity of the 14nm nanosheet; (e) Seebeck coefficient of the    

                    20-nm nanosheet; (f) electrical conductivity of the 20-nm nanosheet………….….74 

 

Figure 5.8. Thermoelectric properties of individual Bi2Te3 2D nanosheets: (a) Seebeck      

                    coefficient, S, and (b) electrical conductivity, σ…………………………………....75 

 

Figure 5.9. (a) Power factor of the individual Bi2Te3 2D nanosheets…………….…………...…76 

 



1 
 

 

 

 

 

 

 

CHAPTER 1 

INTRODUCTION 

 

1.1. Background 

According to 2014 energy outlook reported by US Energy Information Administration, 

approximately 35.40% of total US power was applied from petroleum, 27.98% was nature gas 

and 18.21% was coal.[1] Totally 98.3 quadrillion Btu energy was consumed through residence, 

commerce, industry, and transportation in 2014,[1] and such energy consumption grows annually 

at a tempered rate.[2] Particularly in industrial processes (i.e. oil and gas pipelines, chemical 

plants, paper plants, and general manufacturing), up to 20% to 50% of generated energy is lost as 

waste heat,[3, 4] and these waste heat is eventually exhausted into the atmosphere or water 

through the pump and vent systems. Efforts to improve energy efficiency include promoting 

equipment efficiency and developing waste heat recovery technologies, e.g. thermoelectrics. 

Developing waste heat recovery technologies aims at recycling waste heat to generate power 

without emissions or combustions.[5] Previous reports demonstrate that advanced waste heat 

recovery technologies could save 10% to as much as 50% waste energy.[6] However, the main 

challenge to apply these techniques for energy recovery in common use is the lack of high 

efficient and low cost materials.[7] To meet the huge energy demand, scientific researches on 

materials for practical waste heat recovery device are needed urgently. 

In the late 1950s, semiconducting thermocouples were first found to be competitive with 

other kinds of small-scale power generators.[8] Since then, semiconductors with strong 
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thermoelectric effect are promising candidates for solid-state heat-to-electricity conversion 

devices without moving parts or working fluids, which are simple and stable.[7, 9]  

Surprisingly, a large deal of materials including group V-VI chalcogenides, ternary 

compounds, group III-V compounds, group IV elements, rare-earth chalcogenides and boron-rich 

borides, have been studied as thermoelectric materials.[8] Among these materials, bismuth 

telluride (Bi2Te3), lead telluride (PbTe), and silicon-germanium (SiGe) are the three well 

investigated materials for working at different temperature ranges. The best operation 

temperature range for Bi2Te3 is between room temperature and 300 ℃, PbTe is from room 

temperature to 600 ℃, and SiGe is from room temperature to 1000 ℃.[8] Previous studies show 

that Bi2Te3 and other related V-VI group chalcogenides (such as bismuth selenide (Bi2Se3) and 

antimony telluride (Sb2Te3)) with high electrical conductivity and low thermal conductivity, are 

considered as most promising materials for power generations and refrigeration, which can 

provide a potential way to capture and recycle 15%-20% waste heat.[8, 10-17]  

1.2. Fundamental of Thermoelectricity  

The fundamental principle of solid-state thermoelectric materials is called thermoelectric 

effect, which was first discovered by Thomas Seebeck in the early 1800s, described as “the 

magnetic polarization of metals and ores produced by a temperature difference”.[8, 18] It 

explains the phenomena of net conversions from temperature difference to an electric voltage. 

Due to different temperatures on the exposed junctions, an electric current can flow along two 

dissimilar electrical conductors or semiconductors.
 
As showed in Figure 1.1(a), electrons (or 

holes) diffuse from the hot side to the cold side, creating an internal electric field.[19] The 

produced voltage per temperature gradient is defined as:[20] 

                                                          
  

  
                                                                (1.1) 
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where ΔV is the voltage, ΔT is the temperature gradient, and S is the Seebeck coefficient. This 

Seebeck effect is the basis for thermoelectric power generations. 

 

Figure 1.1. Diagrams of (a) Seebeck effect in power generation mode and (b) Peltier effect in     

refrigeration mode. 

 

In 1834, Peltier found that when carriers flow through a conductor, they also generate a 

temperature gradient that drives a heat current. Energy releases from two junctions through 

Peltier effect. It is the fundamental principle of cooling and heat pumping, showed in Figure 

1.1(b).[20] The heat current is proportional to the charge current, defined as:[8, 21]  

                                                                                                                             (1.2) 

where Q is the heat current, I is the charge current, and Π is the Peltier coefficient.  

According to the first and second laws of thermodynamics, Peltier coefficient and 

Seebeck coefficient are related through Kelvin relation in a reversible thermoelectric circuit, 

defined as:[21]  

                                                                                                                                      (1.3) 

where T is the absolute temperature. 

In 1851, Thomson described the Thomson effect to present the third thermoelectric effect 

as the electromotive force develops between two metals when they are exposed to different 
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temperatures.[8] Thomson effect is the evolution of heat when an electric current passes through 

a material with a temperature difference. The generated Thomson heat is proportional to the 

current through a time, defined as:[8]  

                                                                                                                                          (1.4) 

where Q is the heat production rate, q is the current density, and τ is the Thomson coefficient.  

A typical thermoelectric module based on above three thermoelectric effects (including 

Seebeck effect, Peltier effect and Thomson effect), contains many n-type and p-type 

thermocouples, wired electrically in series and thermally in parallel.[15, 20] The efficiency of 

thermoelectric materials used in thermoelectric modules is ranked by figure of merit, ZT:[8] 

                                                              
    

      
                                                               (1.5) 

where σ is the electric conductivity, κe is the electron thermal conductivity and κph is the phonon 

thermal conductivity. The Seebeck coefficient of metals, ~5 μV at 300 K, is quite low. Therefore, 

the figure of merit of metals is as low as ~3×10
-6

 K
-1

 at 300 K and it is obvious that metals are 

not desirable materials for practical thermoelectric devices. In comparison, the Seebeck 

coefficient for both semiconductors and insulators, ~1 mV, is much higher. However, due to the 

lower electrical conductivity, insulators are also excluded from our consideration for potential 

thermoelectric materials.[22] The comparison of thermoelectric properties of metals, insulators, 

and semiconductors at 300 K is shown in Table 1.1.[8] 

Table 1.1. Comparison of thermoelectric properties of metals, insulators, and semiconductors.[8] 

 Metals Semiconductors Insulators 

S 5 μVK
-1

 200 μVK
-1

 1 mVK
-1

 

σ 10
6
 Ω

-1
cm

-1
 10

3
 Ω

-1
cm

-1
 10

-12
 Ω

-1
cm

-1
 

Z 3×10
-6

 K
-1

 2×10
-3

 K
-1

 5×10
-17

 K
-1
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The energy efficiency of conversion from heat to electricity, ηTE, is given by:[8]   

                                                  
       

      
  
  

                                                          (1.6) 

where ηc is the Carnot efficiency, ηc= (TH-TC)/TH and TH and TC are the hot and cold 

temperatures, respectively. According to the second law of thermodynamics, Carnot efficiency is 

the maximum efficiency.[23] Compared to 30% of Carnot efficiency operating in a conventional 

refrigerator and 90% operating in a large air condition for buildings, current thermoelectric 

devices can only reach 10% of Carnot efficiency.[19] In order to increase the efficiency to 

compete with conventional cooling and power generations, ZT of thermoelectric materials at 

room temperature must higher than 4.[24] According to Ure’s estimation, the maximum ZT 

values selected from optimized-cases are from 1.5 at 300 K to 3.6 at 1200 K.[8] However, based 

on the maximum conversion efficiency as a function of ZT with cold side temperature of 300 K 

(shown in Figure 1.2), the efficiency is less than 10% as the thermal gradient is ~600 K.[25] 

Increasing ZT has been known as a great scientific challenge, owing to the fact that S, σ and κ are 

interdependent parameters as shown in Figure 1.3.[14, 26] Seebeck coefficient decreases with 

the increasing carrier concentration; in contrast, electrical conductivity increases with the 

increasing carrier concentration, which limits the enhancements of ZT. In general, 

semiconductors with a carrier concentration between 10
19

 and 10
21

 carriers/cm
3
 are considered as 

promising thermoelectric materials.[22]  
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Figure 1.2. Thermoelectric efficiency as a function of ZT and heat source temperature. ZT of 

Bi2Te3, PbTe and Si/Ge bulk materials are shown at specific temperature range.  

 

Figure 1.3. ZT of bulk Bi2Te3 as a function of carrier concentration. κ and σ increase but S 

decreases with increasing carrier concentration. Black dot line shows the optimized 

ZT value. (S: 0-500 μV K
-1

; κ: 0-10 W m
-1

 K
-1

; σ: 0-5,000 
-1

cm
-1

). (Data adopted 

from [26]) 

 

As seen in Equation 1.5, the theoretical strategies to increase ZT are either increasing 

Seebeck coefficient or electrical conductivity, or decreasing thermal conductivity. Doping can 

reduce thermal conductivity, since it affects carrier mobility and determines free-carrier 

concentration.[27-29] Recent reports show that molding materials to low dimensional 

nanostructures, such as superlattices, quantum dots, nanowires, and nanocomposites is another 

promising way to design high efficient thermoelectric materials.[11, 30-33] Due to quantum 

effect, both electron and phonon energy spectra can be controlled by tuning structure size to the 

low-dimensional scale. Increasing the density of states at Fermi level, the improvement of ZT can 



7 
 

be achieved. Furthermore, thermal conductivity is confined by boundary scattering in 

nanostructure without affecting electron transport in low-dimensional structures.[34]  

The study of increasing Seebeck coefficient and suppressing thermal conductivity in 2D 

quantum wells was first published by Hicks and Dresselhouse in 1993.[11] Both theoretical 

calculations and experimental results showed that n-type PbTe quantum wells have a fourfold 

power factor value than its bulk. In 2001, a ZT of ~2.4 of a nanomaterial at room temperature 

was achieved by Venkatasubramanian of Research Triangle Institute.[35] Later, p-type PbTe 

quantum wells were found the similar enhancement of ZT. Harman group demonstrated that an 

estimated ZT value of quantum dots is two times larger than bulk PbTe around room 

temperature.[36] A ZT value up to 3.2 at room temperature of bulk materials with nanoscale 

inclusions was reported by Harman of Lincoln Laboratory.[36] These encouraging results predict 

that thermoelectric materials with nanostructure could highly promote efficiency. 

1.3. Thermoelectric Materials 

According to the operation rules for particle thermoelectric devices, there are many 

considerations for material selection. Because Seebeck coefficient varies against temperature, the 

operation temperature range is limited to the specific working condition. High melting point, low 

vapor pressure, chemical stability, and contacts stability are basic requirements for practical 

thermoelectric applications.[7] 

1.3.1. Bismuth Telluride and the Related Materials 

The group V-VI chalcogenides are most commonly used materials in thermoelectric 

cooling applications working around room temperature. Among these related materials, bismuth 

telluride with the stoichiometric formula, Bi2Te3, is found to be one of the best thermoelectric 

materials. Bi2Te3 has a unique crystal structure, consisted of a five atomic layer stacking, in the 
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rhombohedral direction with the order of Te(1)-Bi-Te(2)-Bi-Te(1) along the c-axis.[37, 38] It 

forms a ~1 nm thick, charge-neutral sheet, i.e., a quintuple sheet in the    
        space 

group.[39, 40] The bonding between adjacent Bi and Te atomic layers in a quintuple sheet is 

covalent force; in contrast, the neighboring quintuple layers (QLs) are hold by a weak van der 

Waals interaction, resulting in easily cleaves along the trigonal axis.[9] Bulk Bi2Te3 was 

recognized as a thermoelectric material in 1954 due to its high electrical conductivity of 1.1×10
5
 

S/m and low thermal conductivity of 1.2 W/(m·K). N-type and p-type Bi2Te3 can be switched by 

changing the ratio of Bi/Te composition. The excess Te leads to an n-type material, and the 

excess Bi leads to a p-type material.[41]  

 

Figure 1.4. The comparison of traditional insulator and topological insulator. Red arrows show 

that electrons can spin both in up and down directions. 

 

Recently, temperature-dependent and thickness-dependent thermoelectric property 

measurements of individual single-crystal Bi2Te3 have been studied.[42] These Bi2Te3 nanoplates 

synthesized through catalyst-free vapor solid process have a thickness range of 9.2-25.2 nm. The 

measured electrical conductivity decreases with increasing temperature, and with decreasing 

nanoplate thickness. While, its room temperature value is within the range of bulk Bi2Te3. The 

thermal conductivity decreases with deceasing thickness and the nanoplates with thickness 

thinner than 20 nm shows a reduced value compared to bulk Bi2Te3. However, Seebeck 

coefficient is much smaller than bulk basal-plane value. ZT of ~0.25 was reported in their work. 



9 
 

 

Figure 1.5. (a) Electrical conductivity, σ, (b) thermal conductivity, κ, (c) Seebeck coefficient, S, 

and (d) figure of merit, ZT, as a function of temperature of individual Bi2Te3 

nanoplates. Adapted with permission from (M. T. Pettes, J. Maassen, I. Jo, M. S. 

Lundstrom and L. Shi, "Effects of surface band bending and scattering on 

thermoelectric transport in suspended bismuth telluride nanoplates," Nano Letters, 

vol. 13, pp. 5316–5322, 2013). Copyright (2015) American Chemical Society." 

Bi2Te3 is also discovered in the emerging family of topological insulator (TI). Compared 

with conventional insulators, a TI behaves as an insulator in bulk but contains gapless surface 

states in its boundaries, as shown in Figure 1.4.[12, 43] These novel surface states are arisen 

from a strong spin-orbit coupling in TIs.[32, 35-40, 43-45] Likewise the electronic dispersion of 

graphene, the electronic dispersion of TI materials is described by the relativistic Dirac equation, 

which brings the electronic energies scaling linearly with the electronic momenta (i.e. Dirac 

cone).[31, 46, 47] The topological surface states (TSSs) are spin-selective and protected against 

impurities and structural defects, resulting in the dissipation-less electronic transport, i.e., 

ballistic transport.[31] Significant improvements have been made to reveal the TSSs by angle-

resolved photoemission spectroscopy (ARPES), scanning-tunneling microscopy (STM), and 

transport measurements. The three-dimensional (3D) TI was first discovered  in Sb doped Bi.[46]
 

Shortly after this discovery, the TSSs in Bi2Te3 were confirmed via ARPES experiments by 

Shen’s group at Stanford.[17] The observed TSSs disperse linearly and cross at the point with 

zero momentum. Similarly, Sb2Te3 with the same layered structure was also confirmed as 3D TIs 
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later; however, a family material, antimony selenide (Sb2Se3), is not a TI.[47, 48]  

Comparing these four binary materials, the heavier Bi2Se3 and Sb2Te3 have the similar 

rhombohedral crystal structure as Bi2Te3, while the lighter Sb2Se3 has orthorhombic structure. 

Sb2Se3 belongs to the space group of Pbnm and its anisotropic structure consists of four 

molecular subunits per unit cell with a clean cleavage plane along the a–c plane.[38, 44] Bi2Te3 

and Bi2Se3 are generally n-type semiconductors, while Sb2Te3 is p-type semiconductors owning 

to defects in the crystal structure. Compared with Bi2Te3 (bulk band gap: ~0.21 eV), Bi2Se3 has 

been relatively large bulk band gap (~0.3 eV) and shows more robust TSSs in the ARPES 

experiments.[40] The properties of Bi2Te3, Bi2Se3, Sb2Te3 and Sb2Se3 are summarized in Table  

Table 1.2. Properties of Bi2Te3, Bi2Se3, Sb2Te3, and Sb2Se3.[8, 49] 

 Bi2Te3 Bi2Se3 Sb2Te3 Sb2Se3 

Band Gap, eV 0.21 0.3 0.28 1 

Crystal Structure Rhombohedral Rhombohedral Rhombohedral Orthorhombic 

Lattice Constant, Å a = 4.383 

c = 30.487 

a = 4.138 

c = 28.64 

a = 4.25 

c = 30.35 

a = 11.30 

b = 3.83 

c = 11.22 

Melting Point, ℃ 586 706 622 617 

Coefficient of Energy 

Gap, 10
-4

eV/K 

-1 -2 - -7 

Optical Energy Gap at 

300 K, eV 

0.15 0.28 0.3 1.2 

Temperature Coefficient 

of Optical Energy Gap, 

eV/℃ 

-0.9×10
-4

 -2×10
-4

 - -7×10
-4

 

Electron Hall Mobility at 

300 K, cm
2
/volt-sec 

310 600 - ~15 

Hole Hall Mobility at 300 

K, cm
2
/volt-sec 

400 275 - ~45 

Lattice thermal 

conductivity, mW/(cm·K) 

15 15 12 11 
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1.3.2. Group IV Chalcogenides 

Compared with of Bi2Te3, PbTe shows a higher the electron/hole mobility and a large 

range of n-type and p-type stoichiometry with various proportions of Pb and Te. Excess Pb leads 

to an n-type material and excess Te leads to a p-type material. According to the previous studies, 

maximum carrier concentration, ~10
19

 cm
-3

, can be achieved by adding either excess Pb or Te. 

Because of the higher thermal conductivity and lower effective mass density, PbTe has a lower 

power factor than Bi2Te3. In order to further increase the carrier concentration, either PbI2 or 

PbBr2 in group IV could be added as a dopant to increase the donor concentration, or Ge2Te3 

could be added as an acceptor to increase the acceptor concentration. 75% PbTe + 25% SnTe n-

type alloy with a lower lattice thermal conductivity is considered as one of best compositions 

among n-type PbTe-SnTe system. Due to the increased doping levels, its figure of merit can 

reach ~1.7 at higher operation temperature up to 1000 ℃.[8]   

1.3.3. Group IV compounds 

The group IV compounds, especially wide-band materials: Ge and Si compounds are 

widely used in semiconductor industry. Owning to the high melting points and robust chemical 

stability, these compounds are fully studied as high-temperature thermoelectric materials. 

However, because the lattice thermal conductivity of Si is as high as 1.5 Wcm
-1

K
-1

 and the lattice 

thermal conductivity of Ge is 0.6 Wcm
-1

K
-1

, ZT values of Ge-Si compounds are much lower than 

1.[8] 

The lattice thermal conductivity would be reduced in Ge-Si system. The highest figure of 

merit is reported at higher Si content. The lower thermal conductivity is found in Si-rich 

compositions at high temperature range with increased phonon-electron scattering. Both the 

solubility and band gas increase with Si content, so the conversion efficiency is higher in Si-rich 
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alloys. [8] Unfortunately, p-type Si-Ge alloys are chemically unstable with Ga doping due to the 

dissociation of Ga at high temperatures. Because of the different solubility of P in Si and Ge/P in 

Ga, its electrical performance is poorer.[8] 

1.4. Dissertation Outline 

The main objective of this dissertation focuses on synthesis and characterization of 

Bi2Te3 2D nanosheets. These fundamental studies would help improve the basic understanding 

of TSSs and thermoelectric transport mechanism towards practical thermoelectric power 

generation/cooling applications. The organization of the thesis is as follows.  

In chapter 2, we discuss the conventional characterization techniques and theoretical 

models applied in this work. In chapter 3, we discuss the measurements of surface property of 

Bi2Te3 2D nanosheets. We will present the solvothermal synthesis, washing process, transfer 

procedures and characterization of cleaned Bi2Te3 2D nanosheets properties including 

morphology, chemical components, and crystal structure. Chapter 4 provides details of vapor 

phase growth on the flexible films and van der Waals epitaxy growth on the atomically-smooth 

mica substrates. We discuss the transfer process from mica substrates to prefabricated porous 

SiO2/Si substrates. We also show mechanical property measurements on suspended Bi2Te3 2D 

nanosheets with a thickness range of 5-15 nm under point loads and calculate the Young’s 

modulus of multi-layer Bi2Te3 2D nanosheets. Chapter 5 focuses on the measurements and 

analysis of thermoelectric property of Bi2Te3 2D nanosheets. We discuss the fabrication of 

microdevice for electrical conductivity and Seebeck coefficient measurements under 

temperature-controlled cryostat system. Both electrical conductivity and Seebeck coefficient will 

be characterized as a function of temperature at the range of 20-400 K as well as thickness. In 

chapter 6, we will summarize the conclusions of above works and discuss the future works. 
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CHAPTER 2 

METHODOLOGY 

 

2.1. Introduction 

In this chapter, we discuss the experimental measurements and theoretical models in 

Bi2Te3 2D nanosheets investigations. The morphology, surface properties, and mechanical 

properties of Bi2Te3 2D nanosheets were investigated via atomic force microscopy (AFM) and 

the thermoelectric properties were measured under a temperature-controlled cryostat system. 

Scanning electron microscopy (SEM), transmission electron microscopy (TEM) and X-ray 

diffraction (XRD) were used to further study the crystal structure and chemical compositions of 

Bi2Te3 2D nanosheets. 

2.2. Surface Property and Mechanical Property measurements using Atomic Force 

Microscopy 

 

AFM with high resolution is a powerful tool for direct measurements of material surfaces, 

which is widely used both in scientific research and industry. Compared with the scanning force 

microscope (SFM), AFM has greater applicability due to its capability for nonconductive 

samples measurements.[50, 51]  

A typical AFM system consists of a cantilever with a probe fixed on the one end, a 

sample stage, xyz-driver, and a detector to receive laser reflection, as shown in Figure 2.1.[52] 

The sharp probe to detect the force change between atoms, is made of Si, SiO2, SiN4 or carbon 

nanotubes. Owning to the unique properties of specific samples and operation mode, different 
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types of probes (i.e. length, width, and shape of the tip and the elastic modulus of the cantilever) 

are chosen.[50, 51] 

Generally, there are three basic operation modes in AFM system, including non-contact 

mode, tapping mode and contact mode. In non-contact mode, the tip is always 5 ~ 20 nm away 

from the sample surface. The distance between tip and sample is controlled by adjusting the 

resonant frequency and amplitude. The principle of non-contact AFM scanning is described as: a 

laser beam is focused on the back of cantilever through the optical system, and then reflected to a 

detector. When scanning through the surface, cantilever bends and the reflected beam is offset 

subsequently due to the atomic interaction between sample surface and tip. The topographic 

information can be obtained by investigating the spot positions recorded by a photodiode 

detector. In the detecting system, the distance between probe and sample remains in the order of 

nanometer. By measuring current gradient resulting from deflection variation, the 3D topologic 

surface image can be produced.[51, 52] However, the larger tip-sample distance in the non-

contact mode leads to a lower resolution, which limits its application in liquid environments.[53] 

In tapping mode, the cantilever is resonated with a certain amplitude in the Z direction, 

and the frequency is controlled by a fluororubber absorber. The cantilever is first vibrated with 

large amplitude when the tip is far from the surface. The amplitude then decreases as the tip is 

getting close to the surface till lightly contact. The amplitude returns to its original value when 

the tip leaves the surface. The constant force applied on the sample is achieved by adjusting 

amplitude of the cantilever within the feedback system. This mode is commonly applied to soft 

and fragile samples and macromolecule polymers due to the neglectful force on the samples.[53] 
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Figure 2.1. Photograph of AFM (Park XE 70).  

 

Contact mode can be operated in constant-force mode and constant-height mode. In 

constant-force mode, a constant force is obtained between sample and tip by adjusting vertical 

height of the sample. Therefore, it is widely used in surface property analyses due to the 

accuracy of vertical height measurements. In the constant-height mode, the deflection of the 

cantilever can be measured directly by constant height between sample and tip. Because the 

probe is in close contact with the sample surface, it is more sensitive to the height distribution of 

the sample surface. Compared with tapping mode and non-contact mode, it is easier for contact 

mode to vertically scan through an undulate surface with higher scanning speed and resolution. 

However, the tip is easily damaged during the scanning and the images are sometimes distorted 

due to the sample slide.[53] 

2.2.1. Principle of Kevin Probe Force Microscopy 

Kevin probe force microscopy (KPFM) in AFM is used to map surface potential 
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distribution by measuring contact potential difference (CPD) between AFM tip and sample 

surface, which was first brought up by Nonnenmacher et al. in 1991.[54] Based on the studies 

about force and the capacity between two parallel metal plates, the CPD between tip and sample 

is defined as:[55] 

                   
            

  
                                                   (2.1) 

Where      is the work function of the tip, and         is the work function of the sample. 

VCPD forms when conducting tip is close to the sample surface, while the electrostatic 

interaction can be counteracted by applying a bias voltage either on the sample or on the tip as 

shown in Figure 2.2.[55] No electrical connection forms between sample and AFM tip when the 

distance is large. When the gap gets smaller, Fermi levels begin to line-up through an electron 

current flow until charged tip and sample surface reach an equilibrium state. Tip and sample are 

then in electrical contact. While, VCPD can be nullified when an external bias with the same 

magnitude and opposite direction is applied. The work function of the sample could be calculated 

using Equation 2.1 since the tip work function is known.[55, 56] 

 VCPD measured in atomic-scale is also defined as a local contact potential difference 

(LCPD). Local work function varies with microstructure properties, such as orientation, charge 

distribution and chemical properties. For the charged surface of an insulating film, van der Waals 

interaction, long-range electrostatic force, and short-range electrostatic force are the main 

interactions between surface and tip. The short-range electrostatic force plays a major role on the 

AFM imaging, while the long-range electrostatic force results from the LCPD offset.[57, 58] 

Recently, both spatial resolution and energy resolution of KPFM have been significantly 

improved. Atomic resolution of LCPDs also have been attained by KPFM, such as Si (111)- 

(7×7), Si (111)-(5  ×5  ), TiO2 (110), NaCl, KBr , etc.[59] 
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Figure 2.2. (a) Tip and sample are separated without electric contact. (b) Tip and sample are in 

electrical contact when the distance is getting smaller. (c) External bias is applied to 

nullify the VCPD.  

 

2.2.2. Model of the Circular Suspended 2D Nanosheets 

Approach spectroscopy in AFM is used to investigate mechanical properties under the 

liquid, air or other controlled environments by plotting the interaction between tip and sample 

with Z scanner movement in an approach curve (also called as Force/Distance curve).[60, 61] A 

typical Force/Distance curve is shown in Figure 2.3. The detailed procedures are: no interaction 

between tip and sample forms during approaching process until tip jumps to contact with 

sample’s surface by the attractive force. The sample is then pushed down by bending the tip. The 

tip bends up with Z scanner pulling up by adhesion force after the system reaches maximum 

force load. With the Z scanner pulls up further, no contact or interaction between tip and 

sample.[62] 

 

Figure 2.3. A typical Force/Distance curve. Red line represents the approaching scan and green 

line represents the withdraw scan. Left images represent tip movements through the 

scan. (a) Tip approaches to the sample. (b) Tip jumps to contact with sample. (c) Tip 

bends down by applied force. (d) Tip bends up by adhesion force. (e) No contact 

between tip and sample. 
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The sample-tip force is proportional to the cantilever deflection through Hooke’s law:[63]  

                                                                                                    (2.2) 

where k is the cantilever spring constant; V is the measured cantilevers deflection in volt; and α is 

called the deflection sensitivity, which is used to convert cantilever deflection from volt to 

nanometer. Using a position-sensitive photodiode detector, the deflection can be directly 

recorded. By simply pointing out two curves on the contact part, the deflection sensitivity is 

determined from the Force/Distance curve.[63] Generally, approach spectroscopy mode can 

reach nanometer-scale resolution and sometimes even to atomic-scale. Nano-indentation 

measurement is an advanced technique to evaluate mechanical compliance of the sample 

surface.[64] 

In a particular case, the mechanical properties of a thin circular film under an external 

load is defined using Komaragiri et al.’s model, as shown in Figure 2.4.[65] Due to the circular 

symmetry of both tip and sample and crystalline directions of Bi2Te3 2D nanosheets, the 

theoretical model of circular film under a load is divided into three regions in Figure 2.5.[65] 

These regimes correspond to three different bending behaviors by two dimensionless parameters: 

α, a function of pre-stretch and film thickness; γ, a function of load and film thickness. In Region 

1, stretching in the plane of the film is too small to compete with bending deformation. While, 

Region 2 corresponds to large values of pre-stretch, where membrane stretching dominates 

bending. In Region 3, membrane stretching dominates and pre-stretch is negligible.[65, 66] 
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Figure 2.4. Schematic illustration of a Bi2Te3 2D nanosheet subjected to a point load by an AFM 

tip in the Force/Distance mode. 

 

The Komaragiri et al.’s model of a freestanding elastic circular film under point loads is 

defined as:[67] 

             
   

       
  

  

  
           

    

  
                              (2.3) 

where E is the Young’s modulus, t is the thickness of 2D nanosheet, r is the radius of the circular 

hole, v is the Poisson’s ratio, T is the pre-stretch of 2D nanosheet, and the dimensionless constant 

q equals to                      . Both plate bending and membrane pretention are 

characterized by a linear F ∼ δ behavior at small loads. The membrane behavior is characterized 

by nonlinear F ∼ δ
3
 relationship at large loads. The first term in Equation 2.3 corresponds to 

Region 1, the second term represents the mechanical behavior of a stretched membrane in 

Region 2, and the third term represents the nonlinear behavior in Region 3.[68] 
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Figure 2.5. Parameter space delineating between regions of (1) plate behavior (Region 1), (2) 

pre-stretched membrane behavior (Region 2), (3) nonlinear membrane behavior 

(Region 3). Data adopted from [65]. Our measurements is located in the left region, 

resulting in a F~δ behavior. 

 

2.3. Thermoelectric Property Measurements Under a Cryostat System 

The efficiency of a thermoelectric device is characterized by figure of merit, ZT.[69] To 

determine ZT, electrical conductivity and Seebeck coefficient measurements are carried out in a 

temperature-controlled cryostat (Janis CCS-400H-T/204) with a pressure less than 1×10-6
 torr, and 

the thickness of individual nanosheet is determined by AFM measurements. The cryostat system 

includes a Keithely 236 source meter, two SRS 810 lock-in amplifiers, a Keithley 2182A nano-

voltmeter, and a Lakeshore 335 temperature controller, as shown in Figure 2.6. The closed cycle 

cryostat has a wide temperature range from 10 K to 800 K, controlled by Lakeshore 335.  

 

Figure 2.6. Photographic image of the high temperature cryostat (Janis CCS-400H-T/204). Left 

image is the cold head with device package. 
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2.4. Other Characterizations 

Other characterizations, such as SEM, TEM and XRD, are also applied to investigate 

nanostructures of Bi2Te3 2D nanosheets. 

2.4.1. Scanning Electron Microscopy 

SEM utilizing an electron beam to do the point scanning on the sample surface is a 

promising tool for direct observation and characterization of fine structures. These physical 

signals are collected by interacting with the sample using a detector, then amplified and 

converted into modulated signals, and finally displayed on the screen to show the surface 

features.[70] Depending on different characteristics of samples, acceleration voltage can be 

adjusted continuously and the most commonly used value is about 20 kV. The magnification 

within a certain range can also be continuous adjusted. The actual magnification equals to the 

ratio of image displayed on the screen to the electron beam scanning length in the horizontal 

direction. Electron optical system of SEM is different from TEM as electron beam acts as an 

excitation source to generate physical signals in SEM. The former one is used to display the 

contrast of surface morphology, and the latter one is used to show the contrast of atoms.[71] 

The basic structure of SEM has six parts, including electron optical system, scanning 

system, signal detection system , image display system, vacuum system and power control 

system.[72] The photographic image of SEM (JEOL-7000 FE) is described in Figure 2.7. 

Electrons are produced from an electron gun with a tungsten filament cathode, and then passed 

through condenser lenses and scanning coils to produce a focused beam after acceleration. These 

signals used to distribute specimen current are collected by a detector.[73] A bright spot on the 

screen corresponds to the point that electron beam hits on the sample, and the intensity is 

proportional to the electron energy.[74] 
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Figure 2.7. Photograph of SEM (JEOL-7000 FE), available in UA Central Analytical Facility. 

 

Energy dispersive X-ray spectroscopy (EDS) in SEM is a widely used equipment for the 

quick and simultaneous micro-scale qualitative and quantitative analyses. Using high-energy 

electron beam, both morphology and chemical components are investigated. The information is 

captured, processed and analyzed by a spectrum analyzer. Because of high spatial resolution, 

spectrum analyses can be conducted at micron or even nanometer scale. At the same time, 

intuitive component distribution can be obtained by recording energy values in the spectrum and 

the content can be calculated depending on the intensity.[73] 

2.4.2. Transmission Electron Microscopy 

TEM with higher resolution and magnification is another powerful tool, which can 

provide fine information about crystal structure and chemical composition. TEM and SEM have 

similar basic working principles and amplification processes, but their overall structure, imaging 
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principle, operation mode are fundamentally different.[75] The comparison of SEM and TEM is 

shown in Table 2.1.  

Table  2.1. The comparison of SEM and TEM. 

 SEM TEM 

Electrons Scattered electrons Transmitted electrons 

Resolution 0.4 nm 0.5 Å 

Maximum Magnification 2 000 000 50 000 000 

Imaging Show the sample bit by bit Show the sample as a whole 

Function  Sample’s surface and 

composition 

Sample’s internal composition: 

morphology, crystallization, stress 

and magnetic domains 

 

By adding accessories, component analysis (electron energy loss spectroscopy (EELS)), 

and surface morphology (secondary electron diffraction (SED), backscattered electron diffraction 

(BED)) can be analyzed by electron diffraction in TEM. Figure 2.8 shows a typical TEM with 

four main parts: electron source, electromagnetic lens system, sample holder, and imaging 

system. The diffraction pattern is formed in the focal plane and the diffracted beams interfere 

with each other to show the image. By focusing (adjusting excitation current of objective lens), 

the electronic images with certain contrast and magnification can be observed after amplification 

through objective lens, intermediate lens and projection lens. Since the thickness, atomic number, 

crystal structure and crystal orientation are totally different for each sample, image contrasts 

resulting from absorption of electrons are unique. Fewer electrons transmitted through the 

sample leads to the darker areas in the image, while more electrons transmitted through leads to 

the lighter areas.[76] 
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Figure 2.8. Photograph of TEM (FEI Tecnai F-20), available in UA Central Analytical Facility. 

 

In order to investigate crystal structure and chemical properties of a sample in a range 

from 1 μm to less than 1 Å, high-resolution TEM (HRTEM) are commonly used. In a case of 

sub-100 nm thin specimens, electrons with an energy of 100–400 keV can transmit through the 

sample easily.[77] Due to the fact that spacing between atoms in a solid is larger than the 

electron wavelength, electrons would be scattered at particular angles resulting in a series of 

spots, called selected area electron diffraction (SAED). The series of spots showing on the screen 

are called the selected area diffraction pattern (SADP). Basic diffraction patterns include single-

crystal electron diffraction pattern, polycrystalline electron diffraction pattern, amorphous 

electron diffraction pattern, and convergent beam electron diffraction pattern.[78]  

2.4.3. X-Ray Diffraction 

X-rays are electromagnetic waves with short wavelengths (~0.06-20 Å), which can 

penetrate and excite fluorescent materials to luminesce. X-rays are produced by bombarding 
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metal "target" with an electron beam, which has a specific wavelength corresponding to various 

elements in the target. For example, the target X-ray wavelength corresponding to copper is 

0.154056 nm. For crystalline materials, diffraction peaks that satisfy the Bragg diffraction planes 

are detected with different diffraction intensity in the XRD pattern when the incident beams are 

measured at different angles.[79] 

XRD is an analysis method to identify crystallization by investigating diffraction position 

and intensity with small sample usage. Owning to the unique properties of the cell size, particle 

specie and atomic arrangement in the unit cell, the diffraction pattern can be characterized by 

interplanar spacing (d) and relative diffraction intensity (I/I0). The interplanar spacing is 

corresponding to the shape and size of the unit cell, and the relative intensity is corresponding to 

the type and position of atoms.[80] In XRD, a detector is used to record X-ray intensity and 

convert the signals into intensity peaks.[79] When an X-ray beam directly hits the sample, it is 

diffracted by the atoms, as shown in Figure 2.9. According to the arrangement and size of the 

atoms, the diffraction patterns can be analyzed by comparing with the reference patterns of 

standard materials.[80] 

 

Figure 2.9. X-rays diffraction of a crystal. The diffracted X-rays with wavelengths of λ through 

paths ACB and A'C'B'. d is the interplanar spacing of the crystal and θ is the angle 

of incidence. 



 

 

26 
 

 

 

 

 

 

CHAPTER 3 

SURFACE PROPERTIES OF BISMUTH TELLURIDE 2D NANOSHEETS 

 

3.1.  Introduction 

In this chapter, the crystal structure, chemical composition, and morphology of Bi2Te3 2D 

nanosheets synthesized by solvothermal process are discussed. These properties are 

characterized by SEM, TEM and XRD, respectively. A facile technique, microcontact printing 

(μCP) technique, to assemble 2D nanosheets into arrays of micropatterns is also presented. The 

surface electrical potential of selectively patterned Bi2Te3 2D nanosheets on silicon oxide (SiO2) 

substrates using μCP is investigated by AFM.  

3.2. Nanosheets Synthesis via Solvothermal Synthesis 

2D nanosheets of Bi2Te3 and other related chalcogenides, including Bi2Se3 and Sb2Te3, 

have been synthesized by chemical vapor transport (CVT),[81, 82] molecular beam epitaxy,[83] 

and hydro/solvothermal processes.[84-86] CVT method can produce Bi2Te3 nanosheets 

selectively on atomically-smooth mica surfaces. The precise growth control of nanosheets arrays 

relative to the crystal orientation of mica was achieved via the van der Waals epitaxy (to be 

discussed later in Chapter 4).[82] Although the van der Waals epitaxy is effective on mica 

substrates for selective growths of topological insulator chalcogenides, the high cost of mica 

substrates and the incompatibility with common silicon manufacturing processes could hinder 

this technique from widespread applications. In contrast, solvothermal synthesis of nanosheets of 

Bi2Te3 or other topological insulator chalcogenides is facile and very suitable for a large-scale 
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production. The solution grown topological insulator nanosheets can be transferred to any 

substrates.  

Several solvothermal synthesis methods were previously reported using different 

precursors and growth conditions in a similar reducing environment.[87] Our method is based on 

the approach of Li and coworker’s.[88] The Bi2Te3 nanosheets were synthesized using a general 

autoclave reactor (23 ml) from Parr Instrument Company. Figure 3.1 shows the schematic of the 

solvothermal synthesis and following cleaning process. Bismuth oxide (Bi2O3, 99.9995%), 

tellurium dioxide (TeO2, 99.9995%), ethylene glycol (EG, Reagent Grade), polyvinylpyrrolidone 

(PVP, average molecule weight 40,000), and sodium hydroxide flakes (NaOH, 98.7%+) were all 

purchased from Alfa Aesar. All of the chemicals were used as received without further 

purification. In a typical reaction, 0.1865 g of TeO2, 0.1793 g of Bi2O3, 0.3044 g of PVP, and 

0.3047 g of NaOH were added into 15 ml of EG successively. The mixture was stirred 

vigorously at 90 °C for 30 minutes in order to thoroughly dissolve the chemicals and form a 

uniformly dispersed solution. The precursor solution was sealed in the autoclave reactor, and the 

solvothermal reaction was carried out in the oven at a temperature of 210 °C for 24 hours. The 

as-grown nanosheets were collected by centrifugation, and cleaned by rinsing alternatively in de-

ionized (DI) water at room temperature and 1-methyl-2-pyrrolidone (NMP) at 85 °C for five 

cycles. It was critical to remove PVP thoroughly to obtain clean Bi2Te3 2D nanosheet surfaces 

for the surface property measurements. The good solubility of PVP in NMP is likely due to the 

fact that NMP is the pendant group of the PVP polymer. At an elevated temperature (85 °C), the 

solubility of PVP in NMP can be further increased. The cleaned Bi2Te3 2D nanosheets are 

characterized by SEM (JEOL 7000 FE), XRD (Bruker D8 Discover), AFM (Park XE 70), and 

TEM (FEI Tecnai F-20). 
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Figure 3.1. A schematic diagram of solvothermal synthesis and post cleaning process. 

 

The characterizations of the Bi2Te3 2D nanosheets are shown in Figure 3.2. The Bi2Te3 

2D nanosheets, as shown in the SEM image, have a hexagonal morphology owing to the atomic 

hexagonal packing in the crystal structure. After washing process in the NMP, the solution shows 

lighter grey color instead of darker black color of as-grown solution owning to a decrease of 

nanosheet concentration. Interestingly, roughly 50 % nanosheets have a hole in the center, which 

may be originated from the growth of a heterostructure of Bi2Te3 2D nanosheets skewered by a 

Te nanowire as observed in the previous reports.[89] It is suspected that when Te nanowires are 

dissolved by NaOH, Bi2Te3 2D nanosheets are detached, leaving a hole in the nanosheet center 

(Figure 3.2(a)). Quantitative analysis of the EDS spectrum (Figure 3.2(b)) yields the atomic 

composition of Bi and Te to be 39.55% and 60.45%, respectively. The XRD pattern (Figure 

3.2(c)) of the as-synthesized Bi2Te3 2D nanosheets can be indexed with the rhombohedral 

Bi2Te3 crystal, and is consistent with the standard data file (PDF card no. 15-0863). In Figure 
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3.2(e), HRTEM and SAED performed on the Bi2Te3 2D nanosheet show clear lattice fringes and 

patterns of hexagonally-symmetric spots, respectively. The AFM topographic image (Figure 

3.2(f)) indicates that the lateral size of the nanosheets is roughly in the range of 500 nm to 3 μm, 

and the thickness is about 10-100 nm. Collectively, the HRTEM, SAED, and XRD data indicate 

that our solvothermal synthesis produced highly crystallized Bi2Te3 2D nanosheets, which is 

consistent with the report of Li et al. [88] 

 

Figure 3.2.  (a) SEM image of the cleaned Bi2Te3 2D nanosheets. Inset: photograph of the vials 

with as-grown and cleaned nanosheet solution (right), and schematic of Bi2Te3 2D 

nanosheets skewered by a Te nanowire and have a hole in the center when Te 

nanowire is dissolved (left). (b) EDS and (c) XRD of cleaned Bi2Te3 2D nanosheets. 

(d) High magnification SEM image of the Bi2Te3 2D nanosheet. (e) TEM image of 

the Bi2Te3 2D nanosheet. Insets are HRTEM and SAED, respectively. (f) AFM 

topographic image of the Bi2Te3 2D nanosheets with their thicknesses labeled 

accordingly. 



 

 

30 
 

3.3. Selective Adsorption of Bismuth Telluride Nanosheets 

It was noted that cleaned Bi2Te3 2D nanosheets have a low density of adsorption on SiO2 

surfaces using either drop casting or dip coating technique. In a typical transferring process, 

washed nanosheets were dispersed in isopropanol (IPA) and then the dispersion solution was 

brought in contact with the SiO2 substrates that were cleaned by acetone/IPA rinses and oxygen 

plasma treatment. The low density is consistently obtained, and it shows trivial dependences with 

the nanosheet dispersion concentrations and contacting times. To obtain a high density of 

nanosheets for EDS, as shown in Figure 3.2(b), drying a droplet of Bi2Te3 2D nanosheets 

dispersion on the SiO2 substrate forces nanosheets to aggregate to form clusters, in which 

nanosheets randomly pile up in local regions, yet leaving most area covered with a low density 

of nanosheets. The low affinity of the Bi2Te3 2D nanosheets to the SiO2 surfaces reveals the 

difficulty of assembling nanosheets with single layer adsorption to form patterns, which could 

prevent topological insulator nanosheets toward device-level applications. 

 

Figure 3.3. Schematic of the microcontact printing process for a single molecular layer of 

APTMS. 
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To provide a feasible solution for Bi2Te3 2D nanosheet adsorption, we printed self-

assembled monolayers (SAMs) of (3-aminopropyl)-trimethoxysilane (APTMS), which would 

provide a strong affinity to Bi2Te3 nanosheet surface. The elastic poly(dimethylsiloxane) (PDMS) 

stamps for the μCP were fabricated by first mixing Sylgard 184 elastomer and curing agent 

(w/w=10/1) and pouring the mixture over master substrates, which were fabricated by 

conventional photolithography (Karl Suss MA6) with either SU8-3025 resist or Shipley 1818 

resist. After baking at 70 °C for 24 hours, the PDMS was peeled off from the master and cut into 

a 2 × 2 cm stamp. To make the μCP ink, APTMS (97 % from Sigma-Aldrich) was diluted in DI 

water to 1% by volume, sonicated for 3 minutes, and then filtered through a syringe filter (25mm 

Syringe Filter, 0.2 μm Cellulose Acetate Membrane, from VWR). In a standard μCP process 

shown in Figure 3.3, the PDMS stamp was immersed in the filtered 1 % APTMS aqueous 

solution for 2 minutes and then dried by nitrogen blow. The substrate was an n-type (100) silicon 

substrate (phosphorus doped, resistivity = 0.001~0.005 ohm·cm) with a thermally-grown dry 

oxide (thickness ~120 nm), which was cleaned by acetone/IPA rinses and oxygen plasma 

treatment before the μCP. The stamp was brought in contact with SiO2/Si substrate for 10 s to 20 

s at 50 °C on the hotplate to ensure the transfer of a single molecular layer of APTMS. The 

APTMS printed substrate was immediately immersed into the Bi2Te3 2D nanosheet-dispersed 

aqueous solution for 2 mins to 20 mins under a mild vortex action. Finally, the substrate was 

rinsed with DI water and blown dry by a nitrogen gun. The nanosheet dispersed aqueous solution 

used for the adsorption was prepared by diluting 20 μl highly concentrated, cleaned Bi2Te3 2D 

nanosheet solution in 2 ml DI water, followed by vortex and sonication until a homogeneous 

nanosheet dispersion with a light grey color is obtained. 
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Figure 3.4. (a) Photograph of the silicon chip with selective adsorption of Bi2Te3 2D nanosheets 

to reveal logo “A” in which the area consists of a houndstooth array. (b) SEM 

image of Bi2Te3 2D nanosheets selective adsorption onto the houndstooth array that 

is in a local region of logo “A” shown in (a). (c) SEM image of a houndstooth 

pattern with APTMS coating via μCP, as illustrated by the cartoon. The dark region 

is the APTMS coating. (d) SEM image of a houndstooth pattern with the Bi2Te3 2D 

nanosheet adsorption, as illustrated by the cartoon. The white dots are nanosheets, 

as magnified in the SEM inset. 



 

 

33 
 

Figure 3.4 demonstrates the selective adsorption of Bi2Te3 2D nanosheets using the logo 

of the University of Alabama. The area of the logo “A” consists of an array of APTMS printed 

houndstooth patterns, and Bi2Te3 2D nanosheets were adsorbed mainly onto the APTMS printed 

regions. Interestingly, nanosheet aggregation frequently observed before was greatly reduced. 

More importantly, and the selective adsorption can be consistently obtained, and the nanosheet 

coating density could be tuned by varying the adsorption time, shown in Figure 3.5. This general 

μCP of aminosilane SAMs was first reported for the selective adsorption of negatively charged 

nanomaterials by Zhang et al.[90] Despite a ~50 % self-catalyzed hydrolysis of (3-

aminopropyl)triethoxysilane (APTES) in aqueous solutions at room temperature, Zhang et al. 

demonstrated that using hydrophobic PDMS stamps with aqueous APTES inks could still print 

APTES monolayers.[91, 92] Although the printed APTES did not entirely form SAMs as noted 

in their work, the amine group terminated surfaces were very effective for the selective 

adsorption of citrate-coated Au nanoparticles and negatively-charged graphene oxide nanosheets. 

This is believed that due to an electrostatic interaction, the negatively-charged 

nanoparticles/nanosheets are attracted by the positively-charged, protonated amine group 

surfaces, resulting a controllable adsorption.[88, 93] We demonstrate that this general μCP 

technique is very suitable to selectively adsorb TI nanosheets. 
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Figure 3.5. SEM images show the Bi2Te3 2D nanosheets adsorption density could be controlled 

by varying the adsorption duration. The samples were prepared with the same μCP 

conditions, and then immersed in the Bi2Te3 2D nanosheet dispersion under a mild 

vortex for (a) 2 minutes, (b) 10 minutes, and (c) 20 minutes, respectively. 

Although the Bi2Te3 2D nanosheet selective adsorption could originate from the similar 

electrostatic interaction, we observed that Bi2Te3 2D nanosheets had a distinct adsorption 

behavior than Au nanoparticles.[88, 93] By immersing APTMS printed substrates in Bi2Te3 2D 

nanosheet dispersed aqueous solutions, a low density of Bi2Te3 2D nanosheet adsorption with a 

poor selectivity was obtained surprisingly. In contrast, when a mild vortex was applied during 

the adsorption of Bi2Te3 2D nanosheets and while other μCP conditions were kept the same, the 

adsorption density was greatly increased and the adsorption selectivity was also improved. 

Owing to the hexagonally-shaped nanosheet morphology, nanosheet adsorption to a planar 

surface is limited to the top or bottom nanosheet surfaces. When nanosheets were dispersed in an 

unstirred aqueous solution, they were observed (in an optical microscope) to undergo a flipping-

type motion. Consequently, dispersed nanosheets had a reduced chance for the top or bottom 

nanosheet surfaces well contacting with APTMS printed surfaces to form an adsorption. This is 

different to Au nanoparticle adsorption, as when any points of a sphere surface in contact with a 

planar surface, an adsorption would easily occur. With a mild vortexing-action, the Bi2Te3 2D 

nanosheets in the dispersed aqueous solution were constantly colliding with the substrate surface, 

so that the chance for a face-to-face contact between nanosheet top/bottom surfaces and APTMS 
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surfaces was highly increased. At the same time, when nanosheets were in contact with bare 

SiO2 surfaces, the low affinity might not be strong enough to retain the adsorption, and 

nanosheets could be carried away by the vortex. 

In order to obtain a stronger electrostatic interaction for Bi2Te3 2D nanosheet adsorption, 

we used in situ annealing during the μCP at a temperature of 50 °C. As shown in Figure 3.6, the 

thickness of the APTMS coating clearly increased from 4 - 20 Å (μCP at room temperature) to 8 

- 20 Å (μCP at 50 °C), and the density of APTMS also improved with the in situ annealing. It is 

clear that there are still APTMS particles with a height of ~2 nm formed both with and without 

an in situ annealing, which is likely from the condensation in the aqueous ink.[88] Excluding 

those APTMS particles, it is shown that the average APTMS height is 4 Å without in situ 

annealing, and 8 Å with the in situ annealing. This implies APTMS formed sub-monolayers at 

room temperature, while a better packing was preferred at 50 °C to produce a monolayer.[92] It 

was previously reported that in toluene, in situ annealing at 70 °C could improve the packing 

quality of APTES on SiO2 surfaces.[94] This is explained by the fact that the in situ annealing 

facilitates the formation of horizontal Si-O-Si bonds between adjacent APTES molecules, and 

the effect is an increased packing density. We suspect that the in situ annealing during μCP also 

improved the APTMS packing quality via the similar mechanism (i.e., formation of horizontal 

Si-O-Si bonds between APTMS). As the amine group density was increased from a closely 

packed APTMS SAM, Bi2Te3 2D nanosheet adsorption selectivity was repeatedly obtained. 



 

 

36 
 

 

Figure 3.6. AFM topographic images of the APTMS coating prepared by μCP for 10s (a) without, 

and (b) with 50 °C in situ annealing, respectively. 

We further present the selective adsorption of Bi2Te3 2D nanosheets using stamps of 

either 10 × 10 μm square array (as shown in Figure 3.7(a) and (b)) or 1 × 100 μm line array (as 

shown in Figure 3.7(c) and (d)). Due to the compliant elastic behaviors of the PDMS and the 

dimension of the square pillar array (shown in Figure 3.7(a) inset), the PDMS stamps could sag 

and/or collapse to cause different μCP patterns.[95] As shown in Figure 3.7(a) and (b), the 

selective adsorption of Bi2Te3 2D nanosheets reveals the three μCP patterns, induced by the 

PDMS stamp (1) contacted normally, (2) collapsed plus sagged, and (3) collapsed only, 

respectively. This result shows that the selective adsorption could be robustly obtained on a 10 × 

10 μm APTMS printed surface. To further test the robustness of the selective adsorption, we 

used PDMS stamps with the 1 × 100 μm line array. Figure 3.7(c) and (d) show that Bi2Te3 2D 

nanosheets mainly adsorb onto the APTMS printed lines. Indeed, there are still unexpected 

nanosheets adsorbed on the bare SiO2 surface due to the affinity between Bi2Te3 2D nanosheets 

and SiO2 surfaces. Nevertheless, it should be noted that the line width is comparable with the 

nanosheet lateral size, suggesting that under a vortex motion, the electrostatic interaction 
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between Bi2Te3 2D nanosheets and APTMS printed surfaces is quite reliable to produce the 

nanosheet selective adsorption. 

 

Figure 3.7. (a) SEM image of the selective adsorption of Bi2Te3 2D nanosheets using an array of 

10 × 10 μm squares. The magnified SEM image (inset) shows that the 2D nanosheets 

adsorbed onto the APTMS printed, 10 × 10 μm square. The square pattern was 

obtained with the stamp in a normal contact, as illustrated in the inset. (b) SEM 

image of the selective adsorption of Bi2Te3 2D nanosheets reveals the two patterns 

printed with the stamp collapsed plus sagged (left region), and collapsed only (right 

region), respectively, as illustrated in the insets. Note that these two patterns and the 

square pattern shown in (a) were obtained from the same substrate. (c) SEM image 

of the selective adsorption using an array of 1 × 100 μm lines. (d) Magnified SEM 

image shows that Bi2Te3 2D nanosheets adsorbed mainly onto the APTMS printed 

lines. Note that this is the line pattern shown in (c).  
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To understand the electrostatic interaction between APTMS monolayer and the Bi2Te3 

2D nanosheet surfaces, we examined the adsorbed Bi2Te3 2D nanosheets by KPFM. As shown in 

Figure 3.8, the surface electrical potential difference between Bi2Te3 surfaces and APTMS 

printed surfaces is about 650 mV. In comparison, the surface electrical potential difference 

between Bi2Te3 surfaces and SiO2 surfaces is about 400 mV, which is comparable to the report 

of Hao et al.[96] It should be noted that the surface electrical potentials are measured under 

ambient conditions and not in an aqueous environment. With the existence of electrical double 

layers formed on the charged surfaces in an aqueous solution, the electrostatic forces experienced 

by the Bi2Te3 2D nanoshelets during the adsorption should be quite different from what was 

measured by KPFM.[97] Nevertheless, our data has implied that in an aqueous solution, the 

electrostatic attraction force between APTMS surfaces and Bi2Te3 2D nanosheets was stronger 

than that between bare SiO2 surfaces and Bi2Te3 2D nanosheets, allowing the selective 

adsorption of Bi2Te3 2D nanosheets. 
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Figure 3.8. AFM topographic image of the Bi2Te3 2D nanosheets adsorbed in the APTMS 

printed, 10 × 10 μm square region. (b) Schematic of the electrical configuration for 

KPFM measurement. (c) The electrical potential image scanned in the same area as 

shown in (a). Note that all nanosheets are on the APTMS printed region, except the 

nanosheets in the left/bottom corner that is on the bare SiO2 surface. (d) The surface 

electrical potential profiles corresponding to the red and blue line marked in (c) are 

plotted, respectively. 

3.4. Summary  

In this chapter, we present a scalable Bi2Te3 2D nanosheets growth via solvothermal 

synthesis.[89] A practical method to selectively adsorb solution phase grown topological 

insulator nanosheets onto APTMS printed surfaces via μCP is demonstrated. It is demonstrated 

that μCP is a controllable, facile process for assembling 2D Bi2Te3 nanosheets, which can be 

used for other chalcogenide materials. Owing to the specific nanosheet morphology, vortex 

treatment during the adsorption facilitates the nanosheet adsorption and simultaneously improves 

the adsorption selectivity. We also show that APTMS monolayer packing can be improved by in 
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situ annealing at 50 °C during μCP, which further enhances the nanosheet adsorption. The 

electrical potential difference, measured by KPFM, between aminosilane SAMs and Bi2Te3 2D 

nanosheet surfaces is larger than that between SiO2 and Bi2Te3 surfaces. We attribute the 

selective adsorption of Bi2Te3 2D nanosheets to this electrostatic interaction. Such a general 

approach for selective adsorption of negatively-charged TIs is suitable for a large-scale assembly 

and device level fabrication. 
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CHAPTER 4 

ELASTIC PROPERTIES OF BISMUTH TELLURIDE 2D NANOSHEETS 

 

4.1. Introduction 

In this chapter, we demonstrate a facile method for the Bi2Te3 2D nanosheets growth with 

controlled thickness and orientation on various substrates, including mica substrate, flexible 

polyimide films, and silicon substrate by vapor phase growth process.[98] We report a dry 

transfer technique to transfer these as-grown nanosheets from Kapton films or mica onto SiO2/Si 

substrates for AFM characterizations. We further suggest the possible growth mechanism based 

on our AFM observations. Finally, we discuss elastic properties of 5 to 15 nm-thick freestanding 

Bi2Te3 2D nanosheets. The 2D nanosheets were transferred onto a pre-fabricated substrate with 

holes, and they were tested in Force/Distance mode by applying point loads.[98] 

4.2. Van Der Waals Epitaxy of Bismuth Telluride 2D Nanosheets 

Vapor phase growths (CVT or van der Waals epitaxy) produce nanosheets with high 

crystallinity and good thickness control; consequently, they are preferable for practical 

micro/nano-devices. Recently, Peng, Liu, and coworkers have synthesized Bi2Te3 and Bi2Se3 2D 

nanosheets on a mica surface using a facile chemical vapor transport method.[99] Precise 

orientation and position control of those nanosheets further demonstrated their potential as 

flexible infrared transparent electrodes.[100] Towards future device applications, one of the 

imperative tasks is to grow these topological insulator nanosheets on low-cost and flexible 

plastic substrates.  
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Bi2Te3 2D nanosheets were synthesized using the van der Waals epitaxy, as previously 

reported by Li et al.[82] The schematic of the growth furnace is shown in Figure 4.1. A standard 

reaction was carried out within a Lindberg blue tube furnace. A thermocouple heats up the center 

of the tube and whole furnace is insulated to maintain the temperature. The source material, 

Bi2Te3 commercial powder (~99.98%, from Alfa Aesar), was placed in the center of the 

horizontal tube furnace (1 inch in diameter), and the mica substrate (Muscovite mica, V3, from 

Electron Microscopy Sciences) was placed in the downstream, 12-16 cm away from the boat 

loaded with Bi2Te3 powder. The mica substrate was cleaved and cut into a size of 2 × 4 cm 

before being loaded into the furnace. Within the furnace is a temperature gradient with the 

highest temperature being in the middle of the tube and a decreasing temperature towards the 

ends of the furnace on both sides of the thermocouple. The van der Waals epitaxy reaction was 

carried out for 0.5~3 hours in the environment of a temperature of 410~480 ˚C and a pressure of 

20 ~ 100 torr, using Argon (20 ~ 100 sccm, high purity, from Airgas) as the carrying gas. 

Temperature dependent, flow rate dependent, pressure dependent, and distance dependent 

studies (shown in Figure 4.2) were conducted to search for the favorable growth condition. 

Figure 4.2(a), (b) and (c) show the temperature effect for Bi2Te3 2D nanosheet growth. The 

temperature of 430 °C is more favorable for controllable size growth with high density since the 

vapor pressure remains moderate. Bi2Te3 2D nanosheets with larger lateral size are observed 

with the growth flow rate of 50 sccm, as shown in Figure 4.2(e). Higher flow rate (100 sccm) 

leads to an irregular shape growth. Pressure affects the diffusion of the Bi2Te3 vapor movement. 

A high pressure leads to the formation of a high density of small nanosheets and it is found that 

the optimal flow rate for controllable growth is 20 sccm. Figure 4.2(i), (j) and (k) show the 2D 

nanosheets growth at distances of 12 cm, 14 cm, and 17 cm away from the center of the furnace. 
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At a distance of 12 cm away from the boat, the formation of nanosheets could be observed with a 

small size but still hexagonal shape through epitaxial growth. At a distance of 14 cm, a more 

favorable growth of 2D nanosheets with the same orientation, higher density, and larger lateral 

sizes is found. These nanosheets have a morphology of either circular or equilateral triangles 

shape with a rotational mismatch of 60°, which is the evidence to the van der Waals epitaxy on 

the mica substrate. At the distance of 17 cm, nanorods are found. In summary, the van der Waals 

epitaxy growth is critically affected by the growth temperature and Bi2Te3 vapor pressure. 

 

Figure 4.1. Schematic illustration of van der Waals epitaxy reaction system. 
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Figure 4.2. Temperature dependent studies of Bi2Te3 2D nanosheets growth on the mica 

substrates at (a) 410 °C, (b) 430 °C, (c) 450 °C with a flow rate of 20 sccm and a 

pressure of 20 torr; flow rate dependent studies of (d) 20 sccm, (e) 50 sccm, (f) 100 

sccm with a temperature of 430 °C and a pressure of 20 torr; pressure dependent 

studies of (g) 20 torr, (h) 100 torr with a temperature of 430 °C and a flow rate of 

50 sccm; distance dependent studies of (i) 12 cm, (j) 14 cm, (k) 17 cm with a 

temperature of 430 °C, a flow rate of 50 sccm and a pressure of 20 torr. 
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The morphologies of the 2D nanosheets as a function of substrate position are more 

carefully examined in Figure 4.3. For this study, the center of mica substrate was placed at ~14 

cm away from the precursor. The appearance of as-grown, identically-orientated equilateral 

triangle nanosheets was observed in the location corresponding to the upstream area of the tube 

furnace, and yet nanosheets with random morphologies were located in the downstream area. 

The distinct morphology vs. position dependence suggests that the optimal position was 

~13.5±0.3 cm away from the Bi2Te3 source, resulted in thicknesses of 2~25 nm and lateral sizes 

of 5~100 μm. The size of the Bi2Te3 2D nanosheets was dominantly affected by the growth 

temperature and Bi2Te3 vapor pressure, which is in agreement with Li et al.’s report.[82] Further, 

it is noticeable in Figure 4.3(b) that in the upstream area, 2D nanosheets in the majority have a 

triangular, larger morphology, and yet the minority are circular, smaller 2D nanosheets. This 

subtle morphology difference is owing to circular nanosheets were at an early growth stage, and 

triangular nanosheets had received a longer growth time. The growth stage caused outcome in 

morphology difference could be supported by the AFM (Park XE 70) height analysis for totally 

59 nanosheets in the optimized area. Two sample locations, the upstream area (primarily 

triangular nanosheets) and the downstream area (primarily circular nanosheets), were 

characterized. Figure 4.3(e) presents the statistical analysis, showing that the thicknesses of the 

circular 2D nanosheets (3~8 nm) are thinner than those of the triangular 2D nanosheets (7~26 

nm); the lateral sizes of the circular 2D nanosheets (2~9 μm) are also smaller than those of the 

triangular 2D nanosheets (6~30 μm).  
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Figure 4.3. (a) Photograph of the mica substrate (~2 × 4 cm) after a typical growth of Bi2Te3 2D 

nanosheets. The deposition area shows a gray color. The up-stream and down-

stream areas are marked by a green square and a red square, of which the optical 

images are shown in (b) and (c), respectively. (b) Optical image (at the up-stream 

area) showing that the Bi2Te3 2D nanosheets have either circular or triangular 

morphologies. (c) Optical image showing that the Bi2Te3 2D nanosheets, at down-

stream area, have random morphologies. (d) Optical and AFM image of 2D 

nanosheets at the upstream area and downstream area. (e) Plot of the lateral size 

versus thickness of 28 triangular 2D nanosheets and 31 circular 2D nanosheets. 

4.2.1. Bismuth Telluride 2D Nanosheets Growth on Kapton Films 

We also report the use of flexible polyimide films (Kapton films) for Bi2Te3 2D 

nanosheets growth.[101] Precise orientation and position control of van der Waals epitaxy grown 

nanosheets further had demonstrated their potential as flexible infrared transparent 

electrodes.[100] Here, we demonstrate that 2D nanosheets can also be grown on the Kapton 

films. Because there is no atomic smooth surface on Kapton films, the growth mechanism is not 

a van der Waals epitaxy, which will be discussed later. To characterize these nanosheets, we 
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developed a dry transfer technique utilizing the negatively charged surface potential of the Te(1) 

surface the Bi2Te3 nanosheets.[101] AFM characterizations presented the distribution of the 

nanosheet geometry and unveiled the bottom Te(1) plane that is attached to Kapton films. We 

further propose the possible growth mechanism based on our AFM observations. 

Kapton polyimide films are manufactured by DuPont for a variety of applications 

including but not limited to photovoltaics and flexible printed circuits. We select the series HN 

200 that can withstand a temperature from -269 °C up to the highest temperature of 400 °C. The 

HN 200 film retains heat well due to its low thermal conductivity (0.12 W/mK) and its 

electrically insulating behavior. Its glass transition temperature is between 360 °C and 410 °C 

with a 1.25% shrinkage at 400 °C. These substrate properties are ideal for the chemical vapor 

transport synthesis, and also very suitable for fabricating flexible devices. For a typical growth, 

the commercial Kapton films are cut into pieces with a size of ¼ inch by 2 inch. The films are 

sonicated in acetone for 10 minutes, rinsed in IPA, and dried with nitrogen. These films are then 

subjected to oxygen plasma for 5 minutes (~20 W, Harrick Plasma Cleaner PDC-32G) to further 

clean organic residues. The van der Waals epitaxy of Bi2Te3 2D nanosheets is occurred in the 

chemical vapor transport system, and the system schematic is shown in Figure 4.4(a). Bi2Te3 

powders (0.1 g, 99.98% from Alfa Aesar) are set in the center of a Lindberg/Blue horizontal tube 

furnace, and a film substrate is placed 6 cm to 13 cm downstream from the powders. The growth 

is typically 10 minutes under an argon flow (200~250 sccm) with a pressure of 20~35 torr and a 

temperature of 460~490 °C. The measured temperature distribution across a distance of 2 inch at 

the position of a film substrate is 280~340 °C which is within the normal operation temperature 

of the HN 200 film.  
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Figure 4.4. (a) The schematic of the chemical vapor transport synthesis. (b) Photograph of the 

Kapton substrate (¼ in. by 2 in.) with the as-grown Bi2Te3 2D nanosheets, which is 

held/bent by tweezers. (c) Low magnification (100×) planar view photomicrograph 

of Bi2Te3 2D nanosheets with a moderate density in the growth region. (d) Higher 

magnification (500×) planar view photomicrograph of a few Bi2Te3 2D nanosheets.  

Figure 4.4(b) is a photograph of the Kapton film substrate with as-grown nanosheets. 

Optical microscope images (Figure 4.5(c)) indicate that the density of Bi2Te3 2D nanosheets on 

the Kapton film is moderate and the density can be slightly modulated by changing the growth 

temperature and pressure. Nanosheets of different shapes mainly of hexagonal, triangular, and 

ribbon-like geometries are scattering on the growth zone (~ 8 mm along the furnace tube), and 

nanosheets are with a clear size distribution. Due to the lack of the rigidity of the Kapton film, 

we developed a dry transfer technique to transfer the nanosheets from a Kapton film to a silicon 

substrate with 200 nm dry oxide. Figure 4.6 presents the schematic of the dry technique. To 

ensure a complete transfer, we utilize an electrostatic force by attracting negatively charged 

Bi2Te3 2D nanosheets with positively charged amine groups. The coating of the amine groups is 
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achieved by wetting the oxide surface with 5% of AMTMS in methanol for 3 mins, which 

typically results in a single APTMS molecular layer. A Kapton film with as-grown Bi2Te3 2D 

nanosheets is then brought in contact with an APTMS-coated silicon substrate by sandwiching 

these two substrates in a homemade mechanical presser. The transfer success rate is always > 90% 

(among a couple tens of experiments) with an additional assist using a slab of PDMS to make the 

contact conformal. 

 

Figure 4.5. A schematic of the 2D nanosheet dry transfer technique. (a) On a typical Kapton 

substrate, as-grown 2D nanosheets are randomly distributed. (b) Single molecular 

layer of APTMS is first coated on a SiO2/Si substrate. (c) Bi2Te3 2D nanosheets on 

Kapton substrate are brought in contact with APTMS-coated SiO2/Si substrate. (d) 

Bi2Te3 2D nanosheets are inverted and transferred on the SiO2/Si substrate, and 

small 2D nanosheet seeds are discovered. 
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Figure 4.6 presents the results of AFM characterizations. We examined totally 20 

nanosheets distributed in a randomly selected area of 200 μm by 200 μm in the growth zone.  

Three typical shapes are a hexagon, a triangle, and a ribbon, as the three AFM topographies of 

nanosheets shown in Figure 4.6(a), (b), and (c), respectively. To understand the 2D nanosheet 

growth on Kapton films, we further compared these nanosheet geometries with a thickness-size 

distribution plot, shown as Figure 4.7. It is indicated by the plot that the thickness of the as-

grown 2D nanosheets is 10 to 100 nm, and their area is 3 to 40 μm
2
. Interestingly, we observed 

that about half of the nanosheets host a small nanosheet on the Te(1) surface that was originally 

in contact with surface of Kapton substrates. We propose that these small nanosheets were 

previously grown in the vapor during the chemical vapor transport process, and they serve as 

“seeds” for the follow-on growth after their landing on Kapton substrates. Due to possible non-

uniform Bi2Te3 vapor concentration, the top region of nanosheet seeds has a faster in-plane 

growth rate than the bottom region. The quick in-plane growth of the top region eventually 

secludes the bottom region from the Bi2Te3 vapor and results in a small nanosheet attached to the 

bottom surface of its host nanosheet. The proposed growth mechanism apparently cannot be 

applied to nanosheets without a small seed. Therefore, these nanosheets had an in-plane CVT 

growth that is uniform along the nanosheet side wall due to a uniform supply of Bi2Te3 vapor. In 

addition, some nanosheets have small surface areas, which is likely due to the lack of 

Bi2Te3 supply after their landing on the Kapton film. 
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Figure 4.6. AFM topography images and height profile (corresponding to the line in the image) 

of typical (a) hexagonal, (b) ribbon-shaped, and (c) triangular Bi2Te3 2D 

nanosheets, respectively. The arrow in each topography image indicates the small 

nanosheet possibly grown in the vapor phase, which serves as the seed for 

nanosheets growth on Kapton films. 

 

 

Figure 4.7. Plot of thickness versus area distribution of the Bi2Te3 2D nanosheets grown on 

Kapton films (red squares), glass substrates (green circles), and silicon substrates 

(blue triangles). 

In Figure 4.7, we further compare the thickness-area distribution with the nanosheets 

grown on glass and silicon substrates, which were synthesized using the same growth conditions. 

In general, nanosheets grown on glass slides are thicker and their areas are smaller, and we still 

http://ssl.ecsdl.org/content/2/2/P19.full#F3
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observed roughly half of the nanosheets carrying their seeds. However, nanosheets on silicon 

substrates have irregular shapes, reminiscent of irregular nanosheets reported in literature.[82] 

Surprisingly, the much rougher surface of the Kapton films (measured root mean square 

roughness, RMS = 6.267 nm) are most suitable for the growth of Bi2Te3 2D nanosheets, 

compared to glass slides (RMS = 3.112 nm) and silicon substrates (RMS = 0.012 nm), which 

implies that the growth conditions are dramatically different among the three substrates. For 

example, the heat capacity of the three substrates can result in different substrate temperature, 

which will impact the growth kinetics. Further refinements of growth conditions will provide 

more details of the nanosheet growth mechanism. 

4.3. Transfer of As-grown 2D Nanosheets onto Porous Substrates 

The Bi2Te3 2D nanosheet transfer method used in this study is based on recent progress 

made in transferring 2D nanosheets of graphene and other layered materials.[102-104] The 

procedure is briefly illustrated in Figure 4.8. A ~240 nm thick film of poly(methyl methacrylate) 

(PMMA) (950 PMMA 4, from MicroChem) was spin-coated on the 2D nanosheet/mica substrate 

(3000 rpm for 1 min), and then baked at 180 ˚C for 5 mins (Figure 4.8-2). The PMMA film 

served as the sacrificial layer in this process. Then, acting as the carrier of the 2D nanosheets and 

the PMMA film, a piece of polydimethylsiloxane (PDMS, Sylgard 184, Dow Corning), 

~1.5×1.5×0.3 cm, was brought in contact with the PMMA surface. When air bubbles were 

formed in the PDMS/PMMA interface, forces were gently and evenly applied to expel the 

bubbles. To detach the PMMA/2D nanosheets from the mica substrate, a droplet of water was 

applied at the interface of PMMA/mica (Figure 4.8-3). Due to the hydrophobicity of PMMA and 

the hydrophilicity of the mica substrate, water could quickly wet through the PMMA/mica 

interface as well as the 2D nanosheet/mica interfaces, leading to a detachment of the 2D 
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nanosheets from the mica substrate. It should be noted that removing the nanosheets from the 

substrate without using the water wetting process was not possible, there was no indication of a 

2D nanosheet detachment, indicating a strong van der Waals bonding between the 2D nanosheets 

and the mica substrate created in the heteroepitaxy process. Next, the PDMS with the PMMA 

film and the 2D nanosheets was peeled off slowly (Figure 4.8-4), and the 2D nanosheets were 

immediately brought in contact with the pre-fabricated porous substrate (Figure 4.8-5). To ensure 

direct surface contact between the PMMA and the SiO2, the sample was baked on the hotplate at 

50 ˚C for 30 mins. The sample was then subjected to acetone vapor for 30 minutes for partially 

dissolving PMMA, so the PDMS could be peeled off easily (Figure 4.8-6). To improve the van 

der Waals bonding between the Bi2Te3 and the SiO2 surfaces, the substrate was baked on the 

hotplate at 50 ˚C for 30 mins. Finally, the PMMA film was then dissolved in a bath of acetic acid 

(Glacial, HPLC, from J. T. Baker) for 2 hrs, and then switched to a fresh acetic acid bath for the 

descum process. In the last step (Figure 4.8-7), the sample was immersed in ethanol, and then 

dried in carbon dioxide supercritical fluid (Denton DCP-1). 

 

Figure 4.8. Flow chart of the 2D nanosheet transfer/suspension process. 
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Figure 4.9. Optical images of two representative 2D nanosheets during transfer process. (a) As-

grown 2D nanosheets on the mica substrate (Step 1 in Figure 4.8); (b) 2D 

nanosheets coated with PMMA (Step 2 in Figure 4.8); (c) detached 2D 

nanosheets/PMMA film on PDMS (Step 4 in Figure 4.8); (d) transferred 2D 

nanosheets/PMMA film on SiO2/Si substrate (Step 6 in Figure 4.8); (e) 2D 

nanosheets on SiO2/Si substrate after PMMA removal (Step 7 in Figure 4.8). 

Figure 4.9 shows the same two 2D nanosheets in specific steps during the transfer 

process onto the porous substrate. A high success transfer rate of ~95% of 2D nanosheets could 

be routinely achieved. It should be noted that the problem of suspending 2D nanosheets is the 

final drying process, because it is required to dissolve the PMMA sacrificial layer in the acetic 
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acid solution bath. After the PMMA removal, the wet sample was transferred to a bath of ethanol, 

and then was dried in the critical point dryer. Because of the critical fluid’s extremely low 

surface tension, a suspension yield rate (~85%) has been routinely achieved specifically for 2D 

nanosheets (> 4 QLs). However, the suspension yield has sharply dropped for < 5 QLs. It is 

speculated that the collapses of the nanosheets might occur during the transfer instead of the 

drying. Further improvements for this transfer process may allow future investigations of 

ultrathin nanosheets (< 5 QLs). Interestingly, in a close comparison between before (Figure 

4.10(a)) and after the transfer/suspension (Figure 4.10(b)), the optical colors of Bi2Te3 2D 

nanosheets under a white light illumination (Zeiss AxioLab A1) have changed owing to the 

simultaneous effects of the oxide substrate and the 2D nanosheet thickness.  

 

Figure 4.10. (a) Optical image of two representative Bi2Te3 2D nanosheets, identical to ones in 

Figure 4.9. Insets are AFM cross-sectional profiles (cyan) showing the quantities of 

quintuple layer stacking. Schematic blow is the cross-section of a 2D nanosheet on 

the substrate. (b) Optical image of two representative Bi2Te3 2D nanosheets after 

being transferred. Optical colors of suspended regions (labeled by green arrows) 

are clearly different from colors of supported regions, and also very different from 

colors at collapsed regions (labeled by red arrows). Schematic blow is the cross-

section of a 2D nanosheet suspended over a hole. 
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4.4. Elastic Property Measurements of Freestanding Nanosheets Using AFM Tips 

 

Figure 4.11 presents mechanical tests using the AFM based nanoindentation platform. 

The contact mode topography image (Figure 4.11(b)) shows that the circular 2D nanosheet 

(thickness ∼5 nm, i.e., 5 QLs) is successfully suspended over an array of holes (radius ∼1 μm). It 

is evidenced by angles at the circular periphery that this 2D nanosheet was in the transition phase 

before forming a triangular morphology, which supports the earlier discussion regarding the 

nanosheet morphology difference. In Figure 4.11(c), cross-sectional profiles (via contact mode) 

of the nanosheet across the center of the circular hole are displayed under different contact forces 

(0.02–2.95 nN). It is clearly shown that across the entire nanosheet suspension, resultant vertical 

deflections were proportional to forces applied by the AFM tip. More importantly, nanosheet 

deformations were reversible under forces applied. 

 

Figure 4.11. 2D nanosheet elastic property measurements via the AFM platform. (a) Schematic 

of a suspended 2D nanosheet probed by an AFM tip. (b) AFM topography image 

(contact mode) of the transferred Bi2Te3 2D nanosheet (5 QLs, with a circular 

morphology). (c) The cross-sectional profiles of the suspended circular 2D 

nanosheet, the upper-left one in (a), acquired by the contact mode scans under 

different normal forces, from 0.02 to 2.95 nN. The 2D nanosheet deformation 

increased proportionally with increasing the normal force. 
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To further examine the elastic properties, the AFM ramping mode (i.e., force vs. distance 

mode) was used to apply point force loads (F, 0-18 nN) to the center of the suspended nanosheet. 

As illustrated in Figure 2.4, the vertical deflection (δ) of the 2D nanosheet was obtained using its 

correlation with piezo-extension (ΔZpiezo) and the cantilever deflection (ΔZc), δ = ΔZpiezo − ΔZc. 

Figure 4.12(a) shows three different sets of F(δ) curves with different maximum force loads, 

acquired from the same suspended nanosheet presented in Figure 4.11(c). It is clearly shown that 

three F(δ) ramping curves are overlapped without any indication of a slippage or a rupture. 

Remarkably, a small force of only 15 nN was required to vertically deform the center of the 

suspended nanosheet by a displacement of ∼100 nm, which implies the 2D nanosheet is quite 

mechanically compliant. We noticed that F(δ) responses acquired from the ramping mode 

(shown in Figure 4.12(a)) are inconsistent with F(δ) responses acquired from the contact mode 

(shown in Figure 4.11(c)), which is likely owing to a ramping mode solely causes a cantilever 

deflection but a contact mode contains both a cantilever deflection and tilt. Nevertheless, fully 

elastic deformation of Bi2Te3 2D nanosheets is confirmed. 

 

Figure 4.12. (a) F(δ) curves of three different ramping cycles, which were acquired using the 

same suspended nanosheet presented in Figure 4.11(c). (b) Representative F(δ) 

curves of 5 QLs, 8 QLs, and 14 QLs with linear fittings at δ ∼ 0 (black dash lines) 

for acquiring k2D.  
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Figure 4.12(b) presents representative F(δ) curves for three groups of thickness: 5-QL, 8-

QL, and 14-QL nanosheets, respectively. Interestingly, each group exhibits a distinctive F(δ) 

curve characteristic: 14-QL nanosheets show a linear F(δ) response because thick nanosheets 

behave as plates being bent. In contrast, the non-linear F(δ) curve of 5-QL nanosheets indicates a 

combined response from a bending behavior as plates and a stretching behavior as membranes. 

The F(δ) behavior of the group of 8-QL nanosheets falls in between. Such thickness-dependent 

F(δ) characteristics were also found in mechanically-exfoliated MoS2 2D nanosheets,[67] and 

could be understood using Komaragiri et al.’s model for a freestanding elastic circular film under 

point loads:[65] 

      
   

       
  

  

  
           

    

  
                                      (4.2) 

where E is the Young’s modulus, t is the thickness of 2D nanosheet, r is the radius of the 

suspended circular nanosheet, ν is the Poisson’s ratio for Bi2Te3 (∼0.241),[105] T is the 

pretension of 2D nanosheet, and the dimensionless constant q equals 1/(1.05–0.15ν–0.16ν
2
 ). The 

first term is relevant to thick plates’ bending behavior (F ∼ δ), the second term accounts for a 

pretensioning response (F ∼ δ), and the third term is relevant to thin membranes’ non-linear 

stretching behavior (F ∼ δ
3
). One might consider using Equation 4.2 to directly extract E and T, 

as commonly used for analyzing atomically thin, single layer 2D nanosheets.[68, 106] We 

noticed that F(δ) curves of 5-QL nanosheets have a notable contribution from bending owing to 

F(δ) has not reached the membrane stretching regime in Komaragiri et al.’s model,[65] and thus 

Equation 4.2 is inappropriate here for analyzing F(δ) curves of 5-14 QL nanosheets. 

The requirement for adopting Komaragiri et al.’s model for small and finite size indenter 

is that the radius of the tip (    ) should be greatly less than  .[107] As shown in Figure 4.13, The 

     in this work was measured to find 26.8±2.6 nm using a scanning electron microscope (SEM, 
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JEOL 7000), and the resultant         is in the range of 0.026 to 0.028, which validates the 

adoption of Komaragiri et al.’s model for this work.  

 

Figure 4.13. SEM image of the AFM tip with a radius of 26.8±2.6 nm. 

To find Bi2Te3 2D nanosheet elastic properties, 26 samples including four different 

groups of thickness (7 samples for 5 QLs, 5 samples for 6 QLs, 8 samples for 8 QLs, and 6 

samples for 14 QLs) were characterized, which provides the confidence of our analyses, shown 

in Figure 4.14. For analyzing thick 2D nanosheets, the alternative is to consider the limit of a 

small vertical deflection (δ ∼ 0),[67, 108] which renders the third, non-linear term of Equation 

4.2 negligible. The effective spring constant of 2D nanosheet (k2D) could be derived from 

Equation 4.2, which gives:[67] 
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Figure 4.14. The AFM topography images of the 2D nanosheets and the F( ) curves of the 

probed freestanding 2D nanosheets consisting of (a) 5 QLs, (b) 6 QLs, (c) 8 QLs, 

(d) 14 QLs. 
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Figure 4.15 plots k2D as a function of (t
3
 /r

2
) for all 26 samples. Clearly, a good linear fit 

using Equation 4.3 is obtained. Note that the slightly curved suspension surfaces are considered 

for acquiring the radii of the suspended circular nanosheets, and they are compared with the 

holes’ radii for determining E and T. The resultant differences in E and T are actually negligible 

in comparison with the combined errors induced by the AFM measurements of the 2D nanosheet 

thicknesses, the hole radii, and the point forces (i.e., errors from cantilever spring constant). We 

took the lower limit and the upper limit from the deviation of the linear fit, and consequently E = 

11.7-25.7 GPa and T = 0.011-0.028 N m
−1

 were found. Using Equation 4.3 to analyze these 

samples, both E and T are assumed to be independent of thickness and sample,[67] which is 

considered as the uncertainty to the acquired E and T. Because F(δ) curves of 5-QL nanosheets 

have not reached the membrane stretching regime,[65] and it is argued that E and T are 

thickness-independent in the range of 5-14 QLs. In addition, among 5-14 QL nanosheets, k2D 

values of each group are from the same 2D nanosheet (i.e., same crystal quality), and 2D 

nanosheets for all four groups are from the same mica substrate (i.e., same growth batch) and 

from the same transfer step (i.e., a similar degree of pretensioning), which presumably mitigate 

the uncertainty of our analysis. 
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Figure 4.15. Plots of k2D vs. (t
3
 /r

2
) in the (a) linear and (b) logarithmic scale, consisting of 26 

samples in total. The linear fitting was performed, resulting a deviation comprising 

the upper (red dot line) and the lower limit (black dot line). Error bars for all 26 

samples in the x-axis are based on the AFM measurement errors on the 2D 

nanosheet thicknesses and suspended circular nanosheet radii, while error bars in 

the y-axis are mainly due to AFM cantilever spring constant calibration errors. 

Using the extracted E (averaged, ∼18.7 GPa) and the measured rtip (averaged, ∼26.8 nm), 

one could estimate the in-plane stress exerted by the tip at the central, protruding part of the 2D 

nanosheet.[68, 106] In Bhatia et al.’s model, the stress is expressed as:[107]  

                                               
    

         
  

      
                                                                        (4.4) 

where E
2D

 = Et is the 2D modulus. For a normal force of 15 nN (i.e., within the elastic range) 

applied to the 5-QL nanosheet (see Figure 4.12(a)),         
   yields 2.0 ± 0.4 N m

−1
, 

corresponding to 0.40 ± 0.08 GPa for the 5-QL nanosheet under the specific elastic stretching 

state, i.e., 2-3% strain. Without a rupture using the maximum force that could be applied by our 

AFM platform, we expect that a larger breaking strain (i.e., >3%) can be obtained for the Bi2Te3 

2D nanosheets. Meanwhile, the pretension (0.011-0.028 N m
−1

) is presumably owing to possible 

crystal defects and the suspension. As shown in Figure 4.11(b), the suspended surface profile 

(with F = 0.02 nN) of the 5-QL nanosheet evidences the nanosheet attachment at the hole’s 
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sidewall, which is 3-5 nm in depth around the periphery of the hole. Similar sidewall attachment 

is also commonly observed in suspensions of other 2D nanosheet samples, which would 

contribute to the nanosheet pretension to a varied extent.[68, 106] 

The Young’s modulus of Bi2Te3 2D nanosheets extracted from the linear regime (δ ∼ 0) 

was found to be significantly decreased, surprisingly being only 22-49% of Bi2Te3 bulk inplane 

Young’s modulus (50–55 GPa at room temperature).[109, 110] Table 4.1 summarizes Young’s 

moduli of van der Waals family 2D nanosheets[67, 68, 106, 108, 111-114] and bulk 

samples.[115-119] In comparison with other van der Waals family 2D nanosheets, multi-QL 

Bi2Te3 2D nanosheets have an extremely small Young’s modulus (yet larger than that of the 

flakes of metal organic frameworks, MOFs[120]), and yet show remarkable, robust elastic 

behaviors. The reduction of Young’s modulus may be attributed to crystal defects, since antisites 

and/or vacancies could be formed in Bi2Te3 crystal during the van der Waals epitaxy. Similar 

reductions of Young’s modulus were also observed in defective monolayer graphene sheets (E 

increases first then decreases with the defect density)[121] and defective 2-5 layered boron 

nitride 2D nanosheets.[114] The defect-dependent crack propagation in the defective graphene 

monolayers was also investigated by the AFM nano-indentations.[122] Without crystal defects, 

theoretically calculated moduli of graphene and boron nitride monolayers are comparable to their 

bulk counterparts,[123] which is indeed consistent with the experimental work on pristine 

graphene.[106] Another possibility of the Young’s modulus reduction is the size effect as 

observed in Si nanofilms,[124, 125] because surface relaxation and surface energy may play a 

role in 5-14 QLs Bi2Te3 2D nanosheets.[126] 
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Table  4.1. Summary of Young’s moduli of van der Waals 2D nanosheets. All 2D nanosheets 

Young’s moduli were obtained by AFM nano-indentation measurement, and the 

Young’s moduli were acquired from either     (labeled by #) or      regime. 

Theoretical works are labeled by *.[98] 

Van der Waals 

2D materials 
# of Layers 

Young's Modulus 

(GPa) 
Reference 

Bi2Te3 

5~15 (F~δ) 18.2 ± 5.0 
#
 This work 

3~15 37~53 * Y. Tong et al.[126] 

Bulk (in-plane) 51.5 J. Jenkins et al.[109] 

Bulk (in-plane) 52.5 * B. Huang and M. Kaviany[110]  

Graphene 
1 1000 ± 100 C. Lee et al.[106] 

Bulk 1020 ± 30 O. L. Blakslee et al.[116] 

Graphene Oxide 

1 207.6 ± 23.4 

J. Suk et al.[113] 2 223.9 ± 17.7 

3 229.5 ± 27.0 

MoS2 

1 270 ± 100 
S. Bertolazzi et al.[68] 

2 200 ± 60 

5~25  330 ± 70 
#
 A. Castellanos-Gomez et al.[67] 

1 264 ± 18 
K. Liu et al.[112] 

2 228 ± 16 

1 195 ± 49 R. Cooper et al.[111]  

Bulk 238 J. Feldman[115] 

WS2 
1 272 ± 18 K. Liu et al.[112]  

Bulk 150 Sourisseau et al.[117]  

h-Boron Nitride 

2~5 233 ± 32 L. Song et al.[114] 

1 810 * Kudin et al.[123] 

Bulk 811 Bosak et al.[118]  

Mica 
2~14  202 ± 22 

#
 A. Castellanos-Gomez et al.[108]  

Bulk 176.5 ± 1.1 L. McNeil and M. Grimsditch[119]  

MOFs 1~50 5 ± 0.5 C. Hermosa et al.[120] 

 

The combined errors are induced by the AFM measurements of the 2D nanosheet 

thicknesses, the hole radii, and the uncertainty from cantilever spring constant. The soft AFM 

tips, k = 0.32 ± 0.5 N/m, were used to apply small point forces for acquiring small (linear) 2D 

nanosheet deformations. The measurements of the AFM cantilever spring constants were based 
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on the basic cantilever dimensions (i.e., Sader’s model). The correlation for V-shaped cantilevers 

gives the expression:[127] 

                                              
    

   
       

   

  
          

  

                            (4.1) 

where E is the elastic modulus of the cantilever, t is the thickness of the cantilever,   is the width 

at the base of the “V”,   is half the angle between the two legs,   is the width of the legs 

measured parallel to the front edge of the substrate, and   is the length of the cantilever measured 

straight out to the apex from the substrate. Figure 4.16 presents the dimension measurements of 

the cantilever (DNP, vender provided k~ 0.35 N/m, from Bruker) performed by the SEM (JEOL 

7000). The spring constant of the AFM cantilever was obtained as 0.19±0.05 N/m, where the 

error (~26 %) is mainly due to the uncertainty of the elastic modulus of the silicon nitride, 

provided by the vendor (210 N/m).[128] 

 

Figure 4.16. The dimension measurements for the V-shape AFM cantilever. Inset is the cross 

sectional image of the thickness of the cantilever. 
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Figure 4.17 presents the cross-section profiles of the 5-QL, 6-QL, 8-QL, and 14-QL 

nanosheets. These data were used to acquire Figure 4.15 that was then used for determining the 

overall E and T of the Bi2Te3 2D nanosheets. 

 

Figure 4.17. The AFM cross-section profiles of the four Bi2Te3 2D nanosheets. The 

thicknesses/errors are (a) 5 nm±0.5 nm for 5 QLs, (b) 6 nm±0.5 nm for 6 QLs, 

(c) 8 nm±0.6 nm for 8 QLs, and (d) 14 nm±0.8 nm for 14 QLs. 

4.5. Summary  

In this chapter, we discussed vapor phase growth of Bi2Te3 2D nanosheets on various 

substrates including atomically-smooth mica substrates, low-cost glasses slides, silicon 

substrates, and flexible Kapton films. We also demonstrated that van der Waals epitaxy grown 

Bi2Te3 2D nanosheets were successfully detached from mica substrate using the developed 2D 

nanosheet transfer technique as well as the mechanical properties of freestanding 2D nanosheets 

were tested via the nano-indentation measurements by AFM. 
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CHAPTER 5 

THERMOELECTRIC PERFORMANCE OF BISMUTH TELLURIDE 2D NANOSHEETS 

 

 

5.1. Introduction 

In this chapter, we present the microdevice fabrication process for van der Waals grown 

Bi2Te3 2D nanosheets. Standard photolithography and lift-off techniques were used for 

microdevice fabrication. Electrical conductivity and Seebeck coefficient were performed under 

the temperature-controlled cryostat system. In order to explore the temperature-dependent and 

thickness-dependent transport behaviors, Seebeck coefficient and electrical conductivity were 

measured in a temperature range of 20-400 K, and 2D nanosheets with three different 

thicknesses were characterized for power factor calculations. 

5.2. Microdevice Fabrication 

As shown in Figure 5.1(a), the design of microdevice for Seebeck coefficient and 

electrical conductivity measurements is based on a similar device structure, which has been used 

for single nanotube and nanowire measurements.[129-131] The electrical conductivity and 

Seebeck coefficient measurements are carried out in a temperature-controlled cryostat (Janis 

CCS-400H-T/204), and the thickness of individual nanosheet is determined by AFM (Park XE 70) 

measurements. The cryostat system includes a Keithely 236 source meter, two SRS 810 lock-in 

amplifiers, a Keithley 2182A nanovoltmeter, and a Lakeshore 335 temperature controller, as 

shown in Figure 2.6.  The closed cycle cryostat has a wide temperature range from 10 K to 800 

K, controlled by Lakeshore 335. In a typical Seebeck coefficient measurements (shown in Figure 
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5.1(b)), Seebeck voltage (  ) is recorded via the power-Seebeck measurement using Keithley 

2382 nano-voltmeter, and the temperature gradient (  ) is calculated through power-temperature 

and TCR (temperature coefficient of resistance) measurements using two SR 810 lock-in 

amplifiers. Joule heating element powered by Keithley 236 source meter generates a thermal 

gradient along Bi2Te3 2D nanosheets. Then, Seebeck coefficient can be calculated through    

      . Four-probe electrical conductivity is measured using Keithley 236 source meter to 

apply a dc current, and Keithley 2382 nano-voltmeter to measure the voltage drop, as shown in 

Figure 5.1(c). The nanosheet thickness is measured by AFM, and its length and width are 

measured by SEM. Electrical conductivity could be calculated through         (where R is 

the electrical resistance, l is the length of the sample, A is the cross-sectional area of the sample). 

To obtain an accurate electrical conductivity, we tailor the nanosheet into a microribbon 

geometry using a wet etching method. 

 

Figure 5.1. (a) Schematic of 2D nanosheet microdevice for thermoelectric property 

measurements. (b) Schematic of Seebeck coefficient measurement. (c) Schematic 

of four-point electrical conductivity measurement. 

In this work, Bi2Te3 2D nanosheets for microdevice fabrication were synthesized either 

through solvothermal synthesis or van der Waals epitaxy growth. The details of nanosheet 

growths were discussed in Chapter 2 and Chapter 4. A typical reaction of solvothermally-

synthesized naonosheets prepared for microdevice fabrication was carried out in the vacuum 
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oven at 210 °C for 10 hrs and then washed by NMP and DI water for five cycles. These selected 

2D nanosheets with thinner thicknesses and larger lateral sizes were then coated utilizing the 

electrostatic force by wetting the SiO2 surface with 10% APTMS via transfer techniques 

presented in Chapter 2. The fabrication process was successfully developed through 

photolithography (Karl Suss MA6), thermal evaporation (Angstrom, Covap), and standard lift-

off process. Briefly, double-layer photoresists (Microchem LOR 3B and Shipley 1813), were 

spin-coated on SiO2/Si substrate with solvothermally- synthesized nanosheets. After the substrate 

was baked at 195 ℃ and 115 ℃, respectively, it was exposed to UV light for 3.8 s and the device 

patterns were developed in the Microposit MF-319 developer for 20 s. The circuits including a 

Joule heating element and metal lines were thermally deposited onto the substrate, and lifted-off 

in NMP solution. The four metal lines served as contact electrodes on the hexagonal Bi2Te3 2D 

nanosheet for four-point electrical conductivity measurements. The inner two metal lines were 

used as resistive thermometers and contact electrodes for Seebeck coefficient measurements. The 

SEM image of the microdevices is shown in Figure 5.2.  

 

Figure 5.2. (a) Photography of a device package. (b) SEM image of the microdevice consisting 

of a Joule heater and the Bi2Te3 2D nanosheet contacted by four metal lines. 
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Owing to the developed van der Waals epitaxy growth of Bi2Te3 2D nanosheets with 

lateral size larger than 10 μm and thickness smaller than 20 nm as well as the mature transfer 

techniques, the microdevice would be more easily fabricated on mica substrates. To further 

improve the measurement accuracy and time consumption, we reported simultaneous power-

Seebeck and power-temperature measurements using a pair of symmetrical temperature gradients, 

as shown in Figure 5.3. Bi2Te3 2D nanosheets were first chosen from pieces of size 2 cm by 4 cm 

mica substrates, and then pattered as microribbons through a wet etching process, as shown in 

Figure 5.4. The microdevice fabrication has been successfully developed, as shown in Figure 5.5. 

To ensure robust ohmic contacts, dry etching process (O2 plasma), was performed to remove 

contaminations on the nanosheet surface before metal deposition. Briefly, microfabrication 

procedures are: (1) single-layer photoresist 1805 was spun on the mica substrate, and baked at 

115°C for 1 min. (2) Mask alignment was performed using Karl Suss MA6. The UV exposure 

time was calibrated as 4 s, and the line pattern was developed in the Microposit MF-319 

developer for 25 s. (3) Chromium etchant (mixtures of perchloric acid and ceric ammonium 

nitrate, from Alfa Aesar) was used to etch Bi2Te3 2D nanosheets in the exposed regions, which 

were not protected by photoresists, and then microribbons were formed. (4) Double-layer 

photoresists, Microchem LOR 3B and Shipley 1813, were spin-coated on the substrate and baked 

at 195°C for 15 mins and 115°C for 1 min. (5) Microdevice components, including a heater and 

four ohmic contacts, were patterned using standard photolithography conditions. (6) Cr/Au (1/70 

nm) was deposited on the Bi2Te3 2D nanosheet forming metal contacts and finally, the 

microdevice was lifted-off in Microposit 1165 remover.  
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Figure 5.3. SEM images of the redesigned microdevice for Bi2Te3 2D nanosheets thermoelectric 

property measurements. 

 

 

Figure 5.4. Schematic of patterning Bi2Te3 microribbons through a wet etching process. 
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Figure 5.5. Optical microscope images of the microribbon and microdevice fabrication. (a) As-

grown Bi2Te3 2D nanosheets on the mica substrate. (b) The 2D nanosheets coated 

with photoresist. (c) Microribbon etched by chromium etchant. (d) Microribbon 

after removal. (e)Microdevice patterned by photolithography. (f) The fabricated 

microdevice after metal deposition. 

5.3. Thermoelectrical Properties of Bismuth Telluride 2D Nanosheets 

5.3.1. Thermoelectric Properties of Solvothermally Synthesized Bismuth Telluride 2D 

Nanosheets 

Solvothermally synthesized nanosheets suspended and stored in IPA were transferred 

onto SiO2/Si substrates by drop casting. For a typical 5 nm (i.e. 5 QLs) nanosheet, the measured 

electric conductivity is 1.3978×10
5
 S/m at 310 K, which is comparable with p-type bulk Bi2Te3, 

as shown in Figure 5.6(a).[132] It is possible that due to the unintentionally doped Bi2Te3 created 

in the growth, the nanosheet shows a p-type (bismuth rich) behavior. The electrical conductivity 

of Bi2Te3 2D nanosheets is shown as a function of temperature in Figures 5.6(b). The value 

increases with increasing temperature from 110 K to 310 K, behaving as a semiconductor, which 

shows a similar trend as weakly doped silicon since charge carriers are freeze out at lower 
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temperature.[133]  Error bars of electrical conductivity were calculated based on previously 

reported.[131, 134] 

 

Figure 5.6. (a) Electrical conductivity of the 5-nm Bi2Te3 nanosheet at 310 K. (b) Electrical 

conductivity of the 5-nm Bi2Te3 nanosheet at temperature of 110-310 K. 

5.3.2. Thermoelectric Properties of Van Der Waals Epitaxial Synthesized Bismuth Telluride 2D 

Nanosheets 

The electrical conductivity and Seebeck coefficient of the van der Waals epitaxy 

synthesized  Bi2Te3 2D nanosheet at temperature range of 20-400 K are shown in Figure 5.7(a), 

(c), and (e). The Seebeck coefficient with the negative value shows an n-type behavior (i.e. 

tellurium rich) and decreases gradually with increasing temperature. At room temperature, the 

Seebeck coefficient of both 8-nm and 20-nm nanosheets are ~ -20 μV/K, which are comparable 

to the reported 25.2 nm catalyst-free vapor-solid grown Bi2Te3 nanoplate in Pettes et al.’s 

work.[42] The Seebeck coefficient of ∼ -82.65 μV/K at a temperature of 300 K is obtained for 14 

nm nanosheet, which is comparable to a 14.4 nm nanoplate (~ -90 μV/K) reported by Pettes et 

al.[42]. 

The temperature-dependent electrical conductivity is plotted in Figure 5.7(b), (d), and (f). 

The electrical conductivity of 8-nm, 14-nm and 20-nm nanosheets, increases with decreasing 
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temperature from 400 K to 20 K, which shows semi-metallic behavior as heavily doped silicon 

due to the strong electron-ion scattering.[133] Furthermore, the electrical conductivity of our 

samples are higher than catalyst-free vapor-solid grown nanoplates in Pettes et al.’s work and 

bulk Bi2Te3.[41, 48] 

 

Figure 5.7. Temperature-dependent thermoelectric properties of Bi2Te3 2D nanosheets. Insets 

are the AFM topographic images of measured 2D nanosheets. (a) Seebeck 

coefficient of the 8-nm nanosheet; (b) electrical conductivity of the 8-nm nanosheet; 

(c) Seebeck coefficient of the 14-nm nanosheet; (d) electrical conductivity of the 

14nm nanosheet; (e) Seebeck coefficient of the 20-nm nanosheet; (f) electrical 

conductivity of the 20-nm nanosheet. 
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Figure 5.8. Thermoelectric properties of individual Bi2Te3 2D nanosheets: (a) Seebeck 

coefficient, S, and (b) electrical conductivity, σ. 

The thickness variations of thermoelectric properties are shown in Figure 5.8. All three 

samples (8-nm, 14-nm, 20-nm) are identified as n-type, since negative Seebeck coefficient is 

obtained. Generally, electrical conductivity decreases with decreasing nanosheet thickness in the 

temperature range measured and the values are higher than bulk Bi2Te3 of 1.1×10
5
 S/m.[135] 

This probably results from the impurity and defect scattering of electrons and phonons.[133, 136] 

However, the measured Seebeck coefficient does not show a strong dependence on thickness, 

which is similar with Pettes et al.’s work since surface band bending effect from surface 

oxidation as well as energy quantization in electronic structure along the thickness direction 

become uncertain in the specific samples.[42,136] 

The power factor is calculated and plotted against temperature in Figure 5.9. The values 

are smaller than bulk Bi2Te3 of 225 μV/K and -250 μV/K for p-type and n-type, 

respectively.[135] The similar reduction was also observed in doped silicon. Owning to the 

phonon drag effect, power factor decreases with increasing impurity concentration.[133] Since 

the structural defect effect including impurity, voids and grain boundaries, are of higher order in 
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the thin nanosheets, 8-nm and 14-nm nanosheets have smaller power factor than 20-nm-thick 

nanosheet.[137] 
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Figure 5.9. Power factor of the individual Bi2Te3 2D nanosheets. 

5.4. Summary 

In this chapter, we discussed the design and techniques of microdivice fabrication on 

either solvothermally-synthesized nanosheets or van der Waals epitaxially-grown nanosheets. 

Three temperature-dependent measurements of Seebeck coefficient and electric conductivity 

investigations for 8-nm, 14-nm and 20-nm nanosheets grown through van der Waals epitaxy 

were performed. Both Seebeck coefficient and electrical conductivity are comparable to Pettes et 

al.’s work.[42] 
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CHAPTER 6 

CONCLUSION 

 

6.1. Conclusions  

In summary, this work focuses on characterization of Bi2Te3 2D nanosheets to provide a 

better understanding of basic properties of topological insulator based thermoelectric materials. 

First, we developed a facile and scalable process for Bi2Te3 2D nanosheets synthesis. SEM, TEM 

and XRD images showed that washed nanosheets grown through solvothermal synthesis are 

clean and highly crystallized. A practical method to assemble these solution phase synthesized 

Bi2Te3 2D nanosheets into arrays of micropatterns was developed.[89] SAMs are printed on SiO2 

substrates using μCP. The SAM printed surfaces are terminated with amine-groups allowing 

Bi2Te3 2D nanosheet selective adsorption by electrostatic attraction. Owing to the specific 

nanosheet morphology, a vortex treatment during the adsorption facilitates the nanosheet 

adsorption and simultaneously improves the adsorption selectivity. We also showed that APTMS 

monolayer packing can be improved by an in situ annealing at 50 °C during μCP, which further 

enhances the nanosheet adsorption. We measured the electrical potential difference by KPFM 

between aminosilane SAMs and Bi2Te3 nanosheet surfaces, which is found to be ∼650 mV and 

larger than that (∼400 mV) between the SiO2 substrate and Bi2Te3 2D nanosheet surfaces. The 

selective adsorption provides an opportunity for integrating solution phase grown topological 

insulators toward several device-level applications.  
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Secondly, we reported a vapor phase growth of Bi2Te3 2D nanosheets. Hexagonal, 

triangular, and ribbon-shaped nanosheets can be routinely synthesized on flexible Kapton films, 

which demonstrates their potential for low cost, flexible devices with topological insulator 

behavior.[101] The 2D nanosheet dry transfer technique to transfer these as-grown nanosheets 

from the Kapton films onto SiO2/Si substrates for AFM characterization has been developed 

based on the electrostatic attraction. The thickness of the as-grown 2D nanosheets is 10-100 nm, 

and thinner than those grown on glass slides and silicon substrates. From our AFM 

characterizations, we observed interesting features of the CVT growth, and we provided a 

possible growth mechanism involving an initial growth in the vapor phase followed by a 

majority of growth after the landing on the Kapton films. The general CVT process can likely be 

extended to the growth of other topological insulating chalcogenides on flexible plastic films.  

Thirdly, elastic behaviors of Bi2Te3 2D nanosheets were confirmed to be robust during 

nano-indentation measurements. The optimization of thickness-controlled Bi2Te3 2D nanosheets 

growth was then studied on atomically-smooth mica substrate. Van der Waals epitaxy grown 

Bi2Te3 2D nanosheets were then successfully detached from mica substrates and suspended over 

an array of holes, allowing mechanical properties to be tested for the first time via AFM based 

nano-indentations. The averaged Young’s modulus among 5-14 QL nanosheets is only 11.7-25.7 

GPa, much less than that of bulk Bi2Te3 (50-55 GPa), and also significantly less than other van 

der Waals family 2D nanosheets, such as graphene, MoS2, WS2, h-boron nitride, and mica. The 

elastic properties of 5-14 nm-thick Bi2Te3 2D nanosheets are of interest for the TSS research, 

because TSSs would hybridize when the thickness of a TI film is thinner than TSSs’ penetration 

depth (i.e., 5 nm for Bi2Te3). The significantly enhanced compliant properties of TI-based 2D 
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nanosheets suggest the likelihood of elastic strain engineering of TSSs towards practical 

applications. 

Finally, we also fabricated microdevices on van der Waals epitaxy grown nanosheets by a 

standard photolithography and lift-off process. The advanced design of microdevice using a 

symmetrical metal lines to simultaneously perform power-Seebeck and power-temperature 

measurements, was patterned on Bi2Te3 microribbons through a wet etching process, which 

could further improve the measurement accuracy. The electrical conductivity and Seebeck 

coefficient measurements at a temperature range from 20 K to 400 K were carried out in the 

temperature-controlled cryostat system with a pressure less than 1×10
-6

 torr and the thickness of 

individual nanosheet was determined by the AFM measurements. The Seebeck coefficient of van 

der Waals epitaxy grown Bi2Te3 2D nanosheets showed an n-type behavior, and the value is 

comparable to Pettes et al.’s work but much smaller than bulk Bi2Te3. The electrical conductivity 

increases with decreasing temperature from 400 K to 20 K, which shows semi-metallic behavior, 

and the value is comparable to Pettes et al.’s report. In the thickness dependent measurements of 

8-nm, 14-nm and 20-nm nanosheets, electrical conductivity decreases with increasing nanosheet 

thickness, but the measured Seebeck coefficient does not show a strong dependence on thickness. 

6.2. Future Work 

For the future work, we would like to further investigate elastic properties of 1-4 QL 

Bi2Te3 2D nanosheets, which will help elucidate the fundamental understanding of their elastic 

properties, and further help enrich the knowledge of mechanical properties of van der Waals 

family 2D nanosheets. More thermoelectric property measurements of Bi2Te3 2D nanosheets are 

needed in the range of 1~6 nm, in order to observe an enhanced power factor originated from 

topological surface states. When the thickness is smaller than 6 nm, a bandgap at the topological 
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surface states could form, which can further enhance Seebeck coefficient by aligning Fermi level 

to the band edge of surface state. Future work compare 2D nanosheets with a thickness in a range 

from 1 nm to 20 nm, in order to investigate the thickness effect to power factor.  
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